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Abstract

B cells contribute to the pathology in many diseases such as autoimmune diseases and in
many lymphomas. However, there is little literature on liver B cells in health and in disease
for paediatric and adult liver diseases. Our aim was to characterise B cell subsets in adult and
paediatric livers. We used multiparametric flow cytometry to identify B cell subsets in adult
non-cirrhotic and cirrhotic livers, with cholestatic or metabolic disorders. We used
immunohistochemistry and immunofluorescence to map the distribution of B cell subsets
within liver tissue obtained from biliary atresia (BA) patients at the time of Kasai
portoenterostomy (KPE, hilum tissue and wedge tissue from liver periphery) or during
orthotopic liver transplantation (explant). We then carried out inflammation-focused
transcriptomic analyses to identify differences between non-syndromic and syndromic BA
patients and during disease progression. We found that CD24- B cells and age-associated B
cells were detected across all adult end-stage liver diseases. We found that paediatric BA
hilum samples had increased immune cell infiltration and the presence of B cell and
lymphoid aggregates in both non-syndromic and syndromic cases. B cell and lymphoid
aggregates mainly consisted of CD20+ CD24- B cells, and CD138+ antibody-secreting cells
were rare. CD20+ CD24- B cells in B cell and lymphoid aggregates often expressed IL-6.
Nanostring nCounter transcriptomics showed that the hilum was the site of active
inflammation during KPE surgery, with pro-inflammatory cytokines being highly expressed.
No remarkable differences in genetic profiles were observed between non-syndromic and
syndromic BA patients, indicating that liver injury may be similar between the two groups.
Our work showed that B cells may contribute to pathology in paediatric and adult liver

diseases through the production of inflammatory mediators such as IL-6 and potentially



through interactions with T cells. Lymphoid aggregates may also contribute to inflammation
observed in the hilum. The hilum region is poorly studies in both adult and paediatric liver

diseases and warrants further investigations.
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CHAPTER 1 — GENERAL INTRODUCTION



In this chapter | will introduce basic concepts in B cell biology and discuss B cell subsets in
health and disease. | will then give an overview of the role of B cells in multiple adult and
paediatric liver injuries, which will set the scene for the biological questions investigated in
this thesis. A large portion of this introduction had been published in a review by Patel et al.,

(Patel et al., 2021)

1.1B cell development

B cells play an important role in humoral immune protection against pathogens. B cells
express clonally diverse surface immunoglobulin (Ig) receptors that enable them to detect
specific antigenic epitopes (LeBien and Tedder, 2008) and differentiate into antibody-
secreting cells, secrete cytokines, act as antigen-presenting cells and provide co-stimulatory
signals to T cells (Fischer et al., 2020). B cells produce high affinity antibodies against specific
bacterial and viral epitopes (Nakashima et al., 2012) and contribute to immune regulation
and maintenance of self-tolerance (Almeida et al., 2015). The size of the B cell peripheral
compartment is regulated by several factors during B cell development: self-reactivity,

unsuccessful VDJ rearrangement and competition for survival signals (Shahaf et al., 2016).

Early studies by Owen et al., in the 70’s identified that B cell production, initiated in the
foetus, occurs in sites in the liver and bone marrow (BM) (Owen et al., 1974, Owen et al.,
1976). B cells develop in the BM from haematopoietic stem cells (HSCs) (Zhang et al., 2021)

and undergo various stages of development (figure 1.1).
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Figure 1.1 B cell developmental stages. B cells develop in the bone marrow (BM) from
haematopoietic stem cells (HSCs). Their development progresses from pro-B cells to pre-B cell
stages prior to exiting the BM into the periphery. Recently migrated B cells in the periphery
are termed transitional B cells and they mature further into naive B cells. B cells become
activated upon recognition of a cognate antigen. These activated B cells enter germinal
centra (GC) reactions where they undergo somatic hypermutation (SMH) and class-switch
recombination (CSR) to increase BCR affinity. B cells with disadvantageous mutations die by
apoptosis. B cells with improved BCR dffinities interact with follicular dendritic cells (FDCs)
and follicular T helper cells (TFH) for survival signals. These B cells then differentiate into
memory B cells and plasmablasts (PB)/ plasma cells (PCs). Image modified from (Patel et al.,
2021).

The BM stroma is composed of mesenchymal cells, osteoblasts and endothelial cells that
provide a special niche for HSCs and B cell precursors (Eibel et al., 2014). Growth factors and
cytokines secreted by the BM stroma correctly position B cell precursors ensuring their
survival and differentiation (Eibel et al., 2014). The main stages of B cell development in the
BM are pro-B, pre-B and immature B cells. HSCs lose their self-renewal ability, differentiate
into early lymphoid progenitors (ELP) and then give rise to common lymphoid progenitor
(CLP) cells which can differentiate into all lymphocytes (Ghaedi et al., 2016, Fischer et al.,
2020, Montecino-Rodriguez and Dorshkind, 2012). E2A (E12/E47) and early B cell factor 1

(EBF1) initiates commitment to B cell lineage in CLPs as mice deficient in either of these

transcription factors resulted in the failure of precursors reaching the pro-B cell stage of



development (Eibel et al., 2014). This is because both these factors induce the expression of
B cell lineage genes; CD79a, CD79b, CD179a, CD179b, Pax5 and Foxol (Eibel et al., 2014).
CD79a and CD79b encode the Iga and IgB subunits required for signal transduction at the B
cell receptor (BCR) (Eibel et al., 2014). CD179a and CD179b encode surrogate light chain
molecules V-preB and lambda 5, respectively (Eibel et al., 2014). PAX5 initiates the
transcription of CD19 and BLNK, and represses the transcription of Notch1 and MCSF-R
genes, required for T cell and myeloid development, fixing the precursor to the B cell fate
(Eibel et al., 2014). Foxo1 activates recombination activating gene (Rag) 1 and Rag 2 (Eibel et
al., 2014). Rag 2 is vital for the rearrangement of the heavy and light chains (Eibel et al.,
2014). Upregulation of CD45R on precursors plays a role in CLP transition into pre-pro-B cells

(Montecino-Rodriguez and Dorshkind, 2012).

Pro-B cells express CD45 and recombination of the variable (V), diversity (D) and joining (J)
regions is induced (Wang and Clark, 2003, LeBien and Tedder, 2008, Pieper et al., 2013)
where RAG sequentially recombines segments encoding VDJ of the heavy chain (Aslam et al.,
2020). Successful rearrangement of the heavy chain generates a pool of B cells termed
(precursor) pre-B cells which can progress to the next stage of development, however
unsuccessful rearrangement results in developmental arrest and apoptosis of pro-B cells
(Aslam et al., 2020). Pax5 is essential for the progression of B cell development from the pro-

B stage to pre-B stage (Fischer et al., 2020).

CD19 co-receptor is expressed on pre-B cells but does not contribute to B cell development
until the mature B cell stages (Montecino-Rodriguez and Dorshkind, 2012). After the
successful rearrangement of the heavy chain, the pre-B cell receptor (pre-BCR) is expressed

on the cell surface and is composed of the surrogate light chain molecules (V-preB (CD179A)



and lambda 5 (CD179B)) and signal transducing subunits Iga (CD79A) and IgB (CD79B) (Eibel
et al., 2014, Aslam et al., 2020, LeBien and Tedder, 2008, Gauld et al., 2002). Both signal
transducing subunits contain conserved sites for tyrosine phosphorylation and docking for
Src family of kinases that are vital for BCR signalling and B cell activation (LeBien and Tedder,
2008). A suitable pre-BCR signalling results in the inhibition of further rearrangement on the
heavy chain locus in a process called allelic exclusion, which can only occur upon the
presence of a competent BCR (Aslam et al., 2020, Wang and Clark, 2003). Successful pre-BCR
signalling induces B cells to proliferate and become small pre-B cells that begin light chain
rearrangement at the kappa (lgk) locus followed by the lambda (IgA) locus (Wang and Clark,
2003). The successful rearrangement of the VJ regions of the light chain (Eibel et al., 2014)
creates a diverse repertoire of B cells expressing a functional membrane-bound IgM (Aslam

et al., 2020).

Immature B cells express surface IgM and undergo receptor-mediated negative selection
where BCRs that are highly self-reactive will undergo clonal deletion and BCRs with low-
avidity will enter a state of anergy and become unresponsive to further antigenic stimulation
(Wang and Clark, 2003). Negative selection of B cells with high-avidity to self-proteins can
also result in receptor editing (Kuppers, 2021); the light chain undergoes secondary
rearrangement to replace the autoreactive BCR (Eibel et al., 2014, Wang and Clark, 2003). B
cells that pass this checkpoint migrate to the periphery; to the spleen (Eibel et al., 2014) and
secondary lymphoid organs (SLOs), where they will undergo further maturation. An
important protein required for the transition of immature B cells to transitional B cells is B
cell activating factor receptor (BAFFR), which is upregulated after the expression of a

functional BCR (Smulski and Eibel, 2018). B cell activating factor (BAFF) ligation to BAFFR



induces survival signals that are essential for the transition of immature B cells into
transitional and mature B cells (Eibel et al., 2014, Smulski and Eibel, 2018) as BAFFR
deficiency prevents B cells from transitioning from the immature B cell stages (Warnatz et
al., 2009, Eibel et al., 2014). Humans with BAFFR deficiency suffer from
hypogammaglobulinemia and are unable to mount responses against T-independent
antigens (Warnatz et al., 2009). On the other hand, excessive BAFF increases the
development of autoreactive B cells (Smulski and Eibel, 2018) highlighting that fine-tuned
interactions between BAFF and BAFFR are crucial for the maturation and survival of B cells in

the periphery.

Transitional B cells are defined as CD19+ CD24hi CD38hi CD77- IgM+ IgD+ (van Zelm et al.,
2007). All transitional B cells have low avidity to self-antigens (Smulski and Eibel, 2018) and
circulating transitional B cells are able to rapidly internalise their BCRs upon recognition of
self-antigens and are unable to home to lymph nodes as they do not express homing
molecule L-selectin (CD62L) (Eibel et al., 2014). CD19+ CD24hi CD38hi B cell populations also
contain regulatory B cells (B-regs) that modulate immune responses through the production
of interleukin (IL)-10 and transforming growth factor B (TGF-B) (Liu et al., 2016, Rosser and

Mauri, 2015).

Transitional B cells mature into naive B cells, defined as CD19+ CD24+ CD38-/low CD27- IgM+
IgD+, that wait to encounter cognate antigen (Patel et al., 2021). BAFF binds to B cell
maturation antigen (BCMA), a member of the tumour necrosis factor receptor (TNFR) family,
supporting the survival of naive B cells (Kuppers, 2021) and naive B cells that do not

encounter antigen re-circulate back into the periphery and die within several days (Perez-



Andres et al., 2010). This shows that a basal level of BCR signalling is necessary to ensure the

survival of mature B cells (Wang and Clark, 2003).

B cell maturation is complete when they develop into either follicular (FO) B cells or marginal
zone (MZ) B cells. MZ B cells recognise blood-borne antigens and provide a rapid response to
pathogens (Eibel et al., 2014) as these cells maintain a partially active phenotype (Wang and
Clark, 2003). MZ B cells express toll-like receptors (TLRs), pathogen recognising receptors
(PRRs) that recognise pathogen-associated molecular patterns (PAMPs) (Eibel et al., 2014).
Upon recognition of PAMPs by TLRs, MZ B cells rapidly differentiate into short-lived IgM
secreting plasma cells (PCs) (Eibel et al., 2014) as part of the extrafollicular response (Elsner
and Shlomchik, 2020) however, MZ cells do not differentiate into memory cells (Wang and
Clark, 2003). Naive B cells that have encountered antigen can also enter SLOs where they
receive signals from T cells and enter the germinal centre (GC) to further differentiate (Patel

et al.,, 2021).

Maijority of B cells encounter and respond to T-dependent antigens within lymphoid follicles
(LeBien and Tedder, 2008). Subcapsular macrophages present antigen as immune complexes
to non-cognate B cells that transport the antigen to B cell follicles where they are recognised
by cognate antigen-specific B cells (Eibel et al., 2014). The BCR co-receptor CD19 lowers the
threshold for BCR signalling (Gauld et al., 2002) and BCR interaction with cognate antigen
results in the formation of an immunological synapse (McHeyzer-Williams and McHeyzer-
Williams, 2005) and activates downstream signalling via Iga and IgP. I1gB can act as an
enhancer of Iga phosphorylation that results in the lowering the threshold for BCR activation
(Wang and Clark, 2003). Activated B cells form stable interactions with antigen-specific

follicular T helper (TFH) cells by migrating to the outer region of B cell follicles (Okada et al.,



2005) which is regulated by GPR184 (Eibel et al., 2014). CCR7 promotes the migrationto T
cell zones where B cells receive CD40/CD40L interactions and co-stimulating cytokines
signals IL-4 and IL-21 from CD4+ T helper cells (Eibel et al., 2014, Basso and Dalla-Favera,
2015). Both B and T cells move together towards CXCL13-expressing follicular dendritic cells
(FDCs) in a CXCR5-dependent manner, where they aggregate together to form a nascent GC

in the centre of the follicle (Eibel et al., 2014, Basso and Dalla-Favera, 2015).

The GC structure consists of a light zone (LZ) and a dark zone (DZ) that is surrounded by GC
stromal cells (Basso and Dalla-Favera, 2015). Activated B cells undergo clonal expansion,
rapidly proliferating (Kuppers, 2021) in the DZ and express high levels of CXCR4 which
interacts with CXCL12 positive stromal cells. These B cells are termed centroblasts and they
undergo somatic hypermutation (SMH); a process that introduces point mutations into the
variable region genes (Patel et al., 2021) to generate BCR variants with different affinities to
cognate antigen and, class-swich recombination (CSR) of the heavy chain to produce
antibodies of different isotype classes (IgG, IgA and IgE) (Kuppers, 2021) . Activation-induced
cytidine deaminase (AID) is expressed on centroblasts and patients lacking AID do not
develop memory B cells or PCs and suffer from hyper-IgM syndrome (Revy et al., 2000). This
shows that AID expression on B cells is crucial for the development of memory B cells and
long-lived PCs. Centroblasts downregulate CXCR4 and move to the LZ where they interact
with antigen complexes on FDCs and those BCRs with the highest affinity result in the
highest number of peptide-MHC Il complexes being presented to TFH cells (Batista et al.,
2001) that provide pro-survival signals to B cells (Eibel et al., 2014). B cells with low affinity
BCRs undergo apoptosis as they do not receive survival signals from TFH cells (Eibel et al.,

2014).



B cells are selected for higher antigen-specific affinity BCRs in a process called affinity
maturation (Kuppers, 2021, Patel et al., 2021). These B cells either re-enter the DZ for
further rounds of mutation and selection (Basso and Dalla-Favera, 2015, McHeyzer-Williams
and McHeyzer-Williams, 2005) and BCRs with the highest antigen-specific affinities leave the
GC as memory B cells and long-lived PCs that secrete class-switched Ig (1gG, IgE and IgA)
(Eibel et al., 2014, Kuppers, 2021). The transcription factor XBP-1 has an important role in
preparing antibody-secreting cells for the high endoplasmic reticulum stress that arises due

to extensive Ig synthesis (Eibel et al., 2014).

Memory B cells can be separated into subpopulations using the surface expression of IgD
and CD27; unswitched memory B cells are defined as IgD+ CD27+, classical switched memory
B cells are defined as IgD- CD27+, naive B cells are characterised by IgD+ CD27- and IgD-
CD27- B cells are referred to as double negative (DN) (Fecteau et al., 2006, Wei et al., 2007,
Berkowska et al., 2011, Wu et al., 2011, Buffa et al., 2013). DN B cells are highly expressed in
inflammation caused by autoimmunity (Wei et al., 2007) or infection (Bernard, 2018).
Memory B cells rapidly proliferate upon re-encounter with a cognate antigen and mount a

robust immune response (Bernasconi et al., 2003).

CD19+ CD24-/low CD38hi IgD- CD77- plasmablasts (PBs) are capable of differentiating into
terminally differentiated PCs (van Zelm et al., 2007). GC B cells with the highest affinity BCRs
become PBs and downregulate BCL-6 expression prior to exiting the GC (Basso and Dalla-
Favera, 2015). PBs circulate in the blood to the BM or to target organs where they further
differentiate into long lived PCs (Caraux et al., 2010, Zhang et al., 2014, Bernasconi et al.,
2003, Arpin et al., 1995). Once in their niche, PCs receive survival signals (Caraux et al., 2010,

Zhang et al., 2014, Bernasconi et al., 2003, Arpin et al., 1995) through BCMA ensuring



lifelong persistence (McHeyzer-Williams and McHeyzer-Williams, 2005, LeBien and Tedder,
2008).The PC pool is replenished from the memory B cell population as memory B cells can

differentiate into PCs upon re-challenge with an antigen (LeBien and Tedder, 2008).

1.2 Liver

The liver plays a role in many physiological processes such as digestion, metabolism, vitamin
storage, detoxification and immunity (Kalra et al., 2024). The majority of the liver is
composed of hepatocytes with cholangiocytes being the second most abundant cell type
within the liver (Trefts et al., 2017). Quiescent stellate cells store vitamin A in lipid droplets
however upon liver damage, these stellate cells become activated are contribute to the
deposition and organising of collagen which leads to fibrosis (Trefts et al., 2017). Kupffer
cells are liver resident macrophages which recognise pathogenic stimuli introduced to the
liver through the portal circulation (Trefts et al., 2017). Liver sinusoidal cells represent a

permeable barrier between hepatocytes and blood cells (Poisson et al., 2017).

A liver lobule is the functional unit of the liver and each lobule is hexagonal, made up of
chords of hepatocytes surrounding a central vein (Trefts et al., 2017), with a portal triad
(portal vein, hepatic artery and bile duct) at each corner of the hexagon (Kalra et al., 2024)
(figure 1.2). Bile secreted from hepatocytes into the bile canaliculi travels from small bile
ducts to the large bile ducts and eventually to the duodenum or gall bladder. Bile aids in the

digestion and absorption of lipids (Kalra et al., 2024).
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Figure 1.2 The liver lobule is the functional unit of the liver. It consists of hepatocytes
surrounding a central vein forming a hexagonal shape. Portal triads are found at each corner
of the hexagon. Image created using Biorender.

Liver cirrhosis develops due to persistent inflammation which results in the loss of healthy
liver parenchyma due to the formation of fibrotic tissue and regenerative nodules (Gines et
al., 2021). Liver cirrhosis is the 11" most common cause of morbidity and is responsible for
approximately 3.5% of deaths globally (Asrani et al., 2019) resulting in a high demand for
donor livers. The liver is the second most frequent solid organ transplant as there is
currently no curative treatments for chronic liver disease (Asrani et al., 2019). Discovering
alternative treatments is crucial in relieving the global demand for donor livers.

Understanding how the cells of the adaptive system contribute to disease is vital in providing

efficient therapies that target or manipulate the immune system (Uhl et al., 2014).

The liver is the largest organ in the human body with the hepatic artery and portal vein
providing dual blood flow exposing the liver to frequent and a variety of pathogens and
toxins (Bogdanos et al., 2013, Robinson et al., 2016). This requires the liver to maintain a

tolerant environment but also possess strong innate immunity to tackle infections (Kubes
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and Jenne, 2018, Zhang and Lu, 2018, Byun and Yi, 2017, Gao, 2016, Bogdanos et al., 2013).
Acute hepatitis is able to resolve upon the elimination of the cause of injury, due to the
ability of the liver to regenerate (Bogdanos et al., 2013) however failure to resolve
inflammation results in dysregulation of liver homeostasis and fibrosis (Robinson et al.,
2016). Persistent chronic inflammation results in damage to hepatocytes which leads to
fibrosis and scarring of the liver progressing to cirrhosis, the major cause of death in chronic

liver diseases (CLD) (figure 1.3) (Patten and Shetty, 2018, Seki and Schwabe, 2015).
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Figure 1.3 The progression of liver disease. Upon acute liver injury, a healthy liver can
regenerate once the cause of injury has been removed. Continued insult and resulting
inflammation damage the liver and persistent injury to the liver results in fibrosis and
eventually cirrhosis with the need for a liver transplantation. Image taken from (Patel et al.,
2021).

B cells play an important role in the immune response and are known to contribute to the
pathogenesis of autoimmune disorders through the production of autoantibodies, antigen
presentation and the secretion of pro-inflammatory cytokines (Hampe, 2012). The role of B

cells in chronic liver diseases is less clear.
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1.2.1 Alcohol related liver disease

Alcohol related liver disease (ArLD) is a metabolic disease that contributed to over three
million deaths in 2018 (Subhani et al., 2022). This globally common disease results in
preventable liver-related mortality (Parker et al., 2019). In the UK alcohol-related mortality
in 2020 resulted in a total of 8974 deaths, an increase of 18.6% compared to 2019, the
highest reported since 2001 (Office_For_National_Statistics_(ONS), 2021). There has been a
17% increase over the last decade in alcohol-related hospital admissions and alcohol-related

harm costs the National Health Service (NHS) £3.5 billion per year (NHS_England, 2019).

ArLD is associated with high alcohol consumption that induces hepatocyte injury and
introduces alterations in metabolism, leading to enhanced lipogenesis and fat retention
known as steatosis (Nowak and Relja, 2020, Almeida et al., 2015, Seki and Schwabe, 2015).
At the stage of alcoholic steatosis, cessation of alcohol intake can reverse ArLD however,
excessive alcohol abuse leads to the development of alcoholic hepatitis culminating in
alcoholic cirrhosis which is difficult to treat (Hollister et al., 2018, Matos et al., 2013, Zwolak
et al., 2016). Cirrhosis occurs due to continued inflammatory insult and a disruption in the

hepatocellular network caused by fibrotic tracts (Nowak and Relja, 2020).

Immune dysfunction arises due to excessive alcohol abuse. The B cell compartment is
altered in ArLD patients with significant reductions in immature, naive and memory B cell
populations (Almeida et al., 2015, Zwolak et al., 2016). This decrease in peripheral B cells
may be due to a decline in B cell egress from the spleen (Almeida et al., 2015) or a
consequence of alcohol-induced B cell apoptosis (Zwolak et al., 2016). ArLD is defined as an

IgA disorder due to the increased presence of IgA complexes and elevated levels of IgM, I1gG
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and IgA in the serum of cirrhotic ArLD patients (Massonnet et al., 2009). Increased
percentages of PBs were found in ArLD patients (Almeida et al., 2015) which may account for
the high levels of Igs present. In addition, levels of TGF-B, a factor involved in IgA class-
switching was increased in chronic alcoholic patients (Almeida et al., 2015) suggesting
abnormal IgA class-switching resulting in increased levels of serum IgA. Patients with
steatohepatitis had lower levels of soluble IgM (slgM), slgG and sIgA positive memory B cells
however, alcoholic patients who displayed no symptoms of liver disease had increased levels
of IgA+ memory B cells. These patients had an expansion in CD27- sIgA+ class-switched

memory B cells (Almeida et al., 2015).

A reduction in B-reg function may allow the accumulation of pro-inflammatory mediators
that propagate inflammation and immune activation (Almeida et al., 2015, Massonnet et al.,
2009). Almeida et al., showed that the expression of inhibitory markers CD5 and CD72 was
reduced on immature B cells in ArLD patients. It can be speculated that the decline in
inhibitory molecule expression promotes inflammation contributing to tissue injury and

inhibition of B-reg function (Almeida et al., 2015, Massonnet et al., 2009).

B cells express a variety of TLRs on their surface. In alcoholic cirrhosis patients, TLR9
activated B cells were linked with an increase in IgA (Byun and Yi, 2017) however Massonnet
et al., observed a significant decrease in the expression of TLR9 mRNA in peripheral blood
mononuclear cells (PBMCs) from alcoholic cirrhosis patients (Massonnet et al., 2009). B cells
isolated from alcoholic cirrhosis patients had impaired responses to TLR stimulation whereas
B cells from healthy controls produced IgA in response to TLR9 stimulation with CpG (TLR9
agonist) (Almeida et al., 2015). However isolated B cells from alcoholic cirrhotic patients

produced high amounts of IgA when stimulated with CpG and R848 (TLR7 agonist)
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(Massonnet et al., 2009). Compared to healthy controls, unstimulated B cells from ArLD
patients secreted an average of 45 times more IgA (Almeida et al., 2015). Lipopolysaccharide
(LPS), a TLR4 agonist has been proposed to be a causative toxin in ArLD as patients had
elevated levels of circulating LPS in the blood and LPS drives pathogenesis in rodents and

humans with ArLD (Matos et al., 2013, Hollister et al., 2018).

Alcohol consumption alters intestinal permeability by downregulating the expression of tight
junction proteins allowing bacterial translocation and creating a dysbiosis in gut flora. Thus
contributing to inflammation via the activation of TLRs and the presence of microbial
products activate immune cells (Nowak and Relja, 2020). Altered intestinal permeability and
bacterial translocation observed in ArLD (Almeida et al., 2015, Zwolak et al., 2016) allows the
release of LPS which binds to lipopolysaccharide binding protein (LBP), eliciting an immune
response and activating lymphocytes through the ligation of TLR4 and initiating an
inflammatory response (Hollister et al., 2018). Ligation of LPS to LBP may initiate the
migration of peripheral B cells to gut-associated lymphoid tissues (GALT). Chronic alcoholic
patients had higher numbers of GALT-derived slgA+ B cells which was supported by a
significantly higher proportion of IgA+ memory B cells and IgA+ PBs in the blood of patients
(Almeida et al., 2015). Almeida et al., also showed that peripheral CD27- slgA+ memory B
cells have GC-independent responses comparable to gut lamina propria IgA producing B
cells. These results indicate that gut derived PAMPs stimulate TLRs activating immune cells

and contributing to ArLD pathogenesis.

Hepatocytes and leukocytes were damaged by acetaldehyde production (product of the
breakdown of alcohol) which destroys the cellular membrane (Seki and Schwabe, 2015) that

results in the release of damage-associated molecular patterns (DAMPs). This in turn
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generates reactive oxygen species (ROS) that also contribute to hepatocellular injury. ArLD
patients had B cells with a high Bcl-2 expression which was associated with the level of
portal and lobular inflammation (Zwolak et al., 2016). Bcl-2 mediated B cell apoptosis and
ROS-mediated hepatocellular damage results in the production of significant amounts of
cellular debris and the release of DAMPs. Cellular debris, which contains self-antigens and
intracellular proteins can be recognised by autoreactive B cells eliciting an inflammatory

response upon antigen recognition.

ArLD patients had a breakdown in tolerance that may be due to impaired negative selection
of autoreactive B cells as ArLD patients had autoantibodies against modified liver proteins
(Hollister et al., 2018). A reduction in B-reg function may also contribute to the dysregulation
of immunity. Anti-phospholipid, anti-nuclear, anti-dsDNA, anti-ssDNA and anti-lymphocyte
autoantibodies have been detected in 25-60% of ArLD patients (Matos et al., 2013). Alcohol-
induced oxidative stress activated antigen-presenting cells (APCs) which recognised toxic
metabolites, haptens (Matos et al., 2013). Activated B cells secreted antibodies targeting
haptens and self-proteins eliciting an inflammatory immune response and tissue damage.
Excessive alcohol consumption resulted in lower numbers of TFH cells (Hollister et al., 2018)
which may be a result of TFH migration to GC-like structures where they aid in B cell survival
and differentiation into memory B cells and PB. The number of PBs were increased in ArLD

patients (Almeida et al., 2015).

In summary, excessive alcohol consumption alters intestinal permeability allowing
translocation of LPS and other gut-derived pathogens into the liver, where they activate B
cells and induce the secretion of antibodies and inflammatory mediators that participate in

hepatocyte injury (Zhou and Zhong, 2017). Alcohol abuse leads to an accumulation of
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acetaldehyde, a metabolite that contributes to inflammation, damage to cellular membranes
and the generation of ROS resulting in the exposure of cellular proteins. These activate
autoreactive B cells that enter the GC reaction and differentiate into PCs that secrete vast
amounts of autoantibodies which form immune complexes that further activate
lymphocytes and damage hepatocytes (figure 1.4). The liver becomes fibrotic because of the

continued insult and progresses to cirrhosis and the need for a liver transplant.
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Figure 1.4 Alcohol related liver disease pathogenesis. (1) Alcohol intake results in ‘leaky gut
syndrome’ in which (2) translocation of gut microbial antigens activates the immune
response in the liver. This results in the (3) production of inflammatory mediators which
damage hepatocytes and (4) result in the expulsion of cellular debris. Self-antigens and
microbial antigens are recognised by APCs which (5) activate T cells. (6) T cells recognising
self-ligands are activated and in turn active autoreactive B cells which undergo the (7) GC
reaction and differentiate into (8) autoreactive memory B cells and plasma cells. These cells
contribute to further hepatocyte injury through the (9) production of inflammatory mediators
and class-switched autoantibodies. These autoantibodies can form (10) immune complexes

17



which further activate lymphocytes and contribute to hepatocyte damage. Image taken from
(Patel et al., 2021).

1.2.2 Non-alcoholic steatohepatitis

The global prevalence of non-alcoholic fatty liver disease (NAFLD) in adults is approximately
25% whereas the prevalence of non-alcoholic steatohepatitis (NASH) is 6% in developed
countries. 3.7 out of 100,000 NAFLD-related hospital admissions were reported in the UK in
2021 (Official_Statistics, 2022). The most common indicator for liver transplantation is

NASH-related cirrhosis (Abeysekera et al., 2020).

NAFLD is a term encompassing a range of conditions caused by the accumulation of lipids in
the liver (Leroux et al., 2012). NAFLD can progress from steatosis to NASH where fat
retention is associated with hepatic inflammation (Bruzzi et al., 2018, Leroux et al., 2012).
NASH patients have inflammatory damage to their hepatocytes that causes hepatocyte
apoptosis and results in varying degrees of fibrosis (Seki and Schwabe, 2015) that can result
in cirrhosis and hepatocellular carcinoma with a need for a liver transplant (Bruzzi et al.,
2018, Leroux et al., 2012). Type 2 diabetes, cardiovascular diseases and osteoporosis are
frequent extrahepatic manifestations observed in patients with NAFLD (Sutti and Albano,

2020, Bruzzi et al., 2018).

NAFLD pathology is thought to be a ‘two-hit’ theory; the first hit is the abnormal
accumulation of lipids or an impaired liver lipid metabolism resulting in a decrease in lipid
clearance. The second hit is the inflammatory response (Zeng et al., 2020) that results in an
influx of activated immune cells and induces lobular and portal inflammation (Bruzzi et al.,

2018). The hepatic lymphocyte compartment was altered in patients with NAFLD (Leroux et
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al., 2012) with elevated numbers of B cells associated with severity of disease (Schwenger et
al., 2018). 60% of NASH patients had the presence of ectopic lymphoid structures (Band T
cell aggregates) that correlated in size and lobular inflammation (Sutti and Albano, 2020).
Visceral adipose tissue (VAT)-isolated B cells from obese mice displayed increased
production of pro-inflammatory mediators whilst the absence of B cells improved
inflammation (Sutti and Albano, 2020) suggesting that B cells contribute to NAFLD

progression to NASH via the production of inflammatory mediators.

Altered distribution of adipose tissue was observed obese people and obesity promoted the
activation of B cells that contributed to the advancement of steatohepatitis which was
observed as an early event in animal models of NASH (Bruzzi et al., 2018). Mouse models
have shown that inflammatory cytokines, adipocytokines and free fatty acids (FFA), secreted
by the mesenteric adipose tissue (MAT) (located between the gut and the liver), enter the
liver via the portal vein affecting liver histology (Wu et al., 2019). B cells from high fat diet
(HFD)-fed mice promoted inflammation of epididymal adipose tissue (EAT) and produced IgG

(Wu et al., 2019).

NAFLD patients have altered intestinal permeability granting gut-derived pathogens access
to the liver which activate hepatic immune cells and contribute to inflammation. LPS levels
were raised in patients with NAFLD compared to healthy controls (Schwenger et al., 2018).
Bacterial translocation and LPS are recognised by TLRs and B cells that become activated and
contribute to lipid accumulation, liver inflammation and tissue destruction (Schwenger et al.,
2018, Seki and Schwabe, 2015). Furthermore LPS-stimulated hepatic B cells promote local
inflammatory responses (Byun and Yi, 2017) further contributing to the inflammatory

environment observed in NAFLD.
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Progression of disease from steatosis to NASH is due to cytokine release from inflamed
adipose tissue and the generation of ROS due to impaired lipid metabolism (Seki and
Schwabe, 2015). ROS-mediated hepatocyte apoptosis results in the release of self-epitopes
into the microenvironment. These epitopes can activate autoreactive B cells and induce the
release of autoantibodies. IgG antibodies targeting oxidative stress-derived epitopes (OSE)
were detected in high amounts in NAFLD/NASH patients and these patients had elevated
IFN-y levels and increased incidence of fibrosis and/or cirrhosis (Bruzzi et al., 2018). MHC
class Il was upregulated on PBs in NASH patients (Bruzzi et al., 2018) suggesting that PBs
present OSE antigens to T cells that become activated and contribute to pathogenesis. 63%
of NASH liver samples had the presence of ectopic lymphoid aggregates that correlated with
the severity of fibrosis and lobular inflammation. These lymphoid aggregates were

associated with elevated anti-OSE IgG titres (Bruzzi et al., 2018).

In summary, the development of NASH begins with the abnormal accumulation of lipids
which induces inflammation and fibrosis (figure 1.5). Immune cell activation, production of
inflammatory mediators and ROS-mediated hepatocyte apoptosis results in the release of
OSEs which activate autoreactive B cells to generate autoantibodies. These anti-OSE
autoantibodies further activate immune cells to produce cytokines resulting in tissue
damage and ROS production, all of which contribute to liver damage. This vicious cycle
leaves the liver unable to regenerate and causes disease progression from fibrosis to

cirrhosis (Patel et al., 2021).
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Figure 1.5 Non-alcoholic fatty liver disease pathogenesis. (1) Altered adipose tissue occurs
due to obesity. (2) These adipose tissues release adipokines and free fatty acids which (3)
induce lipid accumulation in hepatocytes and (4) alter intestinal permeability enabling the (5)
translocation of microbial antigens to the liver (6) where immune cells mount secrete
inflammatory mediators that damage hepatocytes. (7) As a result of tissue damage, reactive
oxygen species are produced which further contribute to hepatocyte damage. (8) Expulsion of
cellular debris are recognised by APCs which (9) present antigens to autoreactive T cells. (10)
These activated autoreactive T cells activate autoreactive B cells which then (11) undergo
germinal centre reactions and (12) differentiate into memory B cells and
plasmablasts/plasma cells. These differentiated B cells secrete inflammatory mediators and
autoantibodies contributing to tissue destruction. Image taken from (Patel et al., 2021).

1.2.3 Viral hepatitis

1.4 million people die from viral hepatitis related mortality each year. 90% of these deaths
are due to hepatitis B virus (HBV) and hepatitis C virus (HCV) infections (Jefferies et al.,
2018). In Europe, approximately 14 million and 9 million people are chronically infected with
HBV and HCV, respectively (WHO, 2012). 57% of liver cirrhosis and 78% of primary liver
cancer cases arise as a result of HBV or HCV infection (Perz et al., 2006), placing a heavy

burden on healthcare systems due to the costs of treating chronic liver disease and liver

failure (WHO, 2012).
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Out of the five types of viral hepatitis, hepatitis B and hepatitis C viruses can cause chronic
liver disease. These viruses are not directly cytopathic, but infection may lead to
inflammation and liver injury that can last decades before progressing to end-stage liver

disease requiring liver transplantation (Loggi et al., 2014, Bogdanos et al., 2013).

Infected individuals can produce antibodies against both viruses. Early HBV infection is
marked by the presence of anti-core protein IgM antibodies however, as infection
progresses, antibodies against the hepatitis B surface (HBsAg) and e (HBeAg) antigens were
observed (Tan et al., 2015, Loggi et al., 2014). Majority of HBV infected adults can clear the
viral infection (Burton et al., 2018). Activation of naive B cells by the T-independent antigen
HBsAg mounts a robust antibody response however, chronic HBV patients, circulating B cells
specific for HBsAg were unable to produce effective anti-hepatitis B antibodies (Burton et al.,
2018, Poonia et al., 2018). This suggests that activated naive B cells respond by producing
IgM antibodies and not class-switched antibodies. Many HCV patients are asymptomatic so it

is difficult to study early humoral immune responses against HCV (Cashman et al., 2014).

Chronic HCV patients have an abundance of antibodies against the envelope glycoproteins
which may appear later in HCV infection (von Hahn et al., 2007). HCV investigations in a
single patient showed that HCV generated variants to evade neutralising antibodies (von
Hahn et al., 2007) however antibodies can contribute to the eradication of and prevention of
HCV infection in vivo (Laidlaw and Dustin, 2020). Whilst there is no current vaccine against
HCV infection, immunisation with viral envelope glycoproteins in healthy volunteers resulted
in the production of neutralising antibodies (Stamataki et al., 2011) and these antibodies
were shown to be protective in a human liver chimeric mouse model (Law et al., 2008).

Genetically humanised mice and non-primates immunised with insect derived soluble

22



envelope glycoprotein 2 generated high titres of broadly neutralising antibodies against
diverse HCV envelope proteins and resulted in the activation of humoral and cellular

immunity (Laidlaw and Dustin, 2020).

Severe liver damage was associated with an accumulation of circulating B cells within the
liver (Ni et al., 2003). HBV and HCV patients had high numbers of activated B cells that were
unable to proliferate and expressed Fc receptor-like protein 4 (FcRL4), an inhibitory marker
found on exhausted memory B cells (Loggi et al., 2014). This suggests that infected livers
have dysfunctional B cells that have adopted an exhausted phenotype due to chronic

activation (Patel et al., 2021).

HBV evades the immune system by releasing subviral particles (empty virions consisting of
mostly HBsAg) from hepatocytes (Rydell et al., 2017) that crosslink neutralising antibodies to
generate immune complexes. These immune complexes continually stimulate the BCR
resulting in an expansion of exhausted memory B cells, also known as atypical memory B
cells (Hehle et al., 2020, Burton et al., 2018, Poonia et al., 2018). Deposits of the hepatitis B
core antigen (HBcAg)-immune complexes were detected in the livers of chronic HBV patients
(Vanwolleghem et al., 2020). Atypical memory B cells express PD-1 and Fc receptor-like
protein 5 (FCRL5) which inhibit B cell signalling and suppress B cell activation by crosslinking
to immune complexes, respectively (Ma et al., 2019, Burton et al., 2018). HBV infected
patients were enriched with atypical memory B cells that had defective BCR signalling and
were unable to escape apoptosis. These atypical memory B cells also had a reduced capacity
to secrete antiviral cytokines and were unable to differentiate into ASCs, limiting the
production of neutralising anti-HBV antibodies (Burton et al., 2018, Poonia et al., 2018,

Hehle et al., 2020, Vanwolleghem et al., 2020).
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HBV and HCV patients had an enrichment of a B-regs that produced IL-10 which may
contribute to viral persistence (Fang et al., 2020, Loggi et al., 2014, Burton et al., 2018, Wang
et al., 2018, Eiza et al., 2018). A subset of IL-10 producing B-regs highly expressed surface
markers; CD5, CD1d and IgD (Fang et al., 2020, Eiza et al., 2018). Upon stimulation, CD5+ B-

regs produced IL-10 and correlated with inadequate virus elimination (Eiza et al., 2018).

B cells may play a role in HCV infection. B cells can act as vehicles for HCV transmission to
hepatocytes (Stamataki et al., 2009). Activated B cells bind HCV viral particles and internalise
them into compartments that prevent viral degradation. The intact viral particles are then
recycled to the B cell surface within hours. B cell transmitted virus was more infectious
compared to cell-free virus (Stamataki et al., 2009) highlighting a role for B cells in HCV
pathogenesis. HCV RNA was found in 110/132 (83%) of HCV patients (Arai et al., 2020) with
HCV RNA being frequently detected in B cells compared to CD4+ and CD8+ T cells (Inokuchi

et al., 2009).

Mixed cryoglobulinemia (MC) is the most frequent B cell lymphoproliferative disease
associated with HCV (Dammacco et al., 2000, Agnello et al., 1992) however, rare cases of
cryoglobulinemia have been reported in HBV patients (Alfraji et al., 2020). Cryoglobulins,
abnormally precipitated immunoglobulins that can be coupled with rheumatoid factor
(Charles et al., 2013), are characteristic of MC and 40-60% of HCV infected patients had
cryoglobulins present in their circulation (Boleto et al., 2021, Tucci and Kuppers, 2014).
Unregulated B cell proliferation and antibody production contribute to the formation of
cryoglobulins (Boleto et al., 2021) which can form immune complexes that can cause
vasculitis by accumulating in small or medium blood vessels (Alfraji et al., 2020, Saadoun et

al., 2007, Agnello et al., 1992). Ectopic hepatic lymphoid aggregates may arise due to clonal
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B cell proliferation in MC HCV patients (Dustin, 2017). CXCL13 can trigger B cell migration to
intraportal lymphoid aggregates within the liver and form a microenvironment to support B

cell aggregation (Lauletta et al., 2012).

To summarise, HBV and HCV can chronically infect individuals and alter immune responses.
Both these viruses are able use evasion techniques to escape immune responses. In HBV
infection, constant BCR triggering results in B cells with an exhausted phenotype. B cells may
also be used as a mode of viral transmission by HCV. Both HBV and HCV infected patients
have an enrichment of B-regs which may aid in viral persistence. This suggests that viral
hepatitis may alter B cell biology rendering them incapable of mounting effective antibody

responses.

1.2.4 Autoimmune hepatitis

Autoimmune hepatitis (AIH) is a multifactorial progressive necro-inflammatory autoimmune
disease necessitating life-long immunosuppressive therapy (Dywicki et al., 2020, Jeffery et
al., 2018, Taubert et al., 2014, Bogdanos et al., 2013). The global incidence rate for AlH is
0.4-3 out of 100,000 people per year (Gronbaek et al., 2020). AlH has a higher prevalence in
females, but it affects all ages, races, and sexes (Moritoki et al., 2006, Bogdanos et al., 2013,
Behairy et al., 2016, Than et al., 2016). Other autoimmune diseases such as coeliac disease,
primary biliary cholangitis (PBC) or primary sclerosing cholangitis (PSC) can often coexist with

AlH (Than et al., 2016).

The hepatic parenchyma is destroyed through immune-mediated hepatocyte destruction
(Dywicki et al., 2020, Moritoki et al., 2006, Bogdanos et al., 2013, Lapierre et al., 2013,

Behairy et al., 2016, Zwolak et al., 2016, Jeffery et al., 2018, Ogawa et al., 2000). Increased
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immune cell infiltration and inflammation cause fibrosis which progresses to cirrhosis;
identified in 40% of AlH patients at the time of diagnosis (Dywicki et al., 2020). Liver
transplantation was required in 10-20% of AlH patients that progressed to end-stage liver

disease, despite the use of corticosteroids and immunosuppressive (Lapierre et al., 2013).

AlH patients have several autoantibodies (Sebode et al., 2018) including; anti-nuclear
antibodies (ANA), smooth muscle antibodies (SMA) and anti-liver kidney microsome type 1
(LKM1) antibodies that classify AlH into three types (Moritoki et al., 2006, Schlaak et al.,
1993, Than et al., 2016, Zwolak et al., 2016). ANA and SMA antibodies are characteristic of
type 1 AIH with perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) being present in
65-92% of patients with type 1 AIH (Moritoki et al., 2006, Than et al., 2016). Type 2 AlH is
characterised by antibodies against liver cytosol type 1 (LC1) and/or anti-LKM1 antibodies
(Lapierre et al., 2013, Than et al., 2016); pANCA antibodies are not detected in this type of
AlH. The antigens for anti-LKM1 and anti-LC1 are liver specific enzymes CYP2D6 and
formimidoyltransferase cyclodeaminase (FTCD), respectively (Moritoki et al., 2006, Lapierre
et al., 2013). Anti-LC1 IgG antibodies were detected in 30-50% of type 2 AlH patients and
were associated with disease severity (Behairy et al., 2016, Moritoki et al., 2006). Type 3 AlH
is classified by the presence of anti-soluble liver antigen/ liver pancreas antibodies (anti-
SLA/LP) which are detected in 10-30% of patients (Moritoki et al., 2006). Antibodies against
asialoglycoprotein receptor (ASGPR), a compartment of liver specific lipoproteins that is
expressed on hepatocyte surfaces were detected in 50-76% of AlH patients and anti-ASGPR

titres positively correlate with a poor outcome of disease (Moritoki et al., 2006).

T cells have been proposed to be the cause of hepatic destruction in AlH, however the

presence of several autoantibodies suggests a role for B cells in AIH pathogenesis (Dywicki et
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al., 2020). Mixed immune infiltration of CD3+ T cells, CD19+ B cells, IgG+ cells and PCs was
observed in liver biopsies from AlH patients (Moritoki et al., 2006, Schlaak et al., 1993,
Minaga et al., 2019, Behairy et al., 2016, Than et al., 2016) and an increased numbers of B
and T cells were detected in the liver during AlH flare ups (Than et al., 2016) suggesting that
B cells also contribute to AlIH pathology. Self-antigens are presented to autoreactive T cells
by APCs. These activated T cells activate autoreactive B cells to differentiate into PCs and
produce autoantibodies (Schlaak et al., 1993). B cells from new onset AlH patients had
increased CD86 expression (Ma et al., 2014) suggesting that B cells were providing co-
stimulatory signals to T cells. AIH patients had elevated levels of IL-4, a cytokine produced by
T cells which aids in B cell activation and differentiation (Moritoki et al., 2006, Schlaak et al.,

1993).

85% of AIH patients have elevated serum IgG titres displaying ongoing inflammation (Hartl et
al., 2020). Increased numbers of IgG+ and IgM+ cells were detected around bile ducts and in
portal tract areas (Moritoki et al., 2006, Minaga et al., 2019, Ogawa et al., 2000, Behairy et
al., 2016). 1gG binds to healthy hepatocytes which becomes a target for lymphocytes

resulting in inflammation and lymphocyte-mediated cellular injury (Bogdanos et al., 2013).

In summary, AlH is an autoimmune liver disease where the trigger is unknown. Mixed
lymphocytic infiltrates were found in AlH livers displaying a complex role between cellular
and humoral immunity. The presence of autoantibodies targeting a range of self-proteins
indicates a breakdown in both B and T cell tolerance. Furthermore, these autoantibodies

highlight an important role for B cells in the pathogenesis of AlH.

27



1.2.5 Primary sclerosing cholangitis

Primary sclerosing cholangitis (PSC) is a cholestatic autoimmune disease that is characterised
by the destruction of large bile ducts due to chronic inflammation and fibrosis (Moritoki et
al., 2006, Chung et al., 2018, Fischer et al., 2014, Chapman et al., 2019). The incidence of PSC
is estimated to be 0.91-1.3 per 100,000 people per year based on population studies
(Chapman et al., 2019). 87% of PSC patients also had ulcerative colitis (UC) and 13% had
Crohn’s disease (CD) (Chung et al., 2018, Ma et al., 2015, Moritoki et al., 2006). Many PSC
patients will require a liver transplant due to the chronic destruction and scarring of the

biliary tree that leads to cirrhosis (Fischer et al., 2014).

88% of PSC patients had the presence of anti-neutrophil cytoplasmic autoantibodies (ANCA)
however these are not disease specific as they were also detected in AlH and biliary atresia
(BA) patients (Moritoki et al., 2006). No PSC-specific autoantibodies have been detected thus
far however, disease-relevant epitopes have been identified (Chung et al., 2017).
Concentrations of anti-cardiolipin antibodies are associated with disease severity and are

present in two-thirds of PSC patients (Moritoki et al., 2006).

PBMCs isolated from PSC patients showed a significant increase in total B cell numbers
compared to healthy controls (Zhang et al., 2014). A significant infiltration of IgG4 PCs was
observed in PSC patients and elevated serum IgG4 levels were detected in 10% of PSC
patients (Fischer et al., 2014, Zen et al., 2011). PSC patient tissues had aggregates of 1gG4+
PCs and deposits of IgG4 (Zen et al., 2016, Fischer et al., 2014). Fischer et al., showed that
disease progression and lymphocytic infiltration correlated with the intensity of IgG4+

immunostaining (Fischer et al., 2014). Cultured B cells from PSC patients produced a variety
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of autoantibodies indicating that the targets in PSC were self-antigens or were a product of
cross-reactivity to foreign targets (Chung et al., 2018). Disease severity was associated with
tissue infiltrating 1gG4+ cells that were detected in 50% of explanted PSC livers (Fischer et al.,
2014). IgG4-related disease (IgG4RD) is a chronic inflammatory disease with fibrosis and
hepatic tissue damage (Al-Khalili and Erickson, 2018, Deshpande et al., 2012). This disease
was associated with an increase in IgG4+ PCs and can be confused with PSC due to the

presence of sclerosing cholangitis (Tanaka, 2019).

70% of PSC patients have inflammatory bowel disease (IBD; UC or CD) which was associated
with a dysregulation in the intestinal barrier (O'Hara and LaRusso, 2019). This allows the
translocation of gut pathogens and PSC patients had altered gut microbiota compared to
healthy controls (Chung et al., 2018). The translocation of gut derived LPS, pathogens and
food antigens may trigger the pro-inflammatory immune response (Chung et al., 2018,
Jeffery et al., 2016). CCL25 is gut specific cytokine that recruits mucosal T cells, which are
primed in the gut, migrate to the liver where they contribute to hepatic inflammation (Ma et
al., 2015). LPS and other gut-derived bacterial motifs can stimulate biliary epithelial cells
(BECs) to secrete cytokines that contribute to inflammatory tissue damage, propagating BEC
destruction (Ma et al., 2015). PSC liver samples showed the presence of bacterial RNA (Ma et
al., 2015) suggesting that altered intestinal permeability may contribute to inflammatory

damage and disease progression.

In summary, PSC may be initiated due to a loss of self-tolerance which can be explained by
molecular mimicry. Translocation of gut and bacterial antigens activate the immune
response resulting in inflammation and the obliteration of BECs. Molecular mimicry and the

expulsion of cellular debris activated autoreactive immune cells. Gut-primed T cells migrate
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to the liver where they can activate B cells to differentiate into IgG4+ secreting PCs (Ma et
al., 2015). These activate lymphocytes and BECs also secrete cytokines contributing to the

inflammatory destruction of bile ducts and the progression of liver disease.

1.2.6 Primary biliary cholangitis

Primary biliary cholangitis (PBC) is an inflammatory autoimmune disease characterised by
the destruction of intrahepatic small bile ducts (Chen et al., 2020, Moritoki et al., 2006,
Kikuchi et al., 2005, Zhang et al., 2013, Zhou et al., 2017, Cichoz-Lach et al., 2018, Zwolak et
al., 2016). The prevalence of PBC in the UK is estimated to affect 15,000 individuals
(Hirschfield et al., 2018). The dysregulated immune response results in inflammatory
damage, fibrosis and the accumulation of bile toxins that lead to cirrhosis and liver

transplantation (Wang et al., 2015b, Zhou et al., 2017, Hirschfield and Gershwin, 2013).

The presence of autoantibodies in PBC indicate a loss of B cell tolerance (Zhang et al., 2013,
Ma and Chen, 2019); anti-mitochondrial antibodies (AMA) directed against 2-oxoacid
dehydrogenase complexes which are found on the inner mitochondrial membrane were
detected in 90-95% of PBC patients (Chen et al., 2020, Moritoki et al., 2006, Kikuchi et al.,
2014, Zhou et al., 2017, Cichoz-Lach et al., 2018, Zwolak et al., 2016). A key autoantigen in
PBC is the E2 subunit of the pyruvate dehydrogenase complex (PDC-E2) and 50% of patients
had autoantibodies directed against the nuclear pore complex members, gp210 and p62
(Moritoki et al., 2006). Disease severity was associated with ANAs targeting gp210 (Moritoki
et al., 2006, Zhou et al., 2017, Ma and Chen, 2019). Frequency of PDC-E2-specific IgM, 1gG
and IgA PBs were significantly increased in PBC patients (Zhang et al., 2014). In addition,

hyper-IgM expression was observed in the serum of many PBC patients (Kikuchi et al., 2005,
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Ma and Chen, 2019). IgM agglutination activated complement and IgM augments antigen-
driven IgG responses showing a crucial role for IgM agglutination in linking innate and

adaptive immune responses (Kikuchi et al., 2005).

GCs are vital for the generation of class-switched immunoglobulins and long-lived PCs which
arise with the help from TFH cells (Tan et al., 2016, Wang et al., 2015a, Ma and Chen, 2019,
Wang et al., 2015b, Zhou et al., 2017). TFH are normally located in B cell follicles but were
present in increased numbers in lymphoid-like follicles located near damaged bile ducts
(Zhou et al., 2017). Hepatic TFH cells were absent in healthy control livers (Wang et al.,
2015b). TFH derived from PBC patients had an enhanced ability to differentiate B cells into
class-switched memory B cells and long-lived PCs (Wang et al., 2015b). PBC patients,
especially those who do not respond to ursodeoxycholic acid (UDCA) treatment had an
increased frequency of circulating TFH (cTFH) cells (Zhou et al., 2017). cTFH also secreted
increased amounts of IL-21 inducing B cell differentiation and autoantibody secretion and
cTFH positively correlated with circulating PCs (Zhou et al., 2017, Wang et al., 2015a, Wang
et al., 2015b). Furthermore, serum AMA and IgM were directly correlated to levels of serum
IL-21 (Wang et al., 2015a). This suggests that TFH cells contribute to PBC pathogenesis by

inducing B cell proliferation and differentiation.

Intestinal permeability is impaired in PBC patients as PBC liver tissue showed the presence of
multiple bacterial products (Ma et al., 2015). Hyper IgM in PBC may be a result of increased
bacterial infections and PBC patients showed increased TLR signalling (Moritoki et al., 2006,
Ma et al., 2015). Molecular mimicry between PDC-E2 and gut-derived bacterial proteins may
be the initial cause of PBC (Zhou et al., 2017), resulting in a loss of self-tolerance, allowing

the survival of autoreactive B cells (Ma and Chen, 2019). Furthermore, TLR activation results
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in B cell activation and cytokine secretion that contributes to PBC pathology. B cells from
PBC patients expressed high amounts of TLR9 and produced vast amounts of IgM and
cytokine upon stimulation (Kikuchi et al., 2005, Ma et al., 2015). The amount of TLR9
expression positively correlated with IgM+ memory B cell numbers (Kikuchi et al., 2005, Ma
et al., 2015). TLR9 expression on B cells was enhanced due to the presence of bacterial
motifs and CpG stimulation of PBMCs isolated from PBC patients resulted in large amounts
of AMA production compared to unstimulated controls (Moritoki et al., 2006).
Cholangiocytes express TLRs on their surface and respond to stimulation by contributing to
the immune response and cholangiocytes in PBC patients had high TLR4 and TLR9 expression
(Bogdanos et al., 2013). BECs had increased TLR4 expression and hepatocytes in the
periportal and interlobules also expressed TLR4 and were associated with advanced PBC
disease (Ma et al., 2015). This shows that BECs and hepatocytes themselves contribute to

inflammatory damage through TLR signalling.

Whilst BECs are the victims of the immune response, they may also have a role in the
progression of PBC pathogenesis. BECs isolated from PBC livers undergo apoptosis and were
engulfed by other BECs which translocated PDC-E2 into apoptotic bodies (Ma and Chen,
2019). The intact PDC-E2 antigen was presented to autoreactive immune cells initiating an

inflammatory response and the production of AMA (Ma and Chen, 2019).

In summary, multiple factors contribute to PBC pathogenesis, molecular mimicry by bacterial
motifs is thought to be the initial cause in the breakdown of self-tolerance and activation of
the pro-inflammatory immune response. Immune-mediated destruction of BECs contributes

to the inflammatory milieu and further activates autoreactive immune cells through PDC-E2
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presentation in apoptotic bodies. This ongoing inflammatory damage results in the

obliteration of bile ducts, fibrosis leading to cirrhosis and a liver transplant.

1.3 Paediatric acute liver failure

Paediatric acute liver failure (pALF) is a rapidly deteriorating disease that occurs in previously
healthy children (Alonso et al., 2017) with no chronic liver disease (Mann et al., 2022). This
life threatening disease accounts for 7.7% of all paediatric liver transplants (Mann et al.,

2022) and 30% of cases have an unidentified cause of disease (Alonso et al., 2017).

Gut-derived products activate TLRs on immune cells, inducing an immune response that
leads to liver damage (Patel et al., 2021, Mann et al., 2022). The microbiome plays a role in
pALF as altering the microbiome alleviated disease in mice (Liu et al., 2021). Furthermore,
depletion of the microbiome or induction of ALF in germ-free mice resulted in a milder
disease (Mann et al., 2022), suggesting that the microbiome plays a role in ALF pathogenesis

but is not the cause of disease.

1.3.1 Biliary atresia

Biliary atresia (BA) is a multifactorial paediatric liver disease (Yang et al., 2020, Wang et al.,
2020, Luo et al., 2021) affecting 1 in 15,000 — 19,000 neonates (Aboughalia et al., 2021). BA
is characterised by inflammatory destruction of the extrahepatic biliary tree and fibrosis
(Bednarek et al., 2018, Patel et al., 2021) that result in hepatic destruction and liver failure
requiring a transplant (Patel et al., 2021). There are two types of BA; acquired/non-
syndromic and congenital/syndromic BA. Non-syndromic BA accounts for 80% of cases and
20% of cases are syndromic and are associated with other genetic abnormalities (Aboughalia

et al.,, 2021, Patel et al., 2021, Mack et al., 2012).
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50% of all paediatric liver transplants are due to BA (Luo et al., 2021, Aboughalia et al.,
2021). Cirrhosis and end-stage liver failure resulting in death by two years of age is a
consequence of untreated BA (Aboughalia et al., 2021, Yang et al., 2020). Kasai
portoenterostomy (KPE) is a surgical procedure that restores bile flow from the liver to the
gut by removing injured bile ducts; 95% of patients will undergo successful KPE surgery
however, 80% of patients will still require a liver transplant (Taylor et al., 20193, Patel et al.,
2021, Bednarek et al., 2018). KPE timing is critical for the survival with the native liver as 49%
of patients survived with their native liver if they received KPE during the first months of life.
Receiving KPE after three months of life had a 23% survival rate with their native liver
(Schreiber et al., 2007). Specialised centre for KPE surgery has improved survival to over 90%

in the UK (Kelly and Davenport, 2007).

The pathogenesis of BA is not known however in 1974 a study suggested that the cholestatic
changes observed in BA infants may be due to viral-induced liver injury (Landing, 1974).
Cytomegalovirus (CMV) has been reported to infect biliary epithelia (Mack, 2007). 51 out of
85 BA liver biopsies showed the presence of human CMV (Xu et al., 2012) and another study
found that BA infants who were CMV IgM positive were older at the time of KPE and had a
reduced response to KPE (Zani et al., 2015). On the other hand, Jevon and Dimmick., found
no CMV DNA from 12 BA patients (Jevon and Dimmick, 1999) and Yaghobi et al., detected no

CMV genome in 34 BA liver tissue samples (Yaghobi et al., 2011).

Reovirus has also been implicated in BA pathogenesis. 55% of BA patients had reovirus RNA
in hepatic and/or biliary tissues (Tyler et al., 1998) and Morecki et al., found that 9 out of 15
BA patients had anti-reovirus IgG antibodies (Morecki et al., 1982). A follow up study showed

that anti-reovirus antibodies were detected in 62% of BA patients (Glaser et al., 1984). No
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reovirus RNA was detected in the liver tissue from 14 BA patients (Steele et al., 1995) and
Saito et al., also found no evidence of reovirus RNA from their cohort of BA patients (Saito et

al., 2004).

Rotavirus have the ability to infect hepatocytes and bile duct epithelia (Mack, 2007). Group C
rotavirus RNA was detected in 10 out of 20 BA patients (Riepenhoff-Talty et al., 1996)
however, Bobo et al., found no evidence of rotavirus RNA in the biliary atresia group (Bobo
et al., 1997). Despite the conflicting evidence of viral involvement in BA pathogenesis, the
common animal model used for BA is the rhesus rotavirus (RRV)-induced murine model.
Whilst group C rotavirus have been detected in some human BA studies, Riepenhoff-Talty et
al., found that group A rotavirus-infected mice produced a hepatobiliary disease that shared
characteristics with human BA, such as extrahepatic biliary obstruction, fibrosis and bile

ductular proliferation (Riepenhoff-Talty et al., 1993).

Increased numbers of macrophages, CD4+ and CD8+ T cells were found in the portal tracts of
BA patients (Wang et al., 2020). Intrahepatic periductular infiltrates had increased numbers
of B cells at the time of diagnosis and liver transplant (Luo et al., 2021). 51% of proximal
biliary remnants showed one or more reactive GCs (Luo et al., 2021) and Bednarek et al.,
showed that 53% of BA patients had mature GCs present in their hilar lymph nodes
compared to controls (Bednarek et al., 2018) suggesting that activated B cells were
differentiating into memory B cells and antibody secreting PCs. Mouse models of BA had
significantly increased levels of IgG antibodies against a-enolase; an ubiquitously expressed
enzyme that is found in many tissues including bile ducts and hepatocytes (Lu et al., 2010).
Lu et al., also showed that IgM and IgG isolated from the sera of BA children younger than

one year, reacted with cholangiocyte cytosolic proteins indicating the activation of
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autoreactive B cells. IgM and IgG deposits were found along bile duct epithelial basement
membranes in extrahepatic bile duct remnants in 40% of BA patients (Hadchouel et al.,
1981). Luo et al., found three autoantibodies specific to highly expressed cholangiocyte
proteins; anti-CHI3L1, anti-DLL-4 and anti-SFTPD IgM autoantibodies that correlated with
poor outcome (Luo et al., 2021) indicating that autoimmune responses contribute to BA

pathology.

Chitinase 3 like 1 (CHI3L1) is a glycoprotein highly expressed in the liver and involved in
fibrogenesis; expression was increased in nodular livers correlating with fibrosis levels (Luo
et al., 2021). Delta-like 4 (DLL-4) is highly expressed in cholangiocytes and has a role in the
development of the biliary tree during embryogenesis. This ligand also functions to
downregulate inflammation and the presence of DLL-4 autoantibodies may hinder its role in
dampening down inflammation, (Luo et al., 2021) contributing to the inflammatory milieu
observed in BA. Surfactant protein D (SFTPD) is found on the luminal surface membrane of
intrahepatic cholangiocytes. Higher levels of portal tract C3d and fibrosis marker, desmin
were detected in BA patients that were positive for all three autoantibodies (Luo et al.,
2021). Increased concentrations of autoantibodies were found in the circulation of BA

patients (Wang et al., 2020).

RRV-induced mouse model is commonly used to study BA as it mimics the histological and
immunological abnormalities found in human BA (Bednarek et al., 2018). Ig-a deficient mice
failed to develop B cells and were protected from developing BA (Luo et al., 2021) upon
rotavirus infection suggesting a role for B cells in BA pathology. The absence of functional B
cells was associated with a lack of T cell activation (Bednarek et al., 2018) resulting in a lack

of Th1 cytokine-mediated bile duct injury (Taylor et al., 2019a). B cells contribute to biliary
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obstruction by activating T cells. They can also produce significant amounts of Th1 cytokines;
IFN-y, IL-2 and TNF-a which are upregulated in both murine and human BA (Bednarek et al.,
2018, Taylor et al., 2019a). A highly clonal BCR repertoire observed in BA supports a role for

antigenic stimulation early on in disease (Taylor et al., 2019b).

A proposed theory of BA pathogenesis is that an initial infection with a cholangiotropic virus
(Mack et al., 2012), initiates an immune response resulting in exaggerated inflammatory
responses that damage bile duct epithelia (Feldman and Mack, 2012). This results in the
release of altered self-antigens (Brindley et al., 2012, Mack et al., 2007) which are recognised
by APCs as a foreign molecule, subsequently activating autoreactive T cells (Brindley et al.,
2012). Activated autoreactive T cells stimulate autoreactive B cells, augmenting the
production of inflammatory mediators and initiating the GC reaction resulting in B cell
differentiation into antibody producing PCs. Despite the clearance of the virus, persistent
inflammation continues obliterating bile ducts leading to fibrosis and liver failure (Lu et al.,

2010).

In summary, the pathogenesis of BA is unknown. Studies suggest an original viral or
autoimmune insult however, a popular theory of BA pathogenesis is that an initial perinatal
viral infection either targets bile ducts or creates molecular mimicry between viral proteins
and self-antigens (Lu et al., 2010) that may be followed by an autoimmune response that
destroys the bile ducts (Taylor et al., 2019a) (figure 1.6). The initial viral infection may be
resolved from the liver however, injury to cholangiocytes continues (Lu et al., 2010),
releasing neo self-antigens which activate autoreactive B cells to produce autoantibodies

(Luo et al., 2021), secrete cytokines and activate T cells. RRV-induced mouse models showed
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the presence of autoantibodies upon infection however, infection alone or biliary injury

alone was not enough to result in autoantibody production (Lu et al., 2010).

Biliary atresia (BA)

Cholangiotropic Autoimmunity
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Figure 1.6 Proposed pathogenesis of biliary atresia. The initial insult in BA is unknown.
Studies have proposed that (1) an initial viral insult or autoimmunity result in destruction of
biliary epithelial cells (BECs) which (2) release self-antigens and viral particles. These are (3)
recognised by APCs which activate T cells. (4) Autoreactive T cells that recognise self-antigens
activate autoreactive B cells which (5) undergo germinal centre reactions to differentiate into
(6) memory B cells and plasma cells. (7) These differentiated B cells secrete autoantibodies
and inflammatory mediators further damaging BECs. Image taken from (Patel et al., 2021).

1.3.2 Sudden onset acute hepatitis

Sudden onset acute hepatitis (SOAH) is hepatitis of an unknown origin; the typical causes of
hepatitis, Hep A-E, were ruled out (Gao et al., 2022). Cases of SOAH have trebled in 2022
raising a cause for concern and since 8t July 2022, 1010, cases have been reported in

children worldwide, from over 40 countries (Mann et al., 2022, Zhang et al., 2022). The
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highest incidence has been in the UK with 222 cases, then USA with 216 cases followed by
the EU with 125 cases (Zhang et al., 2022). 45 children have needed liver transplants (Kelly
and Stamataki, 2022) and 22 children have died due to this disease (Mann et al., 2022). No
epidemiological links have been found in the Alabama cohort of patients (Baker et al., 2022)
and Kajon and George., have reported that this disease is sporadic with no links between
cases (Kajon and St George, 2022). All patients had elevated levels of transaminases (Baker
et al., 2022, Deep et al., 2022) and majority of these patients were 5 years or younger (Kajon
and St George, 2022). These patients were ineligible for the COVID vaccine (Kelly and

Stamataki, 2022).

Majority of these patients presented with gastrointestinal symptoms; vomiting, diarrhoea
and abdominal pain that progressed to jaundice and in some cases, acute liver failure
(Brodin and Arditi, 2022, Arico and Caselli, 2022, Li et al., 2022). Adenovirus is a non-
enveloped DNA virus (Mendez-Sanchez and Pal, 2022) and adenovirus type 41F has been
implicated as a cause of paediatric acute gastroenteritis, which presents with
gastrointestinal problems observed in SOAH cases (Baker et al., 2022, Gao et al., 2022). 72%
of tested cases were positive for adenovirus type 41F (Dhawan and Vimalesvaran, 2022).
SOAH patients from the UK that required liver transplants had adenoviral DNA loads that
were 12 times higher compared to other children (Yao et al., 2022) suggesting a role of

adenovirus in the pathogenesis.

Adenovirus is a recognised cause of hepatitis in immunocompromised children (Baker et al.,
2022, Kajon and St George, 2022), however most of the children with SOAH were
immunocompetent, without any chronic medical conditions (Zhang et al., 2022). This

outbreak in cases occurred during the COVID-19 pandemic and coincidentally occurred
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during the emergence of the highly infectious omicron variant (Chen et al., 2022b, Zhang et
al., 2022).The majority of SOAH cases occurred in countries with a high incidence of omicron
(Chen et al., 2022b) and unvaccinated children may have a higher infection rate with
omicron (Zhang et al., 2022). There is also the possibility that a novel strain of adenovirus
has emerged, that is more pathogenic and infects those that are unvaccinated against
COVID-19 with a previous SARS-CoV-2 infection (Yao et al., 2022, Einberg and Fischler, 2022,

Gao et al., 2022).

Co-infection with adenovirus and another virus may sensitise the liver making it more
susceptible to immunopathology. Adenovirus infection sensitises the liver to subsequent
infection with staphylococcal enterotoxin B which belongs to a family of superantigens
(Yarovinsky et al., 2005). In the Alabama study, 7 patients were co-infected with other viral
pathogens; 6 were positive for EBV however there was no detection of EBV IgM antibodies
suggesting that these results were indicative of the reactivation of a previous infection seBV,
enterovirus amongst others (Kelly and Stamataki, 2022) but it is not known if any of these

patients required a liver transplant.

Gao et al., has highlighted a unique relationship between adenovirus and SARS-CoV-2 (Gao
et al., 2022). More than 60% of cases had seropositivity for antibodies against SARS-CoV-2

(Mann et al., 2022) and 18% of the reported cases in the UK tested positive for SARS-CoV-2
upon admission (Brodin and Arditi, 2022) with few to none of the patients being vaccinated

against COVID-19 (Einberg and Fischler, 2022).

Brodin et al., has shown that SARS-CoV-2 can result in the formation of a viral reservoir

(Brodin, 2022). Brodin’s superantigen hypothesis states that the viral reservoir for SARS-CoV-
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2 leads to persistent viral particle release in the gastrointestinal tract across the intestinal
epithelium. This results in continued activation of the immune response and this constant
immune activation may be mediated by a superantigen motif within the spike protein of
SARS-CoV-2 (Brodin and Arditi, 2022). This superantigen mediates a skewing to Th1
cytokines, particularly IFN-y which leads to IFN-y-mediated liver injury (Brodin and Arditi,
2022, Mann et al., 2022). A similar release of Th1 cytokines was detected in mice who
respond to the superantigen staphylococcal enterotoxin B (Yarovinsky et al., 2005). The
portal vein brings blood into the liver, that has passed through the spleen and gut exposing
the liver to constant pathogens (Patel et al., 2021). Due to this, the liver is a tolerogenic
environment however, in disease the liver can mount a strong immune response. In SOAH,
infection with adenovirus may sensitise the liver and contact with SARS-CoV-2 superantigen,

released from the gut, may initiate an aberrant activation of the immune system.

Despite the evidence of adenoviral DNA in the blood, no viral inclusions or particles have
been detected in 6 patients (Baker et al., 2022). There was no presence of adenovirus in
hepatocytes (Chen et al., 2022a) but there was evidence of hepatocellular injury and
necrosis (Dhawan and Vimalesvaran, 2022). However, Chen et al., has shown that the intra-
sinusoidal lumen from liver samples was reactive to adenovirus (Chen et al., 2022b)
suggesting that whilst adenovirus may not be directly involved in hepatocellular injury (Kajon
and St George, 2022), it may still be involved in liver pathology (Dhawan and Vimalesvaran,

2022).

The hepatic immune infiltrate has not been characterised in the current outbreak of SOAH
(Mann et al., 2022) but one can speculate that the release of gut associated pathogens

and/or SARS-CoV-2 superantigen, into the liver may result in immune activation. A potential
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mechanism of adenoviral and co-factor pathogenesis is described by Mann et al., where the
authors stated that adenoviral particles are presented to naive T cells by APCs (Mann et al.,
2022). These activated T cells, alongside gut-derived microbial products will activate B cells
(Patel et al., 2021). Gut associated lymphocytes can migrate to the liver and contribute to
liver injury (Mann et al., 2022) through the secretion of antibodies and pro-inflammatory
mediators (Patel et al., 2021). Alteration or depletion of the microbiome, in mouse models,
resulted in a milder phenotype or mitigation of disease, respectively (Mann et al., 2022)
suggesting that a second infection with a previous adenoviral infection leads to a severe

disease phenotype.

1.3.3 Paediatric viral hepatitis

1.3.3.1 Paediatric hepatitis B viral infection

Approximately 3,000 babies in the UK are born to women infected with HBV
(Public_Health_England, 2021). HBV transmitted from infected mothers to neonates is
believed to take advantage of the immature immune system by inducing a tolerogenic state
facilitating the persistence of HBV infection (Hong et al., 2015). Neonatal immunity can be
controlled by external factors such as bacterial colonisation and live vaccinations. These help
to protect the infant against unrelated pathogenic infections by initiating an efficient innate
immune response. This is termed ‘trained immunity’ (Hong et al., 2015). A state of trained
immunity may be induced by the exposure to HBV in utero resulting in innate immune cell
maturation that have an improved ability to respond to exposures of unrelated pathogens

(Hong et al., 2015).
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Age plays a role in the spontaneous clearance of HBV as 95% of infected adults were able to
clear the virus whereas 90% of exposed neonates and 30% of children aged 1-5 years
developed chronic HBV infection due to the failure to resolve infection (Publicover et al.,

2013).

Investigating the progression of HBV infection in neonates is difficult as at-risk patients
receive Ig and vaccinations to prevent infection (Publicover et al., 2013). Mouse models have
been key to understanding HBV pathology. IL-21 produced by TFH cells mounts an effective
immune response to HBV however, IL-21 concentrations were diminished in young mice that
were unable to effectively respond to HBV infection (Publicover et al., 2013). HBV-specific IL-
21 expression was observed only in the liver and not in the spleen or lymph nodes of mice
suggesting that immune cell priming occurred predominantly in the liver (Publicover et al.,
2013). This may suggest that B cells were also activated in the liver as they have access to
antigen and co-stimulatory signals, CD40/CD40L on activated T cells. Macrophages play a
crucial role in the organisation of lymphoid structures in the liver and young mice infected
with HBV may have reduced macrophages as lymphoid organisation was severely reduced
(Publicover et al., 2013). These hepatic lymphoid structures support the differentiation and
maturation of B cell responses and disorganised lymphoid structures may reduce the

number of differentiated memory B cells and PCs.

1.3.3.2 Paediatric hepatitis C viral infection

The prevalence of chronic hepatitis C infection is lower and less aggressive in children
compared to adults (Camarero et al., 2008, Garazzino et al., 2014). HCV-positive mothers
had a 5-6% risk of transmitting HCV to their child and this risk increases with high viral load

(Venkatesh et al., 2022, Lutckii et al., 2020). Mother-to-child (vertical) transmission accounts
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for 5% of infections and is the predominant route of HCV infection in children (Garazzino et
al., 2014, Lutckii et al., 2020). Vertical transmission of HCV was cleared in approximately 25 —
40% of children by the age of four and 6 — 12% had cleared their infection by adulthood. This
spontaneous clearance may be due to the genotype of HCV; Bortolotti et al., showed that
infection with HCV genotype 3 was more likely to be cleared compared to infection with HCV
genotype 1a which is more persistent and leads to progression of cirrhosis (Bortolotti et al.,

2008).

There are limited studies investigating the course of HCV infection in children and children
infected with HCV tend to have a mild acute phase of disease (Venkatesh et al., 2022). HCV
infection rarely causes death in childhood (Modin et al., 2019), most of these children will
develop progressive disease in their adulthood (Camarero et al., 2008). The influence of risk
factors such as alcohol consumption, drug usage and co-infection with HIV, which all

increase with age, may result in a rapid progression of liver disease (Modin et al., 2019).

Studies have investigated histology of liver biopsies from cohorts of HCV-infected children.
They found that 50% of patients had elevated aminotransferases (Leung et al., 2020), and
92% patients who had been infected for less than 10 years showed mild fibrosis (Schmelzer
et al., 2020). Liver biopsies from children also showed mild necro-inflammatory changes
(Badizadegan et al., 1998) accompanied by low levels of fibrosis (Camarero et al., 2008). 1 —
2% of children with chronic HCV infection developed cirrhosis (Jara et al., 2003, Rumbo et al.,

2006, Goodman et al., 2008).

Majority of HCV-infected children showed signs of cytolysis however none developed acute

hepatitis and extrahepatic manifestations were rare (Garazzino et al., 2014). This absence of
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clinical signs and slow progression of disease may be due to a weakened immune response
in infants. Children who had higher alanine transaminase (ALT) levels in the first 2 years of
life achieved sustained viral clearance suggesting that a stronger cytolytic effect could

predict a vigorous immune response that resolves infection (Garazzino et al., 2014).

The presence of non-organ-specific autoantibodies (NOSA) in 19 — 34% of HCV-infected
infants (Camarero et al., 2008, Muratori et al., 2003) suggested that activated autoreactive B
cells contributed to disease severity. NOSA levels were significantly higher in HCV-infected
children compared to age-matched controls (Garazzino et al., 2014). 11% of infected children
had the presence of anti-LKM1 antibodies (Muratori et al., 2003) that were also observed in
young, AlH patients (Patel et al., 2021) and tends to mainly affect children (Camarero et al.,
2008). The presence of NOSA were detectable even after sustained viral clearance and loss
of viremia (Garazzino et al., 2014). Garazzino et al., found that HCV genotype 3 or 4 may
induce NOSA production as two-thirds of infants infected with these genotypes were NOSA-
positive (Garazzino et al., 2014). Anti-HCV IgG secreting B cells were present in children with
vertical HCV-infection (Lutckii et al., 2020) suggesting that B cells had been activated and had
undergone GC reactions to secrete HCV-specific IgG antibodies. Prenatal or perinatal
exposure to HCV initiated early maturation of the neonatal B cell compartment (Lutckii et al.,

2020).

A Japanese study consisting of a cohort of 109 children with chronic hepatitis C found that
the presence of lymphoid aggregates was similar to those detected in adult HCV infection
(Kage et al., 1997). In another study, 48% of HCV-infected children had the existence of

portal lymphoid aggregates and/or follicles and only minimal hepatocellular damage was
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observed (Badizadegan et al., 1998) suggesting that these ectopic aggregates do not cause

hepatocyte injury.

Autoimmune and extrahepatic manifestations are associated with HCV infection. HCV can be
associated with diabetes, MC and elevated levels of non-organ-specific autoantibodies
(Lutckii et al., 2020, Garazzino et al., 2014). MC is the most common B cell
lymphoproliferative disease (Meola et al., 2000) associated with HCV in adults (Patel et al.,
2021). Cryoglobulins were more frequent in children infected with HCV genotype 1
(Garazzino et al., 2014). B cells contribute to the development of cryoglobulins through
ectopic autoantibody production and B cell proliferation (Patel et al., 2021, Boleto et al.,

2021).

B cells can contribute to HCV pathogenesis through the generation of autoantibodies,
proliferation, and the formation of cryoglobulins. Autoreactive B cells may emerge due to
molecular mimicry (Garazzino et al., 2014). HCV E2 protein mimics the natural ligand for
CD81 (Meola et al., 2000), present on host cells, and interactions between the two may help
the virus gain entry into host cells (Indolfi et al., 2012). In B cells, CD81 interacts with CD19
and CD21 lowering the threshold for BCR activation (Kuppers, 2019). Interactions between
HCV E2 and CD81 activate biological B cell functions (Meola et al., 2000) and resulted in a
lower threshold for BCR activation which may result in excessive B cell proliferation and the

formation of cryoglobulins detected in HCV patients.

The persistence of cryoglobulins and NOSAs, even after achievement of sustained viral
clearance suggested that HCV triggers an aberrant immune activation that continues to stay

independently activated after it has passed an unknown ‘point of no return’ (Garazzino et
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al., 2014). This may be due to the persistence of HCV RNA in liver and PBMCs of seropositive
patients even after the clearance of HCV RNA from the serum and plasma (Sugden et al.,
2012). This absence of viral RNA in the sera of previously infected patients has been termed
‘occult’ infection and the detection of HCV RNA in the liver may indicate an extra-hepatic
reservoir of the virus (Sugden et al., 2012). This reservoir may be responsible for liver

damage observed in adulthood of children with vertically transmitted HCV infections.
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1.4 Hypothesis and aims

There is little literature on hepatic B cell subsets in health and in disease for paediatric and
adult patients. B cells consist of heterogenous subsets with different activities and may
contribute to the pathogenesis in various liver diseases in both adults and paediatric
patients. | hypothesised that B cell subsets may differ in liver diseases of different
aetiologies. In children with BA, | hypothesised that the inflammatory compartment may
differ in the hilum region and liver periphery during disease progression, compared to end-

stage disease.

My aim was to characterise B cell subsets in adult and paediatric livers to identify any B cell
subsets that may contribute to pathology, highlighting any potential pathways and

mechanisms of damage that can be targeted therapeutically.

Firstly, | wanted to use flow cytometry to characterise B cell subsets in adult livers. | set out
to create a flow cytometry panel that included all the B cell markers that would detect B cell
subsets throughout maturation. By characterising B cell subsets in the liver, | would be able
to identify which B cell subsets are present in the liver and gain insight into their role in
pathogenesis. The original aim was to compare B cell subsets in adults to children with BA,
however due to the pandemic only adult tissue was available. My focus turned to

establishing comprehensive panels for liver B cell subsets.

Secondly, | aimed to use immunohistochemistry and immunofluorescence to identify B cell
subsets of interest in biliary atresia liver tissue. | set out to create immunofluorescence
panels to detect B cells in biliary atresia livers and to visualise the distribution of these cells

in the tissue. This would enable me to localise B cells in hepatic tissue and identify the
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subsets that are detected close to bile ducts or in ectopic lymphoid structures, highlighting

their role in paediatric liver pathology.

Finally, | aimed to phenotype transcriptomic differences between non-syndromic and
syndromic biliary atresia livers and to identify any differences in gene expression between
early disease and end-stage disease and between the hilum and the periphery. | set out to
identify distinct inflammatory gene expression profiles between sample location and
between non-syndromic and syndromic patients. By carrying out gene expression analysis, it
would highlight any transcripts that were upregulated or downregulated in each sample
group elucidating pathways that were active and contribute to pathology, possibly leading to

the development of targeted therapies.
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CHAPTER 2 — B CELL CHARACTERISATION IN ADULT END-

STAGE LIVER DISEASES
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2.1 Introduction

Liver B cells in chronic liver diseases are understudied. Hepatic B cells make up 50% of
intrahepatic lymphocytes in mice (Novobrantseva et al., 2005, Holt et al., 2006) and 8% in
human livers (Robinson et al., 2016). B cells contribute to fibrogenesis; B cell deficient mice
injected with carbon tetrachloride (CCLs) had reduced fibrosis compared to wild-type (WT)
mice (Novobrantseva et al., 2005). B cells have been shown to induce the differentiation of
hepatic stellate cells into myofibroblasts through IL-6 production, contributing to the

deposition of collagen (Xue et al., 2000).

The liver is constantly exposed to gut microbial antigens and requires the expression of
PRRs. TLRs detect PAMPs which consist of an array of microbial ligands and nucleic acid
(Ortiz-Perez et al., 2020). TLRs also recognise DAMPs which are self-ligands that were
exposed to the extracellular environment as a result of necrosis and inflammatory cellular
damage (Feldman and Mack, 2012). Endosomal TLRs (TLR3,7,8 and 9) detect bacterial and
viral RNA or DNA and use the adaptor molecules MyD88 and Toll/IL-1R-domain-containing
adapter-inducing interferon-B (TRIF) for downstream signalling resulting in the production of
pro-inflammatory mediators (Ortiz-Perez et al., 2020). TLRs form part of the innate immune

system and function to protect the body against infection.

2.1.1 Age-associated B cells

A novel population of B cells discovered by Rubtsova et al., were found accumulated in aged
mice and were termed age-associated B cells (ABCs) (Rubtsov et al., 2011, Rubtsova et al.,
2015). ABCs were CD21- CD23- CD11c+ (Rubtsov et al., 2011, Rubtsova et al., 2015) and were

detected in the spleen, blood and bone marrow in mice (Rubtsova et al., 2015). ABCs were
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enriched in aged female mice compared to young female mice and males. This population
was accumulated in young healthy autoimmune-prone mice (Rubtsov et al., 2011) and were

associated with autoimmunity (Naradikian et al., 2016a).

Many studies have found populations of B cells that display similar characteristics to ABCs
such as, little to no expression of CD21 and high CD11c expression. This ABC phenotype has
been described in atypical memory B cells, tissue-like memory B cells, DN B cells and CD11c+

B cells (Karnell et al., 2017).

ABCs respond poorly to BCR cross-linking but proliferate robustly when stimulated with TLR7
or TLR9 agonists (Naradikian et al., 2016a). This proliferative response was enhanced when
TLR agonist stimulation was combined with BCR signalling (Rubtsova et al., 2015). ABC
development requires signalling via TLR7 as mice deficient in TLR7 and MyD88 (key adaptor
of TLR signalling) failed to accumulate ABCs (Rubtsov et al., 2011). ABCs from the Hao et al.,
criteria proliferated in response to TLR9 compared to TLR7 (Hao et al., 2011) however ABCs
stimulated with TLR7 agonists resulted in an amassing of ABCs that was significantly higher
in female mice. High gPCR expression of TLR7 and TLR9 was observed in ABCs compared to
FO B cells and MZ B cells (Hao et al., 2011). Upon TLR stimulation, ABCs from female mice
produced IgM antibodies and were the best secretors of IgG compared to FO and MZ B cells
(Rubtsov et al., 2011). Murine ABCs stimulated with TLR ligands rapidly switched from IgM
production to IgG production (Rubtsova et al., 2015) and secreted a spectrum of cytokines

including IL-4, IL-6, IL-10, IFN-y and TNF-a (Rubtsova et al., 2015, Naradikian et al., 2016a).

A subset of ABCs requires intrinsic expression of T-bet for their development. These antigen-

experienced B cells develop through the induction of T-bet transcriptional program that is
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activated through BCR engagement and transport of the antigen to endosomal nuclei acid
sensors (Naradikian et al., 2016a). T cells secrete IFN-y providing a cytokine-mediated
environment which induced T-bet expression upon antigen ligation of TLR7 or TLR9
(Rubtsova et al., 2015, Naradikian et al., 2016a). T-bet acts as the master regulator of the
ABC phenotype; overexpression of T-bet resulted in an accumulation of ABCs (Rubtsova et
al., 2015). Mice infected with gamma herpesvirus 68, lymphocytic choriomeningitis virus
(LCMV) and vaccinia had high levels of CD11c+ T-bet+ B cells that appeared during the
humoral response (Naradikian et al., 2016a). Re-stimulation with these viruses resulted in
the production of virus-specific IgG, demonstrating that antigen-experienced B cells were
recruited to the ABC pool (Rubtsova et al., 2015). ABCs were vital for successful humoral
responses to certain classes of viral infections (Naradikian et al., 2016a) as T-bet deficient
mice had no ABC differentiation therefore had low levels of IgG2a/c resulting in inefficient

viral clearance and a higher viral load (Rubtsova et al., 2015).

CD138 transcript was upregulated in ABCs along with intermediate levels of Prdm1, Irf4 and
Xbp1, PC transcription factors, suggesting that ABCs may be precursors of PCs, awaiting the
correct signals to differentiate into PCs (Rubtsov et al., 2011). When ABCs were activated,
they quickly differentiated into PCs and secreted IgG2a/c regardless of their expression of

IgM and IgD (Naradikian et al., 2016a).

A similar population has been described in humans that were CD21-/lo, CD23-, CD5hi,
CD80hi, CD86hi, MHC-Ilhi, Fashi, CD27hi and isotype switched (Rubtsov et al., 2011,
Rubtsova et al., 2015). This CD21- CD11c+ B cell population was detected at higher
frequencies in peripheral blood obtained from elderly autoimmune female patients and less

frequently in healthy women (Rubtsov et al., 2011). ABC-like cells expressing CD21lo CD11chi
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FcRL4+ and CXCR3+ have also been described and may represent a subpopulation of ABCs
(Rubtsova et al., 2015). Naive B cells may take an alternative differentiation pathway to
become ABCs which may be influenced by antigens that engage both the BCR and TLR7 or

TLR9 in a pro-inflammatory cytokine milieu containing IFN-y (Rubtsova et al., 2015).

The ABC population seems to be a heterogenous population of naive and memory B cells
(Rubtsova et al., 2015). Whilst majority of ABCs were unswitched memory cells (Naradikian
et al., 2016a), a proportion of ABCs expressed class-switched IgG or IgA (Ehrhardt et al.,
2005) indicative of antigen experience. Furthermore, this subpopulation of ABC expressed
markers associated with antigen experience such as CD69, CD80, CD84 and CD86 (Karnell et

al., 2017).

ABCs from autoimmune or aged mice were more efficient at presenting antigen compared to
other B cells (Rubtsova et al., 2015) suggesting that ABCs are efficient antigen presenters.
ABCs expressed MHC-Il and co-stimulatory molecules CD80 and CD86 enabling them to
present antigens to T cells and mount a response to infections (Rubtsov et al., 2011,

Naradikian et al., 2016a).

ABCs may be involved in the development or progression of autoimmunity as they appear
earlier in autoimmune-prone mice and in humans with autoimmunity (Rubtsov et al., 2011).
In autoimmune mice, ABCs produced IgG2a/c autoantibodies and in infection, ABCs
produced anti-viral IgG (Rubtsova et al., 2015). Furthermore, 1gG produced by ABCs
displayed anti-chromatin reactivity and anti-smith autoantibodies were found in the serum
of mice. Depleting ABCs resulted in a reduction of autoantibodies, suggesting that ABCs

contribute to autoimmunity (Rubtsov et al., 2011) through the production of autoantibodies
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such as anti-dsDNA, anti-nuclear and other autoantibodies which were detected in both
humans and mice (Naradikian et al., 2016a). Rubstov et al., observed an accumulation of
ABCs that correlated with serum autoantibody levels (Rubtsov et al., 2011). Furthermore,
ABCs may form a pool of memory B cells that generate autoantibody secreting cells

(Naradikian et al., 2016a) implying that a subset of ABCs may be precursors to PCs.

2.1.2 Aims and objectives

We set out to characterise the B cell compartment in human chronic liver diseases. We
initially intended to use multiparametric flow cytometry using the Aurora spectral flow
cytometer in collaboration with the University of Oxford however, due to the pandemic
restrictions we designed flow cytometry panels to encompass markers of B cell biology
(table 2.1) using the Fortessa flow cytometer based at the University of Birmingham. These
markers of B cell biology are important to identify B cell subsets prominent in liver tissue in

various liver diseases.

Objectives

During this chapter, | set out to:

1. Determine B cell frequencies in liver health and in different end-stage diseases

2. Establish if CD24- B cells and ABCs were phenotypically consistent in different liver
diseases

3. Investigate the presence of APC markers in liver B cell subsets in liver explants

4. Establish the expression of TLR7 and TLR9 in liver B cell subsets

5. Characterise class-switched immunoglobulin expression in liver B cell subsets

6. Detect CD138 expression in liver B cell subsets in different end-stage diseases
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7. Investigate the expression of CD5 and FcRL5 in liver B cell subsets

8. Compare ABC subsets in liver diseases
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2.2 Methodology

The aims of these experiments were to characterise the B cell compartment in different

adult chronic liver diseases to identify any differences between them, Table 2.1 is a list of B

cell markers that have roles in B cell function, and these were used to differentiate B cells

into subsets.

Table 2.1 B cell markers and their function in B cell development and differentiation (Patel

etal, 2021).

Marker Function Reference

CD5 Negative regulator of BCR signalling (Gary-Gouy et al., 2002)
Protects B cells from apoptosis after BCR
stimulation
Supports B cell survival via IL-10 production

CcDh10 Role in pre-B cell maturation and (Mishra et al., 2016)
differentiation

CD11b Forms part of the complement receptor 3 (Vorup-Jensen and
present on the surface of B cells Jensen, 2018)

CD11c Adhesion molecule found on activated B (Vorup-Jensen and
cells, complement receptor 2 Jensen, 2018)
Expressed on age-associated B cells (Karnell et al., 2017)

CDhid May enable B cells to present antigens to (Chaudhry and
invariant NKT cells Karadimitris, 2014)
Expressed on all B cell subsets

CD19 Co-receptor required for BCR signal (Wang et al., 2012)
transduction
Cooperates with CD21 for BCR-independent (Otero et al., 2003)
signalling

CD20 Pan-B cell surface marker for mature B cells (Lee et al., 2011)
Lost during terminal B cell differentiation
Regulator of calcium flux triggered by BCR (Pavlasova and Mraz,
Required for optimal B cell responses to T- 2020)
independent antigens

CD21 B cell co-receptor required to enhance BCR (Cherukuri et al., 2001)
signalling, complement receptor

CD24 On activated B cells, CD24 facilitates CD4+ T (Fang et al., 2010)

cell clonal expansion via co-stimulation
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Role in the regulation of B cell development

(Ayre et al., 2016)

CD27 Promotes the differentiation of memory B (Agematsu et al., 2000)
cells into plasma cells
Marker of B cell activation (Wu et al., 2011)
CD38 Involved in B cell differentiation (Costa et al., 2019)
Crosslinking of CD38 to the BCR reduces the (Glaria and Valledor,
threshold for B cell activation 2020)
CDh44 Involved in cellular adhesion processes (Kremmidiotis and Zola,
Involved in signal transduction 1995)
May play a role in antigen-dependent B cell
differentiation
CD45 Central regulator of BCR signalling (Giovannone et al., 2018)
CD77 GC B cell entering apoptosis (CD77+) (Mangeney et al., 1991)
Marker of GC B lymphocytes (Mangeney et al., 1995)
Discriminator of centroblasts and centrocytes (Hogerkorp and
Borrebaeck, 2006)
CD138 Regulates the survival of plasma cells and (McCarron et al., 2017)
long-term humoral immunity
FcRL4 Expressed on the surface of a subset of (Sohn et al., 2011)
memory B cells
Expressed on the surface of atypical memory (Li et al., 2020)
B cells
FcRL5 Expressed on the surface of atypical memory (Li et al., 2020)
B cells
Novel IgG receptor, inhibits BCR signalling (Franco et al., 2018)
May have a dual signalling capacity (CD21 co-
engagement may result in B cell activation)
IgA Binds to and neutralises pathogens at (Hansen et al., 2019)
mucosal sites to prevent infection
Can contribute to inflammation at mucosal
and non-mucosal sites through the formation
of immune complexes
IgD Activates B cell signalling (Ubelhart et al., 2015)
May have a role in B cell tolerance (Ubelhart et al., 2015,
Chen and Cerutti, 2011)
IgE Important role in protection against parasitic (Croote et al., 2018)

worm infections
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e Role in mediating allergic reactions (Sutton et al., 2019)

IgG e Most abundant immunoglobulin in human (Vidarsson et al., 2014)
serum

e Responds to different types of antigens

e Capable of neutralising virus particles and

toxins
e Can activate complement upon binding C1q
IgM e BCR expressed on naive B cells. Associates (Schroeder and Cavacini,
with CD79a and CD79b for BCR signalling 2010)
T-bet e Promotes the survival of memory B cells and (Wang et al., 2019)

IgG2a isotype switching

2.2.1 Human liver tissue

Liver tissue samples were obtained from explanted livers (ALD n=8, NASH n=6, AIH n=2, PBC
n=6, PSC n=6 and other livers n=3), taken from patients with end-stage liver disease
undergoing transplantation at the Queen Elizabeth Hospital, Birmingham. These samples
were processed following patient consent and in approval with local research ethics
committee guidelines (LREC; reference number 06/Q2702/61 and 18-WA-0214). Donor liver
samples (n=6) were also received from patients who had passed away. These donor livers
were unsuitable for transplantation and form the ‘healthy control’ cohort. All tissues were
processed within a day of collection to isolate liver infiltrating mononuclear cells (LIMCs) and
frozen at - 80°C due to COVID restrictions. Patient clinical data can be found in Appendix

table 1.

2.2.2 Haemochromatosis blood

Blood was received from patients with haemochromatosis (HFe) (n=4), from the Queen
Elizabeth Hospital, Birmingham. HFe blood was used as a control as it closely resembles
healthy blood, and it was a cost effective alternate to healthy blood as the HFe patients

undergo phlebotomy as their treatment. The samples were used following patient consent
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and in approval with the local research ethics committee guidelines (LREC Approval 14-WA-
0214, Birmingham, UK). All blood samples were processed on the same day of collection to

isolate PBMCs. Patient clinical data can be found in Appendix table 1.

2.2.3 Liver infiltrating mononuclear cell isolation

Liver slices were stored in RPMI 1640 media in the fridge prior to the processing for
mononuclear cell isolation. The liver slices were then transferred to a petri dish and
weighed, prior to isolation. Using two scalpels, each tissue slice was cut into small cubes and
washed with sterile phosphate buffered saline (PBS) to remove residual blood. The minced
liver tissue was washed with sterile PBS until the washes ran clear. RPMI 1640 media was
added to the beaker until a total volume of 300 ml was reached. This solution was
transferred to a stomacher bag (Seward Limited) and the air bubbles were removed prior to
sealing the stomacher bag. The stomacher bag was placed into the Stomacher 400 circulator
machine (Seward Limited) for 5 minutes at 8 RCF. The mashed-up liver was filtered using a
fine mesh into a beaker and washed with sterile PBS. The fine mesh was removed, and the
filtrate was left to rest for 5-10 minutes to let the debris settle at the bottom of the beaker.
The top of the filtrate was distributed into 50 ml falcon tubes and centrifuged at 161 RCF for
5 minutes. After each round of centrifugation, the number of falcon tubes were reduced by
half by mixing the pellets of two falcon tubes together, until two tubes remained. The
remaining two tubes were washed, and the pellets were resuspended in 30 ml of sterile PBS
before layering the solution onto 15 ml of lympholyte-H (Cedarlane, CL5020), a density-
based cell separation media. The layered sample was centrifuged at 252 RCF for 20 minutes
with acceleration 9 and deceleration 3. The buffy coat was extracted using a plastic pipette

and washed twice with sterile PBS. The pellet was resuspended in sterile PBS and a portion
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of the sample was diluted in trypan blue before being counted using a haemocytometer.
LIMCs were centrifuged before being resuspended in freezing media (90% FBS, 10% DMSO)

and frozen in cryovials.

2.2.4 Peripheral blood mononuclear cell isolation

Blood obtained from HFe patients was diluted with sterile PBS. 30 ml of the diluted sample
was layered onto 15 ml of lympholyte-H. The sample was centrifuged at 252 RCF for 20
minutes with acceleration 9 and deceleration 3. The buffy coat was isolated using a plastic
pipette and washed twice with sterile PBS. The pellet was resuspended in sterile PBS and a
portion of the sample was diluted in trypan blue before being counted using a
haemocytometer. PBMCs were centrifuged before being resuspended in freezing media

(90% FBS, 10% DMSO) and frozen in cryovials.

2.2.5 Flow cytometry staining

2.2.5.1 Optimisation

PBMCs were stained with serial dilutions of 1/50, 1/100 and 1/200 for each antibody used in
the flow cytometry antibody and isotype matched controls (IMC) panels (table 2.2 and table
2.3) to identify the optimal working dilution (figure 2.1, appendix 1). Compensation on the
flow cytometer or in FlowJo was used to correct the spectral spillover and aided in gating
strategies to avoid gating on artefactual events (Biolegend, 2023). Fluorescence minus one
controls (FMQOs) also aided in gating, especially if the positive and negative populations were
poorly defined (Biolegend, 2023). FMOs were performed on fluorophores CD24 APC, CD27

APC-Cy7 and CD1d BUV395 (figure 2.2A) due to concern about spill over into other channels.
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CD27 FMOs for the Miltenyi antibody did not work (figure 2.2B) so the Biolegend antibody

was bought instead (figure 2.2C) and compared to the Miltenyi antibody.

Table 2.2 Antibodies used for flow cytometry. All the antibodies were used at the same
dilution for each experiment. These antibodies helped to characterise B cell subsets including
transitional, naive, memory, plasmablasts/plasma cells, CD24- CD38- and CD24- CD38int
subsets along with age-associated B cell subsets.

Marker + Company Catalogue Lot number | Working
Fluorophore number dilution

Zombie Red Biolegend 423109 B286764 1/1000
Fixable Viability kit

CD19 PE-Cy5 Biolegend 302210 B263542 1/200
CD24 APC MACS Miltenyi Biotec | 130-095-954 5200210106 | 1/100
CD38 PE-Cy7 Biolegend 356608 B281408 1/200
CD27 APC-Cy7 Biolegend 356424 B313735 1/100
gD BV510 Biolegend 348220 B263594 1/200
CD21 BV605 BD 740395 0056011 1/200
CD11c AF488 Biolegend 301618 B209841 1/200
CD69 BUV737 BD 612817 1155414 1/200
CD1d BUV395 BD 743609 1210369 1/100
CD80 BV421 Biolegend 305221 B292880 1/200
CD86 BV785 Biolegend 305441 B312706 1/200
HLA-DR AF700 Biolegend 307626 B254393 1/200
FcRL5 BV650 BD 749604 0056043 1/100
CD5 PerCP-Cy5.5 Biolegend 300619 B267967 1/200
IgA VioBlue MACS Miltenyi Biotec | 130-113-479 5210602958 | 1/100
IgM BV785 Biolegend 314543 B283253 1/200
CD138 AF700 Biolegend 356511 B272486 1/100
IgE BV650 BD 744318 1210372 1/200
IgG PerCP-Cy5.5 Biolegend 366909 B323138 1/100
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T-bet BV711 Biolegend 644819 B348160 1/100
TLR7 PE R&D Systems IC5875P ABEV0417041 | 1/100
TLR9 PE Biolegend 394803 B332742 1/200

Table 2.3 Isotype matched controls used for flow cytometry. IMCs were used at the same
dilutions as the antibodies in Table 2.2. The use of IMCs enabled me to gate on my B cell
populations of interest and determine where my positive cells were.

Marker + Fluorophore Company Catalogue Lot number | Working
number dilution

Mouse 1gG1 PE-Cy5 Biolegend 400118 B195080 1/200
Mouse 1gG1 APC MACS Miltenyi Biotec | 130-113-196 5211111426 | 1/100
Mouse IgG1 PE-Cy7 Biolegend 400126 B146682 1/200
Mouse 1gG1 APC-Cy7 Biolegend 400128 B307562 1/100
Mouse IgG2a BV510 Biolegend 400268 B188553 1/200
Mouse 1gG1 BV605 BD 562652 9101658 1/200
Mouse 1gG1 AF488 Biolegend 400129 B277964 1/200
Mouse 1gG1 BUV737 BD 612758 1179030 1/200
Mouse 1gG1 BUV395 BD 563547 0339553 1/100
Mouse IgG1 BV421 Biolegend 400158 B285247 1/200
Mouse 1gG2b BV785 Biolegend 400355 B303486 1/200
Mouse IgG2a AF700 Biolegend 400247 B257649 1/200
Mouse IgG2a BV650 BD 744532 0056024 1/100
Mouse IgG2a PerCP- Biolegend 400257 B308614 1/200
Cy5.5

Mouse 1gG1 VioBlue MACS Miltenyi Biotec | 130-113-205 5210601229 | 1/100
Mouse 1gG1 BV785 Biolegend 400169 B318355 1/200
Mouse IgG1 AF700 Biolegend 400143 B288792 1/100
Mouse IgG2a BV650 BD 563417 1200658 1/200
Rat 1gG2a PerCP-Cy5.5 | Biolegend 400531 B268003 1/100
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Mouse IgG1 BV711 Biolegend 400167 B300768 1/100
Mouse IgG2a PE R&D Systems ICO03P LHC1519071 | 1/100
Rat IgG2a PE Biolegend 400507 B282895 1/200
A B c_
A [ . \
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CD19 PE-Cy5 CD24 APC CD38 PE-Cy7

Figure 2.1 Antibody titration to find the optimal working dilution. Total PBMCs isolated
fresh from HFe blood were stained with three dilutions of each antibody used to identify
which dilution offered the best separation of positive and negative staining. Dilutions used
were 1/50 (red), 1/100 (blue) and 1/200 (orange). These titrations were compared to
unstained PBMCs (grey). Representative plots showed titrations for (A) CD19, (B) CD24 and

(C) CD38.
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Figure 2.2 FMOs were carried out on antibodies that would be used together and had
spectral overlap. This experiment was carried out on liver isolated mononuclear cells
isolated from the livers of patients with alcoholic liver disease. FMOs ensured that positive
and negative staining could be identified. In the case of CD27, it was used to help guide with
gating. (A) FMOs on CD1d (red), CD24 (blue) and CD27 (green). (B) Comparison between
CD24 (blue) and CD27 (red) to check if FMOs were working. (C) Comparison between two
CD27 antibodies; MACS Miltenyi (red) and Biolegend (blue) to determine which antibody
gave the better separation of CD27 negative and positive cells.

Upon thawing of the cells, | noticed fewer cell numbers compared to what was originally
stored. Cell yield upon thawing became an issue so | used 50 pl DNase per sample (1 pg/ul,
STEMCELL Technologies, 100-0762, 07900) to check if this would improve cell yield. The

sample was split into two; one was treated with DNase and one without. Cells were gated on

lymphocytes and total CD19+ cells were compared between the two conditions (figure 2.3).
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Cells treated with DNase had consistently higher yields in two replicates in the two

independent experiments, so this was included for all future flow cytometry experiments.

Without DNase With DNase

>

>

CD19 PE-Cy5
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Figure 2.3 DNase treated cells had better yields compared to cells treated without DNase.
The bar chart shows the means from samples from two independent experiments from ALD
livers, where total LIMCs were isolated, frozen, and thawed. Thawed cells were treated with
and without 50 ul of DNase. Yields were compared between CD19+ B cells identified by flow
cytometry treated with and without DNase. (A(i)) Cells gated on CD19+ cells (A(ii)) Cells
displaying all six B cell subsets. Whilst the proportions of cell subsets did not differ greatly,
cells treated with DNase showed a denser flow plot and were increased in cell numbers
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compared to cells treated without DNase. (B) Number of cells acquired for CD19+ B cell gate
between samples treated with (open circle) and without (open square) DNase.

2.2.5.2 Cell staining

PBMCs and LIMCs were thawed in a water bath at 37°C. The cells were transferred to a 15 ml
falcon tube with 9 ml of warm RPMI media. The samples were centrifuged at 161 RCF for 5
minutes (acceleration 9, deceleration 9). The supernatant was discarded, and the pellets
were resuspended in warm RPMI media containing DNase (50 ul DNase/ sample) and
transferred to a round bottom 96 well plate. The plate was incubated at 37°C for 10 minutes
before being centrifuged at 161 RCF for 3 minutes. The cells were resuspended in 100 pl of
surface stain antibody cocktails (table 2.4) and incubated in the dark, at room temperature
for 10 minutes. 100 pl of PBS was added to each well prior to centrifugation at 287 RCF for 3
minutes. Cells were resuspended in 100 pl of fixative (FOXP3/ Transcription factor staining
buffer set, eBioscience, 00-5523-00) and incubated in the dark, at 4°C for 30 minutes. 100 pl
of perm buffer (FOXP3/ Transcription factor staining buffer set, eBioscience, 00-5523-00)
was added to each well before the plate was centrifuged at 287 RCF for 3 minutes. The cells
were washed in 200 pl of perm buffer and centrifuged at 287 RCF for 3 minutes. 100 pl of
intracellular antibodies (table 2.5), made up in perm buffer, was added to the relevant wells
and incubated, in the dark, at room temperature for 30 minutes. Perm buffer was added to
the wells and the plate was centrifuged at 287 RCF for 3 minutes. The pellets were
resuspended in 200 ul PBS and transferred to fortessa tubes (5 ml polypropylene round

bottom tube, 352002), ready to run on the flow cytometer.
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Table 2.4 Surface staining panels. Catalogue and lot numbers are given in Table 2.2 and IMC

information is given in Table 2.3. These panels were used to identify B cell subsets in the

liver and analyse the expression of co-stimulatory markers, surface immunoglobulins and
activation markers.

Panel 1 Panel 2
Marker Fluorophore | Working Marker Fluorophore | Working
dilution dilution
Zombie red | PE-TxRed 1/1000 Zombie red | PE-TxRed 1/1000
CD19 PE-Cy5 1/200 CD19 PE-Cy5 1/200
CD24 APC 1/100 CD24 APC 1/100
CD38 PE-Cy7 1/200 CD38 PE-Cy7 1/200
gD BV510 1/100 IgD BV510 1/100
CD27 APC-Vio770 | 1/200 CD27 APC-Vio770 | 1/200
CD21 BV605 1/200 CD21 BV605 1/200
CD11c AF438 1/200 CD11c AF488 1/200
CD69 BUV737 1/200 CD69 BUV737 1/200
CD1d BUV395 1/100 Ccb1d BUV395 1/100
CD80 BV421 1/200 IgA BV421 1/100
CD86 BV785 1/200 IgM BV785 1/200
HLA-DR AF700 1/200 CD138 AF700 1/100
FcRL5 BV650 1/100 IgE BV650 1/200
CD5 PerCP-Cy5.5 | 1/200 IgG PerCP-Cy5.5 | 1/100
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Table 2.5 Intracellular staining panel. Catalogue and lot numbers are given in Table 2.2 and
IMC information is given in Table 2.3. Intracellular antibodies were added after the samples
were surface stained and treated with perm buffer.

Panel 1 Panel 2

Marker Fluorophore | Working Marker Fluorophore | Working
dilution dilution

T-bet BV711 1/100 T-bet BV711 1/100

TLR7 PE 1/100 TLR9 PE 1/200

2.2.6 Fortessa spectral flow cytometer

Rainbow calibration particles (table 2.6) were used to calibrate the machine for consistency

between my experiments. The beads were run on the flow cytometer and the voltages were

set so the 8t peak was always in the same position for all fluorophores (appendix 2). Single

colour compensation beads (table 2.6) were used to create positive and negative peaks, for

each fluorophore so that compensation could be applied to the experiment prior to running

the samples through the flow cytometer. FlowJo was used to analyse each flow experiment.

Table 2.6 Calibration and compensation reagents used for each experiment. Calibration

beads ensured the flow cytometer calibration was consistent for each experiment.
Compensation beads were used to set the flow cytometer to detect positive and negative

cells.
Reagent Company | Catalogue number
Rainbow calibration particles, 8 peaks, 3.0-3.4um | Biolegend | 122903
BD™ CompBeads Anti-Mouse Ig, K BD 51-90-9001229
BD™ CompBeads Negative Control BD 51-90-9001291
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2.2.7 Statistical analysis

GraphPad Prism 9.4.1 was used to create graphs and perform statistical analysis. The
Shapiro-Wilk normality test was used to assess normal distribution of my samples (figure
2.4). This test calculates the ratio between the standard deviation of the data to the
computed standard deviation of the slope from the QQ plot generated for our data.
Normality tests were used to determine the statistical tests carried out on our data.
Dunnett's T3 multiple comparisons test was used to analyse statistical significance between
unpaired, normally distributed samples. Dunn's multiple comparisons test was used to

analyse unpaired samples that were not normally distributed.

Normal QQ plot

100 -
u- ® AgeatTx W-0.9353

80 .,.- = CD21-lo W -0.9537

1

204 o

Predicted

T T T T 1
20 40 60 80 100

Actual

Figure 2.4 Samples were checked for normal distribution using the Shapiro-Wilk test on
GraphPad prism. The ratio (W) between the standard deviations from the data and the SD
calculated from the QQ plot generated using our data was close to 1, indicating that our data
was normally distributed. Two data sets were checked for normality in this plot: Age at
transplant (red circles) and CD21-/lo ABC percentage positive cells (grey squares).
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2.3 Results

2.3.1 B cell frequencies in liver health and in different end-stage diseases

We first set out to measure CD19+ B cell frequencies in cells extracted from human
explanted livers. Multiparametric spectral flow cytometry was used to characterise the B cell
compartment across different adult liver diseases. The acquired cells were gated on
lymphocytes (figure 2.5A(i)) and then single cells (figure 2.5A(ii)). Single cells were then
gated for live CD19+ cells (figure 2.5A(iii)). All downstream analysis was carried out on
CD19+ cells. Total percentage of CD19+ B cells (figure 2.5B(i)) and the median fluorescence
intensity (MFI) (figure 2.5B(ii)) were compared amongst HFe blood, donor livers and other
adult chronic liver diseases. HFe blood was used as a comparison to compare the B cell
compartment between the liver and blood. CD19+ B cells were present across blood and all
adult livers (figure 2.5B). CD19 MFI results showed that HFe blood had significantly higher
CD19 MFI expression compared to adult livers (ALD p-value 0.0009; NASH p-value 0.0121;

PBC p-value 0.0258; PSC p-value 0.0075; other livers p-value 0.0037) (figure 2.5B(ii)).
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Figure 2.5 B cell characterisation using flow cytometry. Frozen thawed liver isolated
mononuclear cells (LIMCs) from adult explanted livers and peripheral blood mononuclear
cells (PBMCs) from HFe blood were stained and analysed using FlowJo. (A) Total LIMCs from
adult livers or PBMCs from HFe blood were gated on (A(i)) lymphocytes and then (A(ii)) single
cells before gating on (A(iii)) live CD19+ cells. (B(i)) The percentage of total B cells and (B(ii))
MFI of CD19 cells were analysed in HFe blood and adult liver diseases. HFe blood (n=4), donor
(n=6), ALD (n=8), NASH (n=6), AIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3). (B)
Dunnett's T3 multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**),
p-value < 0.0002 (***).

CD27 and IgD were used to further phenotype total CD19+ B cells to identify memory B cells.
Using CD27 and IgD, four B cell subpopulations were identified; naive B cells (CD27- I1gD-),
unswitched memory B cells (CD27+ IgD+), switched memory (CD27+ IgD-) and double

negative B cells (CD27- IgD). All four subpopulations were observed across representative

blood and adult livers plots (figure 2.6A). Similar proportions of naive (figure 2.6B),
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unswitched memory (figure 2.6C), switched memory (figure 2.6D) and double negative
(figure 2.6E) B cells were detected across adult liver diseases (figure 2.6). Taken together,
these plots showed that naive and activated B cell subsets were detected in similar

proportions in liver diseases of various aetiologies.
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Figure 2.6 Naive and memory B cells were detected in similar proportions across adult liver
diseases. Frozen thawed liver isolated mononuclear cells (LIMCs) from adult explanted livers
and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained and analysed
using FlowJo. (A) Using CD27 and IgD, naive and memory populations were detected in (A(i))
HFe blood, (A(ii)) Donor, (A(iii)) ALD and (A(iv)) PBC livers, representative plots. The
proportion of (B) naive; N, (C) unswitched memory; USM, (D) switched memory; SM and (E)
double negative; DN B cells, were analysed across all liver diseases. HFe blood (n=4) (white),
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donor (n=6) (grey), ALD (n=8) (red), NASH (n=6) (green), AlH (n=2) (yellow), PBC (n=6) (blue),
PSC (n=6) (pink) and other livers (n=3) (orange). (B and E) Dunnett's T3 multiple comparisons
test was used. (C and D) Dunn's multiple comparisons test was used.

We wanted to observe B cells across development, starting from transitional cells all the way
to differentiated PBs/PCs. Common ways of investigating B cells would be to use CD38 vs IgD
(Sanz et al., 2019) or CD24 vs CD38. We focused on CD24 vs CD38 because in the liver, we
previously found an increase of CD24- B cells. Representative images of CD38 vs IgD can be
found in appendix 3. We next set out to investigate the frequencies of B cell subsets through
B cell maturation more closely using CD24. CD24 and CD38 were used to identify six B cell
subsets in HFe blood and adult chronic liver diseases (figure 2.7A). These six subsets
included transitional B cells (orange), naive B cells (green), CD24+ CD38- B cells which
contain a mixture of memory and naive B cells (blue), PBs/PCs (pink) and two populations of

CD24- B cells; CD24- CD38int B cells (purple) and CD24- CD38- B cells (red).

No differences were observed amongst HFe blood and adult livers analysed for the
percentages of transitional B cells (figure 2.7B(i)), naive B cells (figure 2.7B(ii)), PBs/PCs
(figure 2.7B(iv)), CD24- CD38int B cells (figure 2.7B(v)) and CD24- CD38- B cells (figure
2.7B(vi)). HFe blood had significantly higher percentages of CD24+ CD38- B cells compared
to donor (p-value 0.0135), NASH (p-value 0.0011), PBC (p-value 0.0039), PSC (p-value

0.0167) and other livers (p-value 0.0124) (figure 2.7B(iii)).

CD24- B cell populations were detected across all adult livers and HFe blood (figure 2.7B(v-
vi)). CD24- B cells contained a heterogeneous population of naive and memory B cells (figure
2.7C and 2.7D). Quantitative data for naive and memory populations in two subsets across

different adult liver diseases is shown in Figure 2.8.
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Figure 2.7 B cell populations were detected in similar proportions across different liver
diseases. Frozen thawed liver isolated mononuclear cells (LIMCs) from adult explanted livers
and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained and analysed
using FlowJo. (A) Representative plots showing six B cell subsets were identified using CD24
and CD38. Transitional B cells (orange), naive B cells (green), CD24+ CD38- B cells which
contain a mixture of memory and naive B cells (blue), PBs/PCs (pink), CD24- CD38int B cells
(purple) and CD24- CD38- B cells (red). (B(i)) Transitional B cells, (B(ii)) naive B cells, (B(iii))
memory B cells, (B(iv)) PBs/PCs, (B(v)) CD24- CD38int B cells and (B(vi)) CD24- CD38- B cells,
were present in comparable proportions across different liver diseases. HFe blood (n=4),
donor (n=6), ALD (n=8), NASH (n=6), AIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3).
(C) CD24- CD38- B cells and (D) CD24- CD38int B cells contained a heterogeneous population
of naive and memory B cells in representative plots from (C(i)) HFe blood, (C{(ii)) donor, (C{iii))
ALD and (C(iv)) PBC livers. SM; switched memory, USM; unswitched memory, N; naive and
DN; double negative B cells. (B(iii-vi)) Dunnett's T3 multiple comparisons test was used. (B(i
and ii)) Dunn's multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021

(**).
2.3.2 CD24- B cells and ABCs were phenotypically consistent in different liver diseases
ABCs were found to be accumulated in chronic infections and autoimmunity. The literature
describes ABCs to be CD19+ CD21-/lo B cells and portion of these are CD19+ CD21-/lo
CD11c+ T-bet+ B cells. ABCs are thought to be a heterogenous population containing naive
and memory B cells (Rubtsova et al., 2015). We therefore derived two populations of ABCs
from CD19+ cells; CD21-/lo B cells (figure 2.8A(i)) and CD11c+ T-bet+ B cells which were

gated on CD19+ CD21-/lo B cells (figure 2.8A(ii)).
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Figure 2.8 Gating strategy for CD21-/lo ABCs and CD11c+ T-bet+ ABCs. (A) Representative
plot of adult PBC liver showing gating on CD19+ cells. (A(i)) Flow cytometry gating on CD19+
CD21-/lo cells. (A(ii)) CD19+ CD21-/lo cells were gated for CD11c+ T-bet+ cells. These subsets
were referred to as CD21-/lo ABCs and CD11c+ T-bet+ ABCs and were used for further
analysis.

Using CD27 and IgD as markers for memory B cells, CD24+ CD38- B cells, CD24- CD38- B cells,
CD24- CD38int B cells and two populations of ABCs; CD21-/lo ABCs and CD21-/lo CD11c+ T-
bet+ (referred to as CD11c+ T-bet+ ABCs) were analysed. This analysis was used to
determine any similarities or differences between CD24- B cell populations compared to

ABCs and CD24+ CD38- B cells. Representative flow cytometry plots are shown for all five

subsets (figure 2.9A).

Across the different liver diseases there was no difference between B cell phenotypes. The
livers analysed were of autoimmune nature and metabolic disorders. No significant
differences were detected in the percentages of naive B cells (figure 2.9B). These data
showed that unswitched memory B cells were present in varying percentages across
different chronic liver diseases, donor livers and in HFe blood (figure 2.9C). Comparable
percentages of switched memory B cells were observed across CD24+ CD38- B cells, CD24- B

cells and ABC populations (figure 2.9D). The liver had higher percentages of DN B cells
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compared to HFe blood (figure 2.9E), observed in CD24+ CD38- B cells for donor (p-value
0.0046) and NASH livers (p-value 0.0137) (figure 2.9E(i)) and compared CD21-/lo B cells (p-
value 0.0084) (figure 2.9E(iv)) in NASH livers. Comparable amounts of DN B cells were
detected for the remaining subsets across different liver diseases. Taken together, these
data showed that CD24- and ABCs had relatively consistent phenotypes based on naive and
memory B cell markers, across different end-stage liver diseases. Furthermore, these data

showed that CD24- B cells are a heterogeneous population.
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Figure 2.9 Phenotyping of CD24- B cells and ABC populations based on naive and memory B cells in liver diseases. Frozen thawed liver
isolated mononuclear cells (LIMCs) from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained
and analysed using FlowJo. (A) Representative plots showing the gating strategy used to identify naive and memory populations. (B) Naive B
cell, (C) unswitched memory B cell, (D) switched memory B cell and (E) double negative B cell percentage expression, across (C(i)) CD24+ CD38- B
cells, (C(ii)) CD24- CD38- B cells, (C{(iii)) CD24- CD38int B cells, (C(iv)) CD21-/lo B cells and (C(v)) CD11c+ T-bet+ B cells was analysed across HFe
blood, donor liver, and adult chronic liver diseases. Naive; N, switched memory; SM, unswitched memory; USM and double negative; DN B cells.
HFe blood (n=4), donor (n=6), ALD (n=8), NASH (n=6), AIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3). (B, C(ii), D(v) and E(i, iv and v))
Dunnett's T3 multiple comparisons test was used. (C(i, iii-v), D(i-v) and E(ii and iii)) Dunn's multiple comparisons test was used. p-value < 0.0332

(*), p-value < 0.0021 (**).
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2.3.3 Investigation of APC markers in liver B cell subsets in liver explants

ABCs were efficient antigen presenters (Rubtsova et al., 2015) and expressed high levels of
CD80 and CD86 (Rubtsov et al., 2011). We therefore wanted to establish their phenotype in
B cells from liver explants in comparison to CD24+ CD38- and CD24- B cell subsets. All five
subsets were analysed for CD80 and CD86 percentage positive cells and MFI alongside the
activation markers CD69 and HLA-DR using flow cytometry. Similar phenotypes of CD80

percentage positive cells and MFI were detected across all liver diseases for CD24+ CD38- B

was reflected in MFI data for CD86 (figure 2.10(vi-viii). CD11c+ T-bet+ ABCs had higher CD86
expression in donor livers compared to HFe blood (p-value 0.0449) (figure 2.10(v)). CD11c+
T-bet+ B cell subset showed no difference in CD86 MFI expression between HFe blood and
across all liver diseases (figure 2.10B(x)). These data showed that proportions of CD24+ B
cells, CD24- B cells and ABCs did not differ amongst adult liver diseases for co-stimulatory

markers CD80 and CD86.

B cells are activated in chronic disease and express activation markers. CD69 and HLA-DR
were used to determine B cell activation or tissue residence in the liver. PBC livers had
significantly higher percentage of CD69 positive B cells in CD24+ CD38- B cells (HFe blood p-
value 0.0002; donor p-value <0.0001, ALD p-value 0.0003; NASH p-value <0.0001 and other
livers p-value 0.0003) (figure 2.10C(i)), in CD24- CD38- B cells between PBC livers and HFe
blood (p-value 0.0016) (figure 2.10C(ii)), in CD24- CD38int B cells (HFe blood p-value 0.0039;

donor p-value 0.0271, ALD p-value 0.0062; NASH p-value 0.0060; PSC p-value 0.0492 and
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other livers p-value 0.0035) (figure 2.10C(iii)) and in CD21-/lo B cells (HFe blood p-value
0.0004 and donor p-value 0.0319) (figure 2.10C(iv)). No difference was detected between
HFe blood and adult chronic liver diseases in CD11c+ T-bet+ ABCs (figure 2.10C(v)). CD24+
CD38- B cells had a significant difference in CD69 MFI expression between HFe blood and
PBC (p-value 0.0003) and PSC livers (p-value 0.0497) (figure 2.10C(vi)). PBC livers had
significantly higher CD69 MFI expression compared to HFe blood in CD24- CD38- B cells (p-
value 0.0010) (figure 2.10C(vii)) and CD24- CD38int B cells (p-value 0.0007) (figure
2.10C(viii)). CD21-/lo ABCs showed that PBC livers had higher CD69 expression compared to
HFe blood (p-value 0.0023) and donor livers (p-value 0.0269) (figure 2.10C(ix)). No
difference was observed between HFe blood and adult chronic liver diseases in CD11c+ T-
bet+ ABC subset (figure 2.10C(x)). These data showed that PBC livers had higher CD69
expression compared to HFe blood and adult liver diseases across all subsets analysed,

except in the case of CD11c+ T-bet+ ABCs.

Significantly high HLA-DR percentage positive cells were expressed in HFe blood compared
to PBC livers in CD24+ CD38- B cells (p-value 0.0162) (figure 2.10D(i)), CD24- CD38- B cells
(p-value 0.0381) (figure 2.10D(ii)) and in CD21-/lo ABCs (p-value 0.0134) (figure 2.10D(iv)).
In CD24+ CD38- B cells, HFe blood had increased HLA-DR-expressing cells compared to PSC
livers (p-value 0.0319) (figure 2.10(i)). Furthermore, HFe blood from CD21-/lo ABCs
expressed significantly higher HLA-DR+ cells compared to ALD livers (p-value 0.0499) (figure
2.10D(iv)). HLA-DR MFI expression in CD24+ CD38- B cell subset showed significant
differences between HFe blood compared to chronic adult liver diseases (ALD p-value

0.0014, NASH p-value 0.0246, PBC p-value 0.0103 and PSC livers p-value 0.0017) (figure
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2.10D(vi)). No significant differences in HLA-DR expression were observed amongst CD24- B

cells and ABCs across all liver diseases (figure 2.10D(vii-x)).
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Figure 2.10 Phenotyping of CD24- B cells and ABCs based on APC markers in liver diseases. Frozen thawed liver isolated mononuclear cells
(LIMCs) from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained and analysed using FlowJo.
(A) CD8O0, (B) CD86, (C) CD69 and (D) HLA-DR percentage positive cells and MFI data was analysed between (i, vi) CD24+ CD38- B cells, (ii, vii)
CD24- CD38- B cells, (iii, viii) CD24- CD38int B cells, (iv, ix) CD21-/lo ABCs and (v, x) CD11c+ T-bet+ ABCs across HFe blood and adult liver

samples. The dashed line represents the IMC MFI line, anything above this line is positive. HFe blood (n=4), donor (n=6), ALD (n=8), NASH (n=6),

AlIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3). (A(ii, vi, vii, ix and x), B(iii-v), C(I and iii) and D(i-vii and ix)) Dunnett's T3 multiple
comparisons test was used. (A(i, iii-v and viii), B(i, ii, vi-x), C(ii, iv-x) and D(viii and x)) Dunn's multiple comparisons test was used. p-value <
0.0332 (*), p-value < 0.0021 (**), p-value < 0.0002 (***), p-value < 0.0001 (****).
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Comparison of B cell subsets across individual liver diseases showed that CD11c+ T-bet+
ABCs expressed significantly higher percentages of CD80+ cells in ALD livers (p-value 0.0443)
(figure 2.11A(iii)). CD21-/lo ABCs from donor liver samples had significantly higher CD86
percentage positive cells compared to CD24+ CD38- B cells (p-value 0.0265) and CD24-
CD38- B cells (p-value 0.0427) (figure 2.11B(ii)). Donor livers also had significantly higher
CD86+ cells in CD11c+ T-bet ABCs compared to CD24+ CD38- B cells (p-value 0.0117) and
CD24- CD38- B cells (p-value 0.0163) (figure 2.11B(ii)). ALD livers had higher CD86+ cells in
CD21-/lo ABCs compared to CD24+ CD38- B cells (p-value 0.0111) and CD24- CD38- B cells
(p-value 0.0246) and in CD11c+ T-bet+ ABCs compared to CD24+ CD38- B cells (p-value
0.0188), CD24- CD38- B cells (p-value 0.0272), CD24- CD38int B cells (p-value 0.0440) and
CD21-/lo B cells (p-value 0.0484) (figure 2.11B(iii)). NASH livers had significantly higher
CD86+ cells in CD21-/lo ABCS (p-value 0.0191) and CD11c+ T-bet ABCs (p-value 0.0191)

compared to CD24+ CD38- B cells (figure 2.11B(iv)).

CD69+ cells were significantly higher in CD21-/lo ABCs compared to CD24+ CD38- B cells (p-
value 0.0449) and in CD11c+ T-bet+ ABCs compared to CD24+ CD38- B cells (p-value 0.0115)
and CD24- CD38- B cells (p-value 0.0142) in HFe blood (figure 2.11C(i)). However, CD24+
CD38- B cells had significantly higher CD69+ cells compared to CD24- CD38- B cells (p-value
0.0266), CD24- CD38int B cells (p-value 0.0050) and CD11c+ T-bet+ ABCs (p-value 0.0157) in
ALD livers (figure 2.11C(iii)). CD24+ CD38- B cells had significantly higher CD69+ cells
compared to CD24- CD38- B cells (p-value 0.0148), CD24- CD38int B cells (p-value 0.0359)
and CD21-/lo ABCs (p-value 0.0334) in NASH livers (figure 2.11C(iv)). CD24+ CD38- B cells
had significantly higher CD69+ cells compared to CD24- CD38- B cells (p-value 0.0003), CD24-

CD38int B cells (p-value 0.0106), CD21-/lo ABCs (p-value <0.0001) and CD11c+ T-bet+ ABCs
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(p-value 0.0070) in PBC livers (figure 2.11C(v)). Taken together, these data showed that ABCs
expressed co-stimulatory markers CD80 and CD86, higher than other B cell subsets in adult
liver diseases. Furthermore, these populations were similar to CD24- B cells in terms of CD69

expression across liver diseases with different aetiologies.
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Figure 2.11 CD11c+ T-bet+ ABCs expressed higher amounts of co-stimulatory markers CD80 and CD86 compared to B cell subsets. Frozen
thawed liver isolated mononuclear cells (LIMCs) from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood
were stained and analysed using FlowJo. B cell subsets were compared for each disease type for (A) CD80 positive cells (B) CD86 positive cells
and (C) CD69 positive cells. CD24+ CD38- B cells (blue), CD24- CD38- B cells (red), CD24- CD38int B cells (purple), CD21-/lo ABCs (grey) and
CD11c+ T-bet+ ABCs (yellow). HFe blood (n=4), donor (n=6), ALD (n=8), NASH (n=6), AIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3). (A(i),
B(i-iii and v) and C{(i, ii, iv-vi)) Tukey’s multiple comparisons test was used. (A(ii-vi), B(iv and vi) and C{(iii)) Dunn's multiple comparisons test was
used. p-value < 0.0332 (*), p-value < 0.0021 (**), p-value < 0.0002 (***), p-value < 0.0001 (****),
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2.3.4 Expression of TLR7 and TLR9 in liver B cell subsets

ABCs are stimulated by TLR7 and TLR9 and this induces T-bet expression (Rubtsova et al.,
2017). We therefore set out to measure TLR7 and TLR9 expression in liver ABCs, CD24+
CD38- and CD24- B cells using flow cytometry. Subsets were gated on T-bet+ TLR7+ B cells
(figure 2.12A(i)) or T-bet+ TLR9+ B cells (figure 2.12A(ii)). Little to no T-bet+ TLR7+ cells were
detected in adult livers across all five subsets (figure 2.12B). TLR7 expression was also low
across all subsets analysed (appendix 4A and 4B). TLR9 was highly expressed across all five
subsets analysed (appendix 4C and 4D) however, co-expression of T-bet and TLR9 was low
across all subsets except CD11c+ T-bet+ ABCs (figure 2.12C). CD11c+ T-bet+ ABCs highly
expressed T-bet+ TLR9+ cells compared to CD24+ CD38- B cells in donor (p-value 0.0008)
(figure 2.12D(ii)), ALD (p-value 0.0125) (figure 2.12D(iii)), NASH (p-value 0.0091) (figure
2.12D(iv)), PBC (p-value 0.0036) (figure 2.12D(v)) and PSC livers (p-value 0.0410) (figure
2.12D(vi)). CD11c+ T-bet+ ABCs in ALD livers showed significantly higher percentage of T-
bet+ TLR9+ cells compared to CD24- CD38- B cell (p-value 0.0208), CD24- CD38int B cells (p-
value 0.0447) and in CD21-/lo ABCs (p-value 0.0169) (figure 2.12D(iii)). These data suggests
that CD24+ CD38- B cells and CD24- B cell populations shared similarities with CD21-/lo

ABCs. CD11c+ T-bet+ ABCs highly expressed TLR9 across all livers.
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Figure 2.12 CD11c+ T-bet+ ABCs had significantly higher expression of T-bet+ TLR9+ cells across all adult livers. Frozen thawed liver isolated
mononuclear cells (LIMCs) from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained and
analysed using FlowJo. (A) Representative flow cytometry plots for (i) T-bet+ TLR7+ and (ii) T-bet+ TLR9+ cells. (B) The percentage of T-bet+
TLR7+ cells and (C) T-bet+ TLR9+ cells were analysed across HFe blood (n=4), donor livers (n=6) and adult chronic liver diseases; ALD (n=8), NASH
(n=6), AIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3). (D) CD11c+ T-bet+ ABCs expressed high amounts of T-bet+ TLR9+ cells compared to
B cell subsets in adult livers. (C(iv)) Dunnett's T3 multiple comparisons test was used. (D(iii)) Tukey’s multiple comparisons test was used. (B, C(i-
iii and v) and D(i, ii, iv-vi)) Dunn's multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**), p-value < 0.0002 (***).
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2.3.5 B cell populations express low levels of class-switched immunoglobulins

ABCs are thought to be PC precursors as they were class-switched, and secreted antibodies
upon stimulation (Rubtsov et al., 2011). We therefore wanted to investigate liver ABC
surface Ig expression and compare it to CD24+ CD38- and CD24- B cell subsets in liver
explants. Ig expression was determined across the B cell subsets using flow cytometry. All
five subsets expressed moderate percentages of IgD+ IgM+ cells (figure 11A). CD24+ CD38- B
cells from HFe blood expressed more IgD+ IgM+ cells compared to donor (p-value 0.0154),
ALD (p-value 0.0496) and PBC livers (p-value 0.0037) (figure 2.13A(i)). CD24- CD38int B cells
from HFe blood expressed more IgD+ IgM+ cells compared to ALD livers (p-value 0.0394)
(figure 2.13A(iii)). IgD+ IgM+ cells were similar across all livers for CD24- CD38- B cells (figure
2.13A(ii)), CD21-/lo ABCs (figure 2.13A(iv)) and CD11c+ T-bet+ ABCs (figure 2.13A(v)). No
significant differences were detected for IgD MFI between liver diseases analysed for all five

subsets (figure 2.13A(vi- x)).

IgM+ 1gD- cells were detected in low numbers across adult livers of different aetiologies for
CD24+ CD38- B cells, CD24- B cells and ABCs (figure 2.13B(i-v)). This was mirrored for IgM
MFI data with low IgM expression across the different adult livers for all five subsets (figure

2.13B(vi-x)).

The percentage of IgG+ B cells were low across all five subsets for both percentage positive
and MFI data (figure 2.13C(i-x)). Whilst there were significant differences between HFe
blood and adult livers, the IgG expression was still below the IMC threshold indicating that

these cells were not IgG positive.
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IgA percentage positive cells were comparable between different adult chronic liver diseases
for all five subsets analysed (figure 2.13D(i-v)). IgA MFI expression was below the IMC
threshold for positivity for CD24+ CD38- B cells (figure 2.13D(vi)), CD24- CD38- B cells (figure
2.13D(vii)) and CD24- CD38int B cells (figure 2.13D(viii)). Both ABC populations (figure
2.13D(iv-v)) contained a mixture of positive and negative IgA expressing cells across the

different liver diseases analysed.

CD24+ CD38- B cells from HFe blood had higher IgE+ cells compared PSC livers (p-value
0.0223) (figure 2.13E(i)). No significant differences were detected in CD24- B cells and ABCs
amongst HFe blood and adult livers (figure 2.13E(ii-v)). IgE+ cell compartment may have had
some artefacts in the HFe blood group as the percentages of total Ig exceeded 100 however,
this was a low error which was not detected in any of the other liver disease groups. Low IgE
expression was detected for all liver samples analysed for all five subsets (figure 2.13E(vi-x)).
CD24+ CD38- B cells isolated from HFe blood had significantly higher IgE MFI expression
compared to cells isolated from donor (p-value 0.0126), ALD (p-value 0.0270), NASH (p-value
0.0058) and PSC livers (p-value 0.0177) (figure 2.13E(vi)). CD24- CD38- B cells isolated from
HFe blood had significantly higher Ig MFI expression compared to cells isolated from NASH
(p-value 0.0473) (figure 2.13E(vii)). CD24- CD38int B cells isolated from HFe blood had
significantly higher IgE MFI expression compared to cells isolated from NASH (p-value

0.0425) (figure 2.13E(viii)).
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Figure 2.13 CD24- B cells and ABCs express low levels of class-switched immunoglobulins. Frozen thawed liver isolated mononuclear cells
(LIMCs) from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained and analysed using FlowJo.
Immunoglobulin expression was analysed amongst HFe blood (n=4), donor livers (n=6) and adult chronic liver diseases; ALD (n=8), NASH (n=6),
AlH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3). (A(i-v)) Co-expression of the percentage of IgD+ and IgM+ cells and (A(vi-x)) IgD MFI were
analysed for each subset across different diseases. (B) IgM only B cell expression, (C) IgG expression, (D) IgA expression and (E) IgE expression
were analysed across all five subsets comparing different expression in adult liver diseases. The dashed line represents the IMC, anything above
this line is positive. (A(i-viii and x), B(i, iii, iv, viii and ix), C(i, iv, vi-ix), D(i, ii, iv, v, vii-x) and E(vi-x)) Dunnett's T3 multiple comparisons test was

0.0021 (**).
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Comparing expression of class-switched Igs across different B cells was carried out in total
CD19+ B cells (figure 2.14A). HFe blood had significantly higher IgE+ cells compared to PSC
livers (p-value 0.0235) in total CD19+ cells (figure 2.14A(iii)). HFe blood had significantly
higher IgE expressing cells in CD24- CD38int B cells (p-value 0.0213) and CD11c+ T-bet+ ABC
compartment (p-value 0.0010) compared to IgG (figure 2.14B). Class-switched Ig expression
was similar between adult livers in total CD19+ B cells (figure 2.14A). Comparable expression
of class-switched Igs was observed across all five subsets in donor livers (figure 2.14C), ALD
livers (figure 2.14D), NASH livers (figure 2.14E), PBC livers (figure 2.14F) and PSC livers
(figure 2.14G). CD11c+ T-bet+ ABCs isolated from ALD livers showed significant differences
in IgA expression compared to IgG (p-value 0.0135) (figure 2.14D). Taken together, these
data showed that all five subsets co-expressed high amounts of IgD and IgM and had low
expression of class-switched Igs in adult livers. HFe blood B cells had high expression of IgE
compared to adult livers, which is worth further investigation. Furthermore, similar

expression of Igs was observed between CD24+ CD38- B cells, CD24- B cells and ABCs.
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Figure 2.14 Class-switched immunoglobulins were present in all livers and amongst CD24-
B cell populations and ABC subsets. Frozen thawed liver isolated mononuclear cells (LIMCs)
from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood
were stained and analysed using FlowJo. (A) Total CD19 B cells were analysed for (A(i)) 1gG,
(A(ii)) IgA and (Aliii)) IgE across the different livers. Subset analysis of IgG, IgA and IgE were
analysed in each disease; (B) HFe blood (n-4), (C) Donor (n=6), (D) ALD (n=8), (E) NASH (n=6),
(F) PBC (n=6) and (G) PSC (n=6). (A(i and ii) and E) Dunnett's T3 multiple comparisons test
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was used. (A(iii), B-D, F and G) Dunn's multiple comparisons test was used. p-value < 0.0332
(*), p-value < 0.0021 (**).

2.3.6 CD138 expression in liver B cell subsets in different end-stage liver diseases
Studies have suggested that ABCs may be precursors to PCs. Expression of PC marker CD138
(syndecan-1) was analysed on CD19+ B cells across five subsets. No significant differences
were detected amongst chronic liver diseases for CD138+ cells (figure 2.15A(i-v)). CD24-
CD38- B cells isolated from HFe blood had significantly higher CD138 MFI expression
compared to NASH (p-value 0.0317), PSC (p-value 0.0092) and other livers (p-value 0.0143)
(figure 2.15A(vii)). CD24- CD38int B cells isolated from HFe blood had significantly higher
CD138 MFI expression compared to NASH (p-value 0.0257), PSC (p-value 0.0022) and other
livers (p-value 0.0206) (figure 2.15A(viii)). CD21-/lo ABCs isolated from HFe blood had
significantly higher CD138 MFI expression compared to PSC (p-value 0.0162) (figure
2.15A(ix)). CD11c+ T-bet+ ABCs isolated from HFe blood had significantly higher CD138 MFI
expression compared to PSC (p-value 0.0479) (figure 2.15A(x)). In HFe blood, CD21-/lo ABCs
had significantly higher CD138 percentage positive cells compared to CD24+ CD38- B cells (p-
value 0.0006) and CD24- CD38int B cells (p-value 0.0188) (figure 2.15B(i)). HFe blood also
showed significant differences for CD138 percentage positive cells in CD11c+ T-bet+ ABCs
compared to CD24+ CD38- B cells (p-value 0.0098), CD24- CD38- B cells (p-value 0.0278),
CD24- CD38int B cells (p-value 0.0176) and CD21-/lo ABCs (p-value 0.0175) (figure 2.15B(i)).
CD11c+ T-bet+ ABCs had significantly higher CD138+ cells compared to CD24+ CD38- B cells
(p-value 0.0102) in NASH livers (figure 2.15B(iv)). These data suggests that a small portion of
B cells in CD21-/lo B cells, possess the ability to produce surface Igs. Furthermore, CD11c+ T-

bet+ B cells expressed high levels of CD138 suggesting that they could have differentiated
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into ASCs. CD138 positive cells mainly reside in CD11c+ T-bet+ ABC populations which may

consist of effector ABCs.
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Figure 2.15 CD11c+ T-bet+ ABCs have high CD138 expression compared to CD24+ CD38-, CD24- B cells and CD21-/lo ABCs. Frozen thawed liver
isolated mononuclear cells (LIMCs) from adult explanted livers and peripheral blood mononuclear cells (PBMCs) from HFe blood were stained
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and analysed using FlowJo. (A) CD138 positive cells were analysed for each subset amongst HFe blood and adult livers. (B) The five different
subsets analysed were compared in each disease to identify any differences in CD138 expression. The dashed line represents the IMC MF| line,
anything above this line is positive. HFe blood (n=4), donor livers (n=6) and adult chronic liver diseases; ALD (n=8), NASH (n=6), AIH (n=2), PBC
(n=6), PSC (n=6) and other livers (n=3). (A(i, iv, vi-x)) Dunnett's T3 multiple comparisons test was used. (B(i, iii, v and vi)) Tukey’s multiple

(**), p-value < 0.0002 (***).
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2.3.7 CD5 and FcRL5 expression in liver B cell subsets

ABCs from autoimmune patients express CD5 (Sachinidis et al., 2020). We therefore
analysed CD5 expression in adult chronic liver diseases of various aetiologies across five B
cell subsets. All five subsets analysed showed low expression of CD5+ cells (figure 2.16A(i-
v)). Whilst majority of the cells analysed remained below the IMC threshold of positivity,
there were significant differences in CD5 expression between HFe blood and donor (p-value
0.0008), ALD (p-value 0.0007), NASH (p-value 0.0054), PSC (p-value 0.0441) and other livers
(p-value 0.0094) in CD24+ CD38- B cells (figure 2.16A(i)). CD24- CD38- B cells isolated from
HFe blood also showed significant differences in CD5 MFI expression between HFe blood and
ALD (p-value 0.0117), NASH (p-value 0.0198), PSC (p-value 0.0466) and other livers (p-value
0.0376) (figure 2.16A(vii)). CD5 expression was significantly different in CD24- CD38int B
cells between HFe blood and donor (p-value 0.0070) and NASH livers (p-value 0.0120) (figure
2.16A(viii)). There were significant differences in CD5 expression between HFe blood and
donor (p-value 0.0142), ALD (p-value 0.0039), NASH (p-value 0.0190), and other livers (p-
value 0.0413) in CD21-/lo ABCs (figure 2.16A(ix)). No significant difference was observed

between adult liver diseases in CD11c+ T-bet+ ABC subset (figure 2.16A(x)).

ABCs also express FcRL5 (Gao and Cockburn, 2022) therefore we analysed FcRL5 expression
in all five B cell subsets. HFe blood had significantly higher percentage of FCRL5 positive cells
compared to PSC livers in CD24+ CD38- B cells (p-value 0.0120) (figure 2.16B(i)), compared
to PSCin CD21-/lo ABCs (p-value 0.0429) (figure 2.16B(iv)), and compared to ALD livers (p-
value 0.0004) in CD11c+ T-bet+ ABCs (figure 2.16B(v)). CD24+ CD38- B cells had significantly
higher FcRL5 expression in HFe blood compared to donor (p-value 0.0120), ALD (p-value

0.0321), NASH (p-value 0.0054) and PSC livers (p-value 0.0397) (figure 2.16B(vi)). No
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significant differences were found between liver samples in CD24- B cell subsets and CD21-
/lo ABCs (figure 2.16B(vii-ix)). CD11c+ T-bet+ ABCs isolated from HFe blood had significantly
higher expression of FCRL5 compared to donor (p-value 0.0408) and other livers (p-value
0.0040) (figure 2.16B(x)). CD24- CD38int B cells had significantly higher FCRL5 expression
compared to CD24+ CD38- B cells in HFe blood (p-value 0.0277) (figure 2.16C(i)), ALD (p-
value 0.0050) (figure 2.16C(iii)), NASH (p-value 0.0349) (figure 2.16C(iv)), PBC (p-value
0.0191) (figure 2.16C(v)) and PSC livers (p-value 0.0140) (figure 2.16C(vi)). CD11c+ T-bet+
ABCs had significantly elevated FcRL5 expression compared to CD24+ CD38- B cells observed
in HFe blood (p-value 0.0041) (figure 2.16C(i)), donor (p-value 0.0013) (figure 2.16C(ii)), ALD
(p-value <0.0001) (figure 2.16C(iii)), NASH (p-value 0.0001) (figure 2.16C(iv)), PBC (p-value
0.0001) (figure 2.16C(v)) and PSC livers (p-value 0.0026) (figure 2.16C(vi)). CD11c+ T-bet+
ABCs also showed a significant difference in FCLR5 expression compared to CD24- CD38- B
cells in donor (p-value 0.0349) (figure 2.16C(ii)) and ALD (p-value 0.0090) (figure 2.16Cf(iii)).
Furthermore, in HFe blood, CD11c+ T-bet+ ABCs had significantly higher FCRL5 expression
compared to CD24- CD38- B cells (p-value 0.0263), CD24- CD38int B cells (p-value 0.0042)
and CD21-/lo ABCs (p-value 0.0127) (figure 2.16C(i)). Taken together, these data showed
that CD11c+ T-bet+ ABCs had phenotypically higher FcRL5 expression in HFe blood and

across all adult liver diseases analysed.
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Figure 2.16 Inhibitory molecules expression is low in both CD24- B cell populations and CD21-/lo ABCs. CD11c+ T-bet+ ABCs expressed high
amounts of FcRL5. Frozen thawed liver isolated mononuclear cells (LIMCs) from adult explanted livers and peripheral blood mononuclear cells
(PBMCs) from HFe blood were stained and analysed using FlowJo. (A) CD5 and (B) FCRL5 expression was analysed across the five different
subsets. (C) Subsets were compared in each adult disease. The dashed line represents the IMC MFI line, anything above this line is positive. HFe
blood (n=4), donor livers (n=6) and adult chronic liver diseases; ALD (n=8), NASH (n=6), AIH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3).
B(i-iv) and C(ii-vi)) Dunn's multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**), p-value < 0.0002 (***), p-value <
0.0001 (****).
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2.3.8 Comparison of ABC subsets in liver diseases

Pearson’s correlation analysis was carried out to determine if the percentages of B cell
subsets correlated with the age of the livers at transplant in each subset (figure 2.17). No
correlation was detected between B cell subsets and age at liver transplant in donor livers
(figure 2.17A(i-v)) and adult chronic liver diseases (figure 2.17B(i-v)). No difference was
observed between non-cirrhotic livers (figure 2.17A(i-v)) and cirrhotic livers (figure 2.17B(i-
v)). No correlation was detected between males, females and both ABC subsets (figure

2.170).
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Figure 2.17 CD21-/lo ABCs positively correlated with the age of the livers. Pearson’s correlation analysis was conducted on adult explanted
livers. (A) Donor livers (n=6) and (B) all adult livers (n=31) were analysed for correlation between (i) CD24+ CD38- B cells, (ii) CD24- CD38- B cells,
(iii) CD24- CD38int B cells, (iv) CD21-/lo B cells and (v) CD11c+ T-bet+ B cells. (C) Pearson’s correlation was carried out between CD21-/lo (C(i))
males and (C(ii)) females and CD11c+ T-bet+ (C(iii)) males and (C(iv)) females.
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T-bet+ TLR9+ cells were increased in CD11c+ T-bet+ ABCs and not in CD21-/lo ABCs. We
wanted to investigate the correlation between TLR9 percentage positive cells and age, PC
marker CD138, IgD, activation marker CD69 and co-stimulatory marker CD86. No correlation
was observed between TLR9 and age in either ABC populations (figure 2.18A(i)). Moderate
degree of correlation was observed between TLR9 and CD138 (r? 0.3431) in CD21-/lo ABCs
whereas low degree of correlation (r? 0.1716) was observed in CD11c+ T-bet+ ABCs (figure
2.18A(ii)). No correlation was detected between TLR9 and IgD (figure 2.18A(iii)) and low

degree of correlation was observed between TLR9 and CD69 for CD21-/lo ABCs (r? 0.1073)
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(figure 2.18A(iv)). A moderate degree of correlation between TLR9 and CD86 was observed

in CD11c+ T-bet+ ABCS (r? 0.3808) compared to CD21-/lo ABCs (r? 0.1499) (figure 2.18A(v)).
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Figure 2.18 TLR9 correlation analyses comparing CD21-/lo ABCs and CD11c+ T-bet+ ABCs.
Pearson’s correlation analysis and simple linear regression analysis was conducted to
compare TLR9 percentage positive cells with (A(i)) age, (A(ii)) CD138 (A(iii)) IgD, (A(iv)) CD69
and (A(v)) CD86 percentage positive cells between CD21-/lo ABCs (black triangles) and
CD11c+ T-bet+ ABCs (red squares) across all adult livers (n=37); donor (n=6), ALD (n=8), NASH
(n=6), AlH (n=2), PBC (n=6), PSC (n=6) and other livers (n=3).
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2.4 Discussion

Initially this spectral flow cytometry-based investigation was going to be carried out using
the Aurora spectral flow cytometer in collaboration with Oxford University. The Aurora
enables the detection of 24 markers (Cytek_Biosciences). This cytometer was originally going
to be used as it did not require the sample to be distributed in many tubes as precious biliary
atresia explant tissue availability was limited. However, due to the COVID-19 pandemic,
using the Aurora was not possible and new flow cytometry panels were created to analyse
the B cell compartment using the Fortessa spectral flow cytometer, which was available, in
house. Access to fresh paediatric liver explants was delayed due to the pandemic.
Unfortunately, by the time the protocol to collect paediatric liver explants was in place, the
ethical approvals had expired. The ethical approvals were not renewed due to the
retirement of senior staff members at the Birmingham Women and Childrens hospital. The
phenotyping of the B cell compartment was carried out in adult chronic liver disease

explants instead.

B cells play a crucial role in the adaptive immune response to pathogens. B cells present
antigens to T cells resulting in T cell activation. B cells secrete pro-inflammatory mediators
and produce antibodies targeting pathogens for clearance by antibody-dependent cellular
cytotoxicity (ADCC) (Temming et al., 2019). Liver diseases were analysed separately instead
of grouping them into autoimmune and metabolic diseases to identify any discrepancies in B
cells phenotype amongst individual liver diseases. CD19+ B cells were present across all end-

stage livers analysed (figure 2.5B).
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2.4.1 B cell composition from infancy to adulthood

Age influences B cell composition and differences in the B cell compartment can be observed
between infancy and adulthood. Morbach et al., used flow cytometry to analyse peripheral
blood samples from infants through to adulthood to determine the changes in the
frequencies of B cell populations with age (Morbach et al., 2010). Total CD19+ B cells were
reduced in frequency with increasing age and the B cell compartment underwent age-
related changes (Morbach et al., 2010). Infants had increased frequencies of transitional and
naive B cells (Morbach et al., 2010) which represent their inexperienced immune system. As
the infant is exposed to infections and appropriate stimuli, antigen-specific memory B cells
will increase in numbers in peripheral blood. The memory B cell pool contained several
memory B cell populations with increasing age (Morbach et al., 2010). PBs/PCs were rarely
detected in peripheral blood (Morbach et al., 2010) as they were found more commonly in
secondary lymphoid organs or in the BM. Determining age related changes regarding
PBs/PCs is difficult using peripheral blood samples for this reason. Morbach et al., found that
CD21lo CD38lo B cells were present in infancy and the population slightly increased with age

(Morbach et al., 2010). This population may be ABCs which accumulate with age.

Total B cells contained a mixture of naive and memory B cells (figure 2.6A) which was also
observed in CD24- CD38- B cells (figure 2.7C) and CD24- CD38int B cells (figure 2.7D). Both
CD24- B cell populations were detected in adult livers and in HFe blood (figure 2.7C and
2.7D) suggesting that these populations were not disease specific. ABCs were originally
thought to accumulate with age in mice (Rubtsov et al., 2011), however many studies
identified high frequencies of ABCs in disease (Mouat et al., 2022) and infection (Mouat and

Horwitz, 2022) suggesting that ABCs may have a role in immunity. ABCs were present in
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higher frequencies in disease, and we speculated that CD24- B cells may share characteristics
with ABCs as all subsets contained a heterogenous population of naive and memory B cells
(figure 2.9). Naive B cells made up majority of the cells in CD24+ CD38- B cells, CD24- B cells
and the ABC compartments analysed (figure 2.9B). These populations also contained low
numbers of switched memory B cells (figure 2.9D) and unswitched memory B cells (figure
2.9C) suggesting that these B cells had been exposed to cognate antigens. Exposures to
appropriate stimuli have a role in determining the rate of ABC accumulation in individuals
(Naradikian et al., 2016a). Furthermore, these data corroborated findings by Sanz et al., who
used flow cytometry to gate B cell subsets using CD24 and CD38 and suggested that CD24-
CD38- B cell populations consisted of naive and activated memory B cells (Sanz et al., 2019)

which was also the case for ABCs B cells (Swain et al., 2017).

2.4.2 ABCs as antigen presenters

A subset of activated ABCs can contribute to the humoral response by acting as APCs. These
cells express MHC-II and co-stimulatory markers CD80 and CD86 (Rubtsov et al., 2011,
Rubtsova et al., 2015, Swain et al., 2017). Expression of CD80, CD86 and HLA-DR showed no
difference between liver diseases (figure 2.10) however a difference in CD86 expression was
observed between CD21-/lo ABCs and CD11c+ T-bet+ ABCs (figure 2.11). CD11c+ T-bet+
ABCs had higher CD80 expression compared to CD24+ CD38- B cells in ALD livers (figure
2.11A(iii)). CD11c+ T-bet+ ABCs had significantly higher CD86 expression compared to the
other B cell subsets (figure 2.11B). This suggests that within the ABC population there are
two phenotypes; CD11c+ T-bet+ ABCs may form an effector arm of the ABC population and
contribute to antigen presentation. High percentages of HLA-DR+ cells were observed across

all livers for all subsets analysed (figure 2.10D). HLA-DR expression was detected on ABCs by
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the Marrack group (Rubtsov et al., 2011, Rubtsova et al., 2015, Swain et al., 2017). Majority
of CD21-/lo ABCs did not express co-stimulatory molecule CD80, similar to CD24- B cells
(figure 2.11A). CD24- B cells expressed HLA-DR across adult chronic liver diseases (figure
2.10D) suggesting that there may be a role for them in antigen presentation. CD11c+ T-bet+
green fluorescent protein (GFP)-labelled ABCs were isolated from old mice and injected into
naive mice to determine the localisation of ABCs. ABCs were found in the T cell zone in the
spleen (Rubtsova et al., 2015, Naradikian et al., 2016a) suggesting that ABCs present
antigens to T cells here. Rubtsov et al., also showed that CD11c+ T-bet+ B cells from aged or
autoimmune female mice were better at presenting antigens than FO B cells (Rubtsova et

al., 2015).

CD69 was used to investigate activation or tissue residence status of ABCs as it has been
used to delineate tissue-resident T cells. Wiggins et al., used flow cytometry and co-culture
assays on human liver tissues to characterise the hepatic CD4 T cell compartment. They
found that hepatic CD4+ T cells that expressed high levels of CD69 were tissue-resident T
cells that were excluded from circulation (Wiggins et al., 2021). We saw that CD69
expression was low amongst CD24- B cells in all adult livers analysed (figure 2.11C)
suggesting that these populations were not tissue-resident memory cells as they were also
found in HFe blood. Furthermore, many studies investigating ABCs were conducted on
peripheral blood (Rubtsov et al., 2011, Buffa et al., 2013, Thorarinsdottir et al., 2016) and not

on liver samples.

PBC livers had significantly higher CD69 expression compared to HFe blood and other adult
liver diseases (figure 2.10C). PBC livers also had lower HLA-DR+ cells compared to HFe blood

(figure 2.10D). Low amounts of CD5+ cells were detected across all samples analysed (figure
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2.16A). CD5 is a negative regulator of BCR signalling and CD5 expression was upregulated
following BCR stimulation (Gary-Gouy et al., 2002). Furthermore, CD5 expression activates
downstream signalling pathways that result in IL-10 production (Garaud et al., 2018)
suggesting that CD5 may have a role in B cell tolerance. Low expression of CD5 suggested
that B cells were not activated and combined with low HLA-DR expression, it could be
speculated that PBC livers may contain tissue-resident CD69+ cells. Whilst CD5 expression
was high in ABCs, our data showed that ABCs had low expression of CD5. CD5 B cells
contribute to the modulation of the inflammatory response by producing IL-10 which is an
anti-inflammatory cytokine that aids in the resolution of inflammation (Gary-Gouy et al.,
2002). Chronic inflammation may impair IL-10 production from CD5-expressing B cells
reducing the anti-inflammatory effects of IL-10 in liver diseases. Chronic inflammation may

be the cause of low CD5 expressing B cells observed in our cohort.

2.4.3 Activation of ABCs

ABCs require three signals for their activation and development; the first signal is provided
by cross-linking of the BCR, the second signal is provided upon PAMP/DAMP ligation to TLR7
or TLR9 and the third signal is provided by IFN-y which is secreted by TFH cells (Rubtsova et
al., 2015, Naradikian et al., 2016a). ABCs rapidly proliferate in response to TLR7 and TLR9
stimulation (Naradikian et al., 2016a) and Rubtsov et al., found that culturing splenic murine
B cells with TLR7 agonist induced T-bet expression which was elevated upon combining BCR
cross-linking with TLR7 stimulation (Rubtsov et al., 2013). Stimulation of mouse splenocytes
with CpG, a TLR9 agonist, rapidly upregulated T-bet transcription which was diminished in
TLR9 deficient mice (Liu et al., 2003). No TLR7+ cells or T-bet+ TLR7+ were detected in any of

the subsets analysed across all samples (figure 2.12B and appendix 4A and 4B) suggesting
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that these ABCs do not rely on TLR7 for activation. TLR9 was highly expressed amongst all
subsets however only CD11c+ T-bet+ ABCs co-expressed T-bet and TLR9 compared to the
other B cell subsets across all livers and HFe blood (figure 2.12D and appendix 4C and 4D).
This suggests that ABCs may have different TLR activation requirement and hepatic ABCs
may respond poorly to TLR7. TLR9 activated ABCs may downregulate CD86 expression and
therefore reduce their antigen presenting abilities as there was a negative correlation
between TLR9 and CD86 in both ABC subsets analysed (figure 2.18(v)). ABCs may be PC
precursors and produce Ig upon stimulation (Sathe and Cusick, 2023) and therefore they

may reduce CD86 expression to allow them to carry out their effector functions.

2.4.4 ABCs in healthy and disease

ABCs contribute to protection against pathogens by producing antibodies. Upon TLR
stimulation, mice produced IgM and IgG antibodies (Rubtsov et al., 2011). ABCs can also
produce antigen-specific antibodies as mice re-stimulated with viral infections produced
viral-specific antibodies (Rubtsova et al., 2015). CD24+ CD38- B cells, CD24- B cells and ABCs
expressed Igs across all adult chronic liver diseases (figure 2.13) suggesting that these
populations were not disease specific. Majority of the cells in each subset consisted of naive
IlgD+ IgM+ B cells (figure 2.13A). Swain et al., showed that majority of ABCs in mice were
naive (Swain et al., 2017) which fits nicely with our data. IgM and IgD are expressed on naive
B cells and upon antigenic stimulation, IgD expression is downregulated (Chen and Cerutti,
2011). Low IgM+ IgD- B cells were observed amongst analysed B cell subsets (figure 2.13B)
suggesting that only a small proportion of cells are IgM-only memory B cells that protect
against broad spectrum pathogens (Weill and Reynaud, 2020). Low IgM expression was

detected amongst the different B cell subsets across all livers analysed (figure 2.13B(vi-x)).
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IgM expression may be related to antigenic stimulation and subsequent exposure to the
stimuli results in class-switching to 1gG, IgA or IgE (Sathe and Cusick, 2023). ABCs produced
IgG1 in humans (IgG2a/c in mice) in response to viral infections (Mouat and Horwitz, 2022).
Low expression class-switched Igs, 1gG (figure 2.13C), IgA (figure 2.13D) and moderate IgE
expression (figure 2.13E) was detected amongst B cells suggesting that antigenic exposure in
the form of viral antigens or self-ligands may have occurred in small numbers in these
subsets. Ehrhardt et al., stimulated cells with different agonists and collected the
supernatant to put through ELISA assays. This study showed that a proportion of FcRL4
atypical memory B cells expressed IgG and to a lesser extent IgA (Ehrhardt et al., 2005). In
chronic adult liver diseases, it could be possible that chronic inflammation sensitises the
body to allergens generating IgE-expressing ABCs. Cardoso et al., showed that mice
sensitised to peanuts had a sensitive gut that responded to food antigens by producing IgG
and IgE (Cardoso et al., 2008). Taken together, these data showed that ABCs expressed a
variety of Igs at a range of levels. Furthermore, these data indicated that a small proportion

of these subsets were antigen-experienced and had undergone class-switching.

CD138 expression was comparable between the different liver diseases in all five subsets
(figure 2.15A) however CD138 MFI data showed that HFe blood had significantly higher
expression compared to adult livers (figure 2.15A(vi-x)). CD11c+ T-bet+ ABCs had
significantly high CD138 expression compared to CD24+ CD38- B cells in HFe blood (figure
2.15B(i)) and NASH livers (figure2.15B(iv)). Transcripts of CD138 and PC transcription
factors, Prdm1 Irf4 and Xbp1 were upregulated in ABCs derived from mice (Rubtsov et al.,
2011) suggesting that they possess antibody-secreting capabilities. Rubtsov et al., showed

that ABCs cultured in media alone did not produce Igs indicating that ABCs were not fully
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differentiated into PCs and required appropriate stimuli to produce antibodies in vitro
(Rubtsov et al., 2011). CD21-/lo ABCs may represent precursors to CD11c+ T-bet+ ABCs

which can differentiate in ASCs.

Michael Cancro’s group originally described ABCs as a resting population (Naradikian et al.,
2016b, Hao et al., 2011) whilst Philippa Marrack’s group described ABCs as
activated/memory B cells that expressed CD11c and T-bet (Rubtsov et al., 2011, Rubtsov et
al., 2013). Furthermore, the Marrack group stated that these activated ABCs were associated
with autoimmunity (Rubtsova et al., 2015). Maybe both groups were describing ABCs at
different stages of differentiation and resting ABCs possess the ability to differentiate into
activated/effector ABCs upon appropriate stimulation. We have shown that CD11c+ T-bet+
ABCs highly expressed CD86, HLA-DR, CD138 and co-expressed T-bet and TLR9. This subset
also had low expression of class-switched Igs and contained a high proportion of memory B
cells suggesting that this population may be activated memory ABCs that protect the host
from infection or may be involved in autoimmunity where they are pathogenic. ABCs in
unimmunised mice were mostly naive, however upon infection with influenza A virus, these
naive ABCs differentiated into activated/effector ABCs (Swain et al., 2017). The expression of
adhesion molecule CD11c indicates that CD11c+ T-bet+ ABCs migrate to sites of
inflammation (Swain et al., 2017) which also explains why this population was detected in

HFe blood.

FcRL5+ atypical memory B cells share characteristics with ABCs such as reduced CD21 and
CD27 expression and the expression of inhibitory receptors (Kim et al., 2019). Furthermore
this population was expanded in chronic infections (Charles et al., 2011, Portugal et al., 2015,

Portugal et al., 2017) and autoimmunity (Jacobi et al., 2008). Our data showed significantly
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high expression of FCLR5 in CD11c+ T-bet+ ABCs (figure 2.16C). FCRL5 contains an activating
and inhibiting signalling motif and may have immunomodulatory roles on B cells (Haga et al.,
2007). This suggests that FCRL5 may play inhibitory roles but may have an activating role in
CD11c+ T-bet+ ABCs. BCR stimulation of naive B cells resulted in the upregulation of FcRL5
which was further elevated by IL-21 (Li et al., 2020). A proportion of naive B cells may
become ABCs which express FcRL5. Furthermore, IL-21 has been shown to regulate T-bet
expression (Myles et al., 2017) which suggests that CD11c+ T-bet+ ABCs could be receiving
activating signals through FcRL5 resulting in differentiation into an effector phenotype.
These cells could also differentiate into ASCs as IL-21 promoted the differentiation of PCs (Li
et al., 2020). FcRL4 is expressed on ABCs and FcRL4+ B cells have been shown to infiltrate the
damaged biliary epithelium in PBC livers (Liu et al., Submitted). A similar case could be made

for FcRL5+ cells.

ABCs are termed “age-associated” and accumulate with age however we observed no
correlation between non-cirrhotic livers (figure 2.17A), cirrhotic livers (figure 2.17B) and age
suggesting that chronic inflammation in liver disease may have induced ABC differentiation.
No correlation was observed amongst the other B cell subsets and age either (figure 2.17B).
Whilst the literature originally found ABCs to accumulate with age in healthy elderly
individuals, ABCs are prematurely expanded in autoimmune diseases such as rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), Sjogren’s syndrome (SS), CD, and multiple
sclerosis (MS). Furthermore ABCs also accumulate in viral infections such as HIV, Malaria,

HCV, COVID (Sachinidis et al., 2020).

ABCs have been reported to be enriched in female humans and mice (Rubtsov et al., 2011)

however we saw no correlation between age and sex in either of the ABC populations
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analysed (figure 2.17C) which may be due to lack of TLR7 expression. TLR7 is an X-linked
gene associated with the accumulation of ABCs in females (Sachinidis et al., 2020). Females
have two gene copies of TLR7 compared to males (Rubtsov et al., 2013). Rubtsov et al.,
showed that mice lacking TLR7 gene copies failed to accumulate ABCs compared to mice
with one or two TLR7 gene copies (Rubtsov et al., 2013). Furthermore, this group showed
that the number of TLR7 gene copies correlated with the percentage of ABCs in these mice
(Rubtsov et al., 2013). TLR7 stimulation also resulted in a robust production of IgM and IgG
antibodies from female mice (Rubtsov et al., 2011) suggesting that female bias in ABC

accumulation may be driven by TLR7.

ABCs were present across all adult livers in cirrhotic and non-cirrhotic livers indicating that
ABCs are not disease specific and arise in many different types of disease. CD24- B cells
shared many characteristics mainly with CD21-/lo ABCs and a few with CD11c+ T-bet+ ABCs.
Buffa et al., showed that CD24- CD38- B cells accumulated with age in the blood of the
elderly (Buffa et al., 2013) suggesting that CD24- B cells may contribute to the ABC pool.
These populations of CD24- B cells and ABCs may form different stages of ABC
differentiation which would explain why they had varying expression of markers. This
suggests that CD24- B cells and CD21-/lo ABCs may form an activated naive pool of cells
awaiting the appropriate stimuli for their development into effector ABCs and antibody-
producing ABCs which is what the CD11c+ T-bet+ ABC compartment has been hypothesised
to be (Swain et al., 2017, Rubtsov et al., 2011, Rubtsova et al., 2015). We have shown that
CD24- B cells and CD21-/lo ABC compartment mainly consisted of naive B cells which
indicates that they have not received signals to differentiate into effectors. CD11c+ T-bet+

ABCs most likely represent effector ABCs or ASCs as they expressed class-switched Igs and
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had high expression of CD138 further supporting their role as ASCs. More work needs to be
conducted to determine the function of these CD24- B cells in health and ABCs in health and

disease and to determine if the ABC pool contains ABCs with different phenotypes.

2.4.5 ABCs play a role in antiviral responses

ABCs provide the host with anti-viral responses against viral infections (Mouat and Horwitz,
2022) such as the production of antibodies. In the context of autoimmunity, ABCs
contributed to the production of autoantibodies such as anti-chromatin, anti-smith
antibodies (Rubtsov et al., 2011), anti-dsDNA and anti-nuclear antibodies (Naradikian et al.,
2016a). Depletion of ABCs in animal models of autoimmunity resulted in a reduction of
autoantibody production (Rubtsov et al., 2011). The literature suggests that ABCs play a
protective role in infection and a pathogenic role in autoimmunity, and this may depend on
TLR stimulation (Naradikian et al., 2016a). Autoimmune mouse models showed that
activation via TLR7 or TLR9 may ameliorate or exacerbate disease, respectively. TLR7
deficient mice had improved autoimmune disease whereas TLR9 deficient mice displayed
exacerbated autoimmune disease (Naradikian et al., 2016a). Furthermore, mouse models
with an extra TLR7 gene resulted in a disease that resembled SLE (Naradikian et al., 2016a).
Whilst TLR9 had a protective role in SLE mouse models, other models of autoimmunity did
not have the same results (Naradikian et al., 2016a). This suggests that TLR9 may provide a
regulatory role in certain diseases and contribute to pathogenesis of other diseases. Our
data showed that TLR9+ (appendix 4C and 4D) and T-bet+ TLR9+ cells were found expressed
in all adult chronic liver disease (figure 2.12D). This may indicate that ABCs have different
outcomes dependent on whether they recognise RNA or DNA moieties and activate TLR7 or

TLR9 (Naradikian et al., 2016a). This suggests that ABCs have a dichotomous role in disease
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and more work needs to be undertaken to determine whether activation of TLR7 or TLR9

result in protection or pathogenesis.

2.4.6 Limitations

Whilst HFe blood and donor liver were used as controls, they do not represent true healthy
controls. HFe blood is a good comparison to detect differences in B cell phenotype between
the blood and liver however, it is not a true representation of healthy blood. This is due to
the patients suffering from haemochromatosis which is a disease where iron accumulates in
the blood and needs to be removed frequently. Comparisons made between the liver and
HFe blood need to take this into account. Donor livers are livers that do not meet the criteria
for liver transplantation and thus have been rejected. This may explain why similar numbers
of CD24- B cells and ABCs were observed between chronic adult liver diseases and donor

livers.

2.5 Conclusion

ABCs have not been previously been characterised in the liver (Mouat et al., 2022) which
suggests our data may elucidate characteristics of hepatic ABCs. We have identified two
subsets of ABCs which differ in the expression of CD86, T-bet+ TLR9+ cells, CD138 and FcRL5
positive cells which may highlight two distinct populations. An increased cohort of samples
would be necessary to elucidate any further differentiations between CD21-/lo and CD11c+
T-bet+ ABCs. Further experiments such as stimulation assays need to be conducted to
investigate the range of Igs and cytokines produced by ABCs and if this is liver specific. The
liver is an immunologically privileged site that is constantly exposed to pathogens and

maintains tolerance, which explains why hepatic ABCs and CD24- B cells can produce a range
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of antibodies. In addition, future multiparametric experiments may help elucidate the roles
of ABCs in chronic liver diseases. Gene expression analysis would help highlight the immune
pathways activated in these ABCs and help identify if ABCs subsets contain a heterogenous

population of cells that are at different developmental stages or if they are poised to

become PCs or effectors.
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CHAPTER 3 — B CELL LOCALISATION IN PAEDIATRIC LIVERS
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3.1 Introduction

To study the impact of B cells in liver inflammation, it would be important to study B cells at
earlier stages of liver injury, however this is difficult due to the lack of access to liver tissue.
In BA, tissue samples are obtained at the time of KPE, during early disease and there are also
tissue samples obtained at end-stage disease during liver transplantation. These samples
enable us to study disease progression from early and late disease and we can identify B cell
subsets and observe any changes in the B cell compartment from early disease to end-stage
disease. Our adult liver samples were obtained during liver transplantation, at end-stage
disease, so with these samples we were only able to study the B cell compartment and

inflammation during end-stage disease.

3.3.1 Distribution of B cells in liver health and disease

Limited knowledge about the localisation of B cells in the liver is documented. B cells make
up approximately 8% of the total hepatic lymphocyte population (Robinson et al., 2016). B
cells were found near portal tracts within hepatic sinusoids and ASCs were found in

connective tissue surrounding the portal tracts (Moro-Sibilot et al., 2016, Cheng et al., 2021).

Primary lymphoid follicles are precursors of SLOs which have GCs that are mainly composed
of naive B cells and FDCs (Beyer and Meyer-Hermann, 2008). Primary follicles filter antigens
and bring B cells into contact with FDC-presented antigens in order to form GCs (Beyer and

Meyer-Hermann, 2008).

Tertiary lymphoid structures (TLS) form in response to chronic inflammation (Bery et al.,
2022), autoimmune responses, localised infections and in areas surrounding tumours (Pipi et

al., 2018). TLS share similarities with SLOs as both consist of B and T cell zones (Pipi et al.,
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2018) however, they differ from SLOs as they can form in non-lymphoid tissues (Bery et al.,

2022).

TLS can contribute to the immune response at sites of chronic inflammation and injury
however this is dependent on the tissue microenvironment where they form (Bery et al.,
2022). In autoimmunity, TLS could contribute to disease by developing into GCs and through
the production of autoantibodies (Bery et al., 2022). TLS from patients with SS were
associated with elevated autoantibody levels and high production of cytokines which
resulted in worsened clinical symptoms (Bery et al., 2022). On the other hand TLS can
contribute to protective antigen-specific immune responses at sites of chronic inflammation

(Sato et al., 2023).

TLS can be organised into compartments with a GC (Bery et al., 2022) however lymphoid
aggregates, that are like primary lymphoid follicles have been detected in different diseases
however their role in disease pathology is not well understood. 8.1% of patients who
underwent BM biopsies had the presence of lymphoid aggregates (Dominis et al., 2005). In
addition, lymphoid aggregates have also been found in BM biopsies from myelodysplastic
syndrome (MDS) patients (Book et al., 2022). 24.3% of MDS patients were positive for

lymphoid aggregates and these aggregates had a trend to appear in younger patients.

Lymphoid aggregates have been found in gastric biopsies from patients suffering from
Helicobacter pylori (H.Pylori) gastritis. Patients who were H.Pylori negative had an average
of three aggregates whereas patients positive for H.Pylori had an average of six aggregates
(Chakhachiro et al., 2020) suggesting an association between H.Pylori and the number of

aggregates. Lymphoid aggregates were found in 65/68 patients and lymphoid aggregates in
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30 patients had GCs however, 35 (51%) of patients had aggregates lacking GC (Chakhachiro
et al., 2020) indicating that majority of lymphoid aggregates may represent primary

lymphoid follicles.

In HCV liver biopsies, 59% of patients had focal lymphoid aggregates within the portal tract
with the average number of lymphoid aggregates ranging between two to seven in each
sample (Freni et al., 1995). Wong et al., also found that lymphoid aggregates were present in
the portal tracts in 60% of patients with chronic HCV (Wong et al., 1996). Lymphoid
aggregates were detected in HBV livers (24%) however these aggregates were significantly
lower compared to HCV patients (60%) but they had similar composition of cells (Akyol et al.,
2001). Chronic HCV patients had higher lymphoid aggregate numbers in 49% of patients
compared to chronic AIH patients, out of which only 10% had lymphoid aggregates however

in both diseases, lymphoid aggregates were found in the portal tracts (Bach et al., 1992).

Lymphoid aggregates were found in higher frequencies in patients with colorectal cancer
and diverticular disease compared to IBD (Nascimbeni et al., 2005). In this cohort, patients
with IBD and colorectal cancer had larger lymphoid aggregates which were made up of a
central B cell area surrounded by T cells (Nascimbeni et al., 2005). In HCV liver biopsies,
lymphoid aggregates were composed of B cells mixed with CD4+ T cells surrounded by an
outer ring of CD8+ cytotoxic T cells (Freni et al., 1995). Portal lymphoid aggregates in chronic
HCV patients showed the presence of a mixture of B and T cells with few PCs (Dhingra et al.,
2016). Lymphoid aggregates from MDS BM biopsies were positive for B (CD20) and T (CD3)

cells (Book et al., 2022).
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A study in MS suggested that the presence of meningeal lymphoid aggregates contributed to
chronic inflammation and tissue destruction (Ransohoff, 2023). Furthermore, this group
stated that the formation of chronic active lesions in MS was driven by meningeal lymphoid
aggregates. These aggregates have been found in majority of postmortem MS tissues and
they were present prior to the onset of MS contributing to early disease pathology
(Ransohoff, 2023). In addition, meningeal lymphoid aggregates were associated with cortical
demyelination (Ransohoff, 2023) suggesting a pathogenic role for these aggregates. Clonally
expanded B cells made up majority of meningeal lymphoid aggregates (Ransohoff, 2023)

suggesting that they play a pathogenic role in MS progression.

Lymphoid aggregates may contribute to pathology and liver injury in chronic HCV patients
through immune mediated mechanisms (Freni et al., 1995). Lymphoid aggregates in chronic
HCV liver biopsies strongly correlated with portal tract inflammation and were associated
with damage to bile ducts (Wong et al., 1996). These studies show a possible role for

lymphoid aggregates in the progression of disease.

Lymphoid aggregates in paediatric cholestatic liver disease have not been widely analysed in
the literature. The literature provides information about lymphoid aggregates in paediatric
patients with gastrointestinal problems. Lymphoid aggregates were detected in young
children with gastrointestinal symptoms and were not associated with clinical symptoms
however, these lymphoid aggregates were increased in number and in size of the follicles
(Mansueto et al., 2012). Another study stated that out of 80 paediatric biopsies with
gastritis, 34 patients had the presence of lymphoid aggregates (Carpentieri et al., 2000).
Lymphoid aggregates were also observed in 65/525 patients who did not develop gastritis

(Carpentieri et al., 2000). Furthermore, lymphoid aggregates were larger in children with
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gastric mucosal pathology (Jaskiewicz and Kobierska, 2000). Kara et al., also showed the
presence of lymphoid aggregates in paediatric patients with gastritis and found that patients

with H.Pylori had a prevalence of lymphoid aggregates (Kara et al., 2014).

3.1.2 IL-6 in disease

IL-6 is a pro-inflammatory cytokine that plays a pathogenic role in many chronic
inflammatory diseases such as RA, SLE, cancer and asthma (Widjaja et al., 2020). IL-6 also
contributes to pathogenesis by increasing the production of autoantibodies, inducing B cell
proliferation, and enabling the survival of pathogenic PCs (Maeda et al., 2010). Significantly
high levels of IL-6 were produced by B cells in murine BA (Bednarek et al., 2018) suggesting a
role for B cells and IL-6 in bile duct injury. Whilst IL-6 may contribute to pathology in many
diseases, it also plays a role in promoting liver regeneration (Widjaja et al., 2020). Liver
regeneration was accelerated in mice with hyper IL-6 compared to mice without IL-6 which
showed impaired regeneration (Widjaja et al., 2020). During liver injury, cholangiocytes
respond by secreting cytokines such as IL-6 which can aid in damage repair or result in the

development of cholangiopathies (Pinto et al., 2018).

3.1.3 Aims and objectives

B cells have not been extensively studied in BA and their location within the liver tissue is not
well understood. We set out to map the location of B cells in BA livers. Access to early and

end-stage samples allowed us to study the B cell compartment during disease progression.

Objectives

In this chapter, | set out to:

1. Map the location of B cells in the liver around bile ducts and in fibrotic tracts
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Identify B cell and lymphoid aggregates in BA liver samples

Characterise immune subsets present in B cell and lymphoid aggregates

Detect the location of mixed immune infiltrates in BA livers

Map the location of lymphoid aggregates and mixed immune infiltrates in adult livers
Use CellProfiler software to quantify immune subsets present in paediatric and adult

livers
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3.2 Methodology

3.2.1 Human paediatric liver tissue

Paediatric sections (BA (n=50), SOAH (n=7), and HHV6 (n=3) were stained for CD20 using the
protocol mentioned in 3.2.3. Paediatric liver tissue samples were obtained from paraffin
blocks taken from patients with end-stage liver disease undergoing transplantation and at
the time of KPE (BA samples) at the Birmingham Children's Hospital, Birmingham. All
samples were obtained from the liver unit tissue bank registry (South West — Central Bristol
Research ethics committee approval reference 17/SW/0073). Clinical data for BA patients is
available in Appendix table 2. Clinical data for sudden onset acute hepatitis patients is
available in Appendix table 3. Clinical data for HHV6 patients is available in Appendix table

4,

3.2.2 Human adult liver tissue

Liver tissue samples were obtained from explanted livers, taken from patients with end-
stage liver disease undergoing transplantation at the Queen Elizabeth Hospital, Birmingham.
These samples were processed following patient consent and in approval with local research
ethics committee guidelines (LREC; reference number 06/Q2702/61 and 18-WA-0214). Some
of the adult patients used for B cell characterisation using flow cytometry were also used in

this chapter. Clinical data for these patients is available in Appendix table 1.

3.2.3 Immunohistochemistry

3.2.3.1 Optimisation
All antibodies to be used in either immunohistochemistry or immunofluorescence were

titrated (figure 3.1) to find the optimal working dilutions for each antibody (table 3.1) and
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the IMCs (table 3.2). Each antibody had three different serial dilutions based around the
company’s recommended working dilution except for CD20 antibody (figure 3.1A). This was
because the manufacturers recommended dilution for CD20 was more dilute, so two
dilutions were used to determine if smaller dilutions were required. 1/1000 dilution
detected our B cells of interest, so no further dilutions were conducted. Adult PBC or HCV
tissue sections were used for the optimisation. The tissue sections were placed into a slide
rack and submerged in 3 rounds of xylene baths followed by 3 rounds of alcohol baths and 2
rounds of water baths, for 3 minutes each. A bucket with 1 L tap water and 10 ml of TrisBase
antigen unmasking solution was heated in a microwave for 10 minutes. The slides were
placed into the bucket and microwaved for 30 minutes and left to rest for 10 minutes. Cold
tap water was added to the bucket. The slides were taken out individually, patted dry and
using a wax pen, a hydrophobic ring was drawn around the tissue. The slides were placed in
a humidifier box. Tris buffered saline (TBS) was pipetted onto the tissue to ensure that the
reagents remained within the hydrophobic barrier, on top of the tissue. 200 pl of peroxidase
block (Dako, $2023) was added to all slides and the humidifier box was placed on the rocker
for 10 minutes. The slides were washed in TBS for 5 minutes on the rocker. A 2x solution of
casein, made up in TBS, was added to each slide and placed on the rocker for 10 minutes.
The slides were washed in TBS for 5 minutes on the rocker. 150 pl of antibody was added to
the relevant slides before being placed on the rocker for 1 hour. Slides were washed in TBS
for 5 minutes on the rocker. A few drops of impress universal polymer reagent (Vector
laboratories, MP-7500) were added to each slide, enough to cover the tissue. The humidifier
box was placed onto the rocker for 30 minutes. The slides were washed 3 times with TBS

before 200 pl of ImmPACT DAB solution (Vector laboratories, SK-4105) was added to each
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slide for 5 minutes. The slides were washed with tap water before the tissue was covered in

haematoxylin mayers for 45 seconds. Hot tap water was used to wash the slides and

transferred to a slide rack. The slide rack was submerged in 2 rounds of water baths, 3

rounds of alcohol baths and 3 rounds of xylene baths for 3 minutes each. Excess xylene was

removed from each slide before a cover slip with a drop of DPX was mounted onto the tissue

slides. Air bubbles were removed from the slides and the slides were left to dry before being

scanned on the slide scanner.

Table 3.1 IHC antibody working dilutions. All the antibodies were used at the same dilution
for each experiment. These antibodies helped to characterise B cells including CD20+ CD24+ B
cells, CD20+ CD24- B cells, CD20+ CD24- IL-6+ B cells and identify CD3+ T cells in liver tissue.

Marker (isotype) Company Catalogue Lot number Working
number dilution
CD20 (mouse Invitrogen MAS5-13141 UI2840511A 1:1000
lgG2a)
CD24 (mouse 1gG1) | Novus NB100-64861 160549 1:100
CD38 (rabbit IgG) Abcam ab108403 GR210295-16 1:1000
CD138 (rabbit IgG) | Abcam ab130405 GR3382382-1 1:200
CD3 (mouse IgG1l) | Abcam ab17143 GR3395244-1 1:100
IL-6 (mouse 1gG2b) | Novus NBP2-89149 H00125 1:200
Bcl2 (mouse 1gG2b) | Origene TA806591 W001 1:300
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Table 3.2 Isotype matched controls for immunohistochemistry and immunofluorescence.
IMCs were used at the same dilution as the antibodies in Table 3.1.

Isotype matched | Company Catalogue Lot number Working

control number dilution

Mouse IgG2a Biolegend 401502 B278533 1:1000

Mouse I1gG1 eBioscience 14-4714-85 4291364 1:100

Rabbit IgG Cell Signaling #3900S 16 1:200/1:1000
Technologies

Mouse IgG2b Biolegend 401202 B317705 1:200/1:300
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Figure 3.1 Titration of antibodies for immunohistochemistry. Three serial dilutions were
used to titrate the antibodies, based on the manufacturers recommended titration to identify
the dilution with optimal staining and minimal background staining on adult PBC livers. (A)
CD20, (B) CD24, (C) CD38, (D) CD138, (E) CD3, (F) Bcl2 and (G) IL-6.

3.2.3.2 ImageJ

Imagel software was used to quantify CD20+ B cells and total lymphocytes in our cohort of
paediatric livers. Ten random images were taken on Zen 3.2 Blue edition (Carl Zeiss
microscope GmbH) for each sample (figure 3.2A) before these images were analysed using
Imagel. The images were converted into 8-bit grayscale images (figure 3.2B). A threshold
was set to detect CD20+ B cells (figure 3.2C(i)) and total lymphocytes (based on darker
haematoxylin mayers staining) (figure 3.2C(ii)). The threshold was adjusted on ImageJ to
highlight all the cells positive for the stain. Artefacts, bile ducts and other structures that
were darker and not our cells of interest were removed (white squares, figure 3.2C(ii)) using
the original immunohistochemistry image as a reference. This ensured that any positive cells

being detected were the cells of interest and not any background staining. The image was

then converted into a mask of all the pixels that were above the set threshold (figure 3.2D).
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These were my cells of interest in pixel data. From this mask, | measured the mean gray
value for the total area of the tissue. The total area of the tissue in pixels was 157502. The
mean gray value uses the sum of all gray value pixels and divides them by the number of
pixels. The mean gray value pixel data for all ten images were averaged out for each sample,

before being plotted using GraphPad Prism.
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Figure 3.2 ImageJ analysis pipeline for CD20+ immunohistochemistry images. The
representative plots are from the hilum of a BA patient who was 31 days old. (A) Input image
for Imagel pipeline which was converted into (B) an 8-bit grayscale image for further
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analysis. Thresholds were set to detect (C(i)) CD20+ B cells and (C(ii)) total lymphocytes based
on darker haematoxylin mayers staining. Red highlighted cells were cells that were above the
set threshold. White squares were used to remove any background staining to ensure cells of
interest were detected. Once the threshold had been applied, (D) a mask of the pixels that
were above the threshold was created. From this, we measured the mean gray value which
was averaged out between the ten images for each sample before being plotted on a graph.

3.2.4 Immunofluorescence

3.2.4.1 Optimisation

BA and adult tissue sections were stained with antibodies according to the optimal IHC
titrations. The slides were submerged in three xylene baths, three alcohol baths and two
water baths for 3 minutes each. 10 ml of TrisBase was heated in a microwave with 1 L of
water, in a bucket, for 10 minutes. The slides were transferred to the bucket and heated in a
microwave for 30 minutes with a 10 minute cooling period. After cooling down the solution
with cold tap water, the slides were removed, and a wax ring was drawn around the tissue
creating a hydrophobic barrier. This barrier ensured that the reagents would stay on top of
the tissue. TBS was added to the slides in a foiled humidifier box, to check the integrity of
the of the wax rings. All TBS washes were for 5 minutes on the rocker. 200 ul of 2x casein
block was added to each slide and incubated on the rocker for 5 minutes. Antibody cocktails
were made up in TBS, for each panel (table 3.3) and added to the relevant slides for 1 hour
on the rocker. The slides were washed in TBS prior to the addition of secondary antibodies
(table 3.4). The humidifier box was placed on the rocker for another hour. The slides were
washed three times in TBS before 150 ul of the Vector TrueView Autofluorescence
Quenching kit (Vector laboratories, SP-8400) was added to each slide and incubated on the
bench for 5 minutes. The slides were washed with TBS. Excess precipitate was removed with

TBS before the slides were mounted on coverslips with a drop of VECTASHIELD Vibrance
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antifade mounting medium with DAPI (Vector laboratories, H-1800). Air bubbles were
removed from the slides and the slides were placed onto slide trays and covered with foil.
Slides were stored at 4°C prior to being imaged on the LSM 880 Airyscan confocal

microscope.
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Table 3.3 Immunofluorescence primary antibody panels with working dilutions. Catalogue
numbers and lot numbers are given in Table 3.1. These panels were used to characterise

immune cells and determine which B cell subsets were present in hepatic tissue.

Panel 1 | Isotype matched control | Fluorophore Working dilution
CD20 Mouse IgG2a Alexa Fluor 1:1000
647
CD24 Mouse IgG1 Alexa Fluor 1:100
488
CD38 Rabbit 1gG Alexa Fluor 1:1000
594
Panel 2 | Isotype matched control | Fluorophore Working dilution
CD20 Mouse IgG2a Alexa Fluor 1:1000
647
CD24 Mouse IgG1 Alexa Fluor 1:100
488
CD138 Rabbit IgG Alexa Fluor 1:200
594
IL-6 Mouse IgG2b Alexa Fluor 1:200
555
Panel 3 | Isotype matched control | Fluorophore Working dilution
CD3 Mouse IgG1 Alexa Fluor 1:100
488
Bcl2 Mouse IgG2b Alexa Fluor 1:300
555
CD138 Rabbit IgG Alexa Fluor 1:200
594
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Table 3.4 Immunofluorescence secondary antibodies. Catalogue numbers and lot numbers

are given in Table 3.2.

Secondary Fluorophore Company Catalogue Working
antibodies number dilution
Mouse IgG2a Alexa Fluor 647 | Invitrogen A21241 1:1000
Mouse IgG1 Alexa Fluor 488 | Invitrogen A21121 1:1000
Rabbit IgG Alexa Fluor 594 | Invitrogen A11012 1:1000
Mouse IgG2b Alexa Fluor 555 | Invitrogen A21147 1:1000

Thermofisher fluorescence spectral viewer was used to make sure each fluorophore was

compatible and had minimal spectral overlap with other fluorophores in the panel (figure

3.3) (ThermoFisher_Scientific).
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Figure 3.3 Spectral viewer of the fluorophores used in immunofluorescence panels. This
spectral viewer allowed me to visualise any problematic spectral overlap in the fluorophores |
was using. This image helped determine that my fluorophores would have minimal spectral
overlap into other fluorophore channels. DAPI (blue), AF488 (green), AF555 (yellow), AF594

(orange) and AF647 (red). Edited image from (ThermoFisher_Scientific).

FMO for Alexa Fluor 555 was carried out and there was no evidence of spectral overlap in

any of the other fluorophore channels (figure 3.4).
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Figure 3.4 FMO for AF555. Spectral spill-over for AF555 fluorophore was a concern however
the FMO showed that there was no spectral spill-over. Adult PBC liver. DAPI (blue), AF647
(orange), AF594 (green), AF555 (white) and AF488 (red).

Zeiss AxioObserver Z1 Apotome.2 and Zeiss LSM 880 with Airyscan Fast were compared to
see which of those machines would give the best images, at a cellular level. PBC liver tissue
was stained with panel 1 (table 3.3) and imaged on both machines (figure 3.5). LSM 880

confocal machine gave the best image resolution, so this was used to image all the

immunofluorescence slides.
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Figure 3.5 Comparison of AxioObserver Z1 Apotome.2 and LSM 880 Airyscan on an adult
PBC liver section. The (A) AxioObserver detected fewer cells compared to the (B) LSM 880
Airyscan. (C) IMC for adult PBC liver. DAPI (blue) AF647 (orange), AF594 (green), and AF488
(red).
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Panel 2 was tested on PBC sections to make sure all five colours worked together, especially
IL-6 as this antibody was likely to crossover with Alexa Fluor 594 (figure 3.6). From testing
panel 2 on a PBC liver section, | concluded that the IL-6 Alexa Fluor 555 (white) does not spill
over into the Alexa Fluor 594 channel (CD138; green). In addition, the IL-6 antibody worked
and co-localised with CD20+ B cells, giving me confidence in my panels. Figure 3.6 showed

that my antibodies were detecting my cells of interest.
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Figure 3.6 Separation of AF594 and AF555 was clear. These antibodies worked to detect
specific cells with little to no background staining. This staining was carried out on an adult
PBC liver and showed that our cells of interest were easily detected in hepatic tissue with
little to no autofluorescence detected. (A) This representative plot showed a good separation
of IL-6 AF555; white and CD138 AF594; green. (B) This representative plot showed detection
of Bcl2 AF555; white and CD3 AF488; red in liver tissue.

| tried to image the whole immunofluorescence-stained tissue section to gain a better

understanding of the localisation of my cells of interest within the entire area of tissue. |
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used the slide scanner to detect immunofluorescence however the image it generated was

not useable (appendix 5).

These panels were then used to stain selected BA patients and adult PBC and PSC liver tissue
sections. CellProfiler was used to quantify the cell types present in each image of tissue using

pixel-based analysis.

3.2.5 Statistical analysis

GraphPad Prism 9.4.1 was used to create graphs and perform statistical analysis. The
Shapiro-Wilk normality test was used to assess the normal distribution of my samples (figure
2.4). This test calculates the ratio between the standard deviation of our data to the
computed standard deviation of the slope from the QQ plot generated for our data.
Normality tests were used to determine the statistical tests carried out on our data.
Wilcoxon test was used to compared paired samples between two groups. Dunnett's T3
multiple comparisons test was used to analyse statistical significance between unpaired,
normally distributed samples. Dunn's multiple comparisons test was used to analyse

unpaired samples that were not normally distributed.
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3.3 Results

3.3.1 B cells were found in the liver around bile ducts and in fibrotic tracts

The distribution of liver B cells in children with BA had not been studied previously in detail.
First, immunohistochemistry was used to determine the localisation of B cells in paediatric
liver tissue from explants of children with BA that underwent orthotopic liver
transplantation. Representative staining is shown in Figure 3.7. CD20+ B cells were found
around bile ducts (figure 3.7A), in fibrotic tracts (figure 3.7B), in small numbers in the tissue
around triads (figure 3.7C) and present in ductular reactions (figure 3.7D). Lymph nodes
from BA tissues were used as positive controls for CD20 staining (figure 3.7E) and IMC is

shown (figure 3.7F).
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Figure 3.7 CD20+ B cells were found around bile ducts, fibrotic tracts, triads and in ductular
reactions. B cells were identified in (A) bile duct from the wedge of a BA patient who was 48
days old, (B) fibrotic tract from the wedge of a BA patient who was 31 days old, (C) portal
triad taken from the wedge of a BA patient who was 36 days old and (D) ductular reaction
taken from the wedge of a BA patient who was 64 days old. (E) BA lymph node was used as
positive control taken from a hilum sample of a BA patient who was 52 days old and (F) IMC
was used as a negative control. CD20 (brown).

As expected, B cells were detected amongst the lymphocyte infiltrates in various liver

locations, similar to adult liver diseases.
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3.3.2 Lymphoid aggregates were found in the hilum region of BA liver samples
Next, we set out to detect B cells in biopsies from earlier in liver disease pathogenesis. In BA
livers, samples were taken during KPE from the hilum and wedge, and during liver

transplantation, from explanted livers (figure 3.8).

(Wedge & Explant)

Liver lobule

Common Sy

bile duct epithelial cells

Figure 3.8 BA samples were collected from different locations in the liver. Samples were
obtained from the hilum and wedge during early disease and from the periphery of the
explanted liver during late-stage disease. Image created using Biorender.

CD20+ B cells were investigated in the following paediatric liver diseases: BA hilum (figure

3.9A), BA wedge (figure 3.9B), BA explant (figure 3.9C), SOAH explant (figure 3.8D) and

HHV6 explant (figure 3.9E).

CD20+ B cells were present at varying frequencies in tissue locations in various paediatric
liver diseases. Aggregates of CD20+ B cells were detected in BA hilum (figure 3.9A) and not

in BA wedge samples (figure 3.9B). CD20+ aggregates were also detected in some of the BA
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explant tissues (figure 3.9C(i)) however, the majority of BA explants had no B cell aggregates
(figure 3.9C(ii)). SOAH and HHV6 explants showed clusters of B cells but no B cell or

lymphoid aggregates were present (figure 3.9D and 3.9E, respectively).
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Figure 3.9 CD20+ B cells were found at varying frequencies across a range of paediatric
liver diseases. (A) BA hilum region had B cell aggregates present whereas (B) wedge samples
did not. (C(i)) Few B cell aggregates were detected in BA explants whereas (C(ii)) majority of
BA explants only showed CD20+ B cells. (D) Sudden onset acute hepatitis explants showed
the presence of B cell clusters whereas (E) HHV6 explants showed B cell infiltration. CD20
(brown).
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Imagel software was used to quantify CD20+ B cells and total lymphocytic infiltrate (based
on haematoxylin stain) in paediatric livers. BA samples taken at KPE (hilum and wedge, n=49)
showed a significant difference in CD20+ B cell infiltration between the hilum and wedge (p-
value <0.0001) (figure 3.10A). Hilum samples had significantly higher amounts of CD20+ B
cells compared to matched wedge (p-value 0.0491) and explant samples (p-value 0.0182)
(n=17) (figure 3.10B(i)). Total lymphocytic infiltrate was also significantly higher in the hilum
compared to wedge (p-value 0.0022) and explant livers (p-value 0.0010) (figure 3.10B(ii)). B
cell enrichment was measured by calculating the ratio between CD20+ B cells and total
lymphocytes amongst BA samples. B cell enrichment was not significantly different between
hilum, wedge, and explant samples (figure 3.10C) showing that BA patients did not have
elevated levels of B cell infiltration compared to total lymphocytes. The high number of B
cells observed was in proportion to the lymphocytic infiltration occurring in these patients
suggesting and that the hilum was where there is active ongoing disease. Compared to other
paediatric diseases, BA explant samples had lower B cell infiltration which was not
significantly different (figure 3.10D) however this may be due to differences in age between

these paediatric diseases (Appendix table 2-5).
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Figure 3.10 BA samples do not have an enrichment of B cells. (A) The hilum (n=49) had
increased CD20 B cells compared to the wedge (n=49). (B(i)) This was also observed when
comparing hilum to wedge and explant (n=17) samples. (B(ii)) Total lymphocytes were also
increased in the hilum however (C) the ratio between total lymphocytes and CD20+ B cells
showed no difference between sample location; hilum (n=17) (blue), wedge (n=17) (red) and
explant (n=17) (grey). (D) Comparison of CD20 amongst other paediatric diseases showed
that BA had a lower B cell infiltration. BA explant (n=17) (blue), SOAH explant (n=7) (red) and
HHV6 explant (n=3) (green). (A) Wilcoxon test was used. (B(i) and C) Dunn's multiple
comparisons test was used. (B(ii) Tukey’s multiple comparisons test was used. (D) Dunnett’s
multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**), p-value <

0.0001 (****),
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3.3.3 Lymphoid aggregates mostly contained CD20+ CD24- B cells and CD3+ T cells
Immunofluorescence was used to identify B cell subsets present within BA tissue. Lymph
nodes from BA patients were used as positive controls (figure 3.11A and 3.11B) and IMCs
were used as negative controls (figure 3.12A-C). We stained for CD20 to identify B cells,
CD24 to determine proportions of CD24+ and CD24- B cells following on from our adult B cell
liver phenotyping, CD3 to identify lymphoid aggregates with high T cell frequencies and Bcl2
to identify any potential TLS, which do not contain Bcl2+ cells. To measure IL-6-expressing

cells, we co-stained with anti-IL-6. Syndecan-1+ PBs/PCs were detected with anti-CD138.
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Figure 3.11 Immunofluorescence positive controls using BA lymph nodes. BA hilum sample
that contained lymph nodes was used as a positive control. Age at KPE was 52 days. (A) BA
lymph node with panel 2 staining. CD20 (orange), IL-6 (white), CD138 (green) and CD24 (red).
(B) Panel 3 staining on BA lymph nodes. DAPI (blue), Bcl2 (white), CD138 (green) and CD3
(red).
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Figure 3.12 Immunofluorescence negative controls using IMC on BA lymph nodes. BA hilum
sample that contained lymph nodes was used as a negative control for IMC. Age at KPE was
48 days. (A — C) IMC was used as negative controls in BA tissue. (A) DAPI (blue), CD20
(orange), CD38 (green) and CD24 (red). (B) CD20 (orange), IL-6 (white), CD138 (green) and
CD24 (red). (C) DAPI (blue), Bcl2 (white), CD138 (green) and CD3 (red).

CD20+ B cells can be found around bile ducts (figure 3.13A) and within fibrotic tracts (figure

3.13B) as observed in IHC (figure 3.7).
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Figure 3.13 CD20+ B cells are found around bile ducts and in fibrotic tracts in BA tissue. (A)
CD20+ B cells were found around bile ducts (dashed white line). This sample was taken from
BA hilum and the age of the patient at KPE was 37 days. DAPI (blue), CD20 (orange), CD38
(green) and CD24 (red). (B) B cells were also found in fibrotic tracts. This sample was taken
from BA hilum and the age of the patient at KPE was 31 days. DAPI (blue), CD20 (orange),
CD38 (green) and CD24 (red).

Samples from the same patient from the hilum, wedge and explant were analysed using the

three immunofluorescence panels (table 3.3). CD20+ CD24- CD38- B cells made up majority
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of the B cells within the aggregate in the hilum (figure 3.14A(i)). CD20+ CD24- B cells also
expressed IL-6 (figure 3.14A(ii)). To differentiate between B cell aggregates and lymphoid
aggregates, CD3 was used to identify T cells. In this aggregate, CD3+ T cells were dispersed
within the B cells (figure 3.14A(iii)) showing that this was a lymphoid aggregate. Bcl2
staining was used to identify GC-like structures. Bcl2+ cells were detected throughout the

aggregate showing that this aggregate was not a GC-like structure (figure 3.14A(iii)).

In the wedge sample from the same patient, low amounts of CD20+ CD24- CD38- B cells
were observed (figure 3.14B(i)) and no IL-6+ cells were identified near the bile duct in this
section of tissue (figure 3.14B(ii)). CD3+ T cells were also detected around the bile duct in

this wedge sample (figure 3.14B(iii)).

Explant from this patient showed the presence of a B cell aggregate (figure 3.14C) and mixed
immune cells surrounding a bile duct (figure 3.14D). The explant tissue section containing
the B cell aggregate consisted of mostly CD20+ CD24lo/- B cells (figure 3.14C(i)) and these
cells did not express IL-6 (figure 3.14C(ii)) and were Bcl2+ (figure 3.14C(iii)). Furthermore, in
this B cell aggregate CD3+ T cells were present around the periphery of the aggregate (figure
3.14C(iii)). The bile duct tissue section from the same patient explant sample showed the
presence of CD20+ CD24- CD38- B cells (figure 3.14D(i)) and majority of these CD20+ CD24-
B cells were IL-6+ (figure 3.14D(ii)). An abundance of CD3+ T cells were also observed

around the bile duct (figure 3.14D(iii)).
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Figure 3.14 CD20+ CD24- B cells made up most of the aggregates and were IL-6+. These
images are from the hilum, wedge, and explant of one BA patient. Age at KPE was 31 days
and age at transplant was 208 days. This figure showed (A) lymphoid aggregates in the
hilum, (B) B cells in wedge samples, (C) B cell aggregates in explant tissue and (D) B cells in
explant tissue which is what majority of BA explants look like across (i) panel 1, DAPI (blue),
CD20 (orange), CD38 (green) and CD24 (red), (ii) panel 2, IL-6 (white), CD20 (orange), CD138
(green) and CD24 (red) and (iii) panel 3, DAPI (blue), Bcl2 (white), CD138 (green) and CD3
(red).

Figure 3.14A showed that the aggregate contained a mixture of B and T cells indicating that
this was a lymphoid aggregate. Analysis of a B cell aggregate from a different BA patient also
showed that CD20+ CD24- B cells made up majority of the aggregate (figure 3.15A(i))
alongside Bcl2+ cells and majority of the lymphocytes expressed IL-6, including CD20+ CD24-
B cells (figure 3.15A(ii)). Bcl2 expression confirmed that this B cell aggregate was not a GC-

like structure (figure 3.15A(iii)). CD3+ T cells are present surrounding the B cell aggregate

(figure 3.15A(iii)).
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Figure 3.15 B cell express IL-6 in BA aggregates. Another B cell aggregate from the hilum of
a BA patient. Age at KPE was 57 days. This B cell aggregate was composed of a CD20+ B cell
core surrounded by CD3+ T cells. The same aggregate was analysed using (i) panel 1, DAPI
(blue), CD20 (orange), CD38 (green) and CD24 (red), (ii) panel 2, IL-6 (white), CD20 (orange),
CD138 (green) and CD24 (red) and (iii) panel 3, DAPI (blue), Bcl2 (white), CD138 (green) and
CD3 (red).

3.3.4 Mixed immune infiltrate was observed surrounding bile ducts

The BA patient analysed in Figure 3.14 showed mixed immune infiltrate surrounding bile
ducts. B and T cells were detected around the bile duct in another BA patient sample (figure
3.16). CD20+ CD24- CD38- B cells were present around the bile duct (figure 3.16A(i)), and
majority of these infiltrates expressed IL-6 (figure 3.16A(ii)). High amounts of CD3+ T cells
were also detected around the bile duct (figure 3.16A(iii)). An interesting observation

showed that cholangiocytes themselves were IL-6+ (figure 3.16A(ii)). Cholangiocytes were

identified by morphological identification of bile ducts.
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Figure 3.16 Mixed immune infiltrate is detected around bile ducts. This sample was taken
from the hilum of a BA patient. Age at KPE was 57 days. The immune cells around the bile
duct (dashed white line) were analysed using (i) panel 1, DAPI (blue), CD20 (orange), CD38
(green) and CD24 (red), (ii) panel 2, IL-6 (white), CD20 (orange), CD138 (green) and CD24
(red) and (iii) panel 3, DAPI (blue), Bcl2 (white), CD138 (green) and CD3 (red). CD20+ B cells,
CD20+ IL-6+ B cells and CD3+ T cells were detected around the bile ducts.

3.3.5 Lymphoid aggregates and mixed immune infiltrates were observed in adult
livers

BA is a cholestatic liver disease, as we had no access to other paediatric cholestatic livers, we
made the decision to compare BA to adult cholestatic liver diseases (PBC and PSC). The
presence of lymphoid aggregates was also observed in adult PBC livers (figure 3.17). Most of
this lymphoid aggregate consisted of CD20+ CD24- B cells (figure 3.167(i) and 3.167(ii)) with

CD3+ T cells dispersed amongst the B cells (figure 3.17A(iii)).
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Figure 3.17 Aggregates were also found in adult cholestatic livers. Representative images of
a lymphoid aggregate in adult PBC liver tissue for (i) panel 1, DAPI (blue), CD20 (orange),
CD38 (green) and CD24 (red), (ii) panel 2, IL-6 (white), CD20 (orange), CD138 (green) and
CD24 (red) and (iii) panel 3, DAPI (blue), Bcl2 (white), CD138 (green) and CD3 (red).

Mixed immune infiltrate was also located near bile ducts (figure 3.18). Majority of the
surrounding B cells consisted of CD20+ CD24- B cells (figure 3.18A(i)) with CD3+ T cells mixed
amongst the infiltrates (figure 3.18A(iii)). These lymphoid aggregates also had the presence
of CD138+ PCs (figure 3.18A(ii) and 3.18A(iii)) suggesting that these cells produced

autoantibodies, as CD138 is a PC marker, and could contribute to disease pathogenesis in

adult cholestatic liver diseases.
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Figure 3.18 Mixed immune infiltrate was also detected in adult cholestatic livers.
Representative images showing mixed immune infiltrate was detected around the bile duct
(dashed white line) in adult PBC liver tissue in (i) panel 1, DAPI (blue), CD20 (orange), CD38
(green) and CD24 (red), (ii) panel 2, IL-6 (white), CD20 (orange), CD138 (green) and CD24
(red) and (iii) panel 3, DAPI (blue), Bcl2 (white), CD138 (green) and CD3 (red).

Adult cholestatic livers also showed the presence of IL-6 (figure 3.19A) however IL-6 was not

present in all adult livers analysed (figure 3.19B).
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Figure 3.19 CD20+ IL-6+ B cells can be found in adult cholestatic livers but are not present
in all. Representative images showed (A) IL-6+ B cells can be found in adult PBC livers and (B)
that CD20+ B cells were present in the fibrotic tract of adult PSC livers.

3.3.6 CellProfiler was used to quantify B cell subsets present in the liver
Immunofluorescence image sections provide qualitative data on the location of B cells.
CellProfiler was used to quantify counts of B cell subsets present within each
immunofluorescence single stain image from all the BA samples and locations. The cell
profiler pipeline for each panel is shown in Figure 3.20. Each marker was filtered to remove
background noise and these filtered images were combined with DAPI to identify live cells
that were positive for each marker. From this point CD20 images were masked with CD24+
and CD38+ cells in panel 1 (figure 3.20A) and CD24+ and CD138+ in panel 2 (figure 3.20B) to

get CD20+ CD24- B cells. For panel 3, Bcl2 images were masked with CD3 and vice versa
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(figure 3.20C). CellProfiler counts for CD20+ CD24+ B cells, CD20+ CD24- B cells, CD20+

CD24- IL-6+ B cells, Bcl2+ CD3- cells and CD3+ T cells were quantified.
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Figure 3.20 CellProfiler pipeline used to quantify B cell subsets. CellProfiler pipeline for (A)
panel 1, (B) panel 2, and (C) panel 3. Cells were identified based on single colour images and
related to DAPI for live cells. Downstream analysis categorised pixel data into the different
subsets analysed; CD20+ CD24+ B cells, CD20+ CD24- B cells, CD20+ CD24- IL-6+ B cells, Bcl2+
CD3- cells and CD3+ cells.
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CellProfiler created images based on the information obtained from the pipeline, showing all
the different subsets, helping to clarify and focus what is observed in the raw
immunofluorescence images (figure 3.21). The raw images for the three panels (figure
3.21A) were put through the pipelines and figures were composed based on the subsets of
interest (figure 3.21B). The counts of each subset were normalised to DAPI and then plotted
onto a stack chart to show the distribution of subsets across each image (figure 3.21C).
CD20+ CD24- B cells made up majority of the subsets detected in lymphoid aggregates along
with Bcl2+ CD3- cells, suggesting that this aggregate was not a TLS. Whilst majority of
aggregates consisted of Bcl2+ CD3- cells, these cells were not B cell specific and encompass
all cells that were Bcl2+ CD3-. This lymphoid aggregate also contained CD20+ CD24- IL-6+

cells and a small portion of the cells in the aggregate were CD3+ T cells (figure 3.21C).
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Figure 3.21 CD20+ CD24- B cells make up majority of the B cells in this lymphoid aggregate.
(A) Representative immunofluorescence panels on a lymphoid aggregate from the hilum of a
BA patients who was 57 days old. (B) CellProfiler images composed to pixel subset data
obtained from the pipeline for all three panels. (C) Stack charts created using normalised
subset data to visualise the subsets present in each panel image analysed. The percentages
for each subset are shown. DAPI (blue), CD20+ CD24- B cells (yellow), CD20+ CD24+ B cells
(green), CD20+ CD24- IL-6+ B cells (red), CD138+ plasma cells (pink), Bcl2+ cells (white) and
CD3+ T cells (orange).
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Subset count data was analysed in adult and BA liver tissue sections (figure 3.22). Subset
data as percentages of total DAPI+ cells was plotted for IMC (figure 3.22A), positive control
(figure 3.22B) and paediatric and adult livers. The distribution of subsets was significantly
different in adult cholestatic liver diseases (figure 3.22C), BA hilum (figure 3.22D), wedge
(figure 3.22E) and explant livers (figure 3.22F). Significant differences were observed
between subset expression for all liver samples analysed (figure 3.22). Table 3.5 shows the

p-values for all significant comparisons.
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Figure 3.22 Lymphocyte subsets present at early and late stage in BA. Subsets analysed in

(A) IMC and (B) positive controls, (C) adult PBC and PSC liver explants, (D) BA hilum, (E)

wedge and (F) explant samples. Similar expression of subsets were detected across all liver

samples analysed. Significant differences were observed between subsets. (A-F) Dunn's
multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**), p-value <

0.0002 (***), p-value < 0.0001 (****).

Table 3.5 The p-values for the comparisons shown in Figure 3.22 are shown in this table.
Adults, BA hilum, wedge and explant samples were analysed, and the frequencies of subsets
were compared to each other to test for significance. This table shows the significant p-

values amongst the different subsets compared.

Sample type | Comparison between subsets p-value

Adult livers CD20+CD24+ vs. CD20+ CD24- 0.0087
CD20+CD24+ vs. Bcl2+ <0.0001
CD20+CD24+ vs. CD3+ 0.0188
CD20+ CD24- vs. CD138+ <0.0001
CD20+CD24-1L-6+ vs. Bcl2+ 0.0021
CD138+ vs. Bcl2+ <0.0001
CD138+ vs. CD3+ <0.0001
CD138+ vs. CD20+IL-6+ 0.0128
Bcl2+ vs. CD20+IL-6+ 0.0207

Hilum CD20+CD24+ vs. CD20+ CD24- <0.0001
CD20+CD24+ vs. CD138+ 0.0026
CD20+CD24+ vs. Bcl2+ <0.0001
CD20+CD24+ vs. CD3+ <0.0001
CD20+ CD24- vs. CD20+CD24-IL-6+ | 0.0011
CD20+ CD24- vs. CD138+ <0.0001
CD20+ CD24- vs. CD20+IL-6+ 0.0164
CD20+CD24-IL-6+ vs. CD138+ 0.0009
CD20+CD24-1L-6+ vs. Bcl2+ <0.0001
CD20+CD24-IL-6+ vs. CD3+ 0.0019
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CD138+ vs. Bcl2+ <0.0001
CD138+ vs. CD3+ <0.0001
CD138+ vs. CD20+IL-6+ <0.0001
Bcl2+ vs. CD20+IL-6+ <0.0001
CD3+ vs. CD20+IL-6+ 0.0218
Wedge CD20+CD24+ vs. CD20+ CD24- 0.0050
CD20+CD24+ vs. CD138+ 0.0167
CD20+CD24+ vs. Bcl2+ <0.0001
CD20+ CD24- vs. CD20+CD24-IL-6+ | 0.0004
CD20+ CD24- vs. CD138+ <0.0001
CD20+ CD24- vs. CD20+IL-6+ 0.0229
CD20+CD24-1L-6+ vs. Bcl2+ <0.0001
CD138+ vs. Bcl2+ <0.0001
CD138+ vs. CD3+ <0.0001
CD138+ vs. CD20+IL-6+ 0.0160
Bcl2+ vs. CD3+ 0.0036
Bcl2+ vs. CD20+IL-6+ <0.0001
Explant CD20+CD24+ vs. Bcl2+ <0.0001
CD20+CD24+ vs. CD3+ 0.0344
CD20+ CD24- vs. CD20+CD24-IL-6+ | 0.0261
CD20+ CD24- vs. CD138+ <0.0001
CD20+CD24-1L-6+ vs. Bcl2+ <0.0001
CD20+CD24-IL-6+ vs. CD3+ 0.0052
CD138+ vs. Bcl2+ <0.0001
CD138+ vs. CD3+ <0.0001
Bcl2+ vs. CD20+IL-6+ <0.0001
CD3+ vs. CD20+IL-6+ 0.0468
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Subsets were analysed for each adult and BA liver samples (figure 3.23). No differences were

observed in the distribution of CD20+ CD24+ B cells (figure 3.23A), CD20+ CD24- B cells

(figure 3.23B), CD20+ CD24- IL-6+ (figure 3.23C), Bcl2+ CD3- cells (figure 3.23E) and CD3+ T

cells (figure 3.23F) between adult cholestatic liver explants and BA hilum, wedge, and

explant samples. CD138+ PCs were significantly different between hilum and wedge (p-value

<0.0001), explant (p-value 0.0161) and adult liver samples (p-value 0.0009) (figure 3.23D),

however the number of PCs measured in these tissues was very low.
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Figure 3.23 No differences were observed in subset expression amongst adult and
paediatric livers. Subset expression analysis was carried out for (A) CD20+ CD24+ B cells, (B)
CD20+ CD24- B cells, (C) CD20+ CD24- IL-6+ B cells, hilum (n=53), wedge (n=30), explant
(n=32) and adult livers (n=22) (D) CD138+ plasma cells, hilum (n=37), wedge (n=26), explant
(n=19) and adult livers (n=22) (E) Bcl2+ CD3- cells and (F) CD3+ T cells hilum (n=37), wedge
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(n=25), explant (n=19) and adult livers (n=13), between BA hilum (blue), wedge (red), explant
(purple) and adult cholestatic liver diseases (green). Only CD138+ cells showed significant
differences however their percentage expression was low for all samples. (A-F) Dunn's
multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0002 (***), p-value <
0.0001 (****),

Subsets were compared between non-syndromic and syndromic BA patients for hilum,
wedge, and explant liver samples (appendix 6). These data showed no difference between

these two groups. A significant difference was detected for CD138 percentage expression

between syndromic hilum and syndromic wedge samples (p-value <0.0001) (appendix 6D).

Taken together, these data showed that BA patients had higher lymphocytic infiltration in
the hilum compared to wedge and explant. CD20+ CD24- B cells made up majority of the B
cell subsets present in BA tissue, within B cell and lymphoid aggregates and around bile
ducts. These B cells also expressed IL-6 suggesting that they contribute to inflammation.
Furthermore, there was no difference between non-syndromic and syndromic BA patients

for the frequencies of subsets present in the liver.
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3.4 Discussion

BA is a paediatric disease where samples can be obtained during early disease, at the time of
KPE and at end-stage disease, at the time of liver transplantation, giving a unique

opportunity to investigate B cell subset incidence in disease progression.

It is not understood if liver damage commences in the biliary tree or the liver periphery for
many patients. The hilum region was different from the periphery in early and end-stage
disease as the hilum had increased B cells (figure 3.10A and 3.10B(i)) and immune infiltrates
(figure 3.10B(ii)) which may be due to the close proximity of the hilum to the hepatic artery
and portal vein (Rogers and Dintzis, 2012). On the other hand, increased immune infiltrates

at the hilar region may indicate ongoing disease.

Furthermore, B cell aggregates were detected in the hilar region in BA samples (figure 3.9A)
but not in BA wedge samples (figure 3.9B) suggesting that the hilum was the site of
inflammation in paediatric cholestatic liver diseases. Majority of BA explant samples had no
presence of B cell aggregates (figure 3.9C(ii)) however 5 out of 18 BA patients showed the
presence of B cell aggregates during end-stage liver disease (figure 3.9C(i)) suggesting that B

cell aggregates may contribute to disease pathology.

Our BA cohort consisted of 31 females and 24 males between the ages of 22-116 days.
Fibrosis status in these patients ranged from no fibrosis to mild/moderate fibrosis. 27 BA
patients had the presence of B cells and/or lymphoid aggregates in the hilum. Of these
patients, 13 were males and 14 were females showing no difference between sex for the

presence of B cell and/or lymphoid aggregates. Patients with B cell and/or lymphoid
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aggregates were between 22-77 days old at the time of KPE. The clinical data available does

not explain the heterogeneous profiles observed in our cohort of BA patients.

3.4.1 Characterisation of lymphoid aggregates

Characterisation of these aggregates showed that many of the aggregates were lymphoid
aggregates. CD20+ CD24- B cells and Bcl2+ cells made up majority of the lymphoid
aggregates with few CD3+ T cells dispersed amongst the core and with CD3+ T cells also
surrounding the lymphoid aggregates in BA samples (figure 3.14A, 3.15) and in adults
explanted liver samples (figure 3.17). This composition of lymphoid aggregates was also
observed in patients with IBD and colorectal cancer (Nascimbeni et al., 2005), in chronic HCV
patients (Dhingra et al., 2016) and in HCV liver biopsies where CD4+ T cells were dispersed
amongst the lymphoid aggregates and CD8+ cytotoxic T cells were present surrounding the
lymphoid aggregates (Freni et al., 1995). This implies that lymphoid aggregates may
contribute to disease pathology through the cytotoxic effects of CD8+ T cells present. In
addition, CD4+ T cells may provide T cell help to B cells inducing their differentiation into
effector B cells however further characterisation of these aggregates using multiparametric

techniques is required to elucidate their roles in disease.

3.4.2 Lymphoid aggregates in disease

The presence of lymphoid aggregates was not disease specific indicating that they may
contribute to pathogenesis across many different adult and paediatric diseases. Lymphoid
aggregates have also been detected in paediatric patients with gastrointestinal problems
(Mansueto et al., 2012, Carpentieri et al., 2000, Jaskiewicz and Kobierska, 2000, Kara et al.,

2014) however there was no association between lymphoid aggregates and clinical
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symptoms (Mansueto et al., 2012). Liver biopsies from adult acute HCV hepatitis showed
that lymphoid aggregates were found near bile ducts and these lymphoid aggregates were
associated with biliary epithelium injury (Dhingra et al., 2016). Furthermore, Akyol et al.,
found that bile duct damage was detected in 45% of HCV biopsies and 27% of HBV biopsies
and both groups had the presence of lymphoid aggregates (Akyol et al., 2001). No
correlation analyses were done to investigate the association between lymphoid aggregate
formation and bile duct damage however, we hypothesise that lymphoid aggregates may
contribute to bile duct damage as they expressed IL-6+ B cells. Naemi et al., stated that
lymphoid aggregates, from BM biopsies, were made up of B cells surrounded by T cells,
which were negative for GC formation and had an increased tendency to be malignant
(Naemi et al., 2013). This suggests that lymphoid aggregates observed in the hilum may be
pathogenic and contribute to inflammation and fibrosis resulting in the requirement of liver
transplant. Furthermore, if these lymphoid aggregates contribute to tissue injury, they could
be recruiting more immune cells which would explain why the hilum had increased immune
infiltrates in BA patients. The presence of these aggregates shows the potential of these
inflammatory lesions to be B cell driven. The microenvironment in the hilum may support B
cell proliferation and aggregation through the production of cytokines instead of antigenic
stimulation. Hilar aggregates help identify a subset of BA patients which may benefit from

anti-inflammatory treatment.

Lymphoid aggregates analysed consisted mainly of CD20+ CD24- B cells and a subset of these
B cells produced IL-6 (figure 3.14A, 3.15 and 3.21C) implying a role of CD20+ CD24- B cells in
BA pathogenesis. CD20+ CD24- B cells and CD20+ CD24- IL-6+ B cells were also present in

lymphoid aggregates observed in adult cholestatic liver diseases (figure 3.17) suggesting that
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they contribute to paediatric and adult liver disease pathology through the production of IL-
6, which is a pro-inflammatory cytokine (Widjaja et al., 2020) and these lymphoid aggregates
were not disease specific. Inflammatory cytokines also target cholangiocytes in
autoimmunity and infections and under chronic inflammation, damage the biliary epithelium
which results in the proliferation of bile ducts, ‘ductular reaction’ (Yamagiwa Y, 2000-2013).
Ductular reaction was also observed in BA livers (figure 3.7D) indicating that pro-
inflammatory cytokines are damaging the biliary epithelia resulting in increased
cholangiocyte proliferation. Cholangiocytes themselves may also contribute to liver injury as
they secrete IL-6 (figure 3.16). Increased IL-6 secretion was observed from cholangiocytes
during inflammation (Yamagiwa Y, 2000-2013, Pinto et al., 2018). Furthermore, IL-6
production by cholangiocytes may contribute to the repair of tissue damage (Pinto et al.,
2018) however, during chronic inflammatory disease, altered IL-6 expression resulted in
proliferation of cholangiocytes (Yamagiwa Y, 2000-2013) and induced increased IL-6
secretion contributing to liver injury. These lymphoid aggregates observed in BA livers were
not GC-like as they expressed Bcl2 (figure 3.14A, 3.15 and 3.23E) which was also the case for
lymphoid aggregates present in adult liver diseases (figure 3.17 and 3.23E). Furthermore,
low CD138+ B cells were present in the hilum (figure 3.23D) supporting the data that GC-like

structures were not present in paediatric and adult cholestatic livers.

3.4.3 Mixed immune infiltrates observed in livers

Mixed immune infiltrate was observed around bile ducts in BA samples (figure 3.14D and
3.16) and in adult livers (figure 3.18) suggesting that inflammation in these diseases was not
purely driven by B cells. Human BA samples showed increased mRNA expression of Thl

cytokines (IFN-y, TNF-a, IL-2 and IL-12) in the portal tracts of patients at the time of diagnosis
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(Mack et al., 2004). RRV-induced mouse models of BA showed elevated amounts of CD4+ T
cells, CD8+ T cells and IFN-y one week post RRV injection (Mack et al., 2005) corroborating
data shown in human BA. Furthermore, RRV-induced mice showed that the loss of Ifng
resulted in the diminished tropism of lymphocytes to bile ducts, preventing the development
of BA (Shivakumar et al., 2004). This all suggests that both cellular and humoral immune

responses contribute to the progression of BA.

BA patients had increased immune infiltration in the hilum region compared to the
periphery. Furthermore, the hilum was where most of the lymphoid aggregates were found.
These lymphoid aggregates consisted of CD20+ CD24- B cells and CD3+ T cells. In majority of
these lymphoid aggregates, CD20+ CD24- B cells expressed IL-6 which may contribute to
pathogenicity of the aggregates. Furthermore, lymphoid aggregates were surrounded by T

cells which could also contribute to disease pathology.

3.5 Conclusions

Due to COVID | was unable to obtain fresh paediatric tissue to characterise the B cell
compartment using flow cytometry however | was able to characterise existing FFPE tissue
sections. To my knowledge, this was the first time when multi-parametric approached have
been used to investigate B cells in the hilum compared to liver periphery in BA. | was also
able to investigate B cell subsets in early disease and compare them to explant samples.
Adult and children had similar phenotypes in the B cell subsets present during end-stage
disease (figure 3.22 and 3.23). Lymphoid aggregates were in their majority Bcl2+ CD3-, and
CD20+ CD24- B cells were frequent. CD138+ B cells were rare, indicating a reduced incidence

of antigen-specific responses in BA tissues. Often, B cells expressed IL-6. As B cells lacked
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centre stage in tissues from our BA patient cohort, it was important to characterise the
inflammatory infiltrate more broadly and in more detail. From this chapter, using the CD20
screening of BA sections to identify livers with inflammatory aggregates, | chose BA patients

to further characterise using transcriptomics analyses.
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CHAPTER 4 — DIFFERENTIAL GENE EXPRESSION IN BILIARY

ATRESIA
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4.1 Introduction

BA can be split into syndromic and non-syndromic BA (Patel et al., 2021). Syndromic BA is
also known as embryonic BA or BA with splenic malformation (BASM) syndrome (Chu et al.,
2012). These patients display vascular and cardiac anomalies and appear to have failed
development of extrahepatic bile ducts (Lakshminarayanan and Davenport, 2016).
Syndromic BA occurs during the first trimester and is thought to have a developmental origin
and patients with syndromic BA had a worse prognosis compared to non-syndromic BA
patients (Ortiz-Perez et al., 2020). Non-syndromic or isolated BA is the most common BA
which does not have any distinguishing features (Lakshminarayanan and Davenport, 2016)
and symptoms begin to show after birth (Ortiz-Perez et al., 2020). Identifying differences in
genetic profiles between non-syndromic and syndromic BA patients will help to stratify

patients and provide targeted therapies to these patients.

4.1.1 Transcriptomic studies in BA

There are limited transcriptomic studies examining BA samples from early disease to end-
stage disease. Studies using BALB/c mice infected with rotavirus showed differential gene
expression during disease progression (Carvalho et al., 2005). At the onset of injury, IRF7 and
IRF9 genes were expressed however, at the time of duct obstruction, IFN-y and IFN-y related
genes such as STAT1, CXCL9, and CXCL10 were expressed indicating a pro-inflammatory
environment during early BA (Carvalho et al., 2005). Single cell RNA sequencing, carried out
in 3 patients with BA identified 11 main lineages including B cells, T cells, natural killer T
(NKT) cells, fibroblasts, hepatocytes, and BECs using published gene signatures for each

lineage (Ye et al., 2022). The B cell subsets identified in these BA samples included
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transitional B cells, immature B cells, naive B cells and PBs/PCs. Transitional B cells were
found in fibrotic niches alongside NKT cells, and these subsets were enriched for fibroblast
proliferation suggesting that they contribute to fibrosis and pathogenesis in BA (Ye et al.,
2022). Chemokine signalling, TLR signalling, inflammatory response and immune response
genes were enriched in six BA explanted liver samples (Min et al., 2020). This study identified
98 differentially regulated genes between BA explants and controls. CXCL5 and /L8 were
upregulated in BA samples alongside genes associated with hepatic fibrosis: EPHB2 and
ANXA2 (Min et al., 2020) implying that at end-stage disease, there is increased hepatic
fibrosis. The upregulation of CXCL5 and IL8 was consistent with the pathogenesis of non-
syndromic BA (Bessho and Bezerra, 2011). RNA isolated from the liver tissue of BA patients
had upregulated /IL6R and C6 and downregulated MMP7 in BA samples (Xiao et al., 2014).
The literature has shown that several inflammatory related genes such as IFNG (Bezerra et
al., 2002, Vejchapipat et al., 2012, Narayanaswamy et al., 2007), STAT1 (Carvalho et al.,
2005) and IL18 (Vejchapipat et al., 2012) were differentially expressed in BA samples. The
activation of these genes can induce innate immunity and modulate the activation of
antigen-specific acquired immunity (lordanskaia et al., 2013, Saito et al., 2011). It is difficult
to work out if the inflammatory response is causal or a consequence of BA-related tissue
damage using gene expression analyses, and this is where comparative studies between
well-characterised syndromic and non-syndromic cohorts would be useful. Microarray
analysis found genes involved in hepatic development, morphogenesis and fibrogenesis to
be differentially expressed in BA patients compared to normal and diseased controls (Chen

et al.,, 2003).
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4.1.2 Nanostring nCounter panels

Studies investigating hepatocellular carcinoma have used Nanostring technologies to identify
prognostic genes in liver samples (Hoshida et al., 2013, Crouchet et al., 2021, Hsu et al.,
2021). Studies have also investigated liver diseases such as NAFLD (Kriss et al., 2020) and PBC
(Hardie et al., 2016). The Nanostring human immunology v2 code set was used to define
transcriptional changes in early NAFLD (Kriss et al., 2020). This transcriptomic study found
that osteopontin (OPN) and CXCL10 genes were upregulated in early non-fibrotic NAFLD and
that this may be useful as non-invasive biomarkers to detect early NAFLD (Kriss et al., 2020).
The Nanostring panCancer panel was used to identify genetic profiles to help stratify PBC

patients to improve their care (Hardie et al., 2016).

The Nanostring nCounter human organ transplant (HOT) panel was created in collaboration
with Banff Foundation for Allograft Pathology and profiles 770 genes across 37 different
pathways (Nanostring, 2020, Mengel et al., 2020). The benefit of this panel is that RNA
isolated from FFPE archival tissue can be used. Many studies using the HOT panel have
investigated kidney tissue (Smith, 2021, Smith et al., 2023, Rosales et al., 2022, Gambella et
al., 2021) however, no studies using this panel have investigated liver tissue. There is no
literature on the HOT panel being used to investigate transcriptomics in liver tissue,
specifically in paediatric liver tissue. Hardie et al., showed that even at early stage of PBC,
high risk patients were biologically different to low-risk patients. Using the HOT panel, we
may be able to highlight differences in biology between non-syndromic and syndromic BA
which would help tailor their care accordingly. Furthermore, transcriptomics can help

identify differences in early disease, compared to end-stage disease.
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4.1.3 Aims and objectives

The progression of liver fibrosis in BA occurs rapidly compared to other adult and paediatric
liver diseases (Ye et al., 2022) and identifying genetic signatures would be beneficial to
elucidate immune signalling pathways that are upregulated in BA compared to other adult
and paediatric liver diseases. The literature lacks gene expression studies in the liver during
disease progression compared to end-stage disease for BA. Comparative analyses between
hilum and liver periphery are also lacking. We had access to a well-characterised patient
cohort of syndromic and non-syndromic BA, with FFPE liver biopsy samples from the hilum
and liver periphery obtained during KPE, and additional biopsy material from end-stage-

disease from the same children, which was obtained from their liver explant tissue.

Objectives

In this chapter, we used the Nanostring Human Organ Transplant v2 panel, and we set out

to:

1. ldentify distinct inflammatory gene expression profiles between non-syndromic and
syndromic BA patients

2. Identify differences in genetic signatures between early-stage BA and end-stage
disease

3. Detect differences in gene expression between hilum, wedge and explant BA samples
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4.2 Methodology

4.2.1 Paediatric liver samples

Total RNA was isolated from paediatric scrolls from non-syndromic (n=3) and syndromic
(n=3) BA patients using the protocol mentioned in 4.2.2.2. These BA patients were the same
patients analysed using IHC and IF in chapter 3. Scrolls were taken from the hilum, wedge,
and explant regions from patients with end-stage liver disease undergoing transplantation
and at the time of KPE, at the Birmingham Children's Hospital, Birmingham. All samples were
obtained from the liver unit tissue bank registry (South West — Central Bristol Research
ethics committee approval reference 17/SW/0073). Clinical data for these patients is

available in Appendix table 2.

4.2.2 RNA isolation

4.2.2.1 Purelink FFPE Total RNA Isolation Kit

10 um scrolls were cut from paraffin blocks by Dr Gary Reynolds and placed into sterile
RNase free 1.5 ml Eppendorf tubes. The PureLink FFPE RNA isolation kit was used to
determine whether the number of scrolls, the age of the samples and the incubation time
would affect RNA quality and yield. Melting buffer was added to each tube and incubated for
10 minutes at 75°C with intermittent mixing every couple of minutes to melt the paraffin.
Proteinase K was added to the tubes and incubated at 60°C for 10 — 60 minutes, according to
incubation time. Each sample had 2, 4 and 6 scrolls, each incubated for 10, 20, 30, 40 and 60
minutes to determine the most effective incubation time. These samples were obtained
from two different years to assess RNA yield based on the age of the samples alongside the

number of scrolls required for a high yield of RNA.
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At the end of the incubation time the tubes were centrifuged at maximum speed for 1
minute to separate the tissue lysate from the paraffin layer. Using a clean RNase free
pipette, the paraffin layer was penetrated, and the tissue lysate was aspirated and
transferred to a clean RNase free tube. Binding buffer and 100% ethanol were added to the
tubes prior to transferring the solution to a spin cartridge. The tubes were centrifuged at 800
RCF for 1 minute and the flow through was discarded. The tubes were washed with wash
buffer three times before the spin cartridge was centrifuged at maximum speed for 1 minute
to remove any residual wash buffer. 30 pl RNase free water (pre-heated to 65°C) was added
to the centre of the spin cartridge and incubated at room temperature for 1 minute. The
cartridge was placed into RNase free 1.5 ml Eppendorf tubes and centrifuged at maximum
speed for 1 minute. The isolated total RNA was quantified using the nanophotometer and

nanodrop (table 4.1) before being store at - 80°C.

Table 4.1 RNA quantity and quality results. Two samples from different years were analysed
using different numbers of scrolls and different incubation times, to get the best quality of
isolated RNA with the highest yield. Samples were quantified on the nanophotometer; NP,

and the nanodrop; ND to gain a better understanding of RNA quality and quantity.

Sample Sample RNA vyield 260/280 Ratio | 260/230 Ratio
year (ng/ul)
ND NP ND NP ND NP
2018 2 scrolls 10
i 4.5 - 1.28 - 0.34 -
min
2 scrolls 20
. 14.0 20.0 1.55 3.333 0.48 0.370
min
2 scrolls 30
i 14.2 10.0 1.53 - 0.31 | 0.167
min
2 scrolls 40
. 8.0 4.0 1.54 - 0.29 -
min
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2 scrolls 60

. 51.0 40.0 1.53 1.818 | 0.23 | 0.137
min
4 scrolls 10
] 3.7 2.0 1.88 - 0.05 -
min
4 scrolls 20
i 11.1 4.0 1.70 - 0.26 0.77
min
4 IIs 30
scrotis 244 | 260 | 155 | 1.625 | 0.15 | 0.115
min
4 scrolls 40
) 21.5 18.0 1.70 - 0.11 | 0.067
min
4 scrolls 60
] 68.6 62 1.52 1.722 0.6 0.425
min
6 scrolls 10
] 17.9 18.0 1.27 2.250 | 0.25 | 0.191
min
6 scrolls 20
. 27.6 20.0 1.18 2 0.22 0.12
min
6 scrolls 30
) 19.7 16.0 1.54 2 0.41 | 0.444
min
6 scrolls 40
. 8.8 2.0 1.81 - 0.1 0.018
min
6 scrolls 60
. 68.7 58.0 1.63 1.812 | 0.77 | 0.580
min
2020 2 scrolls 10
. 5.7 2.0 1.24 - 0.41 -
min
2 scrolls 20
) 8.4 2.0 1.71 - 0.06 -
min
2 scrolls 30
i 16.1 8.0 1.61 - 0.77 0.4
min
2 scrolls 40
) 23.9 26.0 1.67 3.250 | 0.22 | 0.167
min
2 scrolls 60
. 27.0 16.0 1.64 - 0.59 | 0.308
min
4 scrolls 10
. 6.3 2.0 1.7 1 0.26 | 0.071
min
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4 IIs 20
scrotis 102 | 120 | 144 | - | 011 | 0.097
min
4 scrolls 30
. 24.6 18.0 1.54 - 0.41 0.231
min
4 scrolls 40
i 16.8 26.0 1.58 | 1.857 | 0.25 | 0.310
min
4 Il
scrolls60 1 439 | 460 | 176 | 1.643 | 0.32 | 0.235
min
6 scrolls 10
. 11.1 8.0 1.50 - 0.13 0.071
min
6 scrolls 20
. 13.1 14.0 1.63 - 0.04 0.022
min
6 scrolls 30
. 27.9 22.0 1.67 - 0.44 0.262
min
6 scrolls 40
. 16.2 16.0 1.45 2.667 0.31 0.333
min
6 scrolls 60
min 74.1 68.0 1.61 1.789 0.68 0.548

The RNA yields were plotted for each number of scrolls (figure 4.1) from data obtained from
the nanophotometer and nanodrop. The age of the sample did not affect RNA yield as
samples obtained from 2018 and 2020 were similar in their quantity of RNA isolated. The
number of scrolls required for a good RNA yield was a minimum of 6 scrolls incubated for 60

minutes.
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Figure 4.1 RNA optimisation using different numbers of scrolls and different incubation
times to get the best RNA yield. RNA was quantified using the nanophotometer and the
nanodrop to assess RNA yield. Samples were used from two different years to assess if age
impacted the quality of RNA; it did not. Different number of scrolls were used to determine
how many scrolls were needed for the best RNA yield. From this data we needed a minimum
of 6 scrolls to get a good RNA yield.

Quality of RNA is determined by the 260/280 and 260/230 ratios. The 260/280 ratio
determines amount of protein contamination with ratios lower than 2.1 indicating protein
contamination that can artificially increase RNA quantity measurement. The 260/230 ratio
indicates the presence of organic contaminants. Ratios lower than 1.8 have a lot of
contamination that can interfere with downstream applications (Nanostring, 2021b). The
ideal 260/80 and 260/230 ratios should be as close to 2 as possible. The quality of RNA
isolated using the PureLink FFPE RNA isolation kit was not ideal for downstream applications
(table 4.1) as the samples were contaminated with organic contaminants indicated by the
low 260/230 ratios. Nanostring was contacted for advice on how to improve RNA yield and

quality and the High Pure RNA isolation kit was suggested.

4.2.2.2 High Pure FFPET RNA Isolation Kit
10 um scrolls were cut and place into sterile RNase free 1.5 ml Eppendorf tubes. Xylene and

absolute ethanol were added to the tubes before being centrifuged at max speed for 2
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minutes. 1 ml of absolute ethanol was added to the tubes and centrifuged at max speed for
2 minutes before being blotted onto tissue o remove any ethanol residues. The tubes were
heated at 55°C for 10 — 20 minutes with open lids to dry the tissue pellets. RNA tissue lysis
buffer, 10% SDS and proteinase K were added to each deparaffinised tissue pellets and
incubated at 85°C for 30 minutes. The tubes were then placed on ice to cool them down to
55°C. Proteinase K was added to the tubes and incubated at 55°C for 30 minutes. The tubes
were centrifuged at maximum speed for 1 minutes and the supernatant was removed. RNA
binding buffer and absolute ethanol were added to the tissue lysates. The lysate solution
was transferred to a high pure filter tube and centrifuged at 6000 RCF for 30 seconds. The
filter fleece was centrifuged at maximum speed for 2 minutes to dry the fleece prior to the
addition of DNase working solution. The tubes were incubated for 15 minutes at room
temperature. The tubes were washed with wash buffer 1 and washed twice with wash
buffer 2 and the supernatant was removed. The tubes were further centrifuged at 16,000
RCF for 2 minutes to dry the filter fleece. 10-30 pl of elution buffer was added to the centre
of the fleece and incubated for 1 minute at room temperature before being centrifuged at
6000 RCF for 1 minute. Total RNA was quantified using the nanodrop (table 4.2) before
being stored at - 80°C. For this optimisation, different numbers of scrolls were taken from

biliary atresia wedge samples as these were the samples with the smallest tissue input size.
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Table 4.2 High Pure FFPET RNA isolation kit results. This kit isolated RNA of a good quality
and quantity. The higher the number of scrolls used, the better the RNA yield.

Number of 10um RNA vyield 260/280 260/230
scrolls (ng/ul) ratio ratio
1 21.1 1.81 1.03
2 17.3 2.095 2.065
3 40.8 2.12 1.47
4 38.45 1.92 0.39
6 60.6 1.98 0.48
8 72.0 1.97 0.86

The results showed that the higher the number of scrolls, the higher the yield of RNA (figure

4.2). Furthermore, this new kit had better 260/280 ratios and improved 260/230 ratios.

(o)
o
|

[o2]
T

RNA Yield (ng/uL)
N S
T T

o
|

1 2 3 4 6 8
Number of 10um scrolls

Figure 4.2 RNA yield using the high pure FFPET RNA isolation kit. RNA yield increased with
increasing number of scrolls. The High Pure FFPET RNA isolation kit extracted RNA with
improved 260/230 and 260/280 ratios which meant that the RNA was of a good quality with
minimal contaminants present.
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RNA was then isolated from selected paediatric liver FFPE scrolls using the high pure RNA

isolation kit and quality checked before being sent off to Nanostring.

4.2.2.3 Quality check for isolated total RNA

The RNA samples were quality checked on the Qubit and Tapestation by the Genomics
Birmingham Facility (Appendix table 5). Nanostring use the DV200% to determine
fragmentation levels in the sample and adjust RNA input accordingly (Nanostring, 2021b).
The DV200 is the percentage of fragments that are above 200 nucleotides (Matsubara et al.,
2020). The RNA samples were then aliquoted in 10 pl and sent to Nanostring for the

nCounter HOT panel assay.

4.2.3 Nanostring nCounter Human Organ Transplant v2 panel

The nCounter HOT panel detects the expression of up to 770 genes and is compatible with
RNA isolated from FFPE scrolls. A total RNA input of 300 ng is required for the nCounter run.
Specific genes targets of interest were hybridised with reporter code set and capture probe
set pipetted into each sample tube. The tubes were mixed by inversion and placed into a
pre-heated 65°C thermal cycles and incubated for 16-24 hours for hybridisation reactions to

occur. The strip tubes were then loaded onto a nCounter prep station (Nanostring, 2022).

The reagents used for the prep station were equilibrated to room temperature before being
processed on the prep station. The prep station prepares the samples for data collection on
the digital analyser by performing liquid transfers, magnetic bead separations and
immobilisation of molecular labels on the sample cartridge surface. The nCounter digital
analyser is a multi-channel epifluorescence scanner that takes images of the immobilised

fluorescent reporters in the sample cartridge. The standard data resolution collects 280

199



fields of views per cartridge lane and the output files contain reporter code counts. These
output files were analysed using the nSolver analysis software that also quality checks the

data (Nanostring, 2021a).

4.2.4 Statistical analysis

GraphPad Prism 9.4.1 was used to create graphs and perform statistical analysis. The
Shapiro-Wilk normality test was used to assess the normal distribution of my samples (figure
2.4). This test calculates the ratio between the standard deviation of our data to the
computed standard deviation of the slope from the QQ plot generated for our data.
Normality tests were used to determine the statistical tests carried out on our data.
Dunnett's T3 multiple comparisons test was used to analyse statistical significance between
unpaired, normally distributed samples. Dunn's multiple comparisons test was used to

analyse unpaired samples that were not normally distributed.
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4.3 Results

Enrichment of B cells was detected in the hilum of BA patients compared to the peripheral
samples, alongside lymphoid aggregates containing T cells, and measurable inflammatory
infiltrates. We next set out to measure gene expression profiles in children with BA, with a
focus on markers of inflammation. We used tissue from the hilum and liver periphery
obtained during KPE and compared it to tissue from the same children obtained at end-stage
disease during orthotopic liver transplantation. The Nanostring nCounter HOT panel was
used to identify gene expression profiles from different cellular pathways of the immune
response in BA and to identify any differences between non-syndromic and syndromic

disease.

4.3.1 BCR signalling genes were differentially expressed between the hilum and the
periphery

We were interested to compare gene expression profiles in patients with non-syndromic vs
syndromic BA, to identify signatures of potential immune-driven disease. First, BCR signalling
genes were investigated to find any differences between signalling in the hilum, wedge, and
explant. Differential gene expression was observed between hilum and peripheral samples in
genes related to BCR signalling (figure 4.3A). CD19 gene expression was higher in the hilum
for both non-syndromic and syndromic BA patients (figure 4.3B). Total lymphocytic infiltrate
was analysed using CD45 gene PTPRC, which was also more abundant in the hilum compared
to the periphery (figure 4.3C). CD79A which encodes a BCR protein was higher in the hilum
(figure 4.3D) and CD22, which encodes a BCR accessory signalling component (Hatta et al.,

1999) was more abundant in the hilum compared to the periphery (figure 4.3E). These data
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showed that the hilum had evidence of increased B cell and immune cell infiltration
compared to peripheral liver tissue obtained during disease progression, and during end-
stage disease. B cell activation signatures were consistently more prominent in the hilum

region due to increased expression of BCR signalling genes.

Next, Ig gene expression was compared between the hilum, wedge, and explant samples.
IGHG1-4 gene expression (appendix 7) was averaged as these genes were similarly
expressed. 1gG expression was elevated in explant samples compared to early disease (hilum
and wedge) (figure 4.3F). This was also observed for IGHA1 expression which encodes IgA
(figure 4.3G). These data corroborated with previous data showing that the hilum is the site
of ongoing disease with increased immune infiltrates and increased BCR signalling however,
Ig data shows that class-switched IgG and IgA are found during end-stage disease.
Immunofluorescence data showed little to no CD138+ cells present in BA liver tissue samples
(figure 3.23D) supporting the gene expression profiles for IgG and IgA. Syndecan-1 gene
expression was lower in the hilum compared to the periphery (figure 4.3H). A significant
difference in SDC1 was observed between non-syndromic hilum samples compared to non-
syndromic wedge (p-value <0.0001) and non-syndromic explant samples (p-value 0.0026)

(figure 4.3H).
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Figure 4.3 Differential gene expression between the hilum and the periphery for BCR
signalling genes. BA livers were used from the hilum, wedge, and explant from non-
syndromic (n=3) and syndromic (n=3) patients. (A) Heat map showing BCR signalling gene
expression between the hilum, wedge, and explants in syndromic and non-syndromic BA
patients. (B) CD19 gene expression data taken from each individual patients from hilum
(blue), wedge (green) and explant (red) for non-syndromic; NS (closed circle) and syndromic;
S (closed triangle) BA patients. CD19 expression was upregulated in the hilum samples
compared to the periphery. (C) CD45 gene PTPRC expression analysis for individual patients
showed increased expression in the hilum. (D) CD79A expression for individual patients
showed upregulation in the hilum compared to the periphery which was also observed in (E)

203



CD22 expression amongst individual BA patients. (F) Combined IgG expression data showed
increased expression in explant samples compared to early disease. (G) This was also
observed for IgA expression with upregulation of IGHA1 in the explant samples. (H) CD138
gene expression was lower for hilum compared to the periphery. Non-syndromic hilum; NS:H,
syndromic hilum; S:H, non-syndromic wedge; NS:W, syndromic wedge; S:W, non-syndromic
explant; NS:E and syndromic explant; S:E. (D-H) Dunnett's T3 multiple comparisons test was
used. (B and C) Dunn's multiple comparisons test was used. p-value < 0.0332 (*), p-value <
0.0021 (**), p-value < 0.0002 (***), p-value < 0.0001 (****).

We set out to identify any genetic differences between non-syndromic and syndromic BA
patients. No significant differences were observed for BCR signalling genes SYK (figure 4.4A),

RELA (figure 4.4B), CD72 (figure 4.4C) and IGLC1 (figure 4.4D), indicating that BCR signalling

genes were comparable between non-syndromic and syndromic patients.
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Figure 4.4 Syndromic and non-syndromic were similar in BCR related signalling genes. BA
livers from the hilum, wedge and explant were analysed from non-syndromic (n=3) and
syndromic (n=3) patients. No differences were observed between non-syndromic and
syndromic BA patients for gene expression of (A) SYK, (B) RELA, (C) CD72 and (D) IGLC1. Non-
syndromic; NS (closed circle), syndromic; S (closed triangle), hilum (blue), wedge (green) and
explant (red). (A-C) Dunnett's T3 multiple comparisons test was used. (D) Dunn's multiple
comparisons test was used.

4.3.2 Cytokine signalling genes were differentially expressed between the hilum and
the periphery
Immunofluorescence data showed that B cells expressed IL-6 in BA liver tissue. IL-6 can also

be expressed by other inflammatory cells, including monocytes and macrophages in
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response to microbial molecules. We wanted to investigate if cytokine expression would be
different between the hilum, wedge, and explants and between non-syndromic and
syndromic disease (figure 4.5A). Analysis of gene expression showed that there was no
remarkable difference in cytokine gene expression between non-syndromic and syndromic
patients (figure 4.5A). The hilum had higher cytokine gene expression compared to the
periphery (figure 4.5A). IL6 gene expression was higher in the hilum compared to the
periphery (figure 4.5B) suggesting that IL-6 may sustain inflammation. A significant
difference in IL6 gene expression was observed between non-syndromic hilum samples and
non-syndromic wedge samples (p-value 0.0324) and between syndromic hilum samples and
syndromic wedge samples (p-value 0.0084) (figure 4.5B). /L10 gene expression was lower in
the hilum and explant compared to the periphery, however this was of no significance
(figure 4.5C). TNF expression was higher in the hilum compared to the periphery (figure

4.5D).
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Figure 4.5 Cytokine signalling genes were differentially expressed between hilum and
periphery in non-syndromic and syndromic BA patients. BA livers were used from the hilum,
wedge, and explant from non-syndromic (n=3) and syndromic (n=3) patients. (A) Heat map
showing gene expression for cytokine related genes in the hilum, wedge, and explants of
syndromic and non-syndromic BA patients. (B) IL-6 gene expression in the hilum (blue),
wedge (green) and explants (red) for non-syndromic; NS (closed circle) and syndromic; S
(closed triangle) BA patients. IL-6 expression was significantly upregulated in the hilum
compared to the periphery. (C) IL-10 gene expression in individual BA patients was
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upregulated in wedge samples compared to hilum and explant samples. (D) IFNG gene
expression for individual BA patients was upregulated in hilum samples compared to the
periphery. Non-syndromic hilum; NS:H, syndromic hilum; S:H, non-syndromic wedge; NS:W,
syndromic wedge; S:W, non-syndromic explant; NS:E and syndromic explant; S:E. (B-D)
Dunnett's T3 multiple comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**).
Cytokine gene expression was also analysed to identify any differences between non-
syndromic and syndromic BA patients. Whist no significant differences were observed
between the two groups, some discrepancies were identified. No differences were observed
for the gene expression of IFNG (figure 4.6A) and /L2 (figure 4.6B). IL10RA gene expression
was higher in non-syndromic hilum and wedge samples compared to syndromic hilum and
wedge samples (figure 4.6C). No differences were observed for IL17A (figure 4.6D) and /IL18
expression between the two groups (figure 4.6E). IL21RB1 gene expression was higher in
non-syndromic hilum compared to syndromic hilum (figure 4.6F). Significant differences in
IL21RB1 gene expression were observed between syndromic hilum samples and syndromic
explant samples (p-value 0.0325) (figure 4.6F). No differences were observed for STAT6 gene
expression between non-syndromic and syndromic BA patients (figure 4.6G). These data
showed that there could be some inflammatory differences in cytokine expression profiles
between non-syndromic and syndromic BA patients that need to be further investigated

with a larger cohort of patients. In addition, these data indicated that the hilum was the site

of increased expression of inflammatory cytokine signalling genes.
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Figure 4.6 Minimal differences between syndromic and non-syndromic patients were
observed in cytokine signalling genes. (A) IFNG expression and (B) IL2 gene expression was
similar between non-syndromic and syndromic BA patients. (C) IL10RA gene expression was
different between syndromic patients and non-syndromic patients in hilum and wedge
samples. No differences were observed for (D) IL17A gene expression and (E) IL18 expression
between non-syndromic and syndromic patients. (F) IL12RB1 gene expression was higher in
the hilum of non-syndromic patients compared to syndromic patients. (G) STAT6 gene
expression was not different between non-syndromic and syndromic patients. Non-
syndromic; NS (closed circle), syndromic; S (closed triangle), hilum (blue), wedge (green) and
explant (red). (A-G) Dunnett's T3 multiple comparisons test was used.

Overall, hilum tissue had higher gene expression for the following cytokines: IL-6, IL-4, IL-7,

and IL-15. Consistently, in the hilum there was higher gene expression of downstream

cytokine signalling components: STAT3, STATSA, STATSB, STAT6, JAK1, JAK2 and JAK3.

Conversely, there was less IL-4R and IL-6R in the hilum compared to the periphery in both

non-syndromic and syndromic patients, and less IL-27.
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4.3.3 The hilum had higher expression of oxidative stress-related genes compared to
the periphery

Inflammatory damage results in the generation of ROS so genes related to oxidative stress
were analysed in BA patients (figure 4.7) which showed that the hilum was different to the
periphery of BA livers (figure 4.7A). NOX4 generates hydrogen peroxide contributing to
inflammation (Guo and Chen, 2015). NOX4 was upregulated in the hilum and explant
samples compared to wedge samples (figure 4.7B). Significant differences were observed
between non-syndromic hilum samples and non-syndromic wedge samples (p-value 0.0484)
(figure 4.7B). SOD2, another oxidative stress gene was highly expressed in explant samples
compared to early BA (figure 4.7C). HIF1A gene expression was more abundant in the hilum
compared to the periphery (figure 4.7D). Oxidative stress results in increased inflammation.
NFKB1 gene expression was higher in the hilum (figure 4.7E) where we also saw increased
BCR signalling genes and cytokine signalling genes. This suggested that ongoing
inflammation occurred at the hilum where there was an increase in oxidative stress and ROS

production, that resulted in tissue damage.
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Figure 4.7 Differential oxidative stress-related genes were detected between the hilum and
the peripheral BA samples. BA livers were used from the hilum, wedge, and explant from
non-syndromic (n=3) and syndromic (n=3) patients. (A) Heat map showing gene expression
for oxidative stress-related genes in the hilum, wedge, and explants of syndromic and non-
syndromic BA patients. (B) NOX4 gene expression in the hilum (blue), wedge (green) and
explants (red) for non-syndromic; NS (closed circle) and syndromic; S (closed triangle) BA
patients. NOX4 expression was upregulated in explant samples compared to early disease.
(C) SOD2 gene expression in individual BA patients was upregulated in end-stage disease
compared to early disease. (D) HIF1A gene expression for individual BA patients showed no
difference in expression between hilum, wedge, and explant. (E) NFKB1 gene expression was
upregulated in hilum samples compared to the periphery. Non-syndromic hilum; NS:H,
syndromic hilum; S:H, non-syndromic wedge; NS:W, syndromic wedge; S:W, non-syndromic
explant; NS:E and syndromic explant; S:E. (B-E) Dunnett's T3 multiple comparisons test was
used. p-value < 0.0332 (*).

We set out to identify any genetic differences in oxidative stress-related genes, between

non-syndromic and syndromic BA patients. No significant differences were observed for
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oxidative stress genes EPAS1 (figure 4.8A), MX1 (figure 4.8B), EBI3 (figure 4.8C) and FASLG
(figure 4.8D), indicating that oxidative stress-related genes were comparable between non-

syndromic and syndromic patients.
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Figure 4.8 Non-syndromic and syndromic BA patients had similar expression of oxidative
stress genes. BA livers were used from the hilum, wedge, and explant from non-syndromic
(n=3) and syndromic (n=3) patients. No differences were observed between non-syndromic
and syndromic patients for oxidative stress-related genes (A) EPAS1, (B) MIX1, (C) EBI3 and
(D) FASLG. Non-syndromic; NS (closed circle), syndromic; S (closed triangle), hilum (blue),
wedge (green) and explant (red). (A, B and D) Dunnett's T3 multiple comparisons test was
used. (C) Dunn's multiple comparisons test was used.

4.3.4 Activation markers were differentially expressed in hilum samples

Increased intestinal permeability was observed in adult livers (De Munck et al., 2020, Plaza-
Diaz et al., 2020) and paediatric livers (Giorgio et al., 2014), suggesting that translocation of
PAMPs activates TLR signalling. The hilum was different compared to the periphery for TLR
signalling related genes (figure 4.9A). TLR7 gene expression was more abundant in explant
samples (figure 4.9B) whereas TLR9 expression was higher in the hilum (figure 4.9C)
compared to the periphery. Co-stimulatory marker expression was also analysed. CD80
expression was higher in wedge samples compared to the hilum and explants (figure 4.9D)

and CD86 expression was increased in early disease compared to end-stage disease (figure

4.9E). CD40 is expressed on APCs including B cells (Elgueta et al., 2009). The hilum and
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explant samples had increased CD40 expression compared to wedge samples (figure 4.9F).
Significant differences were observed between non-syndromic hilum and non-syndromic
wedge samples (p-value 0.0066) and between non-syndromic wedge and non-syndromic
explant samples (p-value 0.0342) (figure 4.9F). These results showed that the hilum had
increased TLR9 responses and CD86 expression which was suggestive of active disease.
Furthermore, CD40 expression was also elevated indicating that these cells may be poised to
become activated upon ligation to CD40L.

A TLR Signalling Heatmap
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Figure 4.9 Differential TLR related gene signalling was detected between hilum samples
and the periphery. BA livers were used from the hilum, wedge, and explant from non-
syndromic (n=3) and syndromic (n=3) patients. (A) Heat map showing gene expression for
TLR signalling related genes in the hilum, wedge, and explants of syndromic and non-
syndromic BA patients. (B) TLR7 gene expression in the hilum (blue), wedge (green) and
explants (red) for non-syndromic; NS (closed circle) and syndromic; S (closed triangle) BA
patients. TLR7 expression was upregulated in non-syndromic hilum samples and explants
compared to wedge samples. (C) TLR9 gene expression in individual BA patients was
upregulated in the hilum and non-syndromic BA explants. (D) CD80 gene expression for
individual BA patients was upregulated in wedge samples compared to the hilum and
explants. (E) CD86 gene expression was upregulated in non-syndromic BA hilum and wedge
samples. (F) CD40 gene expression was downregulated in wedge samples compared to the
hilum and explants. Non-syndromic hilum; NS:H, syndromic hilum; S:H, non-syndromic
wedge; NS:W, syndromic wedge; S:W, non-syndromic explant; NS:E and syndromic explant;
S:E. (C and E) Dunnett's T3 multiple comparisons test was used. (B and D) Dunn's multiple
comparisons test was used. p-value < 0.0332 (*), p-value < 0.0021 (**).

Genetic profiles between non-syndromic and syndromic BA patients for TLR signalling genes
were analysed. No significant differences were observed for TLR signalling genes TLR2 (figure
4.10A). TLR3 gene expression was higher in non-syndromic hilum samples compared to

syndromic hilum samples (figure 4.10B). No difference in gene expression of TLR5 (figure

4.10C) was observed between non-syndromic and syndromic BA patients. Differences
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between non-syndromic and syndromic patients were observed for TLR8 expression in the
hilum (figure 4.10D) and in wedge samples for SOCS1 gene expression (figure 4.10E). These
markers identified differences between non-syndromic and syndromic patients in TLR

signalling genes.
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Figure 4.10 Differences were observed for TLR signalling genes between syndromic and
non-syndromic BA patients. (A) TLR2 expression was comparable between non-syndromic
and syndromic patients. (B) TLR3 expression was higher in the hilum of non-syndromic
patients compared to syndromic patients. (C) TLR5 expression was not different between
syndromic and non-syndromic patients. (D) TLR8 gene expression was different between
syndromic and non-syndromic patients. (E) SOCS1 gene expression was higher in wedge
samples of syndromic patients compared to non-syndromic patients. Non-syndromic; NS
(closed circle), syndromic; S (closed triangle), hilum (blue), wedge (green) and explant (red).
(A, C and D) Dunnett's T3 multiple comparisons test was used. (B and E) Dunn's multiple
comparisons test was used.

4.3.5 Chemokine signalling genes were highly expressed in the hilum of BA patients

Chemokine signalling was investigated in BA patients as cytokine expression was
differentially expressed between hilum and peripheral samples. The hilum was different for

chemokine signalling gene expression compared to peripheral wedge and explant samples
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(figure 4.11A). CCR6 (figure 4.11B), CCR10 (figure 4.11C), CCR7 (figure 4.11D), CXCR5 (figure
4.11E) and CXCR4 (figure 4.11F) genes expression was higher in the hilum compared to the
periphery. CCR6 and CCR10 genes were also highly expressed in explant samples. Significant
differences were observed in CCR10 gene expression between syndromic hilum and
syndromic wedge samples (p-value 0.0253) (figure 4.11C). This data corroborated with data
shown for BCR signalling, cytokine signalling, oxidative stress and TLR signalling suggesting

that the hilum is the site of active ongoing disease and inflammation.
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A Chemokine Signalling Heatmap
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Figure 4.11 Chemokine signalling genes were differentially expressed between the hilum
and the periphery. BA livers were used from the hilum, wedge, and explant from non-
syndromic (n=3) and syndromic (n=3) patients. (A) Heat map showing gene expression for
chemokine signalling related genes in the hilum, wedge, and explants of syndromic and non-
syndromic BA patients. (B) CCR6 gene expression in the hilum (blue), wedge (green) and
explants (red) for non-syndromic; NS (closed circle) and syndromic; S (closed triangle) BA
patients. CCR6 expression was upregulated in the hilum samples and explants compared to
wedge samples. (C) CCR10 gene expression in individual BA patients was upregulated in the
hilum and explants compared to wedge samples. (D) CCR7 gene expression for individual BA
patients was upregulated in hilum samples compared to the periphery. (E) CXCR5 gene
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expression was upregulated in hilum samples. (F) CXCR4 gene expression was upregulated in
the hilum compared to the periphery. Non-syndromic hilum; NS:H, syndromic hilum; S:H, non-
syndromic wedge; NS:W, syndromic wedge; S:W, non-syndromic explant; NS:E and syndromic
explant; S:E. (C-F) Dunnett's T3 multiple comparisons test was used. (B) Dunn's multiple
comparisons test was used. p-value < 0.0332 (*).

We set out to identify any genetic differences between non-syndromic and syndromic BA
patients. Significant differences were observed for CCL5 gene expression between syndromic
hilum samples and syndromic wedge samples (p-value 0.0295) (figure 4.12A). No significant
difference was observed for CXCL8 gene expression (figure 4.12B). Syndromic wedge
samples showed higher CXCL2 gene expression compared to non-syndromic wedge samples
(figure 4.12C). Significant differences were observed for CCL5 gene expression between
syndromic wedge samples and syndromic explant samples (p-value 0.0303) (figure 4.12D).
CXCL13 gene expression was different between non-syndromic explants compared to
syndromic explant samples (figure 4.12E). Significant differences were observed for CCL5
gene expression between non-syndromic wedge samples and non-syndromic explant
samples (p-value 0.0205) (figure 4.12E). Taken together, the hilum had a proportion of
chemokine signalling genes which were highly expressed compared to the periphery. These

included CCR6, CCR7, and CCR10 including genes further downstream such as STAT3, JAK2

and STAT5B (figure 4.11A).
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Figure 4.12 Chemokine signalling genes were differentially expressed between non-
syndromic and syndromic BA patients. No difference in gene expression of (A) CCL5 and (B)
CXCL8 was observed between non-syndromic and syndromic patients. (C) CXCL2 expression
was higher in syndromic wedge samples compared to non-syndromic patients. No difference
in (D) CXCL11 expression was observed between non-syndromic and syndromic patients. (E)
CXCL13 gene expression was more abundant in non-syndromic BA patients compared to
syndromic patients. Non-syndromic; NS (closed circle), syndromic; S (closed triangle), hilum
(blue), wedge (green) and explant (red). (A-E) Dunnett's T3 multiple comparisons test was
used. p-value < 0.0332 (*).

Analysis of gene profiles in hilum, wedge and explant samples showed that specific gene
expression profiles were higher in the hilum (44 genes), the wedge (66 genes) and the
explant (54 genes) samples (figure 4.13). Genes that were highly expressed in the hilum
included TLR7, CD86 and IL17A. Genes expressed highly in wedge samples included CD80
and CD45 (PTPRC). Genes highly expressed in explant samples included NOS2 and IL17F. 14
genes were upregulated in both the hilum and wedge samples including /L10. 14 genes were

highly expressed in the hilum and explant samples including TLR9 and /L2. Four genes were

found in both wedge and explant samples including CD244 however, no genes were highly
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expressed in all three locations suggesting that the disease course may be different in the

different locations.

Cb244 4

IL17F

54
Explant

Figure 4.13 Venn diagram showing the number of genes upregulated in the hilum, wedge,
and explant BA samples. BA livers were used from the hilum, wedge, and explant from non-
syndromic (n=3) and syndromic (n=3) patients. A few genes have been highlighted for each
region based on involvement in cytokine signalling, co-stimulation and TLR signalling. Hilum
only (blue) had 44 genes upregulated, wedge only (green) had 66 genes upregulated and
explant only (red) had 54 genes upregulated and overlap in gene expression between the
three regions was analysed. Hilum and wedge samples had 14 genes upregulated which was
also observed for hilum and explant samples. Wedge and explant samples had 4 genes
upregulated between the samples in BA livers.
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4.4 Discussion

Hepatic samples from early disease can be compared to end-stage disease in BA giving us an
idea of how this disease progresses. HOT panel gene analysis studies the immune response
in tissue samples identifying differences in immune signalling pathways. This panel was used
to gain an overview of the immune response in BA and to identify any differences between
non-syndromic and syndromic patients. nCounter HOT panel also identified any differences
between hilum, wedge and explant samples and helped to understand how disease

progresses from early stage to end-stage disease.

4.4.1 The hilum was different compared to the periphery

Differential gene expression was detected between the hilum and peripheral samples
(wedge and explant) in genes related to the adaptive (appendix 8) and innate (appendix 9)
immune system. CD4 expression was lower in the hilum and higher in wedge and explant
samples (appendix 8B) however CDS8 related genes were highly expressed in the hilum
region compared to the periphery (appendix 8C). These data indicated that CD8+ cytotoxic T
cells were present in the hilum and may contribute to pathology. CD8+ T cells have been
shown to infiltrate bile ducts in BA patients (Ahmed et al., 2001). Genes related to cytotoxic
markers PRF1 (perforin), GZMB (granzyme B) and FASLG (Fas ligand) were differentially
expressed amongst sample locations and between non-syndromic and syndromic patients
(appendix 10). No difference was observed between the hilum and the periphery for
granzyme B gene expression (appendix 10B). Hilum and explant samples showed higher
perforin expression compared to wedge samples (appendix 10C). Significant differences

were observed in perforin expression between non-syndromic wedge samples and non-
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syndromic explant samples (p-value 0.0117) (appendix 10C) suggesting that CD8+ T cells
may contribute to inflammatory damage through expression of granzyme B and perforin.
Ahmed et al., clinically followed up BA patients post KPE and showed that bile ducts with
CD8+ T cell infiltration were associated with better liver function (Ahmed et al., 2001)

implying that CD8+ cytotoxic T cells were beneficial and play a protective role in BA.

The hilum had a different microenvironment compared to the periphery. Active
inflammation, indicated by higher expression of genes related to cytokine and chemokine
signalling, occurs at the hilum and to some extent, during end-stage disease. Infiltration of
immune cells including B cells, was also enhanced in the hilar samples which corroborated
our IHC findings showing that the hilum had increased expression of CD20+ B cells and total
lymphocytes compared to the periphery (figure 3.10). BCR signalling genes were also more
abundant in the hilum compared to the periphery indicating that B cells were becoming
activated in the hilum and responding to cognate antigens. The hilum may have increased

immune infiltrates as it is near the hepatic artery and portal vein (Rogers and Dintzis, 2012).

Increased B cells were detected in the hilum in IHC CD20 data (figure 3.10) and CD19 gene
expression was also increased in the hilum of BA samples indicating that B cells contribute to
disease (figure 4.3). No differences were observed between non-syndromic and syndromic
patients for CD19 expression suggesting that B cells contribute to disease pathogenesis in
the same capacity. B cells contribute to BA pathology through the production of antibodies
(Lu et al., 2010, Hadchouel et al., 1981, Luo et al., 2021, Wang et al., 2020), activation of
immune cells such as T cells (Brindley et al., 2012) and through the secretion of cytokines
which contribute to inflammation and bile duct damage (Lu et al., 2010, Patel et al., 2021,

Bednarek et al., 2018). CD138 gene expression was lower in the hilum (figure 4.3H) which
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corroborated our data shown in Figure 2.23 showing low CD138+ B cells BA livers. In adult
explanted livers, low frequencies of 1gG (figure 2.13C) and IgA (figure 2.13D) expression
were observed, supporting the flow cytometry data showing low percentages of CD138+
cells were present in adult chronic livers (figure 2.15A). These data suggested that there
were not many GC reactions occurring and B cells may be becoming activated through other
pathways. TCR signalling genes were also upregulated in the hilum compared to the
periphery (appendix 11). T cell infiltration has been observed in BA (Lakshminarayanan and
Davenport, 2016) and these T cells were oligoclonal in nature indicating that T cell
proliferation was a result of specific antigenic stimulation (Mack et al., 2007) such as viral
proteins of self-proteins (Feldman and Mack, 2012). At diagnosis of BA, activated CD4+ and
CD8+ T cells were found in portal tract areas and these T cells secreted cytokines IL-2 and
IFN-y (Feldman and Mack, 2012) which contribute to inflammatory damage observed in BA.
CD8+ cytotoxic T cells have been upregulated in BA indicating a toxic role for these cells in
BA (Guo et al., 2012). RRV-primed dendritic cells can stimulate CD8+ T cells to secrete IFN-y
in animal models of BA which could be the mechanism behind cholangiocyte injury (Lages et

al., 2012).

4.4.2 Inflammatory gene expression was higher in the hilum compared to the
periphery

Increased immune infiltration indicates active disease which is accompanied by
inflammation. Cytokine and chemokine signalling genes were differentially expressed in the
hilum. Majority of these genes were highly expressed in the hilum suggesting ongoing
inflammation. IL6, TNF and IFNG genes expression was higher in the hilum. These

proinflammatory genes contribute to ongoing inflammation and are implicated in many

222



chronic inflammatory diseases (Falasca et al., 2006, Singh et al., 2011, Chae et al., 2018, Tilg
et al., 1992, Cao et al., 1998). Narayanaswamy et al., analysed cytokines present in BA
plasma at the time of KPE, for six months. They found that IL-2, IFN-y, IL-4, IL-18 and TNF-a
levels increased during this period however IL-10 levels did not (Narayanaswamy et al.,
2007). This indicated that whilst KPE restores bile flow, it does not ameliorate the
inflammatory response (Narayanaswamy et al., 2007). Our data showed that /IL10 expression
was lower in the hilum suggesting that IL-10 anti-inflammatory effects were impaired as
inflammatory gene signatures were highly expressed in the hilum (figure 4.5). IL-10 cytokine
levels in the blood of BA patients were elevated compared to healthy controls
(Udomsinprasert et al., 2022) which is the opposite of what we have shown in the liver of BA
patients (figure 4.5). IL-18 and IFN-y levels were elevated in the serum of older BA patients
and correlated with severity of jaundice (Vejchapipat et al., 2012) corroborating data shown
in non-syndromic BA patients (figure 4.5). Bezerra et al., showed that IFN-y and OPN, a Thl
cytokine, were upregulated in BA liver biopsies (Bezerra et al., 2002). OPN has also been
shown to be elevated in BA (Feldman and Mack, 2012). Systemic blood cytokine analyses
showed no difference in IFN-y and TNF-a levels between BA patients and healthy controls
(Udomsinprasert et al., 2022) suggesting that gene expression may be different between
peripheral blood and the liver. No difference was observed in BA patients with and without
fibrosis (Udomsinprasert et al., 2022) however, our data showed that TNF gene expression
was higher in the hilum of BA liver samples and IFNG was only highly expressed in the hilum
of non-syndromic patients (figure 4.5 and 4.6). IFN-y may be a useful biomarker to

distinguish between non-syndromic and syndromic BA patients in the hilum during early
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disease however more studies need to be conducted to establish IFN-y as a biomarker to

distinguish BA disease type.

Chemokines contribute to immunity by mediating the trafficking of immune cells to sites of
infection, inflammation, and tissue damage (Yam and Chtanova, 2019). Yang et al., analysed
two BA databases and found that BA patients had upregulated CXCL10, CXCR4, CCL20, CCL2
and STATI1 (Yang et al., 2022). These databases used liver biopsy samples but did not specify
if these were hilum or wedge. Our data showed that CXCL10 and STAT1 expression was
higher in wedge samples but not in the hilum (figure 4.11). Furthermore, hilum samples
showed increased expression of CXCR4 and CCL2 but had lower CCL20 compared to the
periphery. This indicated that similar genes were being expressed during early disease
however, whilst Yang et al., analysed BA liver biopsies from BA patients (Yang et al., 2022),
our data showed gene expression profiles in specific regions of the liver during early liver
disease through to end-stage liver disease. IL-8 is crucial for inflammation and progression of
BA (Dong and Zheng, 2015). Continual secretion of IL-8 can also result in tissue damage
(Atta-ur-Rahman et al., 1999) and increased CXCL8 levels in the liver contribute to hepatic
inflammation and fibrosis (Dong and Zheng, 2015). This may be the case in early BA as
CXCL8, which encodes IL-8, was highly expressed in early BA (figure 4.11). Furthermore,
CXCL8 may be used as a biomarker for BA diagnosis and outcome (Arafa et al., 2016) as it can

be identified in early BA.

CCR7 and CXCR5 were highly expressed in the hilum of BA patients (figure 4.11), where B cell
and lymphoid aggregates were also observed. CCR7 is expressed by B cells and other
immune cells and this chemokine guides these cells to lymphoid organs and works in

conjunction with CXCR5 to guide T cells to T cell zones and B cell to follicles (Forster et al.,
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2008). CCR7 is crucial for T cell homing to lymph nodes and was upregulated on activated B
cells to encourage T cell help (Forster et al., 2008). TFH cells downregulate CCR7 and
upregulate CXCR5 enabling them to enter B cell follicles and aid in antibody production and
class-switching (Forster et al., 2008, Moser, 2015). In our cohort of BA patients, B cell and
lymphoid aggregates were observed in the hilum region (figure 3.9A) and in some cases, the
explanted liver (figure 3.9C(i))) however none of these aggregates were GCs. It would be
interesting to investigate whether these B cell and lymphoid aggregates eventually become
GCs and aid in antibody production which may explain why CCR7 and CXCR5 gene expression
was higher in the hilum. On the other hand, there may be an issue in the CCR7-CXCR5 axis
that may be preventing GC formation. Further work studying cytokine expression in BA livers
needs to be undertaken to investigate the effects of cytokines in disease progression and
tissue damage. Identifying which cells produce harmful proinflammatory cytokines may aid

in targeting these subsets in a more specific manner.

4.4.3 Oxidative stress-related genes were highly expressed in the hilum

Chronic inflammation also results in oxidative stress and tissue damage through the
production of ROS. Oxidative stress-related genes were highly expressed in the hilum (figure
4.7) which supported the findings that the hilum was the site of inflammation and tissue
damage. ROS arises as a byproduct of mitochondrial metabolism and under normal
conditions it is removed by antioxidant enzymes (Candas and Li, 2014) however, an
imbalance between antioxidant enzymes and increased ROS production is responsible for
DNA damage which results in apoptosis (Li and Zhou, 2011, Guo and Chen, 2015). NOX4 is
responsible for the generation of hydrogen peroxide and contributes to cell proliferation and

cell migration including hepatocytes (Guo and Chen, 2015). NOX4 is the primary producer of

225



TNF-a-induced oxidative stress which results in apoptosis of cells including hepatocytes (Guo
and Chen, 2015). During homeostasis this pathway may be beneficial in removing dead or
dying cells however, under inflammatory conditions, increased NOX4 expression may
enhance cellular death which may be the case for hilar samples in BA patients (figure 4.7).
During oxidative stress, SOD2 expression determines the amount of superoxide radical anion
that is converted into hydrogen peroxide and oxygen, protecting cells from oxidative
damage (Palma et al., 2020). In our cohort of BA patients, SOD2 gene expression was lower
in the hilum region (figure 4.7) indicating that the inflammatory environment at hilar regions
may lower SOD2 gene expression enabling ROS and the inflammatory response to further
damage the liver. SOD2 levels were high in the liver tissue and significantly correlated with
serum bilirubin in 15 BA patients (Hashizume et al., 2020). A strong inflammatory response
was detected during early BA along with high oxidative DNA damage (Hashizume et al.,
2020) which supported our gene expression data showing that the hilum had increased gene
expression of inflammatory and oxidative genes. This suggests that an imbalance between
antioxidants and free radicals may also exacerbate the inflammatory response and augment

tissue damage.

4.4.4 TLR signalling gene expression was higher in the hilum compared to the
periphery

Tissue damage also results in the release of DAMPs which can be recognised by TLRs on
immune cells mounting a response. TLRs recognise PAMPs and host-derived endogenous
antigens; DAMPs, allowing them to respond to microbial infections and sense danger signals
(Goulopoulou et al., 2016). Studies have shown that increased intestinal permeability

resulted in the translocation of gut-derived microbes resulting in TLR activation and
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inflammation in adult livers (Zwolak et al., 2016, Schwenger et al., 2018, Chung et al., 2018).
The liver maintains a tolerogenic environment due to the high exposure to gut-derived
antigens that activate PRRs (Kiziltas, 2016). Endogenous nucleic acid and viral or bacterial
RNA and DNA is recognised by TLR3,7,8 and 9 whereas TLR1, 2, 3, 5 and 6 bind to molecules
expressed on bacterial membranes (Kiziltas, 2016). Half of the TLR signalling genes analysed
were highly expressed in the hilum including nucleic acid sensing TLRs; TLR3, TLR5, TLR7 and
TLR9. However, half of the genes related to TLR signalling were lower in the hilum including
TLR4 and MyD8S8, a signalling adaptor component in TLR signalling (figure 4.9). TLR3, 7 and 9
signal through TRIF, another adaptor protein in TLR signalling (Ullah et al., 2016). This may
explain the low expression of MYD88 as TLR3, 7 and 9 detect bacterial and viral nucleic acid
(Ortiz-Perez et al., 2020) which may be abundant in BA livers due to infection or
translocation from the gut. In murine BA, progression of disease is independent of MyD88
signalling (Ortiz-Perez et al., 2020) suggesting that TRIF signalling through ligation of TLR3, 7,
8 and 9 results in the production of inflammatory mediators that damage biliary tissue. TLR7
expression was higher in the hilum and has been shown to be associated with IL-8 gene
expression in BA (Dong and Zheng, 2015). TLR9 gene expression was more abundant in the
hilum and activation of TLR9 resulted in the activation of IgM-producing B cells (Kiziltas,
2016) indicating a potential mechanism through which TLR activation contributes to
pathogenesis in liver disease. TLR3 recognises viral RNA along with TLR7, both of these TLRs
have been implicated in BA (Feldman and Mack, 2012). Significantly high TLR3 and TLR7
expression was detected at diagnosis in BA patients who required liver transplants later in

life (Feldman and Mack 2012). This suggests that viral antigens, which may have translocated
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due to increased intestinal permeability, were recognised by TLRs in BA and induced an

immune response.

A study investigated the contribution of bacterial translocation to liver injury post KPE in 45
BA patients (Godbole et al., 2023). They found an increase in serum levels of LBP and CD14
however, mRNA expression of TLR4 was low suggesting liver injury post KPE was not due to
bacterial translocation of LPS (Godbole et al., 2023). Whilst this study showed no evidence of
bacterial translocation of LPS, they did observe an increase in TLR7 mRNA expression which
correlated with hepatic fibrogenesis post KPE (Godbole et al., 2023) suggesting that viral
RNA or DAMPs from dying cells may activate TLRs inducing an inflammatory response
resulting in liver injury. Sensitisation of TLRs to other bile duct ligands may result in excessive
inflammation and immune responses targeting BECs, resulting in bile duct damage and
leading to the progression of BA (Wu et al., 2022). Acute and chronic inflammation causes a
breakdown of tolerance and the release of DAMPs from damaged cells may activate

autoreactive immune cells resulting in autoimmunity (Kiziltas, 2016).

Hepatocytes can express TLRs and respond to multiple PAMPs and DAMPs, however they
respond poorly to TLR2 and TLR4 ligands (Kiziltas, 2016). BECs are also exposed to gut
microbes and express TLRs which become upregulated in response to IFN-y stimulation
resulting in biliary pathogenic responses (Kiziltas, 2016). Cholangiocytes express TLRs and
can respond to microbial infections and mediate immune responses (Syal et al., 2012).
Cholangiocytes upregulated TLR3 expression in PBC, AlH and in chronic viral hepatitis
patients and LPS stimulation of TLR4 induced the release of pro-inflammatory mediators
including IL-6, TNF-a and IFN-y (Syal et al., 2012) highlighting a role for cholangiocytes in

inflammation. In the context of disease, cholangiocytes themselves may be contributing to
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cellular damage through the release of inflammatory mediators and by modulating immune
responses. Our IHC data showed that cholangiocytes expressed IL-6 (figure 3.6A(ii)) implying
that cholangiocytes may contribute to inflammation in BA. Accumulation of LPS in biliary
epithelia has been reported in PBC and PSC patient and these BECs upregulated TLR4
expression (Kiziltas, 2016). 64% of PBC patient sera had IgM antibodies targeting
components of LPS (Shimoda et al., 2011). In viral hepatitis, TLR2 and TLR4 were the main
instigators of inflammation and TLR4 activated hepatic stellate cells were responsible for
hepatic fibrogenesis (Kiziltas, 2016). HBV replication can be inhibited by the activation of
TLRs however persistent HBV and HCV infection downregulate TLR expression (Kiziltas, 2016)

indicating the importance of TLR signalling in protection against viral pathogens.

CD86 expression was highly expressed in hilum samples (figure 4.9). Macrophages also
express CD86 and may contribute to inflammatory responses observed in BA patients.
Macrophages in BA secreted TNF-a (Feldman and Mack, 2012) contributing to inflammation
and liver injury. CCL2 recruits macrophages to sites of liver injury (Yang et al., 2023) where
they augment bile duct damage in concert with dendritic cells and Th17 cells (Lages et al.,
2017). ROS production through macrophages can damage bile duct cells (Nomden et al.,
2020) however polarising M1 classically activated macrophages to resolutive M2, may aid in

alleviating cholangiocyte and liver injury in BA (Yang et al., 2022).

4.4.5 Non-syndromic and syndromic BA had similar genetic profiles

Minimal differences were observed in gene expression between non-syndromic and
syndromic patients between hilum, wedge and explant samples indicating that the genetic

profiles were similar between the two disease groups. Majority of the genes had similar
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expression in both non-syndromic and syndromic patients indicating that disease
progression is mostly comparable between the two groups. however, there were
discrepancies in some genes including IFNG, CXCL2, CXCL3, SOCS1, IL12RB1, IL10RA, TLRS,
and TLR3 between non-syndromic and syndromic BA patients, these were not significant and
further transcriptomic work on a larger cohort needs to be undertaken to identify significant
transcriptomic differences between the two groups. In addition, multiparametric flow
cytometry could also help to identify differences in immune cell subsets between the two

groups to help with correct diagnosis of BA patients.

This genetic profiling data is useful to identify genetic phenotype in BA patients. Further
transcriptomic studies need to be undertaken on a larger cohort of BA patients to
corroborate our observed findings. Multiparametric flow cytometry experiments
investigating B cell phenotype and cytokine expression may help to identify a specific B cell
subset that is pathogenic in BA and worth targeting. As mentioned before, BA was composed
of mixed immune infiltrates indicating that future investigations should focus on the
contribution of T cells and other immune cells in BA pathology. Future therapies need to
consider the interactions between different immune cells and identify immune subsets that

contribute to tissue damage and pathogenesis.

4.5 Conclusions

In conclusion, the hilum of BA patients had remarkably differential gene expression
compared to the peripheral wedge and explant samples. Minor discrepancies were detected
in gene expression between non-syndromic and syndromic diseases (IFNG, CXCL2, CXCL3,

SOCS1, IL12RB1, IL10RA, TLRS8, and TLR3) which could be useful to identify distinctive genetic
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profiles to refine therapies and warrant further investigation. These transcriptomic data
showed that the hilum was the major site of inflammation with many cytokine genes being
highly expressed. Increased TLR signalling and oxidative stress also indicated tissue damage.
Furthermore, B cell and T cell signalling genes were also increased in the hilum suggesting
that an interplay between lymphocytes and other immune cells may contribute to BA
progression. Further investigations need to focus on the interaction between immune cells

and how they contribute to disease progression and tissue damage.
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CHAPTER 5 — GENERAL DISCUSSION

232



BA encompasses an umbrella of devastating paediatric diseases from varying aetiologies that
lead to catastrophic liver failure in babies and very young children. There have been
remarkable advances in characterising BA tissues in the past few years (Carvalho et al., 2005,
Ye et al., 2022, Min et al., 2020), however there are no studies that compare the immune
compartment of the biliary tree to the liver periphery in syndromic and non-syndromic
cases. Furthermore, detailed characterisation of the inflammatory response at end-stage
disease in liver explants is also lacking in these children. When | commenced my studies, |
aimed to use multi-parametric spectral flow cytometry (Cytek Aurora) in collaboration with
the University of Oxford to investigate the B cell compartment in children with BA at
unprecedented depth and compare them to adult tissue explants from diseases of known
aetiologies. These analyses could provide new clues as to whether some BA cases were
similar to known autoimmune cholestatic conditions (PBC/PSC) or to tissue damage (alcohol-
related or metabolic liver diseases). Due to the COVID-19 pandemic, | was unable to access
fresh paediatric tissue and travel to Oxford for these studies. Thus, | built panels for use in
conventional multi-parametric flow cytometry and validated these for use in adult human
liver tissue. The studies presented in chapter 2 show the most detailed investigation of

human B cell subsets in the liver to-date.

B cells play a vital role in humoral protection against infection and contribute to
pathogenesis in autoimmunity. Hepatic B cells have been shown to contribute to the
production of autoantibodies, cytokines and contribute to fibrogenesis (Novobrantseva et
al., 2005, Xue et al., 2000, Taylor et al., 2019a). Hepatic B cells have not been extensively
studied in paediatric and adult livers. Our work has shown that age-associated B cells (ABCs)

were present across all adult chronic liver diseases and ABCs may have a protective or
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pathogenic role in disease that warrants further phenotypic experiments. In BA and adult
cholestatic diseases, we have shown the presence of B cell and lymphoid aggregates which
contained CD20+ CD24- B cells. CD20+ CD24- B cells also expressed IL-6 highlighting a
pathway for this B cell subset to contribute to tissue damage. Mixed immune infiltrates were
observed in the liver around bile ducts, indicating that pathogenesis in BA and adult livers
consists of a complex interplay between cells of the immune system. CD3+ T cells were
found mixed within the core of lymphoid aggregates and were found to surround the
periphery of B cell aggregates potentially highlighting a role for T cells in disease progression.
Transcriptomic analyses showed that the hilum had higher expression of inflammatory genes

compared to the periphery, indicating that the hilum was the site of active disease.

5.1 Age-associated B cells in adult chronic liver diseases

CD24- CD38- B cells have been shown to be present in higher frequencies in the peripheral
blood of the elderly (Buffa et al., 2013). Rubtsov et al., showed that a novel population of B
cells accumulated with age in mice which they termed ABCs. ABCs are characterised as
CD19+ CD21lo (Rubtsov et al., 2011, Rubtsova et al., 2015) and a proportion of these cells
express CD11b, CD11c and T-bet (Duggal et al., 2013, Rubtsov et al., 2011, Trivedi et al.,

2019).

Our data showed that the frequencies of ABCs were not disease specific and were present
across all liver diseases investigated and this subset was shown to be present in autoimmune
diseases like RA, SLE and in infectious diseases like HIV, HCV, Malaria and COVID19
(Sachinidis et al., 2020). CD24- B cells may form a component of the ABC pool as these

subsets expressed similar markers to CD21-/lo ABCs. ABCs act as efficient antigen presenters
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(Rubtsova et al., 2015) and can play a protective role during infection as this subset
produced antigen-specific IgM and IgG antibodies during viral infection in mice (Mouat and
Horwitz, 2022) and had upregulated PC marker, CD138, expression (Rubtsov et al., 2011,
Rubtsova et al., 2015) suggesting that they contribute to the effector arm of the immune
system. Our data showed that CD11c+ T-bet+ ABCs had higher CD138 expression compared

to other B cell subsets in adult chronic livers (figure 2.15B).

ABCs have been found to be elevated in autoimmunity and contribute to disease progression
through the generation of autoantibodies (Rubtsov et al., 2011). ABCs produce anti-dsDNA
antibodies (Naradikian et al., 2016a) which have also been identified in 17% (3/17) of PBC
patients and 48% (10/21) of AIH patients (Tsuchiya et al., 1994) suggesting that this
autoantibody production was not disease specific. In addition, ABCs produce ANAs
(Naradikian et al., 2016a) and these autoantibodies were detected in liver diseases including
AlH patients (Moritoki et al., 2006, Than et al., 2016, Zwolak et al., 2016), PBC patients
(Moritoki et al., 2006, Ma and Chen, 2019) and in the sera of PSC, viral hepatitis, NAFLD and
ArLD patients (Himoto and Nishioka, 2013) indicating the pathogenic properties of ABCs. BA
patient samples were not available for flow cytometry assays so the ABC compartment could
not be determined for these patients however 11.3% of BA patients had the presence of
ANA in the sera compared to 3.3% that was detected in age-matched disease controls (Pang
et al., 2018). The presence of ANA did not show any correlation to hepatic fibrosis or

outcomes of KPE (Pang et al., 2018).

ABCs from uninfected mice produce IFN-y (Mouat and Horwitz, 2022), IL-6 and TNF-a (Frasca
et al., 2021). During gamma herpesvirus 68 infection, ABCs increased IFN-y and TNF-a

expression (Mouat and Horwitz, 2022, Mouat et al., 2021) suggesting that ABCs contribute
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to immune protection against infection by producing pro-inflammatory cytokines. In the
context of disease, ABCs may also contribute to chronic inflammation alongside their

production of antibodies.

It would be interesting to investigate the presence of ABCs in paediatric liver tissue as this
would provide an insight into the protective or pathogenic role of ABCs and highlight a
potential mechanism of inflammatory damage that could be targeted for future therapies.
ABCs have been implicated in a host of autoimmune (Mouat et al., 2022) and infectious
diseases (Mouat and Horwitz, 2022) and investigations of ABCs in BA may highlight why BA is

a rapidly progressing liver disease.

5.2 The role of B cell and lymphoid aggregates in chronic liver diseases

Our flow cytometry data showed that CD19+ CD24- B cells expressed similar levels of makers
associated with ABCs. Immunofluorescence assays showed that CD20+ CD24- B cells made
up majority of the B cells in BA, especially in B cell and lymphoid aggregates found in the
hilum and in some BA explant samples. This population of B cells could represent ABCs
however there is no literature on ABCs in BA or if they contribute to BA pathology. Further
experiments will need to be conducted to see if ABCs are present in BA, if they are

protective in BA or if they damage BECs and contribute to pathology.

Three types of lymphocyte aggregates were observed in liver tissue: lymphoid aggregates

consisting of B and T cells, B cell aggregates and TLS which resemble GCs (Purswani, 2016).
Aggregates identified in BA tissue were a mixture of B cell and lymphoid aggregates which
were detected in the hilum region. Interestingly, these were rarely TLS and there was little

evidence of PBs/PCs in these tissues. These data were consistent with a proinflammatory
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role for B cells, distinct from antigen-driven responses, at least during the disease

progression (KPE biopsies).

Lymphoid aggregates were associated with cortical demyelination in MS (Ransohoff, 2023)
indicating that these aggregates contribute to progression of disease. Lymphoid aggregates
were only detected in hilum samples and not in wedge samples during early disease which
suggests that the hilum may be the site of inflammation and these lymphoid aggregates may
contribute to pathogenesis of BA. Furthermore, CD20+ CD24- B cells in these B cell and
lymphoid aggregates also expressed IL-6 highlighting a role for aggregates in the progression

of inflammatory-mediated tissue injury in BA.

Lymphoid aggregates were enriched in the hilum samples and likely contribute to
inflammation based on their expression of IL-6 by immunofluorescence. Nanostring HOT
panel data showed the hilum to have high expression of many genes related to
inflammation, oxidative stress, B and T cell signalling compared to liver peripheral tissue,
implying that the hilum is the site of active disease. Increased B and T cell infiltration has
been observed in the portal tracts of BA patients (Lakshminarayanan and Davenport, 2016)

which may result in increased expression of BCR and TCR signalling genes.

The composition of these lymphoid aggregates in paediatric tissues consisted of a B cell core
with a few CD3+ T cells dispersed amongst the core and CD3+ T cells surrounded the B cell
core. This aggregate composition was also observed in chronic HCV patients (Dhingra et al.,
2016) where they showed that CD4+ T cells were dispersed amongst the B cell core,

surrounded by CD8+ cytotoxic T cells (Freni et al., 1995). In our data, gene expression for
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CD8+ T cells was higher in the hilum and CD4 expression was lower compared to liver

periphery.

These data implied that CD8+ cytotoxic T cells may also contribute to BA pathogenesis
through the secretion of granzyme B (Shi et al., 2022) and perforin (Meiraz et al., 2009), both
of which were highly expressed in the hilum samples. CD8+ T cells can also secrete pro-
inflammatory cytokines contributing the inflammatory milieu observed in BA. Cytotoxic T
cells destroy virally-infected cells (Caminero et al., 2023), the presence of CD8+ T cells in the
hilum and surrounding aggregates in BA may indicate the presence of a viral infection.
Evidence of viral infection in BA is inconclusive however, it may be feasible to imply that a
viral infection occurs during early disease at the hilum, due to the proximity to blood vessels.
This viral infection induces inflammation and initiates an autoimmune response, potentially
due to molecular mimicry or the release of DAMPs, which results in increased inflammation
and despite viral clearance, this inflammatory response damages BECs and culminates in the

need for a liver transplant (Mack, 2007).

5.3 Differences in TLR signalling in liver B cells between diseases

DAMPs are released upon tissue damage and can activate TLRs alongside PAMPs. The hilum
had high expression of many genes related to TLR signalling indicating the presence of
PAMPs and/or DAMPs in BA patients. In adult liver diseases, increased intestinal
permeability allows the translocation of gut-derived microbial antigens which activates the
immune response through TLR signalling (Ma et al., 2015, Schwenger et al., 2018, O'Hara
and LaRusso, 2019, Nowak and Relja, 2020), which may be the case for BA patients. Abu

Faddan et al., used infant serum samples to perform ELISAs to identify intestinal fatty acid
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binding protein and ileal bile acid binding protein, as markers of cellular damage to the
intestinal epithelium and they found significantly high levels of these markers in infants with
cholestasis, including BA patients (Abu Faddan et al., 2017). This indicated that damage to
intestinal epithelia may contribute to increased intestinal permeability allowing the
translocation of microbial products and initiating an immune response. However, limited
literature is available describing intestinal permeability in BA patients and this avenue needs
to be further investigated. It is highly probable that cellular injury releases DAMPs activating
TLRs, especially nucleic acid sensing TLRs such as TLR3, TLR7 and TLR9 as expression of these
TLRs were increased in BA. Altered intestinal permeability, cellular damage and increased
TLR signalling contribute to the inflammatory environment observed in the hilum, further

implying that the hilum is the site of active disease.

5.4 Germinal centres; are they found in the liver?

Evidence of GCs have been found in BA patients in their hilar lymph nodes (Bednarek et al.,
2018) and in proximal biliary remnants (Luo et al., 2021) however, there is no literature on
the presence of B cell and lymphoid aggregates or ectopic GCs in BA. The lymphoid
aggregates present in the hilum region were not GCs as they expressed Bcl2, indicating that
the hilum does not have an abundance of PCs during early BA in our cohort. Whilst this may
be the case, there are many studies that show the presence of IgG antibodies in both mouse
models of BA (Lu et al., 2010) and in patients with BA (Lu et al., 2010, Hadchouel et al.,
1981). I1gG antibodies against a-enolase (Lu et al., 2010) and IgM antibodies against
cholangiocyte proteins; CHI3L1, DLL-4 and SFTPD were observed in BA (Luo et al., 2021). The
presence of IgG antibodies indicates the presence of GCs and PCs however these studies did

not investigate the presence of antibodies during KPE, indicating that these antibodies
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observed were present during end-stage disease. This is supported by our HOT panel data
which showed that class-switched Igs were not expressed in the hilum but were highly
expressed in explant samples at end-stage disease in BA patients. Furthermore, these data
support the theory that BA progresses to an autoimmune disease as autoantibodies were

present in both the mouse models and in infants with BA.
5.5 Pathogenesis and treatment of biliary atresia

A proposed theory is that infection occurs during pregnancy or after birth initiating the
immune response, however despite the clearance of the virus, inflammation continues
(Mack, 2007). This may be due to the release of DAMPs from necrotic cells during infection
which activate TLRs on APCs and contribute to inflammation. Activated APCs may include B
cells which produce pro-inflammatory cytokines and activate T cells which further secrete
cytokines such as IFN-y and TNF-a contributing to inflammatory damage. This inflammatory
environment may result in the breakdown of tolerance allowing autoreactive cells to
recognise and bind to self-ligands and produce autoantibodies targeting the tissue and
resulting in liver injury. This may be the point when the disease becomes autoimmune.
Autoantibodies targeting cholangiocyte proteins - CHI3L1, DLL-4 and SFTPD have been
detected in BA indicating that autoreactive B cells contribute to BA pathology (Luo et al.,
2021). BA pathogenesis consists of a complex interplay between humoral and cellular

immunity.

There are no medical treatments for BA, only the surgical intervention of KPE and the
eventual requirement of a liver transplant. Identifying the subsets that contribute to

inflammation and tissue damage may be useful in creating specific therapies targeting these
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cells, to prevent disease progression. In addition, identifying the correct time to administer
therapies would be beneficial as anti-inflammatory therapies during the infectious phase of
disease would be detrimental but anti-inflammatory therapies administered during early
disease, at the hilum, could be beneficial in controlling inflammation. However, this only
treats the symptoms and does not target the underlying cells contributing the inflammatory
insult observed in BA.

The immune system is very complex, and many cells contribute to inflammation and
pathogenesis of BA. Further transcriptomic work needs to be conducted to identify specific
gene expression profiles or specific subsets of cells that may be suitable therapeutic targets.
This work showed minimal differences between non-syndromic and syndromic BA patients
indicating that the immune response associated to tissue damage may be similar in both
types of BA and further transcriptomic work needs to be undertaken with a larger cohort of

patients, to identify the discrepancies between these two groups.

5.6 General conclusions

Our work showed that ABCs, which can be protective or pathogenic depending upon the
context of infection or autoimmunity, were abundant in the liver tissues of patients with
liver diseases of multiple aetiologies. ABCs may be present in BA aggregates however this
needs to be further investigated and confirmed using multi-parametric approaches. We
showed that CD20+ CD24- B cells made up majority of the cells in aggregates in paediatric
and adult cholestatic livers and these cells also secreted IL-6 contributing to tissue damage.
CD20+ CD24- IL-6+ cells were also detected around bile ducts highlighting a potential role for
this subset in tissue damage. CD20+ CD24- B cells may also produce other cytokines, but this

needs to be investigated further. T cells surround these B cell and lymphoid aggregates and
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may provide T cell help to activate these B cells or B cells could act as APCs to activate T
cells. CD8+ T cells have been shown to surround lymphoid aggregates in the literature and
these cytotoxic T cells may contribute to BA pathogenesis through the secretion of
cytokines, granzyme B and perforin which result in cell damage and the release of DAMPs.
These DAMPs can activate TLRs which further release pro-inflammatory mediators
exacerbating disease and contributing to tissue injury and creating a vicious cycle of damage
and inflammation. Lymphoid aggregate formation may indicate worsening of disease
however this needs to be further investigated. In addition, could these lymphoid aggregates
develop into TLS in early disease to produce immunoglobulins that target cholangiocytes? In
our investigations, CD138+ ASCs were rarely observed. This work has highlighted that the
liver hilum was distinct in inflammatory gene expression compared to the periphery and
targeting inflammation at the hilar level may prevent the spread of tissue damage to the

periphery.

B cell characterisation panels using flow cytometry have been set up and used in adult liver
diseases in this work. The next step would be to investigate the B cell compartment in
paediatric livers and to assess the cytokines produced by B cells through intracellular
staining techniques and cell culture assays. Furthermore, comparison of BA tissues to other
age-matched cholestatic and non-cholestatic liver diseases may provide a potential
mechanism of disease pathogenesis in BA. The nanostring nCounter HOT panel work was
performed using bulk RNA so conclusions about which cell types were producing the pro-
inflammatory cytokines cannot be made. Spatial transcriptomics performed on liver tissue

sections would be useful in the future, as this would allow localisation of cell types within
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the tissue and determine the genes expressed within that cell type. This technology would

enable us to gain a better understanding of BA biology with a focus on B cells.
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Appendix table 1 Clinical data for adult liver and blood patients. These samples were processed following patient consent and in approval with
local research ethics committee guidelines (LREC; reference number 06/Q2702/61 and 18-WA-0214).

CLR Age at

Disease | Sex cMmv EBV vzv Virus Medication
number transplant
VZV + Rifaimin 500mg bd, Lactulose 20ml bd,
Spironolactone 100mg od, Frusomide 40mg od,
CLR6494 | AAT1 M |71 Neg not done | past Hep B, C, HIV Neg . . . .
. . Adcal-D3 daily, Tiotropium 2puffs daily,
infection
Salbutamol PRN
VZV + Carvedilol 6.25ng BD, Mycophenolate 500 BD,
CLR6079 | AIH F 56 Neg not done | past Hep B, C, HIV Neg Prednisolone 2mg every other day,
infection Spironolatone 50mg,

VZV + Hep B, C, HIV Neg
CLR7538 | AIH M |59 Neg not done | past Covid-19 + prior to Rifaxmin 550mg bd, prednisolone 10mg od,
infection | Tx

Carvedilo 12.5mg od, Chlorpenamine 4mg,

VZV + . . . .
Ciproflaxacin 500mg od, folic acid 1mg od,
CLR6273 ALD M 53 Pos pos past Hep B, C, HIV Neg . .
) . furoseminde 40mg od, Rivaximin 550mg bd,
infection L .
thiamine hydrochloride 100mg tds
VZV + Lantus 30 od, humalog 30 tds, thiamine, folic
CLR6935 | ALD M | 65 Pos not done | past Hep B, C, HIV Neg acid, ferrous sulphate, rifaximin, renapro 120g
infection od, ciprofloacin,
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VZV + Hep B, C, HIV Neg,
Adcal, Baclofen, Propranlol, Omeprazole, Zinc
CLR6948 | ALD 67 Neg | 770iu | past Cryptococcal neg, P P
. . Supplements
infection | C-Dif Pos,
Ventolin, Steroid inhalers, Rifaximin 550mg BD,
VZV + Citalopram 40mg od, Omeprazole 40mg od,
CLR7092 | ALD 45 Pos not done | past Hep B, C HIV Neg Mirtazaine 45mg ON, Thiamine Bd,
infection Metoclopromide, Creon, Melatonin 4mg,
Ciproflaxacin
Hep B Core Pos, Hep . .
VZV + Spironolactone 100mg BD, Asprin 75mg OD,
. B Surface Ag, Hep C, . .
CLR7240 ALD 53 Pos 286iu past Atorvastatin 20, Omeprazole 20, Carvedilol
. . HIV Neg, Hep D Neg,
infection 12.5mg
Hep E Neg
VZV + . Tace Treatment, Spironolactone, Furosemide,
All Virology Hep B, C
CLR6502 ALD/HCC 59 Neg not done | past HIV Ne Adcal-D3, Ferrous Sulphate, Testosterone
infection 8 replacement
No immunity to Hep
VZV +
A & Hep B, needed N . e
CLR7084 | ALD 63 Pos - past o omeprazole, thiamine, Carvedilol, Rifaximin,
. . vaccination, Hep B,
infection
C, HIV Neg
Creon 25000, Enoxparin, Esomeprazole,
CLR7342 | ALD 42 Pos not done | not done | Hep B, C HIV Neg

Furosemide, Hydrocortisone 100mg BD,
Sandoz, Piperacillin/Tazobactam, Potassium
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Chloride, Reapro Shot, Rifaximin, Terlipressin,
Thiamine Hydrocloride

Noradrenaline, Metaraminol,
Frusemide/Laside, Propofol/Diprivan,

CLR6094 Donor 52 Neg Pos - Hep B, C, HIV Neg . .
Magnesium, Potassium, Dantoprazole,
Pabrinex, Paracetamol
Noradrenaline, Vasopressin, Labetalol,
CLR6414 | Donor 34 Pos Pos - Hep B, C, HIV Neg Propofol/Diprivan, Fondoparinux, Levofloxacin,
Metronidazole, Pabrinex, Omeprazole
Noradrenaline, Propofol/Diprivan, Alfentanil,
CLR6469 Donor 60 Pos Pos - Hep B, C, HIV Neg Tirofiban, Tazocin, Co-trimoxazole, Co-
amoxiclav
Noradrenaline, Cefuroxime, Metronidazole,
CLR6451 Donor 56 Pos Pos - Hep B, C, HIV Neg
Pantoprazole
Insulin, Levetiracetam, Aciclovir, Fluconazole,
CLR6793 Donor 61 Pos - - Hep B, C, HIV Neg
Labetalol
Hep B Methyl prednisolone, Noradrenaline,
CLR6968 Donor 51 Pos Pos Hep C, HIV Neg . . .
Pos Vasopressin, Piperacillin, Tazobactam
not
CLR7386 | HFE 63 done not done | not done | Neg no meds
not
CLR7392 HFE 63 done not done | not done | not done no meds
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not Semaglutide 14mg, Losartan 25mg,
CLR7431 HFE 64 not done | not done | Neg .
done Lansoprazole 30mg, Pregablin 150mg BD
not
CLR7436 | HFE 63 done not done | not done | not done no meds
VZV + . .
. Carvedilol 6.25 bd, venesection Programme,
CLR7429 HFE liver 50 Neg not done | past Hep B, C HIV Neg L. .
. . Folate, Rifaximin, Melatonin
infection
VZV + . .
Adcal D3, Carvedilol, Ferrous Fumerate, Insulin,
CLR6797 NAFLD 68 Pos not done | past Hep B, CHIV Neg .
) , Omeprazole, Rifaximin
infection
VZV + Chlorphenamine, Topical Clobetasoal,
CLR6595 NASH 57 Pos past Hep B, C HIV Neg Neomycin, Creon, Furosomide, Propranolol,
infection Renapro shots, Spironolactone, Thiamine
Mycophenolate 250mg od, Prednisolone 5mg
VZV + OD, Lansoprazole 30mg OD, Spironolactone
CLR6952 NASH 66 Pos not done | past Hep B, C HIV Neg 50mg OD, Forusomide 20mg od, Carvedilol
infection 6.25 Bd, Rifaximin 550mg BD, Ferrous
Fumarate 210mg daily
Atorvastatin 40mg, Dapagliflozin 10mg,
VZV + Lercanidipine, Spironalactone, Carvedilol,
CLR7366 | NASH 60 Pos not done | past Hep B, C HIV Neg Levothyroxine, Metformin, Gliclazide,
infection Omeprazole, Ramipril, Zultophy inj 50 Dose

units
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VZV +

Simvastatin, Thiamine, Spiro, Rifaximin,

CLR7453 NASH 62 Pos not done | past Hep B, CHIV Neg .
. . Carvedilol, Lansoprazole
infection
Bisoprolol, Co-beneldopa, Colestyramine,
NASH/ VZV + Dermol 500, Furosemide, Gliclazide, Lactulose,
CLR6706 _ _ 69 Pos not done | past Hep B, C HIV Neg Lansoprazole, Levothyroxine Sodium,
Cirrhosis infection Magnesium Citrate, Primidone, Renapro Shot,
Rifaximin, Spironolactone
VZV +
CLR6088 | PBC 60 Neg not done | past Hep B, C HIV Neg Ursodeoxycholic Acid
infection
Adcal d3, Tacrolimus 3.5mg BD, Amlodipine,
Hep B, C HIV Neg, , L .
VZV + Asprin, Azathioprine 75mg od, Co-trimoxazole,
. Hep E<500, Hep A . . .
CLR6871 PBC 66 Pos 10473 iu | past Creon 25000, Doxazosin, Gliclazide,
. . IGM Neg, Hep A . .
infection Total Pos Enoxaparin, Lansoprazole, Prednisolone 20mg
OD, Ursodeoxycholic acid, Valganciclovir
Adcal D3 1 tab BD, Carvedilol 6.25mg BD,
Colecalciferol (Vitamin D) 800 units BD,
Hep A pos, Hep B . .
Enoxaparin 40mg OD, Fortisip Compact
(surface and cured )
CLR6821 PBC 55 Pos not done | not done Protein 125ml TDS, Lactulose 5ml BD,

antibody), Hep C,
HIV neg

Omeprazole 40mg OD, Renapro Shot 60ml
TDS, Spironolactone 50mg BD,
Ursodeoxycholic Acid 1250mg/d 2SPLT
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VZV +

Ursodeoxycholic acid, Naltrexone, Bezafibrate,

CLR6886 PBC 49 Pos not done | past Hep B, C & HIV Neg . .
. . Obeticholic
infection
. VZV + . Ursodeoxycholic, Sertraline, Bezafibrate,
<150iu/ Hep E <500 iu, Hep . L ) .
CLR7232 PBC 53 Neg ml past B.C HIV ne Rifampicin, Gabapentin, Quetiapine,
infection T 8 Melatonin, Fexofenadine, Renapro Shots
VZV + . e . .
Spironolactone, Rifaximin, Ramipril, UDCA,
CLR7515 PBC 71 Neg not done | past Hep B, C & HIV Neg
. . Adcal D
infection
) VZV + . . . .
Polycysti no recent virology Folic Acid, Omeprazole, Chlorphenamine,
CLR5509 54 Neg not done | past . . . .
c ) . results Sodium Bicarbonate, Frusomide, Asprin
infection
. VZV +
<150iu/ .
CLR6497 | PSC 39 Neg ol past Hep B, C & HIV Neg | Salbutamol inhaler
infection
NA IgG
Pos, VCA
VZV + . .. . .
IgM Neg, Hep B, C & HIV Neg. | Rifampicin, Ursodeoxycholic Acid, Pentasa,
CLR6525 PSC 55 Neg past
VCAlgG | . . Hep E <500 Lansoprazole
infection
Pos,
<150iu
CLR6596 PSC 27 Pos not done | not done | Hep B, C & HIV Neg Rifampicin, Vitamins A, D & K, Melatonin,
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Carvedilol, Enoxaparin, Lansoprazole,
CLR6795 PSC M |69 Neg not done | not done | Hep B, C & HIV Neg Mesalazine, Renapro Shot, Rifaximin,
Salbutamol, Sertraline, Ursodeoxycholic Acid
Chlorphenamine, Ciprofloxacin,
VZV + Colestysramine, Creon 25000, Enoxaparin,
CLR7556 | PSC M |53 Pos <150iu past Hep B, C& HIV Neg | Humalog Insulin, Morphine Sulfate oral
infection solution, Renapro Shot, Sertraline, Tresiba,
Vitamins A&D, Zinc Sulphate
VZV + Adcal-D3, Chlorphenamine, Creon 25000,
PSC/AM <150iu/ Hep E <500 iu, Hep Gliclazide, Lansoprazole, Mesalazine,
CLR6416 F 46 Pos past .
R/PSC ml i fection B, C, HIV neg Prednisolone 15mg OD, Prograf 0.5mg BD,
Sodium bicarbonate, Terlipressin

Appendix table 2 Clinical data for biliary atresia patients. * Patients used for Nanostring HOT panel RNA analysis in Chapter 4.

Patient

Sex

Date of birth

Date of KPE

Date of Transplant

Other anomalies
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1 F 09/05/2013 12/06/2013 04/04/2014 none

5 M 29/03/2013 16/05/2013 11/10/2014 Jejuna.l atresia: 02/04/2013 laparotomy with
resection

3 F 15/12/2013 20/01/2014 23/07/2014 none

5 F 05/12/2014 15/01/2015 02/09/2015 none

6* M 10/01/2015 10/02/2015 06/08/2015 none

7 F 10/02/2015 15/04/2015 29/07/2015 none

B |M | s0/0e/2014 23/10/2014 30/03/2015 episotes of necrtlng sntemcoits couse o

9* M 13/10/2015 19/11/2015 06/07/2016 None

10 M 01/09/2015 09/10/2015 22/06/2016 none

11 M 26/08/2015 30/09/2015 13/07/2016 none

12 F 28/11/2015 31/12/2015 30/09/2016 none

13 F 04/05/2016 03/06/2016 14/04/2017 Left multicystic dysplastic kidney

14 F 15/10/2015 02/12/2015 24/10/2017 Malrotation

15* F 28/11/2011 24/01/2012 30/07/2017 none

16* M 14/09/2016 27/10/2016 11/03/2017 Complex cardiac anatomy

20 F 08/01/2014 23/02/2014 03/01/2016 None
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Malrotation; Pre-duodenal portal vein, interrupted

21* F 27/08/2012 24/10/2012 30/07/2013 IVC and azygous continuation
22 F 05/01/1999 25/02/1999 11/06/2014 Spleno renal shunt

23% F 11/04/2013 29/04/2013 23/02/2014 Cystic Biliary Atresia, type IlI
24 F 19/06/2020 16/07/2020

25 F 30/04/2020 01/06/2020

26 F 01/02/2020 27/04/2020

27 F 15/01/2020 17/03/2020

28 M 25/11/2019 22/01/2020

29 M 16/12/2019 22/01/2020

30 M 02/12/2019 14/01/2020

31 F 20/08/2019 10/10/2019

32 F 22/08/2019 25/09/2019

33 F 13/07/2019 11/09/2019

34 M 02/07/2019 29/08/2019

35 M 26/04/2019 10/07/2019

36 M 05/02/2019 24/04/2019

37 F 11/02/2019 12/04/2019

38 F 02/02/2019 15/03/2019 Cystic BA
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39 M 25/01/2019 07/03/2019
40 F 28/09/2018 23/11/2018
41 M 06/07/2018 05/09/2018
42 F 31/05/2018 12/07/2018
43 M 12/03/2018 13/06/2018
44 F 24/01/2018 28/02/2018
45 M 23/12/2017 06/02/2018
46 F 04/10/2017 20/12/2017
47 F 19/10/2017 27/11/2017
48 M 22/08/2017 20/09/2017
49 M 07/08/2017 12/09/2017
50 F 04/07/2017 26/07/2017
51 F 29/06/2017 21/07/2017
52 F 09/06/2017 24/07/2017
53 M 01/05/2017 19/06/2017
54 F 24/04/2017 08/06/2017
55 M 05/05/2017 07/06/2017
56 F 04/04/2017 26/05/2017

274




57 07/04/2017 12/05/2017
58 16/01/2017 12/05/2017
59 08/03/2017 05/04/2017
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Appendix table 3 Clinical data for sudden onset acute liver failure patients.

Patient | Sex D'a te of Date of Virus
birth Transplant

ALF 1 F 19/11/2020 | 21/01/2022 Adenovirus neg
ALF 2 F 22/12/2019 | 02/02/2022 Adenovirus neg
ALF 3 M 27/06/2018 | 19/04/2022 Adenovirus neg
ALF 4 M 05/03/2018 | 14/04/2022 Adenovirus neg
ALF S5 M 22/09/2020 | 15/04/2022 Adenovirus neg
ALF 6 F 11/11/2019 | 19/04/2022 Adenovirus neg
ALF 7 F 04/12/2018 | 25/05/2022 Adenovirus neg

Appendix table 4 Clinical data for HHV6 patients.

] Date of Date of
Patient | Sex ]
birth Transplant
HHV6 1 | F 04/03/2005 | 20/04/2006
HHV62 | F 11/04/2013 | 03/12/2013
HHV6 3 | F 05/07/2014 | 12/01/2015
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Appendix 1 Antibody titrations used to find the optimal working dilution for each antibody.
Total PBMCs from one experiment were used to identify the optimal working dilution for
each antibody. This was determined by identifying positive and negative peaks that had clear
separation. These dilutions were used for all flow cytometry experiments.
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Appendix 2 Rainbow beads were used to calibrate the machine before each flow cytometry
experiment. Each fluorophore was designated a peak out of the 8 peaks and these peaks
were positioned at the same place before samples were run through the flow cytometer. This
ensured consistency across different experiments.
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Appendix 3 Classical gating strategy for B cells using CD38 and IgD. (A) CD38 and IgD were
used to identify 5 groups of B cells between HFe blood and adult livers. These groups included
germinal centre plasmablasts (pink), IgM-only, switched memory and double negative B cells
(blue), transitional B cells and pre-germinal centre B cells (red), naive B cells (green), naive,
unswitched memory and IgD-only B cells (purple). These B cell subsets were identified in (i)
HFe blood, (ii) donor livers, (iii) ALD livers and (iv) PBC livers.
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Appendix 4 TLR9 expression was detected across CD24+ CD38- B cells, CD24- B cells and
ABC populations. (A) TLR7 percentage expression and (B) TLR7 MFI was not detected in any
of the liver subsets analysed. (C) TLR9 percentage positive cells were present in all subsets
across all livers whereas (D) TLR9 MFI was detected in high numbers in CD11c+ T-bet+ ABCs.
HFe blood (n=4), donor livers (n=6), ALD (n=8), NASH (n=6), AIH (n=2), PBC (n=6), PSC (n=6)
and other livers (n=3). The dashed line for MFI data represents the IMC, anything above this
line is positive. (C(i, ii and iv) and D(v)) Dunnett's T3 multiple comparisons test was used. (A,
B, C(iii, v) and D(i-iv)) Dunn's multiple comparisons test was used.

281



Appendix 5 Whole image immunofluorescence imaging was not possible. We decided to
attempt to image the whole section using the slide scanner however this was not possible.
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Appendix 6 No difference was observed between non-syndromic and syndromic BA
patients for B cell subsets. CellProfiler was used to quantify fluorophore for each marker and
normalised to total cells present. These subsets were plotted for BA samples and compared
to adult explants. Expression of (A) CD20+ CD24+ B cells, (B) CD20+ CD24- B cells, (C) CD20+
CD24- IL-6+ B cells, (D) CD138+ B cells, (E) Bcl2+ CD3- cells and (F) CD3+ T cells was analysed
across BA patients. Non-syndromic hilum; NS:H, syndromic hilum; S:H, non-syndromic wedge;
NS:W, syndromic wedge; S:W, non-syndromic explant; NS:E and syndromic explant; S:E. (A-F)
Dunn's multiple comparisons test was used. p-value < 0.0001 (****).
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Appendix table 5 RNA Quality check results for paediatric samples used in the Nanostring

HOT panel experiment.

BA Sample | ng/ul | RIN | DV200 %
16 83.8 |13 |2231
17 9.1 |23 |785
18 110.6 [ 3.1 | 713
25 526 |14 |13.98
26 682 |1 31.88
27 674 |28 |714
43 704 | 1.1 |22.37
44 582 |1 29.99
45 2143 (2.1 | 679
46 86.4 |12 |17.23
47 415 |18 |50.8
48 489 |27 |741
52 56 1 26.77
53 40.2 |16 |458
54 436 |29 |61.2
58 478 |1 23.56
59 357 |2 514
60 1019 | 1.8 |46.1
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Appendix 7 IgG gene expression in BA livers. Four IgG genes were analysed (A) IGHG1, (B)
IGHG2, (C) IGHG3 and (D) IGHG4 in hilum (blue), wedge (green) and explant (red) for NS
(closed circle) and syndromic; S (closed triangle) BA patients. (A-D) Dunn's multiple
comparisons test was used.
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Appendix 8 Adaptive immune system genes were differentially expressed between the
hilum and the periphery. BA livers were used from the hilum, wedge, and explant from non-
syndromic (n=3) and syndromic (n=3) patients. (A) Heat map showing adaptive immune gene
expression between the hilum, wedge, and explants in syndromic and non-syndromic BA
patients. (B) CD4 gene expression was higher in wedge samples compared to hilum and
explant samples. (C) CD8 expression was lower in wedge samples compared to the hilum and
explant samples. Non-syndromic hilum; NS:H, syndromic hilum; S:H, non-syndromic wedge;
NS:W, syndromic wedge; S:W, non-syndromic explant; NS:E and syndromic explant; S:E. (B
and C) Non-syndromic; NS (closed circle) and syndromic; S (closed triangle) BA patients.
Dunnett's T3 multiple comparisons test was used.
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Appendix 9 Innate immune system genes were differentially expressed between the hilum
and the periphery. BA livers were used from the hilum, wedge, and explant from non-
syndromic (n=3) and syndromic (n=3) patients. Non-syndromic hilum; NS:H, syndromic hilum;
S:H, non-syndromic wedge; NS:W, syndromic wedge; S:W, non-syndromic explant; NS:E and
syndromic explant; S:E.
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Appendix 10 Apoptosis and cell cycle regulation genes were differentially expressed
between the hilum and the periphery. BA livers were used from the hilum, wedge, and
explant from non-syndromic (n=3) and syndromic (n=3) patients. (A) Heat map showing
apoptosis and cell cycle requlation gene expression between the hilum, wedge, and explants
in syndromic and non-syndromic BA patients. (B) Granzyme B gene expression was higher in
hilum samples compared to the periphery. (C) Perforin expression was lower in wedge
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samples compared to the hilum and explant samples. Non-syndromic hilum; NS:H, syndromic
hilum; S:H, non-syndromic wedge; NS:W, syndromic wedge; S:W, non-syndromic explant;
NS:E and syndromic explant; S:E. (B and C) Non-syndromic; NS (closed circle) and syndromic;
S (closed triangle) BA patients. Dunnett's T3 multiple comparisons test was used. p-value <
0.0001 (*).
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Appendix 11 TLR signalling genes were differentially expressed between the hilum and the
periphery. BA livers were used from the hilum, wedge, and explant from non-syndromic (n=3)
and syndromic (n=3) patients. Non-syndromic hilum; NS:H, syndromic hilum; S:H, non-
syndromic wedge; NS:W, syndromic wedge; S:W, non-syndromic explant; NS:E and syndromic

explant;

S:E.
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