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1. Summary
Obesity leads to metabolic syndrome, type 2 diabetes, steatosis and steatohepatitis,

making hepatocellular carcinoma (HCC) the fastest growing cancer in the U.S.A. and
Europe. In a long-term choline-deficient high-fat diet (CD-HFD) mouse model we
demonstrated that dietary induced CD8+ T and NKT cells interact with hepatocytes
to induce non-alcoholic fatty liver disease (NAFLD), with its severe pathology non-
alcoholic steatohepatits (NASH) and eventually NASH-to-HCC transition. Recently, B
cells are considered to be important mediators and players in innate and adaptive
immune responses associated with metabolic diseases. From our published studies
it has become apparent that the lymphocytes are crucial for NASH and NASH-
induced HCC, however the exact role of B cells remains unclear.

Long term CD-HFD diet was given to mice lacking mature B cells (JH”") and mice
lacking mature B cells apart from IgA* B cells in the lamina propria (UMT). Feeding
experiments were performed in mice with a differential secretion of immunoglobulins
(AID”, AIDg23s and IgMi). To deplete CD20" B cells, wild type (C57BL/6J) and pMT
CD-HFD were treated with anti-mouse CD20mADb (clone 5D2, Genentech)
intraperitoneally.

CD-HFD JH" mice showed absence of steatosis, liver inflammation/damage and
fibrosis. Contrary, the CD-HFD pMT were steatotic, inflamed but not fibrotic. The
aCD20 treated mice, wild type and uMT CD-HFD, showed absence of steatosis, liver
inflammation and fibrosis. Finally, the CD-HFD mice lacking immunoglobulins
demonstrated a steatotic and inflamed hepatic profile with the AID” to lack fibrosis,
contrary to AlDg23s. IgMi CD-HFD mice were obese without developing NASH or
fibrotic phenotype.

It has been shown that the microbiota are playing a role in inducing obesity, systemic
inflammation and metabolic disease. The human intestinal lumen is occupied by a
rich diversity of gut bacteria that under healthy conditions, along with the gut IgA™ B

cells, maintain the gut homeostasis.

Long-term CD-HFD was given to mice and they were administrated a wide spectrum
antibiotic cocktail that wiped out 99% of the gut bacteria. The antibiotics were given
either prophylactically, during the whole feeding period, or therapeutically, the last
two feeding months. Both experimental groups showed abrogation of NASH and



hepatic fibrosis while the mice were obese. Long-term CD-HFD was given also to

germ free mice. The mice were obese and did develop NASH and hepatic fibrosis.

Our data illuminate new mechanistic aspects of the role of B cells in NASH
development and fibrosis and also show that modulation of the microbiome is a key
factor to NASH development but sterile inflammations suffices to induce NASH.



2. Zusammenfassung
Fettleibigkeit fihrt zu metabolischem Syndrom, Typ-2-Diabetes, Steatose und

Steatohepatitis, was zur Folge hat, dass das hepatozellulare Karzinom (HCC) zur
am schnellsten wachsenden Krebsart in den USA und Europa geworden ist. In
einem Langzeit-Mausmodell mit Cholin-defizienter Hochfettdiat (CD-HFD) konnten
wir zeigen, dass durch die Nahrung induzierte CD8+ T- und NKT-Zellen mit
Hepatozyten interagieren um eine nichtalkoholische Fettlebererkrankung (NAFLD)
zu induzieren, den schwerwiegenderen Phanotyp der alkoholischen Steatohepatits
(NASH) und schlieRlich den Ubergang von NASH zu HCC. Seit kurzem gelten B-
Zellen als wichtige Vermittler und Akteure bei angeborenen und adaptiven
Immunreaktionen im Zusammenhang mit Stoffwechselerkrankungen. Aus unseren
veroffentlichten Studien geht hervor, dass die Lymphozyten fur NASH und NASH-
induzierte HCC von entscheidender Bedeutung sind, die genaue Rolle von B-Zellen

bleibt jedoch unklar.

Langzeit-CD-HFD-Diat wurde Mausen verabreicht, denen reife B-Zellen (JH™)
fehlten und Méausen, denen reife B-Zellen aul3er IgA+ B-Zellen in der Lamina Propria
(UMT) fehlten. Futterungsversuche wurden auch an Mausen mit unterschiedlicher
Sekretion von Immunglobulinen (AID”, AIDg23s and IgMi) durchgefiihrt. Um die
CD20+ B-Zellen zu depletieren, wurden Wildtyp (C57BL/6J) und uMT CD-HFD
Mause intraperitoneal mit Anti-Maus CD20mAb (Klon 5D2, Genentech) behandelt.

CD-HFD JH"-Mause zeigten weder Steatose, noch Leberentziindung/-schadigung
oder Fibrose. Im Gegensatz dazu waren die CD-HFD puMT Méause steatotisch und
entzundet aber nicht fibrotisch. Die mit aCD20 behandelten Mause, Wildtyp und puMT
CD-HFD Mause zeigten weder Steatose, noch Leberentziindung oder Fibrose.
Schliellich zeigten die CD-HFD-Mausmodelle mit fehlenden Immunglobulinen ein
steatotisches und entziindetes Leberprofil, wobei die AID”"Mause, im Gegensatz zu
den AIDg23s Méausen, keine Fibrose zeigten. IgMi CD-HFD-Mause waren fettleibig,

ohne NASH oder einen fibrotischen Phanotyp zu entwickeln.

Es wurde bereits gezeigt, dass die Darmflora eine Rolle bei der Entstehung von
Fettleibigkeit, systemischen Entziindungen und Stoffwechselkrankheiten spielt. Das
menschliche Darmlumen ist von einer reichen Vielfalt an Darmbakterien besetzt, die

zusammen mit den IgA+ B-Zellen des Darms die Darmhomdoostase aufrechterhalten.



Mausen denen eine Langzeit-CD-HFD verabreicht wurde, bekamen ein
Breitspektrumantibiotika-Cocktail verabreicht, der 99% der Darmbakterien
ausloschte. Die Antibiotika wurden entweder prophylaktisch wahrend der gesamten
Futterungsperiode oder therapeutisch in den letzten beiden Fitterungsmonaten
gegeben. Beide Versuchsgruppen zeigten eine Aufhebung von NASH und
Leberfibrose, obwohl die Mause fettleibig waren. Langzeit-CD-HFD wurde auch strikt
keimfreien Mausen verabreicht. Diese Mause waren fettleibig und entwickelten
NASH und Leberfibrose.

Unsere Daten heben neue mechanistische Aspekte der Rolle von B-Zellen bei der
NASH-Entwicklung und Fibrose hervor und zeigen auch, dass die Modulation der
Darmflora ein Schlusselfaktor fur die NASH-Entwicklung ist, aber sterile

Entziindungen ausreichen, um NASH zu induzieren.



3. Abbreviation list

T2DM type 2 diabetes mellitus

PAI- 1 plasminogen activator inhibitor 1
CRP C-reactive protein

SAA serum amyloid A

TNF tumour necrosis factor

IL interleukin

M macrophages

JNK c-JUN N-terminal kinase

NF-kB nuclear factor-kappa B

NLRP3 NLR family pyrin domain-containing 3
MHO metabolically healthy obesity

CSCs cancer stem cells

NAFLD non-alcoholic fatty liver disease

BW body weight

NK natural killer

NASH non-alcoholic steatohepatitis

HCC hepatocellular carcinoma

TG triglyceride

PNPLA3 patatin-like phospholipase domain-containing 3
NAS NAFLD Activity Score

CD-HFD choline-deficient high fat diet

ND normal chow diet

NKT natural killer T

LTBR lymphotoxin-§ receptor

MYC avian myelocytomatosis viral oncogene homolog
MCD methionine choline-deficient diet
MDSC myeloid-derived suppressor cell
NKp3 natural killer cell p30-related protein
DAMP damage-associated molecular patter
TLR toll-like receptor

PAM pathogen-associated molecular pattern
LPS lipopolysaccharide

KC Kupffer cell

HSC hepatic stellate cell

MAPK mitogen-activated protein kinase
ERK1 extracellular signal-regulated kinase 1
IRF3 interferon regulatory factor 3

TGF-B8 transforming growth factor-f

PDGF platelet-derived growth factor

CDAA choline-deficient amino-acid-defined
Ig immunoglobulin

MDA malondialdehyde

Ab antibody

PDL1 programmed death ligand 1

ALT alanine transaminase

PUFA polyunsaturated fatty acid

TZD thiazolidinedione

PPAR peroxisomal proliferator activated receptor
RAAS renin-angiotensin-aldosterone system
ACE angiotensin-converting enzyme

HFD high fat diet

RELMB resistin-like molecule 8

CFU colony forming units

FMT faecal microbiota transplant

FAO Food and Agriculture Organization of the United Nations
WHO World Health Organization

GLP-1 glucagon-like peptide-1

FDA Food and Drug Administration

BM bone marrow

PB plasmablast

PC plasma cell

ASC antibody-secreting cell
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MZ

marginal zone

TI T-cell independent

D T-cell dependent

Ag antigen

GC germinal centre

APC antigen presenting cell

DCs dendritic cells

CSR class-switch recombination

SHM somatic hypermutation

L light

H heavy

\Y variable

C constant

J joining

Dh diversity

RSS recombination signal sequence
RAG recombination activation gene

BCR B cell receptor

AID activation-induced cytidine

GALT gut-associated lymphoid tissue
ILCs innate lymphoid cells

APRIL a proliferation-inducing ligand
BAFF B cell-activating factor

FAE follicle-associated epithelium

MHCII major histocompatibility complex class Il
ECM extracellular matrix

HSC hepatic stellate cell

ALD alcoholic liver disease

MyD88 myeloid differentiation factor 88
SLO secondary lymphoid organ

MALT mucosa-associated lymphoid tissue
mig membrane-bound immunoglobulin
ITAM immunoreceptor tyrosine activation motif
ER endoplasmic reticulum

LP lamina propria

SI small intestine

FACS flow cytometry

IHC immunohistochemistry

(NAS) Non-Alcoholic Fatty Liver Disease activity score
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4. Introduction

4. A. Obesity

4. A.1. Epidemiology

The pandemic of obesity > poses a grave threat to people’s health in a global scale
(fig. 1). Excess weight gain occurs due to energy imbalance and during 2011-2014
approximately 35% of adults, having a body mass index (BMI) 230 kg/m?, and 17%
of children and adolescents were affected by obesity in the U.S.A 2. Obesity is
associated with several major co-morbidities and therefore the overall disease
burden is increasing. Since 1980, the global age-standardized prevalence of obesity
has nearly doubled from 6.4 % in 1980 to 12.0 % in 2008 with half the increase
occurring between 2000 and 2008 *°. The causes of obesity, biological and social,
may vary considerably by sex or gender **. In the latter half of the 20th century in
developed countries, there has been a shift towards sedentary occupations for both
women and men combined with infrequent or reduced physical activity during free
time *°. This trend has been observed in the U.S.A and Europe alike ***. In
developed countries intake of (animal-source) dairy foods and high-energy alcoholic
beverages may affect gender disparities in obesity *°. On the other hand, the
developing countries are undergoing a nutritional transition due to multiple factors

that affect negatively energy intake and energy expenditure *****°.

a. Percentage of obese adults, 1975

Nodata 0 5 10 15 20 25 30 35 >40%
[ ] [ I 1 I 1 I T [—)
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b. Percentage of obese adults, 2014

No data 0 5 10 15 20 25 30 35 >40%
== C I I I 1 I T |

Figure 1. Percentage of obese adults worldwide in a. 1975 and b. 2014. The number of adults with obesity
increased substantially between 1975 and 2014. (Adapted from Bliiher M, Nature Reviews Endocrinology,
2019)

4. A.2. Obesity and Inflammation
Obesity is associated with insulin resistance, hyperglycaemia, dyslipidaemia and

hypertension, which together are termed as metabolic syndrome *"*%. These
metabolic disorders increase the risk of development of type 2 diabetes mellitus
(T2DM) and cardiovascular diseases and contribute to high rates of mortality and
morbidity *"**, Systemic markers of inflammation increased in obesity and T2DM
include white blood cell counts and plasma levels of coagulation factors (fibrinogen
and plasminogen activator inhibitor 1 (PAI- 1)), acute-phase proteins such as C-
reactive protein (CRP) and serum amyloid A (SAA) and pro-inflammatory cytokines
(tumor necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6. These markers are

reduced when the patients lose weight and increase their physical activity %

It is well established that adipose tissue, liver, muscle and pancreas are sites of
inflammation in presence of obesity and T2DM *. Infiltration of macrophages (M®)
into these tissues results to the production of pro-inflammatory cytokines *°. The
cytokines act in an autocrine and paracrine manner to promote insulin resistance by
interfering with insulin signaling in peripheral tissues through activation of the c-JUN
N-terminal kinase (JNK) and nuclear factor-kappa B (NF-kB) pathways *°. These

13



pathways are activated in multiple tissues in obesity and T2DM and have a central
role in promoting tissue inflammation *®. IL-1b is one of the major pro-inflammatory
cytokines produced by M®s and it has been shown to be a key contributor to the
pathogenesis of T2DM by activating NF-kB pathways and the generation of other
inflammatory mediators, such as TNFa and IL-1b itself ?’. Accumulating evidence
give to NLR family pyrin domain-containing 3 (NLRP3) inflammasome a central role
in obesity-induced insulin resistance *%*. The NLRP3 inflammasome acts as a
sensor of metabolic danger during obesity, such as high levels of glucose *,

saturated free fatty acids ****, lipid intermediates including ceramides * and uric acid

34

Nevertheless, data from several studies suggest that some obese people are not
insulin resistant **, This group of obese individuals do not display the typical
metabolic disorders associated with obesity and are at lower risk of developing
T2DM and cardiovascular diseases. This phenotype is referred as metabolically
healthy obesity (MHO) and may account for around 30% of the obese population .
The MHO phenotype is characterized by differentiated body fat distribution with
lower visceral fat and greater subcutaneous fat *°, decreased fat deposition in the
liver ** and by a less inflammatory profile with lower levels of circulating inflammatory
markers “°* compared to the unhealthy obese phenotype. It has been reported that
the visceral adipose tissue of MHO phenotype is associated with lower activation of
the NLRP3 inflammasome in infiltrating M®s ?. Along the same lines, the AdTG
leptin-deficient ob/ob mouse, which has higher circulating concentrations of
adiponectin than its ob/ob littermate, was found to become obese but remains insulin
sensitive *. Moreover, it exhibits increased subcutaneous adipose tissue mass, low
fat content of the liver and the skeletal muscle, increased adipogenesis, reduced

infiltration of M®s in adipose tissue and low systemic inflammation *.

4. A.3. Obesity and Cancer Risk
Evidence suggest that individuals who are overweight (BMI 25.0-29.9 kg/m?) or who

are obese (BMI =30 kg/m?) are at increased risk of developing several types of
cancer ““®, Preclinical studies point to the direction that chronic inflammation
associated with obesity, as well as the unique nature of cancer stem cells (CSCs)
derived from adipose tissue in obese individuals, might contribute to the increased

cancer risk of such patients “*°. The main factors that are considered to connect
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obesity and cancer are the insulin—IGF-1 axis, sex hormones, and the adipocyte-
derived cytokines (adipokines) “**°. Tumors invade stromal compartments that are
rich in adipose tissue, and adipocytes function as endocrine cells to critically shape
the tumor microenvironment and contribute to tumor development and progression
48 Adipose tissue within the tumor microenvironment actively contributes to tumor
growth and metastasis by functioning as an endocrine organ and acting as an
energy reservoir for embedded cancer cells *>**. Excessive adiposity is specifically
associated with increased risk of multiple malignancies including non—Hodgkin
lymphoma, esophageal adenocarcinoma, and cancers of the colon, liver, pancreas,
gallbladder, kidney, uterine endometrium, and breast ****. However, cancer risk in
obesity is different between ethnic groups; African Americans appear rather
susceptible to cancer, in contrast to Hispanics who appear to be relatively protected
while the association of increased BMI with breast cancer is particularly strong in

Asia-Pacific populations *>*°.

4. B. Non-Alcoholic Fatty Liver Disease (NAFLD)

4.B.1. The Liver

In both humans and mice the liver is a vital organ for nutrient processing, protein
production, energy homeostasis and detoxification. Lipids, peptides, carbohydrates
and nutrients are transported to the liver through gut-derived portal venous blood,
and then pass through sinusoidal lining cells before finally being taken up and
metabolized by hepatocytes. The human liver is consisted of four separate lobes, it
occupies the right upper quadrant of the abdomen and it accounts for approximately
2% of total body weight (BW). The murine liver weighs approximately the 6% of the
BW and it extends in the entire subdiaphragmatic space. Like the human, it consists
of four lobes and despite the fact that lobar patterns are species-specific, the basic
lobular subunits are highly conserved in structure and function. Mixed arterial and
portal venous blood enters the lobule via structures known as triads; triads are
composed of arterioles, venules, bile ductules and lymphatics. Nutrients and
macromolecules are freely exchanged between hepatocytes and plasma across
sinusoids lined by fenestrated endothelium. Resident cells that include hepatic
stellate cells, Kupffer cell, M®s, T and natural killer (NK) cells, maintain immune

surveillance °’.
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4. B.2. Epidemiology of NAFLD
NAFLD is a spectrum of liver disease characterized by macrovesicular fatty

infiltration (steatosis), inflammation, and hepatocytes ballooning injury. It has
become the most common cause of liver disease and abnormal liver function test in
industrialized countries *** with a prevalence of 20 to 33% °*°*. Within the next 20
years NAFLD will become the major cause of liver related morbidity and mortality as
well as a leading indication for liver transplantation. NAFLD is more common in men
than in women, with a prevalence 30—40% in men and 15-20% in women, and is
higher in T2D patients, occurring up to 70% 2. The highest rates of prevalence are
reported from South America (31%) and the Middle East (32%), followed by Asia
(27%), the USA (24%) and Europe (23%), whereas NAFLD is less common in Africa
(14%) ®2. In addition, taking under account that the obesity rate in children is rising ,
the risk for paediatric NAFLD is higher, especially in the developed countries . It
has been recently reported that NAFLD prevalence is higher in obese children and
adolescences (mean prevalence 34.2%) than in the general population (7.6%) and
that prevalence is higher on average in males compared with females and increases
incrementally with greater BMI ®°. Approximately 30% of patients with simple
steatosis will eventually develop non-alcoholic steatohepatitis (NASH) %", 15-25%
of NASH patients will progress to cirrhosis and 30—-40% of cirrhotic patients will die
due to liver related complications ®. NASH is also considered the major cause of
cryptogenic cirrhosis . NASH-associated cirrhosis can decompensate into subacute
liver failure ", progress to hepatocellular carcinoma (HCC) ™, and reoccur post
transplantation 2. NASH is considered the second most common indication for liver

transplantation in the USA after chronic hepatitis C, and is still growing 2.

NAFLD can occur also in the absence of obesity, termed as “lean NAFLD”, and it
can develop in 10-20% of Americans and Europeans °®"3. Lean NAFLD includes a
heterogeneous spectrum of disease arising from different etiologies, such as
environmental or genetic causes, with many physicians to argue that it is more
benign in nature than NAFLD in individuals who are obese. Factors that might be
associated to lean NAFLD are increased visceral obesity (as opposed to general
obesity), high fructose and fat intake and genetic risk factors, including congenital
defects of metabolism ®3. Most of the lean NAFLD patients have normal weight but

are metabolically obese. This group is described in at least 5% of the population in
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the West and it consists of individuals who are non-obese, frequently sedentary, and
who have impaired insulin sensitivity, increased cardiovascular risk and increased
hepatic lipid levels ™. Compared with patients who have NAFLD and are overweight
or obese, lean NAFLD patients are younger and have a lower prevalence of the
metabolic syndrome (2—48% versus 22—-64% in patients who are overweight or

obese) "7,

4. B.3. Risk factors
It has become apparent that the progression of NAFLD from steatosis to NASH and

fibrosis is not linear ® (fig. 2). NAFLD grows exponentially as the stage of fibrosis
increases "°78. Furthermore it has been reported that Hispanic individuals are more
susceptible than white patients, whereas the lowest susceptibility is observed in
black individuals " placing genetic susceptibility amongst the potential risk factors.
Romeo et al revealed that there is a highly significant association with increased
hepatic triglyceride (TG) levels for the patatin-like phospholipase domain-containing
3 (PNPLA3) gene ®. More studies have identified genes related to NAFLD
pathogenesis and progression with their relative importance to vary between the
different populations and lifestyle choices "°. Therefore socioeconomic and
environmental factors such as dietary habits and activity, are important and must be
considered ®3. Moreover, epigenetic factors may contribute to the heritable effect on
disease risk. For example it has been reported the remodeling of DNA methylation at
genes related to fibrosis in male mice 3" with the same methylation profile to have

been observed in NASH patients %%,
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Figure 2. Risk factors and pathophysiology of NAFLD/NASH and HCC. Sedentary lifestyle and high-caloric
intake are among the most prominent risk factors for NAFLD/NASH development. Steatosis and NASH are
dynamic conditions that are most likely reversible in the context of treatment response or lifestyle changes. NASH
can trigger liver cancer through the development of fibrosis and cirrhosis. Development of fibrosis in NASH is
more frequent than the reversal of fibrosis to NASH (Adapted from Anstee, Reeves, Kotsiliti et al, Nat Rev
Gastroenterol Hepatol, 2019%°).

4. B.4. Histopathology of NASH
In 2003 the NASH Clinical Research Network defined that the diagnosis of NASH is

established by the presence of fat, inflammation and ballooning degeneration with
either pericellular fibrosis or Mallory bodies * (fig. 3). In order to distinguish NASH
between “simple” steatosis and steatosis with inflammation and to accurately assess
the degree of steatosis, the necroinflammatory lesions and fibrosis of NASH, it is
necessary for the different histological specimens to be properly evaluated. It is
agreed that H&E and Masson’s trichrome stains are sufficient tools to perform the
evaluation. The histological features were grouped into five broad categories:
steatosis, inflammation, hepatocellular injury, fibrosis, and miscellaneous features.
The proposed NAFLD Activity Score (NAS) includes features of active injury and is
the defined sum of the scores for steatosis (0-3), lobular inflammation (0-3), and
ballooning (0-2); hence ranging from 0 to 8. Fibrosis is not included as a component
of the activity score. Cases with NAS of 0 to 2 were largely considered not diagnostic
of steatohepatitis; on the other hand, most cases with scores of 25 were diagnosed
as steatohepatitis. Cases with activity scores of 3 and 4 were divided almost evenly

between the 3 diagnostic categories °.

18



Figure 3. A. Histology of our mouse NASH model. Left: Liver section, hematoxylin & eosin staining from C57BL/6
mouse, male, under chow diet (ND) for 6 months. Right: Liver section, hematoxylin & eosin staining from
C57BL/6 mouse, male, under choline deficient - high fat diet (CD-HFD) for 6 months. On the right the features of
NASH are represented: hepatic inflammation, steatosis, ballooning hepatocytes. Scale bar: 100 ym. B. Liver
biopsy of human NASH displaying steatosis, ballooning and lobular inflammation. (Fig. 2B. adapted from Brown
& Kleiner, Metabolism, 2016°°%)

4. B.5. Immunology of NASH and NASH-driven HCC
Accumulating human data have identified the prevalence of obesity-induced HCC

with recent publications to pinpoint the need for a better understanding of NAFLD-
induced HCC progression ®’. In addition, murine studies have demonstrated the role
of local intra-hepatic chronic inflammatory responses in hepatocarcinogenesis under
the context of NASH *°#8 (fig. 4).
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Figure 4. Immunology of NASH and HCC. The augmentation of intrahepatic lymphocyte populations during liver
inflammation in NASH, such as CD8+ T cells, T helper 17 (TH17) cells, natural killer T (NKT) cells and infiltrating
inflammatory macrophages, along with inflammatory cytokines, can lead to chronic necroinflammation, facilitating
nonalcoholic fatty liver (NAFL)-to-NASH transition. Depending on treatment responses and lifestyle changes,
these disease states are to some degree reversible. Chronic hepatocyte cell death and compensatory
proliferation during NASH with mild to advanced fibrosis, together with increased levels of TNF superfamily
(TNFSF) members, transforming growth factor 8 (TGF B) and IL-18, contribute to increased hepatocellular
carcinoma (HCC) risk. These factors, together with activation of hepatic stellate cells (HSCs), liver sinusoidal
endothelial cells (LSECs) and chronic hepatic proliferation in a chronic regenerative environment, accompanied
by chromosomal aberrations, all contribute to HCC development. ER , endoplasmic reticulum; PRR , pattern
recognition receptors. (Adapted from Anstee, Reeves, Kotsiliti et al, Nat Rev Gastroenterol Hepatol, 2019%)

T cells, natural killer T (NKT) & NK cells

Our lab has shown that under long-term choline-deficient high fat diet (CD-HFD)
mice developed NASH-induced HCC through the activation of intrahepatic CD8" T

cells and natural killer T (NKT) cells while activation of hepatocellular lymphotoxin-3
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receptor (LTBR) and canonical NK-kB signalling facilitated NASH-to-HCC transition
8 It has also been reported CD4" T lymphocytes to inhibit HCC initiation and
mediate tumor regression %%, Towards the same direction, Ma et al, using a series
of different murine NAFLD and HCC models, have reported that NAFLD induced a
selective loss of intrahepatic CD4" T lymphocytes and that depletion of CD4" cells
accelerated tumor development in liver-specific avian myelocytomatosis viral
oncogene homolog (MYC) oncogene transgenic methionine choline-deficient

diet (MCD) fed mice **.

Studies in HCC have demonstrated the relevance of different cell types, cytokines
and chemokines for patient outcome. For example tumor infiltrating CD4" regulatory
T-cells correlate with poor outcome in patients who undergo surgical resection %%,
Furthermore, it has been shown that in HCC patients, NK cell function inhibition
occurred in a myeloid-derived suppressor cell (MDSC)-mediated manner and was

mainly natural killer cell p30-related protein (NKp30) dependent °*.
Kupffer cells (KCs)

Kupffer cells (KCs) are the resident M®s of the liver and their role in NAFLD initiation
and progression has been shown in animal as in human studies *°. For example,
Reid et al using MCD showed that KCs are lost in the early stages of NASH onset
followed by infiltration of Ly6C* monocyte-derived M®s %®. KCs express TLR4 and
the binding of the receptor to LPS, results to the activation of NF-kB, mitogen-
activated protein kinase (MAPK), extracellular signal-regulated kinase 1 (ERK1),
p38 MAPK, JNK, and interferon regulatory factor 3 (IRF3) °’.The production of
proinflammatory cytokines that follows, contribute to hepatic damage, leukocyte
infiltration and activation of HSCs through the secretion of profibrotic cytokines, like
transforming growth factor-p (TGF-B) and platelet-derived growth factor (PDGF) *'.

B cells

Further studies to clarify the role of B-cell responses in NASH as well as NASH to
HCC transition are warranted. It has been reported that in about 40% of adults with
NAFLD/NASH and 60% of children with NASH, there were high titers of
immunoglobulin G (IgG) against malondialdehyde (MDA)-derived adducts, antigens

derived from oxidative stress %%, Furthermore, B cells have been shown to drive
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CD4 T-cell activation and cytokine production in the adipose tissue during obesity **

and that they play an important antibody (Ab)-independent role in the development of
liver fibrosis in NAFLD *°*. Extending these observations, Shalapour et al. have
recently shown that chronic inflammation and fibrosis in humans and mice with
NAFLD is accompanied by accumulation of liver-resident immunoglobulin A-
producing (IgA) programmed death ligand 1 (PDL1) positive cells, which suppress an
efficient immune response in the context of NASH-induced liver cancer %, Towards
the direction of IgA B cells and the gut-liver axis, in 2016 a study by Moro-Sibilot et al
has shown that the liver harbors an important pool of IgA B cells that can drive
antigen-specific responses after oral immunization with T-cell independent (TI) or T-
cell dependent (TD) antigens. They have also demonstrated that it is highly unlikely
that IgA class switch recombination occurs in the liver but IgA B cells originate from
the Peyer’s patches of the small intestine can migrate through the gut-liver axis to

the liver in both humans and mice %,
Sterile inflammation

Sterile inflammation, which occurs in the absence of pathogens, is an important
mechanism of liver injury in NASH 1%, Damage-associated molecular patters
(DAMPSs) are molecules, such as nuclear and mitochondrial DNA, uric acid and
purine nucleotides, that can activate inflammation '°*. Inflammasome is the
necessary cytosolic machinery required for the conversion of DAMP signals into
proinflammatory cytokines such as pro-IL1B and pro-IL18 with the help of Toll-like
receptors (TLRs) amongst others %, The inflammasome-mediated immune
response can trigger inflammatory processes by activating pro-IL1 and pro-IL18 in
a caspase-1 depended manner that leads to liver damage . In addition, pathogen-
associated molecular patterns (PAMPS), which include bacterial products like the
bacterial lipopolysaccharide (LPS), play an important role in NAFLD/NASH liver
injury °. Conceptually pathogen-driven inflammation and sterile inflammation are
distinct but functionally they overlap in several areas'®*. DAMPs and PAMPs bind to
pattern recognition receptors (PRRSs), including TLRs, triggering a local inflammatory
response mediated by cytokines such as TNF-a and IL-6, having an impact on
insulin resistance and lipid metabolism %1% Hepatic cells that express TLRs
include KCs, hepatic stellate cells (HSCs), biliary epithelial cells and sinusiodial
endothelial cells with the most studied in NASH to be TLR2, TLR4 and TLR9 .
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4. B.6. Liver fibrosis in NASH and NASH-driven HCC
Liver fibrosis is a process involving a complex interaction between fibrogenic and

inflammatory pathways. It results from chronic liver injury and it is considered an
early step in liver cirrhosis progression . The liver tissue repair process involves a
regenerative phase, where injured cells are replaced by cells of the same type
leaving no evidence of damage, and by a phase of fibrosis where connective tissue
replaces normal parenchymal tissue *'°. Continuous accumulation of extracellular
matrix (ECM) in the liver, rich in collagen I and lIll, leads to scar deposition and
eventually in liver fibrosis. When left untreated, it can develop in cirrhosis and

subsequent clinical complications including increased risk of HCC **°.

Cirrhosis is defined as an advanced stage of fibrosis and is characterized by the
formation of regenerative nodules of liver parenchyma, separated by and
encapsulated in fibrotic septa and associated with major angioarchitectural changes
1 'In general, the fibrogenic mechanisms in chronic liver disease can be
summarized in chronic activation of wound-healing reaction, oxidative stress-related
molecular responses, and the generation of reactive cholangiocytes and peribiliary

fibrosis 2.

In the event of liver injury, an antifibrinolytic-coagulation cascade occurs that leads to
secretion of cytokines and chemokines resulting in the recruitment of neutrophils,
macrophages and of, subsequently, T cells. When T cells become activated they
secrete profibrotic cytokines, such as IL-3 and TGF-, which activate further the
macrophages and fibroblasts. Activated fibroblasts transform into a-SMA-expressing
myofibroblasts as they migrate into the wounded tissue. When repeated injury
occurs, chronic inflammation and repair cause an excessive accumulation of ECM
components (such as hyalouronic acid and fibronectin) which contribute to the
formation of a permanent fibrotic scar *'°. The fibrogenic cells of the liver are the
hepatic stellate cells (HSCs). Upon activation the HSCs transform into

myofibroblasts .

NASH presents a balloon-like hepatocellular injury with or without hepatic fibrosis **2.
The inflammatory signals in NASH result in the activation and proliferation of HSCs
and consequently their differentiation in myofibroblasts. This leads to further driving

9

ECM synthesis and ultimately liver fibrosis . In NASH, as well as in alcoholic
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steatohepatitis, fibrosis has a distinctive pattern: intercellular fibrosis and deposition
of fibrillar matrix around the sinusoids (capillarization) ***. In the NAFLD/NASH
murine models available, fibrosis is most evident in the tissue margins but it also
penetrates into the center of the tissue, affecting nearly all portal triads and in many

cases is present in a “bridging” pattern throughout the hepatic lobule **°.

Polyclonal increase in serum immunoglobulin levels is frequently seen in patients
with liver cirrhosis *°. Additionally elevated serum immunoglobulins are observed in
specific liver diseases such as autoimmune hepatitis (raised 1gG), primary biliary
cirrhosis (raised IgM) and alcoholic liver disease (ALD) (raised IgA) **"*'8, In ALD
raised serum IgA levels are associated with more advanced fibrosis while
deposistion of IgA in the liver has also been described in ALD ****?°. Studies have
also shown that serum IgA levels are increased in subjects with the metabolic
syndrome and T2D *#'?2_ Along the same lines McPherson et al have shown that
serum IgA levels were elevated in patients with NAFLD and that this marker could be

potentially used as an independent predictor of advanced fibrosis 2.

4. B.7. Therapeutic approaches for NAFL/NASH
Patients with NAFLD often remain asymptomatic, however they may sometimes

present with vague right upper quadrant pain, hepatomegaly, and normal or high
alanine transaminase (ALT) and usually have risk factors for metabolic syndrome °’.
There is no optimal ALT level to predict the extent of NASH and advanced fibrosis 24
and laboratory testing and radiological imaging cannot differentiate NASH from
simple steatosis. Most commonly used technique is the abdominal ultrasound that is
nevertheless lacking diagnostic sensitivity *?°. Till now the most reliable method for
NASH diagnosis is invasive through liver biopsy and despite growing understanding
of the global epidemic of NAFLD, there is no definite pharmacotherapy available ©’
(table 1). The probiotics and the bile acids receptors will be discussed in a separated

section below.

Table 1. Treatment options for NAFL/NASH (adapted from Hossain et al, 2016 °')

Treatment Medication/intervention Comment

5-10% weight loss can lead to

Weight loss biochemical and histological
Lifestyle Modification improvement
Hypocaloric diet alone Better response when combined
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Insulin sensitivity

Antilipidemic

Antioxidant

Exercise alone
Diet & Exercise

Dietary composition

Bariatric surgery
Thiazolidinediones

Statins
Niacin
n-3 polyunsaturated fatty acids

Vitamin E

with exercise

Addition of PUFA and decreased

saturated and transfatty acids

Improvement in inslulin resistance,
steatosis and inflammation

Decrease in transaminases

May help reverse NAFLD
Histological improvement in

nondiabetic NASH
Anti-inflammatory Pentoxifylline
Cytoprotective & antiapoptotic Ursodeoxycholic acid
agents
Herbal Milk thistle Better results when combined with

Vitamine E (among other agents)

4. C. The gut microbiome and liver disease

4. C.1. The gut-liver-axis

The concept that the nutrients travel from the gut to the liver through the portal vein
is not new; it has been described two millennia ago by Galen (129 —c. 216 CE) in
ancient Greece. Nowadays it is well known that the liver receives ~70% of its blood
supply from the portal vein and that makes the liver the first and principal organ,
apart from the intestine, that is exposed to gut-derived products (i.e. ingested
nutrients, products of bacterial metabolism). Moreover the liver by producing bile
acids that are later released to the small intestine, it modulates intestinal functions
126 |t has been already mentioned above the importance of DAMPS and PAMPS in
NAFLD/NASH development. Increased permeability due to disruptions of the
intestinal barrier influences the quantity and the quality of DAMPS and PAMPS that
reach the liver. Consequently, the gut-vascular barrier determines what exactly
circulates the portal vein *?’. Traces of bacterial MRNA and LPS are detectable in
the liver and the peripheral blood even under physiological conditions 28129 130,
Furthermore, dietary factors influence the absorption of bacterial products from the
intestine to the portal and systemic circulation. For example, it has been shown that

high fat diet (HFD) increases plasma LPS concentrations in mice, leading to
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metabolic endotoxemia **. In addition, in vitro studies have demonstrated that fatty

acids can promote transepithelial LPS absorption **2.

4. C.2. The gut microbiome in obesity and NASH
The microbiota has been recently shown to play a key role in inducing obesity,

systemic inflammation and metabolic disease, highlighting new therapeutic avenues
and mechanistic underpinnings. The human intestinal lumen is occupied by 10*3-10%
microorganisms belonging to more than a thousand different bacterial species that
encompass the microbiota *****. The majority of these microbes reside in the colon,
where they are present in a concentration of 10°-10* colony forming units (CFU) /
mL. The microbiome maintains the integrity of the intestinal epithelial barrier and it is
essential for metabolizing indigestible polysaccharides and in the absorption of short-
chain fatty acids produced by bacterial fermentation. Moreover it plays a key role in
the regulation of intestinal transit, thereby affecting the amount of energy absorbed
from the diet; the microbiome, therefore, plays an important role in weight gain and

metabolism ¥,

The most important microbial factor that differentiates between obese and healthy
individuals has been the shift in the proportion of bacterial flora belonging to the
Firmicutes and Bacteroidetes phyla, which together comprise about 90 % of the
microbiota of the adult gut. The Firmicutes phylum comprises gram positive
organisms from greater than 200 different genera including Catenibacterium,
Clostridium, Eubacterium, Dorea, Faecalibacterium, Lactobacillus, Roseburia,
Ruminococcus, and Veillonella while the Bacteroidetes phylum consists of gram
negative bacteria from approximately 20 genera including Bacteroides, Odoribacter,
Prevotella, and Tannerella **°. Studies in ob/ob mice have shown that there is
significant reduction in the abundance of Bacteroidetes and a similar increase in the
Firmicutes phyla in obese mice, resulting in increased fermentation of dietary
polysaccharides and lesser energy remaining in feces **®. These murine findings
have been mirrored in human studies. It has been reported that obese participants
on a calorie-restricted diet had an increase in the proportion of Bacteroidetes over
the period of 12 months, which correlated with weight loss **’. Reduced levels of
Bacteroidetes and microbial diversity have been demonstrated in monozygotic and
dizygotic obese twins compared to their lean twins with the metagenomes of the

obese group being higher in energy harvesting genes related to lipid and
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carbohydrate metabolism **8. On the other hand, there are studies regarding the

Bacteroidetes that show none or positive association with weight gain and obesity
139-141

There is a growing number of studies suggesting that dysbiosis ** contributes to the
development of chronic liver diseases such as NAFLD 3, NASH **4**> and alcoholic
liver diseases **°. For example, Okubo et al **” have shown a decrease in body
weight and NASH development suppression in mice lacking resistin-like molecule 3
(RELMB) fed with MCD. They attributed the reduction in NASH development to the
reported increased proportion of Lactobacillus bacteria by acting protectively against
the gut permeability induced by MCD diet **’. RELMB is a molecule that contributes
to local immune function in the gut and has been reported as a potential regulator of
gut microbiota *®. In the same direction, a few years later the same group
demonstrated that Bifidobacterium and Lactobacillus were reduced under MCD diet

leading to NASH development *4°.

In a human metabolic study where 15 healthy females were subjected to a choline
depletion diet, shifts were observed in the microbial community profiles. More
specifically, Gammaproteobacteria class was decreased with restoration of choline
diet **°. Along the same lines, abundance of Gammaproteobacteria and Prevotella
was observed in the fecal samples of obese children with NAFLD ***. Choline, an
essential nutrient that can be acquired from the diet and via de novo synthesis, is
involved in physiological processes such as normal metabolism and neurological
development in the fetus and is also required for the correct structures of all

membranes 2
Modulation of the microbiome: probiotics and antibiotics

The correct use of the term probiotics has been a subject of interest for Food and
Agriculture Organization of the United Nations (FAO) and the World Health
Organization (WHO), which have agreed on the following definition: “live
microorganisms that, when administered in adequate amounts, confer a health
benefit on the host”. This definition is inclusive of a broad range of microbes and
applications and it differentiates live microbes used as processing aids or sources of
useful compounds from those that are administered primarily for their health benefits
133 Probiotics can affect obesity (table 2) not only through the modulation of the
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respective gut bacterial populations but also through the bile acids. Probiotics may

lead to a decrease in adiposity through the deconjugation of bile acids ***.

Table 2. Probiotics and obesity

Probiotics Comment

Lactobacillus acidophilus, L. fermentum, L. Likely to cause weight gain in humans and

155,156

ingluviei, L. reuteri animals
Lactobacillus gasseri, L. plantarum Seem to be protective against obesity*>
Bifidobacterium & Enterococcus spp Induce weight gain™*

The use of antibiotics is another major intervention which can significantly impact the
development of obesity by altering the gut microbiota ***. In humans, Firmicutes and
Bacteroidetes may impact insulin resistance by mediating glucagon-like peptide-1
(GLP-1) secretion in obesity **’. In murine studies, antibiotic induced depletion of
Firmicutes and Bacteroidetes resulted in increased GLP-1 secretion, which ultimately
resulted in improved systemic glucose intolerance, hyperinsulinemia, and insulin
resistance independent of obesity as compared with untreated controls when
exposed to diet-induced obesity. In addition, depletion of Firmicutes and
Bacteroidetes resulted in increases in metabolically beneficial gut-derived
metabolites *°. Cho et al have demonstrated that upon administration of low dose
penicillin, chlortetracycline, or vancomycin to young mice at weaning, adiposity in
young mice was increased. They have also reported changes in the taxonomy of the
microbiome, changes in copies of key genes involved in the metabolism of
carbohydrates to short-chain fatty acids, increases in colonic short-chain fatty acid
levels, and alterations in the regulation of hepatic metabolism of lipids and
cholesterol *°. In a follow up study, the same group has shown that low dose
penicillin in weaning mice caused changes in the ileal expression of genes involved
in immunity and it enhanced obesity inducing changes in genes involved in hepatic
metabolism and visceral adipocity. The above effects were transferrable when germ-
free mice were transplanted with microbiota from the treated groups, suggesting that

the changes are due to the altered microbiome and not the antibiotics .
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4. D. B cells and IgA synthesis

4. D.1a. B-cell development

B cells develop in the bone marrow (BM) from hematopoietic precursor cells and are
an essential part of the humoral immune system while defects in their development,
section and function lead to autoimmunity, malignancy, immunodeficiencies and
allergy '®. Antibodies are produced by plasmablasts (PBs) and plasma cells (PCs),
populations of terminally differentiated B cells. PBs are dividing antibody-secreting
cells (ASCs) with migratory potential that can further mature into PCs, the final stage
of B cell differentiation. The term ASCs refers to both proliferating PBs and non-
proliferating PCs and they are associated with alterations in their morphology, gene
expression profile and lifespan. Mature B cells are divided into follicular B cells (B2),
marginal zone (MZ) B cells and B1 B cells. B2 B cells are located in the lymphoid
follicles of the spleen and lymph nodes whereas MZ B cells are placed about the
marginal sinus of the spleen. B1 B cells are located mostly in the peritoneal and
pleural cavities and at mucosal sites where they encounter environmental pathogens
162183 (table 3).

Table 3. Selective mouse positive markers for the different development B cell

subsets (adapted from www.bdbiosciences.com)

B cell developmental stage Mouse positive markers
Pre-Pro-B cells CD43, CD93, CXCR4, B220, CD135, IL7R
Pro-B cells CD19, CD43, CD24, B220, IL7R
Pre-B cells CD19, CD25", CD24, B220, BP1, IL7R
Immature B cells CD19, CD24, CD93, B220
Transitional B cells CD19, CD24, CD93, CD21"¥, CD23"¥, B220
Marginal Zone B cells CD1d, CD9, CD21"", cD22"*, CD35™", B220
Regulatory B cells cb1d™®", CD5, CD19, CD24, TIM
Follicular B cells CD19, CD22, CD23, CD38, B220
Activated B cells CD27, CD69, CD80/CD86, B220, CD135, MHCII™"
Germinal center B cells CD19, CD37, CD20, GL7
Plasmablasts CD19, CD138, CXCR4, MHCII
Plasma cells long lived CD138, CXCR4M"
Plasma cells short lived CD19"°", CD138, CD93, CXCR4""
Memory B cells B220, CD38", CD62L"", CD802/CD86"™, CD95'"
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V(D)J recombination

Antibodies are members of the immunoglobulin superfamily and they are made up of
two heavy (H) and two light (L) chains and the L chain can consist of either a Kk or a A
chain. All H chains are expressed from the Igh locus whereas L chains are
expressed from the Igk or IgA locus ***. Each component chain contains one NH-
terminal variable (V) domain and one or more COOH-terminal constant (C). The L
chains contain only one C domain, whereas the H chains contain three or four such
domains '®. The DNA segments that rearrange to create the H and L chains include
variable (V) and joining (J) elements and in addition the H chains include a third,
diversity (Dh), gene segment . The Igh locus consists of Vh, Dh and and Ch
segments arranged in adjacent regions **’. In developing B cells, Vh. Dh and Jh
segments recombine to encode the antibody H chain °®. Each segment is flanked by
a short DNA sequence called the recombination signal sequence (RSS). RSS is
recognized by the recombination activation gene (RAG) 1 and 2. RAG1 and RAG2,
along with additional proteins, form the RAG complex which creates a loop between
two RSSs bringing them into proximity. The RAG complex then induces breaks and
promotes ligations of appropriate coding segments via the nonhomologous end-

joining machinery 8.

The k L chain locus contains V and J segments as well. L chains do not use D
segments. Here there is the possibility for secondary rearrangements between the
Vk and Jk segments contrary to V(D)J recombination of the H chains where the final
result is irreversible **°. In mice A chain locus is quite small, opposite to k L chain and
Igh locus. The major rearranged combinations are expressed in serum antibodies
which are though 95% kappa .

The different developmental stages of B cells are defined by the recombination
steps. Before V(D)J recombination the B cells are called pre-pro-B cells and the Igh
locus recombination between Dh and Jh can occur at this stage. V(D)J
recombination takes place in the pro-B cell stage and the successful production of an
H chain is necessary for the transition from the pro-B cell to the pre-B cell stage. Pre-
B cells express the pre-B cell receptor that suppresses the activity of the RAG
complex therefore preventing the continuation of V(D)J recombination in the Igh

locus. Large pre-B cells with functional H chains divide several times to increase in
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numbers and then differentiate into small pre-B cells. The small pre-B cells express
again the RAG genes to allow for Ig L chain rearrangement. Under successful
recombination the small pre-B cells will express a B cell receptor (BCR). Before the
cells are released from the BM they undergo negative selection. Self-antigens are
presented by antigen presenting cells (APCs) and the B-cells that express receptors
with high affinity towards self-antigens will undergo apoptosis or further L chain
recombination. The B cells that survive the negative selection migrate to the

periphery as naive cells 2.

Class switch recombination (CSR) and somatic hypermutation (SHM)

The product elements of V(D)J recombination are fused to a constant (C) region
through RNA splicing. There are several IgH C regions each of which corresponds to
different Ig isotype. In the mouse there are eight different IgH C regions: Cy, C9,
Cy3, Cyl, Cy2a, Cy2b, Ce and Ca. The IgH Cy region defines the antibody class
also referred as isotype. Therefore antibodies are divided into five isotypes: IgM
(Cu), 1gG (Cy), IgE (C¢), IgD (Cd). IgM is produced prior to class switch
recombination (CSR) and is important for the early stage of the immune response.
Upon CSR and somatic hypermutation (SHM) the B cells differentiate into PCs and
produce high-affinity IgG, IgA, IgE and IgD. 1gG is the major serum isotype and
consists of the IgG1, 1gG2, 1gG3 and IgG4 isotypes *'.

Both events are critical for generating antigen-induced antibody memory and both
are initiated by the enzyme activation-induced cytidine (AID). During SHM, AID
specifically deaminates cytidines in the V(D)J exons of H and L Ig locus. These
deaminations lead into mutations and/or small deletions/insertions. This way, SHM
diversifies the repertoires of the BCR antigen binding sites; B cells expressing BCRs
with higher antigen affinity are positively selected in the light zone of GCs to effect
affinity maturations of the immune response 8. CSR can take place both inside and
outside GCs *"2. During CSR, Sp (donor S region that lies just upstream of each set
of Cy exons) is fused to one of the other downstream acceptor S regions. As a result
the two sequences between the two fused S regions are deleted from the IgH locus
as an extrachromosomal circle. This way a downstream Cy replaces Cp leading to
an expression of a new Cy, such as y, a or € and correspondingly, a new class of

BCR/antibody (IgG, IgA or IgE). CSR does not affect antigen-binding specificity °8.
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4. D.1b. B cell Function

Antigen encounter and antigen presentation

Naive B cells travel from the BM to secondary lymphoid organs (SLOs) to sample
antigens from the blood (spleen) and from the tissues (lymph nodes). A number of
naive B cells moves also to mucosa-associated lymphoid tissues (MALT). APCs,
such as DCs and M®s, convey the antigens to the B cells but special types of

antigens, especially TI Ags, are capable of activating B cells directly *"3.

The BCR is composed of a membrane-bound immunoglobulin (mlg) for antigen
binding and a transmembrane Iga/Igp heterodimer for signaling *’*. Ultimately, the
BCR bound with antigen and other co-receptors form a complex that encounters the
intracellular tyrosine kinase Lyn. Lyn phosphorylates the cytoplasmic
immunoreceptor tyrosine activation motifs (ITAMs) on the Iga/lgB heterodimer that
provides a docking site for the tyrosine kinase Syk to initiate intracellular signaling

cascades that allow the B cell to internalize antigen .

B cells internalize antigens mainly through clathrin-dependent, BCR-mediated
endocytosis. After vesicle formation, clathrin disassociates and the vesicle evolves
into an endosome. The final stage is delivery of vesicles carrying the antigen-bound
BCR to MHCII peptide-loading compartments. Internalization of BCR inhibits
signaling, as localization in endosomal compartments reduces surface BCR and
abrogates the activity of signaling proteins, such as Lyn and Syk. Endocytosed
BCR/antigen complexes intersect with newly synthesized MHCII en route to the cell
surface 1. During this process, proteolytic events take place in B cells that involve
epitope generation for MHCII presentation *"°*"’. Finally, the new loaded

MHCII/peptide complexes reach the cell surface for antigen presentation "3,

Interestingly, antigen-presenting machinery is present in pro- and pre-B stages with
the most common MHCII pathway components to be present in the absence of
mature BCR; most likely they are involved in B cell maintenance and survival **3. In
contrast, MHCII-deficient mice show a mature B cell population with impaired
number in the overall B cells and their ability to antigen present 1"®'"°_ It has been
proposed that the presence of MHCII antigen presentation machinery in pre-, pro-
and immature BM B cells plays a role in the induction of the peripheral CD4" T cell

tolerance through presentation of peptides from self-antigens **°. In addition, lack of
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MHCII expression in memory B cells impairs their ability to differentiate into PC upon

antigen restimulation .

Antibody secretion

Antibodies contribute to immunity mainly through three different mechanisms: 1)
They can bind to a pathogen/antigen, such as viruses and bacteria, and through
neutralization they prevent their entrance in the cells, 2) antibodies can coat the
surface of an antigen, a process called opsonization, and they can enhance its
phagocytosis and 3) by binding to the surface of an antigen they can activate the

complement system 8.

All the subtypes of mature murine B cells have the ability to differentiate into PCs. B-
cell activation and differentiation can occur either through Tl or TD antigen (Ag)
responses. TD Ags contain protein components whereas Tl Ags include bacterial
components and polysaccharides. In general, Tl Ags do not evoke long-lived Ab
responses due to the lack of germinal centers (GCs) and memory formation®®®. TD
Ags on the other hand, can establish long-lasting GC responses with the generation

of memory B cells and long-lived plasma cells **.

The humoral defense system includes: 1) the production of natural Abs that respond
immediately on Ags 2) innate-like MZ and B1 B cells low-affinity but rapid response
and 3) the adaptive, late-phase GC-derived response of higher affinity 1°*. During the
primary innate immune response, APCs such as dendritic cells (DCs) and M®s
recognize and present processed Ags to B cells. The Ag-stimulated B cells undergo
CSR and the B cells differentiate into short-lived PBs and become ASCs. SHM and

clonal expansion follow that lead to the generation of higher affinity antibodies %1%,

4. D.2. The mucosal IgA synthesis
Mucosal membranes provide a dynamic interface that facilitates the absorption of

beneficial substances, while blocking the penetration of noxious agents and
microbes. In the mutualistic gut lumen environment, the microbial signals generate
non-inflammatory homeostatic balance by stimulating the intestinal mucosa. This
balance mostly involves the transepithelial release of IgA into mucosal secretions.
IgA is mostly produced by B cells located in gut-associated lymphoid follicles and
constitutes the most abundant antibody class in the intestine *°®. The number of IgA-

producing plasma cells exceeds the total number of plasma cells in the rest of the
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body combined, including bone marrow, lymph nodes and spleen. Human intestinal
IgA is mostly dimeric (secretory IgA, SIgA), while most IgA in serum is monomeric,
and comprises both the IgA1 and IgA2 subclass. Most plasma cells in the small
intestine secrete IgA1l; nevertheless the IgA2 proportion increases from the
duodenum through the terminal ileum and the two subclasses are present in
approximately equal numbers in the colon. Mature B cells develop into IgA plasma
cells by replacing the Cp gene with the Ca gene in the human Ig heavy chain locus
through CSR 83,

The precursors of lamina propria IgA PCs are generated in discrete zones of
organized lymphoid inductive sites, such as the gut-associated lymphoid tissue
(GALT, part of MALT). GALT is associated with an epithelial structure that facilitates
antigen entry. Antigens may be sampled by epithelial cells termed microfold (M) cells
that comprise part of the specialized follicle-associated epithelium (FAE). GCs of the
small intestine, that are part of GALT, contain a diverse population of B cells
surrounded by follicle DCs, follicular Ty and M®s that support GC B cell clonal
expansion and selection. CD20" B cells are numerous in GALT structures but they
are scarce in the lamina propria where PCs and PBs have an almost exclusive
distribution with the IgA to be the dominant isotype 3.

Mucosal IgA is secreted across the epithelium by binding to the polymeric
immunoglobulin receptor, after which it binds to microbes, various components of the
diet and antigens in the lumen of the intestine. These interactions protect the
immune system from potentially harmful stimulation by the contents of the lumen and
in addition regulate the composition of the microbiota. IgA provides a physical barrier
and can control the expression of genes by microbes in the intestine. As a
consequence, deficiencies in IgA synthesis can elicit pro-inflammatory signals in the
host *#. In animal models, isolated IgA deficiency leads to compensatory increases
of mucosal and serum levels of IgG and IgM (for example the AID”" mice that abolish
both CSR and SHM) *®. IgA-producing gut PCs can be generated by both T-cell-
dependent and T-cell-independent mechanisms that involve the cooperation of
epithelial cells, DCs, and innate lymphoid cells (ILCs) (fig. 5) **. Naive B cell
precursors expressing IgM and IgD are induced to switch to the IgA isotype through
T-cell-dependent or T-cell-independent pathways of activation. In both cases, BCR
stimulation is necessary to induce AID activation. Murine small intestinal IgA PCs
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have an average half-life of 5 days and a maximum lifespan of 7-8 weeks. The IgA
PC population is heterogeneous and contains both short-lived major

histocompatibility complex class I1* cells (MHCII*) and long-lived MHCII" cells *¥'.
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Intestinal Gut microbiota -{
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."‘lll \\\
Peyer's patch Antigens Antigens, Lamina propria
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Figure 5. TD IgA CSR (left) takes place mostly in Peyer's patches. DCs induce the differentiation of CD4-
expressing T cells into Ty cells. CD40 ligand (CD40L) and IL-21 from Ty cells induce the expression of AID in B
cells and promote IgA cCSR. Tl IgA CSR (right) occurs predominantly in the lamina propria and isolated lymphoid
follicles (ILFs), where B-cell activating factor (BAFF) and its homologue APRIL, which are derived from DCs,
promote the induction of AID expression in B cells. ILC3s also contribute to those pathways, through the
expression of LTa and LT, which activate DCs. The gut microbiota affects IgA CSR in both pathways. The Tl
pathway produces IgA with low affinity but directed towards the microbiota. The IgA-expressing B-cell clones that
this pathway induces persist for a long time and can re-enter a GC, where they undergo further somatic
hypermutation to produce high-affinity IgA that is adapted to the changing composition of the microbiota (adapted
from Honda & Littman, Nature, 2016 *%°).

IgA is induced mainly in the secondary lymphoid structures of the intestine, known as
Peyer patches; nevertheless IgA’s induction can be Peyer-patches- independent and
can occur in other sites that can also sustain CSR *®. T-cell-dependent responses in
GCs lead to high-affinity binding of IgA to antigen whereas T-cell-independent
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responses can occur in the lamina propria; the latter interactions lead usually to the
production of low-affinity binding of IgA to antigens *#%. The above are consistent
with observations that even though CD40-deficient mice lack GCs in the Peyer
patches, IgA levels are normal. The CD40 pathway is not the only one involved in
the expression of AID and its functions on CSR and SHM: the dendritic and
monuclear cell soluble ligands a proliferation-inducing ligand (APRIL) and B cell-
activating factor (BAFF) are important for T-cell-independent extrafollicular AID
induction *®. It should be noted that IgA production through T-cell-independent CSR

it accounts for a quarter of total IgA that is produced in presence of T cells 28,

4. 3. Aim of the study
The aim of this study was to illuminate the role of B cells and the microbiota in NASH

development by using different dietary and genetic mouse models, and antibiotic and

antibody-based therapeutic strategies.

There is an increasing interest in the role of immune cells in NASH development and
the subsequent HCC; an interest that is mostly focused in the discovery of new and
more effective therapies for the human situation. One of the hallmarks of our NASH
dietary model is the activation of hepatic T cells and we hypothesized that that B
cells are important for their activation either in the liver in the periphery, like in the
small intestine. In order to address the hypothesis we characterized different B-cell
and immunoglobulin knock out mouse models with a focus in the role of antibodies in
NASH pathology. In addition we characterized antibody-based therapies to evaluate

our genetic models and to further highlight potential mechanistic underpinnings.

The role of microbiome in obesity and the metabolic syndrome is a research area
that continuously and feverishly attracts the attention of the scientific and medical
community. Drug research based on microbiome modulation is of great interest and
therefore we hypothesized that microbiome plays a role in NASH development. To
address this hypothesis we characterized wild type conventional mice in a dietary
model treated with wide spectrum antibiotics, in a prophylactic and therapeutic

manner, and germ free mice on a long-term diet model.
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5. Materials and methods

5.1 Mice, diets and treatments
4-6 weeks old male C57BL/6J mice were purchased from Charles River. All strains

of genetically-altered mice were on a C57BL/6J background. Control mice were
matched by genetic background and age. Mice were housed at the German Cancer
Research Center (DKFZ), Heidelberg. Animals were maintained under specific
pathogen-free conditions and experiments were performed in accordance according
to German Law (G11/16, G7/17).

4 weeks old male C57BI/6N mice were provided by Prof. Dr. Dirk Haller and the diet
experiments took place in his germ free facility at the Technical University of Munich
(TUM) (School of Life Sciences Weihenstephan) according to the German Law
(Regierung von Oberbayern, approval no. 55.2-1-54-2532-72-2015).

4-6 weeks old male mice were fed a normal chow diet (ND), a choline deficient high-
fat diet (CD-HFD) (Research Diets; D05010402) and a western diet with trans-fat
(Research Diets; D09100301 - 40 kcal % fat (Primex shortening), 20 kcal % fructose,

2% cholesterol).

For the antibody- and antibiotic-treated studies, male mice were fed CD-HFD and
western diet for the indicated timeframes. The mice were treated intraperitoneally
(i.p) with CD20 depleted antibody (Genentech, clone 5D2 and Biogen, clone 2B8 -
Rituximab) and antibody that blocks CD40-CD40L interaction (clone MR1, a gift from
Prof. Dr. Burkhard Becher). aCD20 antibody clone 5D2 was given in a dosage of
200ug in PBS for three times (once every two weeks, in total 6 weeks of treatment)
whereas Rituximab was given 150ug in PBS twice a week for 8 weeks and MR1,
300ug in PBS once per week for 8 weeks. Animals were sacrificed at the endpoint of
6 months on diet; serum and organs were harvested for biochemical, molecular

analysis and for immunohistochemistry (IHC) and flow cytometry (FACS) analysis.

Wide spectrum antibiotic cocktail (Ciprofloxacin, 20mg/100ml, Sigma-Aldrich;
Ampicillin, 200mg/100ml, Sigma-Aldrich; Metronidazole, 100mg/ml, Sigma-Aldrich;
Vancomycin, 50mg/100ml, Alfa Aesar) was administrated through drinking water
either prophylactically (during 6 months on diet) either therapeutically (for 8 weeks,

between 4 and 6 months on diet). Animals were sacrificed at the endpoint of 6
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months on diet; serum and organs were harvested for biochemical, molecular

analysis and for immunohistochemistry (IHC) and flow cytometry (FACS) analysis.

5.2 Measurements of serum parameters
Serum was isolated from the heart blood after sacrifice, and parameters were

measured on a Cobas Reader in collaboration with the Institute for Clinical

Chemistry and Pathobiochemistry, TUM, Munich.

5.3 Measurements of hepatic triglycerides
Liver triglycerides were measured by crushing 20 - 50 mg of tissue in liquid with a

pestle and adding 250ul 0.9% NacCl. After incubation on heat block for 10min, RT,
450rpm, 250ul ethanolic 0.5KOH was added, samples were vortexed and incubated
for 30min, 71°C, 450rpm. 500ul 0.15M MgSO4 was added, and samples were
vortexed. After centrifugation for 10min, RT, 13,000g supernatants were collected
and analyzed by using optical densitometry O.D. 505 with 1:4 diluted liver samples
by GPO-PAP from Roche Diagnostics.

The hepatic triglyceride assay was performed by Dominik Pfister.

5.4 Intraperitoneal glucose tolerance test
After overnight fasting, mice were i.p. injected with 5ul/gr body weight of a 20%

glucose solution (NaCl, 0.9%). Blood glucose was measured using “Accu-chek
Performa Glucometer” at the indicated time intervals, by puncturing the lateral tail

vein.

5.5 Isolation and staining of lymphocytes (from liver, spleen & blood) for
flow cytometry (FACS)
Mice were sacrificed and livers were dissected. Livers were incubated for up to

35min in 37°C with digestion buffer (Collagen IV 1:10 (60 U f.c.) and DNase | 1:100
(25 pg/ml f.c.)) and subsequently passed through a 100um filter. Livers were
Washed with RPMI1640 medium and subsequently centrifuged for 7min/300g/4°C.
Lymphocyte enrichment was achieved by a 2-step Percoll gradient (20ml 25%
Percoll/HBSS underlay with 20ml 50% Percoll/HBSS) and centrifugation for
15min/1800g/4°C (Acc:1 Dcc:0). Leukocytes were collected, washed with HBSS,
centrifuged for 10min/700g/4°C, counted and transferred to a 15ml Falcon for a final
washing step with FACS buffer (PBS supplemented with v/v 0.4% 0.5M EDTA pH=8
and w/v 0.5% albumin fraction V (#90604-29-8)).
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Isolation of splenic lymphocytes was done by passing spleens through a 100um
mesh and subsequent washing. Afterwards, an erythrocyte lysis using ACK-buffer 1x

2ml for 5 min RT and then a wash was performed.

Isolation of blood-derived lymphocytes was done by collection of blood in FACS
buffer and performing erythrocyte lysis two times using ACK-buffer 1x 2ml for 5 min

RT and then washing.

For T-cell restimulation, cells were incubated for 2h, 37°C, 5% CO, in RPMI 1640
supplemented with v/v 2% fetal calf serum using 1:500 Biolegend’s Cell Activation
Cocktail (with Brefeldin A) (#423304) and 1:1000 Monensin Solution (1,000X)
(#420701).

Staining was performed using Live/Dead discrimination by using DAPI or
ZombieDyeNIR according to the manufacturer’s instructions. After washing (~400g,
5min, 4°C), cells were stained in 25l of titrated antibody (table 4) master mix for
20min at 4°C and washed again. Samples for flow cytometric activated cell sorting
(FACS) were then sorted. Samples for flow cytometry were fixed using eBioscience
IC fixation (#00-8222-49) or Foxp3 Fix/Perm kit (#00-5523-00) according to the
manufacturer’s instruction. Intracellular staining was performed in eBioscience Perm
buffer (#00-8333-56).

Cells were analyzed using BD FACSFortessa, Sony spectral analyzer SP6800 and
data were analyzed using FlowJo. For sorting, a FACS Aria Il and a FACSAria
FUSION in collaboration with the DKFZ FACS core facility were used.

5.6 Isolation and staining of lymphocytes from the lamina propria of the
small intestine for flow cytometry (FACS)
Small intestines were transferred onto an ice basin station. Peyer’s patches were

removed and the intestines were flushed with PBS and lumen material was removed.
The tissue was cut into small pieces (about 5mm each) and transferred in 20ml
HBSS 2% FCS solution. The tissue pieces were put through a large piece of nitex
mesh to rinse out mucus, and then picked out by using forceps, transferred in 10ml
HBSS 2mM EDTA, were shaken manually and vigorously for about 10 seconds. The
tissue was incubated for 20 min in the shaker at the highest speed (240rpm) at 37°C.

Supernatant was discarded by filtering pieces through nitex mesh. The pieces were
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rinsed with HBSS, transferred in 10ml HBSS 2mM EDTA, were shaken manually and
vigorously for about 10 seconds and incubated for 20 min in the shaker at the
highest speed (240rpm) at 37°C. Supernatant was discarded, the intestine pieces
were rinsed with HBSS and filtered through a nitex mesh.

The tissue was digested in 15 ml IMDM (Gibco) +10% FCS containing 1mg/ml
collagenase VIII (Sigma-Aldrich), was shaken manually for 15 seconds then
incubated in shaker at the highest speed (240 rpm) at 37°C for about 15 minutes.
The digested tissue was filtered through 100um, then through 40um filter, and was
centrifuged at 400g for 10 minutes. The pellet was resuspended in RPMI1640
medium. Staining and cell analysis were performed as described above, in section
5.5.

Table 4: Flow cytometry antibodies

Fluorochrome Name Clone Company
Alexa700 CD4 RM4-5 Biolegend
Alexa700 CD45 30-F11 Biolegend
APC CD3 17A2 Biolegend
APC CD44 IM7 Biolegend
APC CD20 SA275A11 Biolegend
FITC CD19 6D5 Biolegend
FITC CD45 13/2.3 Biolegend
FITC IgA C10-3 Biolegend
PE CD69 H1.2F3 Biolegend
PE IgM RMM-1 Biolegend
PE/Cy7 CD3 17A2 Biolegend
PE/Cy7 CD19 6D5 Biolegend
PE/Dazzle CD62L MEL-14 Biolegend
PE/Dazzle gD 11-26¢c.2a Biolegend
PerCP/Cy5.5 CD8a 53-6.7 Biolegend
PerCP/Cy5.5 I-A/I-E (MHCII) M5/114.15.2 Biolegend

CD16/32 93 Biolegend

5.7 Histology, immunohistochemistry, scanning and analysis
Tissues were fixed in 4% paraformaldehyde and paraffin-embedded at the Technical

University of Munich (TUM) or at the DKFZ, Department of Chronic Inflammation and
Cancer (Heidelberg). Briefly, 2um sections from FFPE and cryo-preserved tissues

were prepared and stained with Hematoxylin/Eosin or IHC antibodies (table 5) on a
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Bond MAX (Leica). For Sudan Red staining, cryo sections (5um) were cut and
stained with Sudan Red (0.25% Sudan IV in ethanolic solution). Slides were scanned
with SCN400 slide scanner (Leica) and analyzed either using ImageJ for area based

staining.

The tissue preparation, staining and scanning were done by the technical assistants,

Danijela Heide, Jenny Hetzer and Anne Jacob.

Table 5. IHC antibodies

Target Dilution Company

MHCII 1:500 Novus Biologicals
CD3 1:250 Zytomed

F4/80 1:120 Linaris

Collagen IV 1:50 Cedarlane

Ki-67 1:200 Thermo Scientific
B220 1:3000 BD Biosciences
IgA 1:200 DAKO

lgM 1:250 DAKO

IgG 1:200 DAKO

5.8 Isolation of RNA and quantitative real-time PCR
Total RNA from whole liver homogenates was isolated from frozen liver tissues

according to the manufacturer’'s protocol using RNeasyMini Kit (Qiagen). The
guantity and quality of the RNA was analyzed by Nanodrop analyzer (Thermo
Scientific). For cDNA production 1 ug of RNA was used by using Quantitect Reverse
Transcription Kit (Qiagen) according to the manufacturer’s protocol. gqRT-PCR was
performed in duplicates in a in 384-well plate using Fast Start SYBR Green Master
Rox (Roche) with custom made primers purchased from Eurofins with a 7900 HT
gRT-PCR system (Applied Biosystems, Life Technologies Darmstadt, Germany).

The primer sequences of the genes of interest were listed in table 6.
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Table 6. Primer sequences

Gene Forward primer Reverse primer
Acad10 TGG CTG TGG GCT GGG AG AAA TAG GAG CTG ACG GGC AC
Acat2 GAC CCC GTG GTC ATC GTC CCA CAACCT GCC GTC AAG A
Acat3 TGGCCACTTTGACAAGGAGAT CTGTTGCATTAGCAGTTGTGA
Acot2 CTCGTCTTT CGC TGT CCT GA CTC AGC GTCGCATTT GTC CG
Acox3 GGG TGATGG TCG GTGACATT CGG ACA TCC TTA AAG GGG CT
Acsll ATC TGG TGG AAC GAG GCA AG TCCTTT GGG GTT GCC TGT AG
Acsm2 GCC AGA CAG AAACGGGACTT ACA TGC CGATAG GCC AGATG
Cptl CAG CTG CTG ACCTCTGACC AAA GTC ATT CCA GAC ACG CCA
Lipe CTT CCAGTT ACC TGC CA AAT CGG CCA CCG GTA AAG AG
Mvd GAG GGA GAC CTC TCC GAA GT GTC TGC ARG CCC ACT GTACT
HL CTATGG CTG GAG GAATCT G TGG CAT CAT CAG GAG AAA G
Sqle GCA ATC TACGCCACG TATTTCT GGG CCCGTGGTTTTGT
Lpl TGG ATG AGC GAC TCCTACTTCA  CGG ATC CTC TCG ATG ACG AA
EL CTATCC CAATGG CGG TGACTTC CGT GCTCGCATTTCACCATC
PPARd GAA CAG CCA CAG GAG GAG AC GAG GAA GGG GAG GAATTC TG
GPAT GCT GCA ACT GAG ACG AACCT AAG CCC CCAAGC TTG TGA AT
ABCAl GTT TTG GAG ATG GTT ATA CAA TTC CCG GAA ACG CAAGTC
TAGTTGT
Acsbgl ACTCGCAAACCAGCTCC AGTACAGAAAGGTTCCAGGCG

5.9 Elisa assays
Serum, intestinal lumen and tissue samples were collected. ELISA plates (Nunc)

were coated the night before with 100yl of the coated antibody (coating buffer: 0.1M
NaHCOg3) and incubated at 4°C overnight. The next morning the plates were washed
4 times immersing in washing buffer (0.05% Tween 20 in PBS). 100ul/well were
added of blocking buffer (2% w/v in PBS). The plate was incubated at room
temperature (RT) for 1-2 hours and then the plate was washed 4 times. The diluents
(0.5% BSA in PBS) were added in the wells, then the samples and the standard
solutions that were serially diluted. The plate was incubated 90 min at RT and then
washed 4 times. 100ul of secondary antibody was added and the plate was
incubated for 30-60 min. at RT. After the incubation the plate was washed 4 times
and 100yl of substrate buffer (0.1M NaH,PO4.H,0) and after 30-60 min. the colour
reaction reached the optimal. The plate was read at OD450mm in a 96 well plate

reader.
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The dilution of all coating antibodies was 1:1000. The standards were diluted as
follows: 6pl standard added to 94pl diluents, for IgA 12ul were added to 88yl
diluents. Final concentration was 2ug/ml of antibody. The dilution of all secondary
antibodies was 1:1000.

The ELISA assay was performed by Dr. Hai Li in Bern, Switzerland (lab of Prof. Dr.

Andrew Macpherson). The respective antibodies were listed in table 7.

Table 7. ELISA antibodies

Immunoglobuln isotype  Coating antibody Standard Secondary antibody
Goat anti-mouse IgM Purified mouse myeloma  Anti-mouse IgM p chain
(1020-01 Southern) IgM (02-6800 Zymed) specific; peroxidise
conjugated (A8786
Sigma)
19G2p Goat anti-mouse 1gG2p Purified mouse myeloma  Anti-mouse IgG y chain
(1090-01 Southern) 19G2p (02-6300 Zymed) specific; peroxidise
conjugated (A3673
Sigma)
IgA Goat anti-mouse IgA Purified mouse IgA Anti-mouse IgA a chain
(1040-01 Southern) (553476 PharMingen) specific; peroxidise
conjugated (A4789
Sigma)

5.10 16s microbiome sequencing
Fresh mouse faecal samples were collected and were snap-frozen in liquid nitrogen.

The 16s sequencing was performed by Catherine Mooser in Bern, Switzerland (lab

of Prof. Dr. Andrew Macpherson), using the QIME pipeline version 1.8.0.

5.11 Non-Alcoholic Fatty Liver Disease (NAFLD) activity score (NAS)
For the grading of NAFLD-NASH, NAS was used accordingly*®. Mouse liver

sections stained with Hematoxylin/Eosin were evaluated and the score was
calculated as the sum of the scores for steatosis (0-3), lobular inflammation (0-3),

and ballooning (0-2), and ranges from O to 8 as described in table 8.
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Table 8. Components of nonalcoholic fatty liver disease activity score

Item Definition Score
<5%
Steatosis 5% - 33%
>33%-66%
>66%
No foci
Lobular inflammation <2 foci per 200x field
2-4 foci per 200x field
>4 foci per 200x field
None
Ballooning Few ballooning hepatocytes

N P O W N PP O W DN +» O

Many ballooning hepatocytes

5.12 Statistical analysis
Mouse data are presented as the mean+SEM. Statistical analysis was performed

using GraphPad Prism software version 7.03 (GraphPad Software). All data were
analyzed by unpaired, parametric t test and when comparing multiple groups by
ordinary one-way ANOVA with Turkey’s multiple comparison test. Statistics for HCC
incidence were calculated using Fisher’'s exact test. Statistical significance is
indicated as follows:*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

43




6. Results

6.1. B cells are required for NASH and NASH-driven HCC development
We first wanted to investigate the effects on NASH, as it was previously described in

C57BL/6J (WT) mice %, and subsequent HCC development of long-term CD-HFD
feeding on body weight, glucose metabolism and liver integrity, in JH” mice lacking

mature B cells **°,

6.1.1. Long term CD-HFD leads to metabolic syndrome, liver fibrosis and NASH
in WT mice but not in JH-/-
As previously described, WT CD-HFD mice showed a constant rise in body weight

(fig. 6A) compared with ND mice. Interestingly JH” CD-HFD mice started to gain
significantly more weight (than ND mice) around nine months of age, reaching the
same levels of body weight as their WT CD-HFD counterparts at the age of twelve
months. Absence of liver steatosis as determined by Hematoxylin and Eosin (H/E)
staining of liver sections and NAFLD activity score (NAS) (fig. 6B, C). Strikingly, liver
damage, normally seen in WT CD-HFD, was abrogated in JH” CD-HFD, as serum
analysis revealed reduction in alanine transaminase (ALT) levels in JH”" CD-
HFD(fig. 6D). JH” CD-HFD serum cholesterol and hepatic triglycerides levels were
also decreased (fig. 6E, F); consistently Sudan red staining of liver sections showed
a strong decrease of large lipid droplets (fig. 6G). Moreover, Sirius red staining of
JH" CD-HFD livers revealed absent perisinusoidal fibrosis, in contrast to WT CD-
HFD livers (fig. 6H). WT CD-HFD mice developed fibrosis with an incidence of
28.57% for mild and severe and 42.85% for moderate (fig. 61). Metabolic analysis
with an intraperitoneal glucose tolerance test (IPGTT) revealed a normal glucose
response in JH™ in contrast to WT CD-HFD (fig. 6J). Transcriptional analysis
demonstrated that the deregulation of several genes involved in lipid metabolism
observed in WT CD-HFD is prevented in JH”- CD-HFD mice (fig. 6K).
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Figure 6. B cells are playing a role in NASH development

(A) Weight development in male WT ND, CD-HFD and JH" CD-HFD mice (n=20). (B) Representative H&E
staining of 12-month-old, WT ND, WT CD-HFD mice illustrating NASH, and JH"
NASH. (C) NAFLD score (NAS) for the three respective groups. (D) Quantification of serum ALT in male 6- and
12-month-old WT and JH™
old WT and JH™” mice (n=10 each). (F) Quantification of hepatic triglycerides in male 6- and 12-month-old WT

CD-HFD showing absence of
mice (n=10 each). (E) Quantification of serum cholesterol in male 6- and 12-month-

and JH” mice (n=6 each). (G) Representative Sudan red staining illustrating fat accumulation in livers of WT ND,

WT CD-HFD and JH”” CD-HFD mice. To the right, quantification of total Sudan red” area (n=6 each).
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(H) Representative Sirius red staining illustrating the status of perisinusoidal fibrosis in livers of WT ND, WT CD-
HFD and JH” CD-HFD mice. To the right, quantification of total Sirius red” area (n=6 each). (I) Incidence of
fibrosis as it was quantified through total Sirius red” area in WT ND and CD-HFD livers (n=10 each). (J) Glucose
tolerance test performed with 9-month-old male mice (n=6 each). (K) Real-time PCR analysis for lipid metabolism
genes on mRNA isolated from WT ND and CD-HFD and JH" CD-HFD livers.

The scale bar represents 100 um. All data are presented as mean = SEM.

6.1.2 Differential fat deposition in JH”” CD-HFD mice
JH" CD-HFD liver-to-body weight ratio was reduced (fig. 7A) in agreement with the

whole-body echo magnetic resonance (MRI) analysis that showed an increase in
JH™ fat mass. The subcutaneous (inguinal) white adipose tissue was significantly
reduced but not the perigonadal white adipose tissue (fig. 7B, C).
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Figure 7. In JH"CD-HFD mice the fat deposition is affected

(A) Quantitative analysis of liver-to-body weight ratio of WT ND, CD-HFD and JH” CD-HFD livers in 6- and 12-
month-old mice (n=10 each). (B) MRI analyses on livers of 12-month-old WT ND, CD-HFD and JH”" CD-HFD
mice. T1 (fast low-angle shot [FLASH]) OUT phase: dark color indicative of steatosis. T2. TurboRare visualizes
increase in subcutaneous and abdominal fat and hepatic lipid accumulation (bright regions) in CD-HFD mice.
(C) Quantitative analysis of perigonadal white adipose tissue and inguinal white adipose tissue-to-body weight
ratio of 6- and 12-month-old WT ND, CD-HFD and JH” CD-HFD mice (n=10 each).

All data are presented as mean + SEM.

6.1.3 Hepatic infiltration and activation of immune cells in C57BL/6 but not in
JH” CD-HFD mice
Flow cytometry analysis (FACS) showed an absence of CD19" B cells in the liver

and significantly fewer hepatic CD3" T cells in JH” CD-HFD mice (fig. 8A).

Moreover, FACS showed a significant reduction of activated hepatic CD4" T cells in
JH” CD-HFD mice compared to WT CD-HFD (fig. 8B). Accordingly, IHC showed a
reduction of CD3" T cells and CD3" foci (fig. 8C, D). Further IHC analysis revealed
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no B220" positivity in the JH” CD-HFD livers (fig. 8E, F, upper row), and decrease
in F4/80" and MHCII" cells compared to WT CD-HFD (fig. 8E, F, middle and lower

row).
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Figure 8. In the absence of B cells, CD-HFD does not induce infiltration and activation of hepatic
lymphocytes

(A,B) Representative zebra plots and quantifications of flow cytometric analyses comparing 6-month-old WT ND,
CD-HFD and JH”" CD-HFD mice (n26); (A) CD19"CD3" B cells, CD19°CD3" T cells and (B), CD69'CD4+CD62L°
T cells. (C, D) Representative histology and IHC on liver sections of 6-month-old WT ND, CD-HFD and JH" cD-
HFD; (C) CD3 and quantification of CD3" T cells per mm? (n=6) (D). (E, F) Representative histology and IHC on
liver sections of 6-month-old WT ND, CD-HFD and JHT CD-HFD; (E) B220, F4/80 and MHCII and quantification
of the respective cells per mm? (n=6) (F).

The scale bar represents 100 pym. All data are presented as mean = SEM.

6.1.4 WT CD-HFD mice develop HCC but not JH”
Of 61 JH” CD-HFD mice that were sacrificed at 12 months, none displayed tumors

macro- or microscopically, contrary to WT CD-HFD mice which developed tumors at
an incidence of ~25% as previously reported (fig. 9A, B).
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Figure 9. Absence of B cells leads to absence of NASH-driven HCC development in long-term JH" cD-
HFD mice

(A) H/E and IHC of liver derived from 12-month-old WT CD-HFD mice with HCC. Dashed lines depict HCC
border. The scale bars represent H/E: 100 ym (low) and 100 ym (high); collagen 1V: 100 ym; Ki67: 100 ym
(depicted by arrowheads). (B) Graph summarizing C57BL/6 mice without tumor (NT) and with tumor (T) on WT
and JH” CD-HFD. Symbols depict individual mice.

6.1.5 Therapeutic aCD20 treatment abrogates NASH and fibrosis in C57BL/6
CD-HFD mice but not glucose intolerance
In order to further evaluate the importance of B cells in NASH development, we

treated WT mice fed with CD-HFD intraperitoneally (i.p.) (fig. 10A) for four months
with an antibody that depletes CD20" cells (GenTech, clone 5D2). The treatment
lasted for 6 weeks while the mice were continuously under CDHFD (fig. 10B, C).
From our studies we have seen that NASH starts to escalate already by month three
under diet and by month four we can observe the presence of NASH (fig. 10D, E).
The WT CD-HFD aCD20 treated livers showed NASH abrogation as determined by
H/E staining (fig. 10F, G). Accordingly, ALT (fig. 10H) levels were reduced
compared to mock (treated ip with IgG) and untreated WT CD-HFD mice. Serum
cholesterol remained at high levels (fig. 10l), whereas hepatic triglycerides were
decreased (fig. 10J). Consistently, Sudan red staining in liver sections showed a
strong decrease of large lipid droplets (fig. 10K, upper row). Sirius red staining of
WT CD-HFD aCD20 treated livers demonstrated an absence of perisinusoidal
fibrosis compared to WT CD-HFD mock and untreated livers (fig. 10K, lower row).
In contrast, IPGTT test showed an impaired glucose response in WT CD-HFD
aCD20 mice, similar to mock and untreated WT CD-HFD (fig. 10L).
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Figure 10. NASH development depends on the presence of B cells

(A) Body weight in male WT ND, CD-HFD, CD-HFD mock (i.p. injection of IgG) and WT aCD20 CD-HFD mice
(n=6 each). (B-C) Flow cytometric analyses and quantification of the efficacy of CD20" depletion in lamina
propria of the small intestine, liver, spleen and blood. CD19" B cells (n=3 each). (D) Representative H&E staining
of 4-month-old WT ND and CD-HFD mice illustrating NASH. (E) NAFLD score (NAS) for the livers derived from
4-month-old WT ND and CD-HFD mice (n=3 each). (F) Representative H&E staining of 6-month-old WT ND, CD-
HFD, CD-HFD mick, aCD20 CD-HFD livers illustrating absence of NASH for the WT aCD20 CD-HFD.
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(G) NAFLD score (NAS) for the livers derived from 6-month-old WT ND, CD-HFD and aCD20 CD-HFD mice (n=6
each). (H) Quantification of serum ALT in the 6-month-old respective groups (n=6 each). (I) Quantification of
serum cholesterol in the 6-month-old respective groups (n=6 each). (J) Quantification of hepatic triglycerides in
the 6-month-old respective groups (n=6 each). (K) Upper row: Representative Sudan red staining illustrating fat
accumulation in livers of the four groups. To the right, quantification of total Sudan red” area. Lower row: Sirius
red staining illustrating the status of perisinusoidal fibrosis in livers of the respective groups (n=6 each).

(L) Glucose tolerance test performed with 6-month-old male mice (n=6 each).

The scale bar represents 100 uym. All data are presented as mean + SEM.

6.1.6 Fat deposition in WT aCD20 CD-HFD mice
In aCD20 treated CD-HFD mice, liver-to-body weight ratio was reduced (fig. 11A).

Similar to the JH” CD-HFD mice, the inguinal white adipose tissue was significantly
reduced but not the perigonadal white adipose tissue (fig. 11B).
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Figure 11. In aCD20 treated mice the fat deposition is affected

(A) Quantitative analysis of liver-to-body weight ratio of WT ND, CD-HFD, CD-HFD mock and aCD20 CD-HFD
livers in 6-month-old mice (n=6 each). (B) Quantitative analysis of perigonadal white adipose tissue and inguinal
white adipose tissue-to-body weight ratio of the respective 6-month-old mice (n=6 each).

All data are presented as mean + SEM.

6.1.7 Hepatic infiltration and activation of immune cells is abolished in
C57BL/6 CD-HFD mice by aCD20 therapeutic treatment
FACS analysis showed a strong reduction of activated hepatic CD4" T cells in

treated mice compared to WT CD-HFD (fig. 12A). Accordingly, IHC showed a
reduction of CD3" T cells and CD3" foci as it was shown by CD3" staining in liver
sections (fig. 12B, C). Further IHC analysis revealed strong reduction (depletion) of
B220" cells and decrease of F4/80" and MHCII" cells in WT CD-HFD aCD20 treated
livers (fig. 12D, E).
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Figure 12. Therapeutic depletion of B cells leads to abrogation of infiltration and activation of

lymphocytes in CD-HFD livers

(A) Quantification of flow cytometric analysis comparing 6-month-old WT ND, CD-HFD, CD-HFD mock and
aCD20 CD-HFD mice (n=3); CD69'CD4+CD62L" T cells. (B - D) Representative histology and IHC of liver
sections from the respective groups; (C) CD3 and quantification of CD3" T cells per mm? (n=6), (D) B220, F4/80
and MHCII, (E) Quantification of B220", F4/80" and MHCII" cells per mm? (n=6). The scale bar represents 100

pum. All data are presented as mean + SEM.



6.2. Intestinal B cell response in the lamina propria of the small intestine

is sufficient to induce NASH
Next we wanted to corroborate the JH” CD-HFD data using pMT, another B —cell

deficient mouse line. These mice are lacking mature B-cells apart from IgA™ B cells

in the gut™™.

6.2.1 WMT mice express CD20" IgA* B cells in the lamina propria of the small intestine
It has been shown by Macpherson et al*** that IgA* B cells can be also found in the
UMT spleen in low numbers. We observed B220" cells by IHC staining but not with
IHC IgA™ staining or FACS (fig. 13A, C). uMT liver sections were negative for B220*
by IHC and CD19" by FACS and IgA* by IHC (fig. 13B, C). Similar to what has been
reported, we observed the presence of IgA* B cells in the lamina propria of the pMT
small intestine (LP SlI) by IHC and FACS (fig. 13D, E). In addition, we were able to
identify that the specific B cell population that populates the LP Sl is CD20" IgA” (fig.
13F, G).
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Figure 13. B cells in the lamina propria of the small intestine in WT and yMT mice

(A, B) Representative IHC of (A) spleen and (B) liver sections from 6-month-old WT and uMT mice. Upper row:
B220. Lower row: IgA. (C) Quantification of flow cytometric analyses of 6-month-old WT ND, CD-HFD and yMT
CD-HFD mice. From left to right: blood, spleen, liver, CD19" B cells. (D) Representative IHC of the small intestine
derived from 6-month-old WT and yMT mice. Upper row: B220. Lower row: IgA. (E, F) Quantification of flow
cytometric analyses of the lamina propia of the small intestine derived from 6-month-old WT ND, CD-HFD and
UMT CD-HFD mice; (E) Upper graph: CD19" B cells. Lower graph: CD20" B cells, (F) Upper graph: CD19" IgA* B
cells. Lower graph: CD20" IgA” B cells. (G) Representative zebra plots and quantifications of flow cytometric
analyses comparing the lamina propria of the small intestine of 6-month-old WT ND, CD-HFD and yMT CD-HFD

mice. The scale bar represents 100 um. All data are presented as mean + SEM. n=10 in each group.
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6.2.2 Characterization of IgA* and IgM* B cell populations in the WT and pMT

CD-HFD lamina propria small intestine
We wanted to further characterize the B cell populations in LP Sl in WT ND, WT CD-

HFD and uMT CD-HFD 6-month-old male mice. Flow cytometry revealed higher
frequencies of CD19" and CD20" B cell populations in the WT CD-HFD LP S| when
compared to WT ND, whereas in the LP Sl of the yMT mice the dominant B cell
population was CD20", as it was also shown above (fig. 14A, B). Moreover, we
observed higher frequencies in the WT CD-HFD LP S| of CD19°CD20" B cells when
compared to WT ND (fig. 14A, B). The next step was to evaluate the
immunoglobulin status of the populations of interest. In the WT CD-HFD LP SlI, the
frequencies of CD19°IgA" and CD19°IgM" cells were higher when compared to WT
ND (fig. 14C). Regarding the CD20" cells, the IgA™ and IgM" cells had higher
frequencies in the WT CD-HFD LP Sl when compared with WT ND, whereas in the
UMT CD-HFD LP SI, we observed higher frequencies of CD20"IgA" cells when
compared to WT ND and CD-HFD respectively (fig. 14D). Finally, for the cell
population CD19°CD20'CD4 CD8IgA", which we regarded phenotypically as plasma
cells, we noted higher frequencies in WT and yMT CD-HFD LP Sl when compared to
WT ND (fig. 14E).
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Figure 14. Frequencies of IgA* and IgM* B cells in the WT ND, CD-HFD and yMT CD-HFD lamina propria of

the small intestine
(A, B) Frequencies and (B) representative pseudocolor plots of CD19"" and CD20™" B cell populations in the WT

ND, CD-HFD and yMT CD-HFD LP SI. (C) Right: Frequencies of CD19°IgA" and CD19"IgM" B cells in the WT

ND and CD-HFD LP SI. Left: representative zebra plots. (D) Right: Frequencies of CD20*IgA" and CD20"IgM" B
cells in the WT ND, CD-HFD and uMT CD-HFD LP SI. Left: representative zebra plots. (E) Right: Frequencies of

CD19'CD20°CD4'CD8IgA" B cells in the WT ND, CD-HFD and uMT CD-HFD LP SI. Left: representative zebra

plots. All data are presented as mean + SEM. n=10 in each group.

6.2.3 Long term CD-HFD leads to metabolic syndrome and NASH in the

absence of fibrosis in yMT CD-HFD mice

Contrary to JH” CD-HFD and similar to WT CD-HFD, uMT CD-HFD showed a
constant rise in body weight compared to WT ND mice (fig. 15A). H/E staining of
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MMT CD-HFD liver sections showed the typical hallmarks of NASH (fig. 15B, C) and
serum analysis revealed increased ALT (fig. 15D) levels in uMT CD-HFD compared
to WT ND. uMT CD-HFD serum cholesterol and hepatic triglycerides were also
increased (fig. 15E, F). Consistently, Sudan red staining of yMT CD-HFD liver
sections showed accumulation of large lipid droplets (fig. 15G). Sirius red staining of
MMT CD-HFD livers showed an absence of perisinusoidal fibrosis, accordingly to
what has been previously reported ** (fig. 15H). Transcriptional analysis
demonstrated that the deregulation of several genes involved in lipid metabolism
observed in WT CD-HFD was not prevented in uMT CD-HFD mice (fig. 151). IPGTT
test showed an impaired glucose response in ygMT CD-HFD, similar to WT CD-HFD
(fig. 15J).
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Figure 15. Intestinal B cells play arole in NASH development and in fibrosis in yMT CD-HFD mice

(A) Weight development in male WT ND, CD-HFD and yMT CD-HFD mice (n=20). (B) Representative H&E
staining of 12-month-old, WT ND, WT CD-HFD and uMT CD-HFD mice illustrating NASH. (C) NAFLD score
(NAS) for the three respective groups. (D) Quantification of serum ALT in male 6- and 12-month-old WT and pMT
mice (n=10 each). (E) Quantification of serum cholesterol in male 6- and 12-month-old WT and pmT mice (n=10
each). (F) Quantification of hepatic triglycerides in male 6- and 12-month-old WT and pMT mice (n=6 each).

(G) Representative Sudan red staining illustrating fat accumulation in livers of WT ND, WT CD-HFD and uMT
CD-HFD mice. To the right, quantification of total Sudan red” area (n=6 each). (H) Representative Sirius red
staining illustrating the status of perisinusoidal fibrosis in livers of WT ND, WT CD-HFD and uMT CD-HFD mice.
To the right, quantification of total Sirius red” area (n=6 each). (I) Real-time PCR analysis for lipid metabolism
genes on mRNA isolated from WT ND and CD-HFD and yMT CD-HFD livers. (J) Glucose tolerance test
performed with 9-month-old male mice (n=6 each). The scale bar represents 100 um. All data are presented as
mean + SEM.

6.2.4 Fat deposition in yMT CD-HFD mice
MMT CD-HFD liver-to-body weight ratio was not increased compared to ND (fig.

16A). MRI analysis showed increase an in fat mass (fig. 16B), as well as
perigonadal white adipose tissue and inguinal white adipose tissue compared to WT
ND, similar to WT CD-HFD (fig. 16C).
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Figure 16. Fat deposition in yMT CD-HFD mice is not affected

(A) Quantitative analysis of liver-to-body weight ratio of WT ND, CD-HFD and uMT CD-HFD livers in 6- and 12-
month-old mice (n=10 each). (B) MRI analyses of livers from 12-month-old WT ND, CD-HFD and yMT CD-HFD
mice. T1 (fast low-angle shot [FLASH]) OUT phase: dark color indicative of steatosis. T2. TurboRare visualizes
increase in subcutaneous and abdominal fat and hepatic lipid accumulation (bright regions) in CD-HFD mice.
(C) Quantitative analysis of perigonadal white adipose tissue and inguinal white adipose tissue-to-body weight

ratio of 6- and 12-month-old WT ND, CD-HFD and yMT CD-HFD mice (n=10 each). All data are presented as
mean + SEM.

6.2.5 Hepatic infiltration and activation of immune cells in yMT CD-HFD mice
FACS analysis showed an absence of CD19" B cells in the liver and a significant

increase of hepatic CD3+ T cells in the yMT CD-HFD mice when compared to WT
ND (fig. 17A) Moreover, FACS showed significantly more activated hepatic CD4" T
cells in yMT CD-HFD mice compared to WT ND (fig. 17B) Accordingly, IHC showed
an increase of CD3" T cells and CD3" foci in liver sections (fig. 17C, D). Further IHC
analysis revealed no B220" in the uMT CD-HFD livers, and increase of F4/80" and
MHCII" cells similarly to WT CD-HFD (fig. 17E, F).
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Figure 17. Presence of intestinal B cells, CD-HFD does not induce infiltration and activation of hepatic

lymphocytes

(A,B) Quantifications of flow cytometric analyses comparing 6-month-old WT ND, CD-HFD and pMT CD-HFD

mice (n=6); (A) CD19°CD3" B cells, CD19°CD3" T cells and (B), CD69'CD4+CD62L" T cells.

(C-F) Representative histology and IHC on liver sections of 6-month-old WT ND, CD-HFD and uMT CD-HFD; (C)
CD3 and quantification of CD3" T cells per mm? (n=6) (D), (E) B220, F4/80 and MHCII and quantification of the
respective cells per mm? (n=6) (F). The scale bar represents 100 um. All data are presented as mean + SEM.

6.2.6 Lower incidence of HCC development in yMT CD-HFD mice

Of 40 yMT CD-HFD mice that were sacrificed at 12 months, only two developed

tumors of an incidence of 5% (fig. 18A, B).
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Figure 18. The presence of intestinal B cells is insufficient for NASH-driven HCC

(A) H/E and IHC of liver derived from 12-month-old yMT CD-HFD mice with HCC. Dashed lines depict HCC
border. The scale bars represent H/E: 600um (low) and 200 ym (high); collagen 1V: 200 ym; Ki67: 200 um
(depicted by arrowheads). (B) Graph summarizing WT and yMT CD-HFD mice without tumor (NT) and with

tumor (T). Symbols depict individual mice.

6.2.7 Therapeutic aCD20 treatment abrogates NASH in ygMT CD-HFD mice but not
glucose intolerance
Similar to our approach with WT CD-HFD, we followed the same B cell-depletion

protocol in the yMT CD-HFD mice by treating them i.p. with the same antibody that
depletes CD20" cells (section 1.5) (fig. 19B, C). As it has been shown above for WT,
at 4 months CD-HFD when the CD20" depletion has started, the uMT CD-HFD (fig.
19A) mice have already developed NASH (fig. 19B). As previously (section 1.5), the
treatment lasted for 6 weeks. The uMT CD-HFD aCD20 treated livers showed NASH
abrogation as determined by H/E staining (fig. 19C, D). Accordingly, ALT levels were
reduced (fig. 19E) when compared to untreated uMT CD-HFD mice. Serum
cholesterol remained high as in the CD-HFD untreated group (fig. 19F) whereas
hepatic triglycerides were significantly decreased (fig. 19G). Consistently, Sudan red
staining in liver sections showed a strong decrease of large lipid droplets (fig. 19H).
Sirius red staining of yMT CD-HFD treated livers demonstrated an absence of

perisinusoidal fibrosis similar to yMT CD-HFD, as shown above (fig. 19H).
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Figure 19. NASH development depends on the presence of intestinal B cells

(A) Body weight in male WT ND, CD-HFD, yMT CD-HFD and pMT aCD20 CD-HFD mice (n=5 each).

(B) Representative H&E staining of 4-month-old WT ND and CD-HFD mice illustrating NASH. (C) NAFLD score
(NAS) for the livers derived from 4-month-old WT ND and pMT CD-HFD mice (n=3 each). (D) Representative
H&E staining of 6-month-old yMT CD-HFD and yMT aCD20 CD-HFD livers illustrating absence of NASH for the
MMT aCD20 CD-HFD mice. (E) NAFLD score (NAS) for the livers derived from 6-month-old WT ND, CD-HFD,
MMT CD-HFD and pMT aCD20 CD-HFD mice (n=5 each). (F) Quantification of serum ALT in the 6-month-old
respective groups (n=5 each). (G) Quantification of serum cholesterol in the 6-month-old respective groups (n=5
each). (H) Quantification of hepatic triglycerides in the 6-month-old respective groups (n=5 each). (I) Upper row:
Representative Sudan red staining illustrating fat accumulation in yMT CD-HFD and pMT aCD20 CD-HFD livers.
Lower row: Representative Sirius red staining illustrating absence of perisinusoidal fibrosis in uyMT CD-HFD and
MMT aCD20 CD-HFD livers. The scale bar represents 100 uym. All data are presented as mean + SEM.

6.2.8 Fat deposition in pyMT aCD20 CD-HFD mice
In aCD20 pMT treated CD-HFD mice, liver-to-body weight ratio was reduced (fig.

20A). Similar to the JH” CD-HFD mice, the inguinal white adipose tissue was

significantly reduced but not the perigonadal white adipose tissue (fig. 20B).
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Figure 20. In aCD20 treated mice the fat deposition is affected
(A) Quantitative analysis of liver-to-body weight ratio of WT ND, CD-HFD, CD-HFD mock and aCD20 uMT CD-
HFD livers in 6-month-old mice (n=5 each). (B) Quantitative analysis of perigonadal white adipose tissue and

inguinal white adipose tissue-to-body weight ratio of the respective 6-month-old mice (n=5 each). All data are
presented as mean + SEM.

6.2.9 Hepatic infiltration and activation of immune cells is abolished in yMT
CD-HFD mice under therapeutic aCD20 treatment
We observed a strong reduction of activated hepatic CD4" T cells in aCD20 treated

MMT CD-HFD mice compared to uMT CD-HFD untreated (fig. 21A). Accordingly IHC
showed reduction of CD3" T cells and CD3" foci in liver sections (fig. 21B, C).
Further IHC analysis revealed absence of B220" cells in aCD20 yMT CD-HFD livers
and reduction of F4/80" and MHCII" cells compared to uMT CD-HFD (fig. 21D, E).
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Figure 21. Therapeutic depletion of B cells leads to abrogation of infiltration and activation of
lymphocytes in CD-HFD livers

(A) Quantification of flow cytometric analysis comparing 6-month-old WT ND, CD-HFD, yMT CD-HFD and
aCD20 uMT CD-HFD mice (n24); CD69'CD4+CD62L" T cells. (B - E) Representative histology and IHC on liver
sections of the respective groups; (C) CD3 and quantification of CD3" T cells per mm? (n=5) (D), B220, F4/80
and MHCII and quantification of the respective cells per mm? (n=5) (E). The scale bar represents 100 pym. All

data are presented as mean + SEM.

6.3. Immunoglobulins are playing arole in NASH development
Since we had established that B cells are important for the development of NASH

pathology, we wanted to identify their exact function was. As it has been discussed
in the literature, B cells and immunoglobulins are suspected to be involved in

metabolic syndrome and T2D*?*'?2. NASH development'®? and in liver fibrosis*?*.

6.3.1 Immunoglobulins in CD-HFD-induced murine NASH
As noted above, we identified IgA* cells in WT and uMT LP SI. In order to

understand whether IgA is systemically secreted in yMT and how this compares to
WT mice we proceeded to perform ELISA assays for IgA, IgM and IgG using as
negative control JH”" CD-HFD mice. In uMT CD-HFD mice we detected no secreted
immunoglobulins in the serum whereas serum derived from WT CD-HFD mice there

was a tendency for increased IgA levels when compared to WT ND serum (fig. 22A).
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Next, we measured secreted IgA and IgM in the lumen of the small intestine, where
we observed higher levels for both immunoglobulins in WT CD-HFD mice when
compared to WT ND (fig. 22B). To our surprise we weren’t able to identify IgA
secretion in the yMT CD-HFD Sl lumen (fig. 22B) but when we performed 16seq of
IgA coated bacteria from faecal samples of the four above groups, we were able to
detect IgA in yMT CD-HFD faeces (data not shown) which means that to some
extent, IgA is secreted in the yMT gut lumen. In order to validate our FACS and IHC
data, we also performed ELISA assays from tissue derived from the Sl ileum (fig.
22C) where IgA and IgM were detected in the uyMT CD-HFD gut with a tendency for
increased levels in the WT CD-HFD gut when compared to WT ND.
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Figure 22. IgA and IgM immunoglobulins in WT and yMT CD-HFD mice

(A) Quantifications of ELISA assays for IgA, IgM and IgG immunoglobulins in the serum of WT ND, CD-HFD and
JH" and UMT CD-HFD mice (n=4 each). (B) Quantifications of ELISA assays for IgA, IgM immunoglobulins in the
lumen of the small intestine of WT ND, CD-HFD and JH”" and MMT CD-HFD mice (n=4 each). (C) Quantifications
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of ELISA assays for IgA, IgM and 1gG immunoglobulins in the ileum of the small intestine of WT ND, CD-HFD
and JH" and uMT CD-HFD mice (n=3). All data are presented as mean + SEM.

6.3.2 Low-affinity IgM and IgA in NASH and fibrosis development
Next, we put IgA” mice on CD-HFD for 6 months. Surprisingly the mice developed

NASH, and using comprehensive ELISA and IHC analyses we consistently identified
strong IgA present in the serum and the tissues (data not shown). Therefore we put
AID™ and AlDg23s mice on CD-HFD for 6 months. AID” mice have a complete
defect in CSR but they can produce IgM that lacks SHM*®2. The AlDg23s mice have
less SHM but normal amount of immunoglobulins in both serum and intestinal
secretions’®®. As a result, the AIDg23s mice lack high-affinity immunoglobulins due
to defects in SHM.

AID" and AlDg23s CD-HFD mice showed a constant increase in body weight,
similar to WT CD-HFD, when compared to WT ND (fig. 23A). H/E staining of AID”
and AIDg23s CD-HFD liver sections showed NASH development (fig. 23B, C) and
serum analysis revealed increased ALT (fig. 23D) when compared with WT ND.
AID" and AlDg23s CD-HFD serum cholesterol and hepatic triglycerides were also
increased (fig. 23E, F). Sudan red staining of AID”" and AlDg23s CD-HFD liver
sections showed accumulation of large lipid droplets (fig. 23G). Interestingly, Sirius
red staining showed absent perisinusoidal hepatic fibrosis for the AID”* CD-HFD but
not for the AIDg23s CD-HFD (fig. 23H, I).
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Figure 23. AID” and AlIDg23s mice develop NASH under long-term CD-HFD

(A) Weight development in male WT ND, CD-HFD, AID” and AIDg23s CD-HFD mice (n>4). (B) Representative
H&E staining of 6-month-old WT ND, CD-HFD, AID” and AlIDg23s CD-HFD male mice illustrating NASH.

(C) NAFLD score (NAS) for the four respective groups. (D) Quantification of serum ALT in male 6-month-old WT
ND, CD-HFD, AID" and AIDg23s CD-HFD mice (n>4). (E) Quantification of serum cholesterol in male 6-month-
old WT ND, CD-HFD, AID”" and AlIDg23s CD-HFD mice (n24). (F) Quantification of hepatic triglycerides in male
6-month-old WT ND, CD-HFD, AID” and AIDg23s CD-HFD mice (n24). (G) Representative Sudan red staining
illustrating fat accumulation in livers of WT ND, CD-HFD, AID” and AIDg23s CD-HFD mice. (H) Representative
Sirius red staining illustrating the status of perisinusoidal fibrosis in livers WT ND, CD-HFD, AID" and AIDg23s
CD-HFD mice. (1) Quantification of total Sirius red” area (n=4). The scale bar represents 100 um. All data are

presented as mean + SEM.

6.3.3 Secretion of immunoglobulins and their role in NASH and fibrosis
development
In order to further evaluate the role secreted immunoglobulins and to confirm the

A

results from our AID™ and AlDg23s CD-HFD experiments, we put IgMi mice on CD-

HFD for 6 months. IgMi mice develop normal B cells that exclusively express
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membrane bound IgM and do not secrete immunoglobulins apart from 1gG1*%*. IgMi
CD-HFD showed an increasing body weight, similar to WT CD-HFD (fig. 24A). H/E
staining of IgMi CD-HFD liver sections demonstrated significantly less steatosis and
NASH abrogation (fig. 24B, C). Serum analysis revealed significantly less ALT (fig.
24D) and cholesterol levels (fig. 24E) compared to WT CD-HFD, as well as hepatic
triglycerides (fig. 24F) and Sudan red staining on liver section (fig. 24G). Sirius red
staining on liver sections showed absent of perisinusoidal hepatic fibrosis, similar to
AID™ and contrary to AlDg23s CD-HFD mice (fig. 24H, I).
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Figure 24. IgMi mice do not develop NASH or liver fibrosis under long-term CD-HFD

(A) Weight development in male WT ND, CD-HFD and IgMi CD-HFD mice (n=6 each). (B) Representative H&E
staining of 6-month-old WT ND, CD-HFD and IgMi CD-HFD male. (C) NAFLD score (NAS) for the three
respective groups. (D) Quantification of serum ALT in male 6-month-old WT ND, CD-HFD and IgMi CD-HFD
mice (n=6 each). (E) Quantification of serum cholesterol in male 6-month-old WT ND, CD-HFD and IgMi CD-HFD
mice (n=6 each). (F) Quantification of hepatic triglycerides in male 6-month-old WT ND, CD-HFD and IgMi CD-

HFD mice (n=6 each). (G) Representative Sudan red staining illustrating fat accumulation in livers of WT ND,
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CD-HFD and IgMi CD-HFD mice. (H) Representative Sirius red staining illustrating the status of perisinusoidal
fibrosis in livers WT ND, CD-HFD and IgMi CD-HFD mice. (I) Quantification of total Sirius red” area (n=6 each).
The scale bar represents 100 um. All data are presented as mean = SEM.

6.3.4 Secreted immunoglobulins affect fat deposition
AID™ and AlDg23s CD-HFD liver-to-body weight ratio was increased compared to

WT ND but also reduced compared to WT CDHFD (fig. 25A right). IgMi CD-HFD
liver-to-body weight ratio was significantly reduced compared to WT CD-HFD (fig.
25A left). Perigonadal white adipose tissue was significantly decreased in AID™",
AIDg23s and IgMi CD-HFD mice compared to WT CD-HFD (fig. 25B). Inguinal white
adipose tissue was significantly increased in AID”", AIDg23s and IgMi CD-HFD mice

compared to WT ND but also significantly reduced in AIDg23s CD-HFD compared to
WT CD-HFD (fig. 25C).
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Figure 25. Fat deposition in AID”, AlDg23s and IgMi CD-HFD mice

(A) Quantitative analysis of liver-to-body weight ratio of WT ND, CD-HFD, AID™, AIDg23s and IgMi CD-HFD
livers in 6-month-old male mice (n24). (B) Quantitative analysis of perigonadal white adipose tissue -to-body
weight ratio of WT ND, CD-HFD, AID™, AIDg23s and IgMi CD-HFD livers in 6-month-old male mice (n=4).
(C) Quantitative analysis of inguinal white adipose tissue-to-body weight ratio of WT ND, CD-HFD, AID™,
AlDg23s and IgMi CD-HFD livers in 6-month-old male mice (n=4). All data are presented as mean + SEM.

6.3.5 Differential hepatic infiltration of immune cells in AID”, AIDg23s and IgMi
CD-HFD mice
In AIDg23s CD-HFD the activated hepatic CD4" T cells were increased similar to WT

CD-HFD when compared to WT ND, determined by FACS analysis (fig. 26A, right).
On the contrary, in IgMi CD-HFD group, liver FACS analysis showed significant
reduction of activated CD4" T cells when compared to WT CD-HFD (fig. 26A, left).
IHC showed significant increase of CD3" T cells in AID”" and AIDg23s CD-HFD mice
when compared to WT ND (fig. 26B, C) but significant decrease in IgMi CD-HFD
when compared to WT CD-HFD, accordingly with FACS analysis (fig. 26B, C).
Further IHC revealed no significant differences in B220. cells in AID”", AIDg23s and
IgMi CD-HFD livers (fig. 26E, F, upper row). F4/80" and MHCII" cells were
decreased in AID”" and IgMi CD-HFD mice compared to WT CD-HFD but not in
AIDg23s CD-HFD mice (fig. 26E, F, middle and lower row).
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Figure 26. Absence of secreted IgA and IgM leads to abrogation of hepatic inflammation under CD-HFD
(A) Quantification of flow cytometric analysis comparing 6-month-old WT ND, CD-HFD, AIDg23s CD-HFD (right)
(n23) and IgMi CD-HFD mice (left (n=4); CD69'CD4+CD62L" T cells. (B, C) Representative CD3" IHC on liver
sections of the respective groups (B). Quantification of CD3* T cells per mm? (n=3) (C). (E, F) Representative
B220, F4/80 and MHCII IHC on liver sections (E) and quantification of the respective cells per mm? (n=3) (F).

The scale bar represents 100 mm. All data are presented as mean + SEM.

6.4. Microbiome is an important but not essential factor in NASH

development.
The above data show that the presence of intestinal B cells and secreted

immunoglobulins are sufficient NASH development and hepatic fibrosis under CD-
HFD conditions. Next we wanted to investigate which antigens the immunoglobulins
or the LP SI B cells directly target. Most likely antigens facing LP Sl B cells are from
components of the diet, the microbial cell wall and/or the microbial metabolism.
Therefore we set up experiments to address the role of the microbiome in our model.

Ouir first approach was to put WT male mice on CD-HFD treated with a wide
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spectrum antibiotic mix in their drinking water (referred to from now on as WT ABX
proph). In parallel we set up WT CD-HFD male cohorts started on antibiotics after
four months on diet (referred to from now on as WT ABX ther). Finally, CD-HFD
male WT mice were maintained under germ-free conditions (referred to from now on
as GF). The above three experiments were terminated after six months of diet

treatment.

6.4.1 Antibiotic treatment abrogates NASH and liver fibrosis but not glucose
tolerance in CD-HFD mice in a prophylactic and therapeutic manner.
WT ABX proph and WT ABX ther mice showed a constant rise in body weight

compared to WT ND mice, similar to WT CD-HFD mice (fig. 27A, B). Both groups
showed less steatosis as determined by Hematoxylin and Eosin (H/E) staining of
liver sections and NAFLD activity score (NAS) (fig. 27D). Liver damage was
abrogated in both groups, as serum analysis revealed a reduction in ALT levels (fig.
27E). Further evaluation of ALT levels of WT ABX ther group showed two
subgroups: one with ALT<50 (U/L) and one with ALT>50 (U/L) (fig. 27F). A
regression analysis demonstrated a positive correlation of the ALT values with the
body weight of the WT ABX ther mice, indicating a linear increase of the ALT values
according to the body weight increase (fig. 27G). WT ABX proph and WT ABX ther
serum cholesterol remained high, similar to WT CD-HFD (fig. 27H); hepatic
triglycerides levels were decreased (fig. 271) consistent with Sudan red staining that
showed decrease of large lipid droplets in the livers of both groups (fig. 27L). Further
statistical analysis showed a linear correlation between the values ALT and the
hepatic triglycerides (fig. 27J) as well as between the body weight and the hepatic
triglycerides levels in the WT ABX ther group (fig. 27K). Sirius red staining on liver
sections of both ABX groups revealed absent perisinusoidal fibrosis, in contrast to
WT CD-HFD livers (fig. 27L). Metabolic analysis with an intraperitoneal glucose
tolerance test (IPGTT) showed an impaired glucose response in both ABX groups
(fig. 27N, O).
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Figure 27. Microbiome modulation through wide spectrum antibiotics administration leads to abrogation
NASH and hepatic fibrosis under CD-HFD
(A, B) Weight development in male WT ND, CD-HFD, WT ABX proph and ther mice (n>8). (C) Representative
H&E staining of 6-month-old WT ND, CD-HFD, WT ABX proph and ther mice. (D) NAFLD score (NAS) for the
three respective groups (n>8). (E) Quantification of serum ALT in male 6-month-old old WT ND, CD-HFD, WT
ABX proph and ther mice (n>8). (F) Graph demonstrating the percentage of mice for 50 >ALT> 50U/L (n=17)
(G) Linear regression of correlation between ALT values and body weight in male 6-month-old WT ND, CD-HFD,
WT ABX proph and ther mice (n=17). (H) Quantification of serum cholesterol in male 6-month-old old WT ND,
CD-HFD, WT ABX proph and ther mice (n>8). (I) Quantification of hepatic triglycerides of male 6-month-old WT
ND, CD-HFD, WT ABX proph and ther mice (n>8). (J) Linear regression of correlation between ALT values and
hepatic triglycerides in male 6-month-old WT ND, CD-HFD, WT ABX proph and ther mice (n=17). (K) Linear
regression of correlation between ALT values and body weight in male 6-month-old WT ND, CD-HFD, WT ABX
proph and ther mice (n=17). (L) Representative Sudan red (left) staining illustrating fat accumulation and Sirius
red staining illustrating the status of perisinusoidal fibrosis (right) in livers of WT ND, CD-HFD, WT ABX proph
and ther mice. (M) Quantification of total Sirius red” area (n>8). (N, O) Glucose tolerance test performed with 6-
month-old male WT ND, CD-HFD, WT ABX proph and ther mice (n>8). The scale bar represents 100 ym. All
data are presented as mean + SEM.

6.4.2 16s rRNA gene sequencing of faecal WT ND, CD-HFD and CD-HFD ABX
samples
16s rRNA gene sequencing of faecal samples from mice after 6 months on diet

revealed differences in the gut microbiome profile between WT ND and CD-HFD
mice. In CD-HFD faecal samples, the phylum Firmicutes was more abundant in
contrast to ND where the most abundant population was Bacteroidetes (fig. 28A).
Further taxonomical analysis revealed that in CD-HFD faeces, the highest proportion
of sequences originated from Allobaculum, Clostridiales and Lactobacillus, as
opposed to ND, where the highest proportion of sequences were from Bacteroidetes
(fig. 28B). The sequences of the most abundant four bacteria and their taxonomy
are shown in figures 28C and 28D respectively. WT CD-HFD ABX proph and ther
had the same microbiome profile after 6 months of diet. The antibiotic cocktail we
used depleted almost all bacteria apart from Lactococcus (fig. 28E).
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Figure 28. Microbiota composition analysis on CD-HFD and antiobiotic treated CD-HFD male mice

(A, B) Faecal microbiota detected by PCR presented in bar graphs on the right and on the left plots of the
microbiota relative abundances, Each bar on the left represents one mouse. Groups: WT ND and CD-HFD.

(C) Table with relative abundances of selective bacteria for WT ND and CD-HFD. (D) Table with the taxonomy of
the bacteria from the Table in C. (E) Faecal microbiota detected by PCR presented in bar graph on the right for
the antibiotic group under CD-HFD; on the left a table with the taxonomy of Lactococcus. All data are presented

as mean = SEM

6.4.3 Sterile inflammation suffices to induce NASH, impaired glucose response
and liver fibrosis in germ free C57BL/6 mice on CD-HFD
GF CD-HFD mice started to gain significant weight after one month on diet

compared to GF ND mice (fig. 29A). GF CD-HFD mice showed steatosis and
hepatic inflammation as determined by Hematoxylin and Eosin (H/E) staining of liver
sections and NAFLD activity score (NAS), similar to conventional (from now on
referred as SPF) WT CD-HFD mice (fig. 29B, C). Serum ALT analysis revealed liver
damage in GF CD-HFD compared to GF ND mice already after three months of diet
(fig. 29D). GF CD-HFD serum cholesterol levels were significantly higher compared
to GF ND (fig. 29E) and hepatic triglycerides were also high similar to SPF CD-HFD
mice (fig. 29F). Sudan red staining of liver sections showed an increase of large lipid
droplets in GF CD-HFD mice compared to GF ND (fig. 29G). Sirius red staining and
guantification of liver sections showed perisinusoidal fibrosis in GF CD-HFD livers
compared to GF ND (fig. 29H). Contrary to SPF CD-HFD livers, the fibrosis of GF

CD-HFD livers was in all cases characterized as mild (<2%) (fig. 29I). Metabolic
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analysis with an intraperitoneal glucose tolerance test (IPGTT) showed an impaired

glucose response in GF CD-HFD mice (fig. 29J).
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Figure 29. Germ free mice on long-term CD-HFD develop NASH and hepatic fibrosis

(A) Weight development in male GF ND and CD-HFD mice (n>6). (B) Representative H&E staining of 6-month-
old GF ND and CD-HFD mice. (C) NAFLD score (NAS) for 6-month-old GF ND and CD-HFD mice (n>6).

(D) Quantification of serum ALT in male 6-month-old old GF ND and CD-HFD mice (n>6). (E) Quantification of
serum cholesterol of male 6-month-old old GF ND and CD-HFD mice (n>6). (F) Quantification of hepatic
triglycerides in male 6-month-old GF ND and CD-HFD mice (n>6). (G) Representative Sudan red (left) staining
illustrating fat accumulation fibrosis in livers of GF ND and CD-HFD mice. (H) Representative Sirius red staining
illustrating the status of perisinusoidal fibrosis (left) in livers of GF ND and CD-HFD mice and quantification of
total Sirius red” area (n>6). (I) Incidence of fibrosis as it was quantified through total Sirius red” area in WT ND
and CD-HFD livers (n=10) and in male 6-month-old old GF ND and CD-HFD mice (n=6). The scale bar
represents 100 um. All data are presented as mean + SEM.
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6.4.4 Fat deposition in antibiotic treated and germ free C57BL/6 mice on CD-
HFD
WT ABX proph and ther liver-to-body weight ratio was decreased compared to WT

CD-HFD (fig. 30A) but it was increased for the GF CD-HFD mice compared to GF
ND (fig. 30B). Perigonadal white adipose tissue was increased compared to WT ND,
similar to WT CD-HFD (fig. 30C) whereas no difference was observed between GF
CD-HFD and ND mice (fig. 30D). Inguinal white adipose tissue was reduced in both
ABX groups compared to WT CD-HFD, but remained high compared to WT ND (fig.
30E). In the GF mice, the inguinal fat was significantly increased in the CD-HFD
group compared to ND (fig. 30F).
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Figure 30. Microbiome modulation affects fat deposition in mice on CD-HFD

(A) Quantitative analysis of liver-to-body weight ratio of WT ND and CD-HFD, WT ABX proph and ther, GF ND
and CD-HFD livers in 6-month-old mice (n>6). (B) Quantitative analysis of perigonadal white adipose tissue and
inguinal white adipose tissue-to-body weight ratio of the respective 6-month-old mice (n>6). All data are

presented as mean + SEM.

6.4.5 Hepatic activation and infiltration of T cells in antibiotic treated and germ
free C57BL/6 mice on CD-HFD
FACS analysis revealed fewer CD3" cells in the livers of WT ABX proph and ther

mice compared to WT CD-HFD mice (fig. 31A) and more CD3" cells in GF CD-HFD
livers compared to GF ND (fig. 31B). FACS analysis also showed significantly fewer
CD4" cells in WT ABX proph mice and a trend for reduced CD4" numbers in WT
ABX ther compared to WT CD-HFD mice (fig. 31C). The CD4" cells in GF CD-HFD
mice were elevated compared to GF ND (fig. 31D) whereas there were significantly
fewer CD8" cells in both ABX groups compared to WT CD-HFD (fig. 31E) but more
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in GF CD-HFD livers compared to GF ND (fig. 31F). Deeper evaluation, through
FACS, of the T cell population showed fewer CD44+CD62L" CD4" and CD8" cells
(memory cells) in both ABX groups compared to WT CD-HFD mice (fig. 31G, I) but
more CD4" and CD8" memory cells in GF CD-HFD compared to GF ND (fig. 31H,
J). Hepatic activated CD4" and CD8" cells were decreased in both ABX groups
compared to WT CD-HFD group (fig. 31K, M) but they were increased in GF CD-
HFD mice compared to GF ND mice (fig. 31L, N). CD3" IHC of liver sections
showed more CD3" cells in GF CD-HFD mice compared to GF ND (fig. 310) and
fewer CD3" cells in the ABX groups compared to WT CD-HFD mice, consistent with
the FACS analysis (fig. 31P).
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Figure 31. Antibiotic administration leads to reduced T-cell activation in the CD-HFD liver but microbiome
presence is not necessary for the T-cell activation

(A-N) Quantification of flow cytometric analysis of livers 6-month-old WT ND and CD-HFD, WT ABX proph and
ther (n>8), GF ND and CD-HFD (n>6); (A, B) CD3" cells, (C, D) CD4" cells, (E, F) CD8" cells, (G, H)
CDA4'CD44" CD62L" and CD4'CD44'CD62L cells, (I, J) CD8'CD44" CD62L and CD8'CD44 CD62L" cells

(K, L) CD4'CD62L°CD69" cells, (M, N) CD8"CD62L°CD69" cells. (O) Representative CD3" IHC on liver sections
of GF ND and CD-HFD mice (left) and quantification of CD3" T cells per mm? (n>6) (right). (P) Representative
CD3" IHC on liver sections of WT ND and CD-HFD, WT ABX proph and ther mice (right) and quantification of

CD3" T cells per mm? (n>8) (left). The scale bar represents 100 mm. All data are presented as mean + SEM.

6.4.6 B cells and myeloid cells in the antibiotic treated and germ free C57BL/6
CD-HFD livers
In both CD-HFD ABX groups (proph and ther) we observed no increase in hepatic

B220" cells as evaluated by IHC (fig. 32A) similar to GF CD-HFD mice (fig. 32B)
compared to ND. Using IHC we noted a decrease in hepatic F4/80" cells in both CD-
HFD ABX groups compared to CD-HFD mice (fig. 32C upper row). In addition,
MHCII" cells in the liver were decreased in both CD-HFD ABX groups compared to
CD-HFD, even though MHCII" cells in the ABX proph group remained high
compared to ND (fig. 32C lower row). Interestingly, F4/80" cells in GF CD-HFD
were at similar levels to GF ND (fig. 32D upper row) whereas MHCII" cells were
higher in GF CD-HFD compared to GF ND (fig. 32D lower row).
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Figure 32. B cells are not affected by microbiome modulation in CD-HFD liver contrary to F4/80" and
MHCII" cells

(A, B) Representative B220" IHC on liver sections of WT ND and CD-HFD, WT ABX and ther (left) and
quantification of B220" T cells per mm? (n>8) (right) (A), and GF ND and CDHFD (n>6) (B). (C, D)
Representative F4/80" (upper row) and MHCII™ (lower row) IHC on liver sections of WT ND and CD-HFD, WT
ABX and ther (left) and quantification of F4/80" and MHCII" cells per mm? (n>8) (right) (C), and GF ND and
CDHFD (n>6) (D). The scale bar represents 100 mm. All data are presented as mean + SEM

81



6.4.7 B cells of the small intestine lamina propria in germ free C57BL/6 mice on
CD-HFD: a comparison with SPF C57BL/6 mice on CD-HFD
Next we evaluated through FACS the frequencies of different B-cell subpopulations

in the lamina propria of the small intestine for GF ND and CD-HFD mice and in SPF
ND and CD-HFD mice. No differences appeared in the CD45" compartment between
the four groups (fig. 33A). There were no differences in the CD19* and CD20" cells
between GF ND and CD-HFD (fig. 33B upper graph) while in SPF mice, CD19" and
CD20" cells appeared in higher frequencies in CD-HFD mice compared to ND (fig.
33B lower graph). Further evaluation of CD19" and CD20" subpopulations showed
no difference s between the ND and CD-HFD GF mice (fig. 33C upper graph)
contrary to SPF mice where the frequencies of CD19"CD20" and CD19°CD20" were
higher in CD-HFD compared to ND mice (fig. 33C lower graph). In GF CD-HFD
mice, CD19%IgD" cells appeared in significant higher frequencies compared to GF
ND (fig. 33D upper graph). In SPF mice, there was no change in CD19*IgD" cells
between ND and CD-HFD, but CD19*IgA™ and CD19*IgM" cells were more frequent
in CD-HFD compared to ND (fig. 33D lower graph). In GF mice, a trend was
observed toward more CD20"IgD" cells in CD-HFD compared to ND GF mice (fig.
33E upper graph). In SPF mice, CD20*IgA" and CD20*IgM" cells were in higher
frequencies in CD-HFD compared to ND (fig. 33E lower graph). Further gating
revealed a trend in higher numbers of CD19°CD20"IgD" frequencies in CD-HFD
compared to ND GF mice (fig. 33F upper graph) whereas in SPF mice, there was
a trend towards higher frequencies for CD19*CD20*IgD* and CD19*CD20*IgM" cells
in CD-HFD mice compared to ND (fig. 33F lower graph). CD19°CD20IgD" cells
appeared in higher frequencies in GF CD-HFD compared to GF ND (fig. 33G upper
graph) similar to SPF CD-HFD mice compared to ND (fig. 33G lower graph). In GF
CD-HFD mice there was a reduction in CD19°CD20"IgM" cells in CD-HFD compared
to ND mice (fig. 33H upper graph) and in SPF CD-HFD mice there was a trend
toward higher frequencies in CD19°'CD20"IgD" (fig. 33H lower graph). In GF CD-
HFD mice there were no differences in CD19'CD20'IgA", CD19°CD20°IgD"* and
CD19°CD20IgM" frequencies compared to ND (fig. 331 upper graph) contrary to
SPF mice where CD19°CD20°IgA" were found at higher frequencies in CD-HFD, and
CD19°CD20IgD" had a trend for higher frequencies in CD-HFD mice compared to
ND mice (fig. 33l lower graph).
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We then proceeded with further FACS analysis in order to evaluate the activation
status and the potential capacity for antigen presentation of B cells in the lamina
propria of the small intestine, in both GF and SPF conditions. MHCII"IgA™ and
MHCII"IgM™ cells were observed in significantly lower frequencies in GF CD-HFD
mice compared to ND, whereas there was a trend toward higher frequencies in
MHCII"IgD" in GF CD-HFD compared to ND (fig. 33J upper graph). In SPF mice,
MHCII"IgD* and MHCII'IgM" were significantly more frequent in CD-HFD compared
to ND (fig. 33J lower graph). Further gating revealed higher frequencies of
MHCII'CD19" cells in GF CD-HFD compared to ND (fig. 33K upper graph) similar
to SPF mice; in addition in SPF mice there was a trend toward higher MHCII*CD20"
cells in CD-HFD compared to ND (fig. 33K lower graph). In GF mice,
MHCII"CD19%IgD" cells were significantly more frequent in CD-HFD compared to
ND, contrary to MHCII'CD19"IgA" cells, which were significantly lower (fig. 33L
upper graph). MHCII*CD19"IgD" cells were also significantly more frequent in SPF
CD-HFD mice compared to ND (fig. 33L lower graph). In GF mice,
MHCII"CD20"IgA™ and MHCII*CD20"IgM™ cells were significantly less frequent in
CD-HFD whereas MHCII"CD20"IgD" cells showed a trend toward higher frequencies
compared to ND (fig. 33M upper graph). In SPF mice, MHCII*CD20"IgD" cells
were observed at significantly higher frequencies in CD-HFD compared to ND (fig.
33M lower graph). MHCII"CD19"CD20"IgA" cells showed a trend toward lower
frequencies in CD-HFD compared to ND. On the other hand,
MHCII'CD19"CD20"IgD" cells were more frequent in GF CD-HGF compared to ND
(fig. 33N upper graph), similar to SPF mice (fig. 33N lower graph). MHCII'CD19"
CD20%IgM" cells were less frequent, MHCII'CD19'CD20"IgA" cells showed a trend
toward less frequencies and MHCII"CD19'CD20"IgD" a trend toward higher
frequencies in GF CD-HFD compared to ND (fig. 330 upper graph). In SPF mice,
MHCII'CD19CD20"IgD* were more frequent in CD-HFD compared to ND (fig. 330
lower graph). Finally, MHCII'CD19"CD20'IgA" and MHCII'CD19°CD20IgM" cells
were significantly lower and trended toward lower frequencies respectively in GF
CD-HFD mice compared to ND, whereas MHCII"CD19*CD20'IgD" cells were
significantly higher in GF CD-HFD compared to ND (fig. 33P upper graph). Similar
to GF mice, in SPF mice MHCII"CD19"CD20°IgD" cells were found at significantly
higher frequencies in CD-HFD compared to ND, as well as MHCII'CD19°CD20'IgM*
cells (fig. 33P lower graph). Summarizing, we observed significant differences
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between GF ND and CD-HFD in MHCII'IgD" populations, similar to SPF mice. As
expected, we didn’t observe any differences in IgA" and IgM* populations between

ND and CD-HFD germ free mice, a result that is attributed to lack of microbiota.
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Figure 33. B cells in the lamina propria of the small intestine in germ free and SPF conditions on CD-HFD
(A-P) Frequencies of flow cytometric analysis of lamina propria of the small intestine of 6-month-old SPF ND and
CD-HFD and GF ND and CD-HFD (n>6); (A) CD45+ cells, (B) CD19" and CD20"cells (SPF, upper graph) (GF,
lower graph), (C) CD19°CD20", CD19°CD20", CD19'CD20" and CD19'CD20" cells, (D) CD19'IgA*, CD19'IgD"
and CD19°IgM"cells, (E) CD20IgA*, CD20'IgD" and CD20"IgM"cells, (F) CD19°CD20"IgA", CD19°CD20 IgD",
CD19°CD20"IgM" cells, (G) CD19°CD20’IgA", CD19°CD20’IgD* and CD19°CD20IgM" cells, (H) CD19
CD20'IgA*, CD19°CD20"IgD" and CD19'CD20°IgM" cells, (I) CD19'CD207IgA", CD19'CD20'IgD" and CD19
CD20'IgM” cells, (J) MHCII'IgA", MHCII'IgD and MHCII* IgM" cells, (K) MHCII'CD19" and MHCII'CD20" cells,
(L) MHCII'CD19 IgA*, MHCII'CD19'IgD" and MHCII'CD19 IgMcells, (M) MHCII'CD20"1gA*, MHCII"CD20"IgD
and MHCII"CD20 IgM™cells, (N) MHCII'CD19°CD20"IgA*, MHCII'CD19°CD20"IgD", MHCII'CD19°CD20"IgM*
cells, (0) MHCII'CD19°CD20IgA", MHCII"CD19°CD20"IgD" and MHCII'CD19°CD20°IgM" cells, (P)
MHCII'CD19*CD20°IgA", MHCII"CD19'CD20'IgD* and MHCII"CD19°CD20'IgM" cells. All data are presented as

mean = SEM.

+
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7. Discussion
From previous studies in our lab, it was shown that immune cells are important

players in NASH development and in NASH-to-HCC transition in a CD-HFD mouse
NASH model®. Amongst others, it was shown that the activation of intrahepatic
CD8" T cells and NKT cells facilitated NASH-to-HCC transition and that mice lacking
mature B and T cells (Ragl™) did not develop NASH, nor HCC, while fed a long-term
CD-HFD®,

To date, the exact role of B cells in NASH development and subsequent HCC
development remains unclear. It was recently shown in mice that accumulation of
liver-resident IgA" PDL1" cells in the context of chronic inflammation and NASH is
involved in the suppression of CD8" T-cell responses inducing HCC'2. In obesity, it
has been shown in a CCI4 mouse model that B cells can drive CD4" T-cell activation
in the adipose tissue'® and that they are involved in the development of fibrosis in

an antibody-independent manner*®*

. With regard to gut-liver axis, it has been
reported that in the liver there are IgA™ B cells that can drive antigen specific
responses in a T-cell dependent and T-cell independent manner'®. The authors
argued that these IgA™ B cells migrate from the small intestine to the liver through the
portal vein system and it is unlikely that IgA CSR occurs in the liver, contrary to what

has been proposed by Shalapour et al'®?,

Our data show that in a CD-HFD mouse NASH model, B cells are playing an
important role in NASH development. JH”" mice that are lacking mature B cells did
not develop NASH or HCC on a long-term CDHFD (fig. 6-9), contrary to WT CD-HFD
mice, as it has been described here and also in 2014 by Wolf et al®®. JH”" CD-HFD
mice, while obese, demonstrated significantly reduced serum ALT and cholesterol
levels and also showed no impairment in insulin response after glucose challenge,
contrary to WT CD-HFD mice, indicating that B cells are important also for the
metabolic syndrome which is usually associated with NASH pathology in humans, as
well®3,

UMT mice are largely B-cell deficient mice harbouring only IgA* B cells in the lamina
propria (LP) of their small intestine, as reported here (fig. 13, 14) and by Macpherson
et al, 2001***. On long term CD-HFD, pMT mice demonstrated obesity, metabolic

syndrome and NASH development in the absence of perisinusoidal fibrosis with a
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significantly lower HCC incidence compared to WT CD-HFD mice (fig. 15-18).

Contrary to what has been reported by Macpherson et al***

, we didn’t observe IgA
expression in the serum of yMT mice (fig. 22) but only in the lamina propria of the
small intestine (fig. 13, 14). Therefore we concluded that the intestinal B cell
response suffices for the induction of NASH but is less important for the
development of hepatic fibrosis, something that we hypothesized is the main reason
for the low HCC incidence in pMT CD-HFD mice. JH” CD-HFD did not develop
hepatic fibrosis either (fig. 6H). Moreover, the results suggest that the pathways from
NASH to hepatic fibrosis to HCC is not linear, something that has also been
suggested for the human situation®. In addition, the data indicate that LP B cells and
secondary lymphoid organs (SLOs) B cells are playing different roles in the
pathology; the former are involved in NASH development whereas the latter are

involved in hepatic fibrosis in NASH.

UMT mice similar to JH”", do not have structured SLOs (fig. 13A) since mature B
cells are necessary for the correct architecture of SLOs . The development of IgA*
B cells in the uMT involves an alternative B cell ontogeny pathway, where
expression of membrane IgM or IgD at an early stage is not a requirement*®*. In
addition it has also been reported that gut IgA CSR can occur in the absence of
CDA40 responses and that it is independent of the germinal centre (GC) reaction™®.
The authors of the latter study, Bergqvist et al, were unable to successfully show that
gut IgA CSR can indeed occur in the LP, something that has been reported in an

earlier and more detailed study by Fagarasan et al**’

, thus concluding that LP is not
a site for IgA CSR'. Moreover, two studies have shown that LTBR signalling on LP
stromal cells is required for the presence of B cells in the LP and for IgA production,
emphasizing the sufficiency of the LP environment for the generation of IgA plasma
cells and implying that the presence of structured SLOs is not necessary for IgA

19819 | MT, like JH”" mice have defective GC reaction and therefore no

induction
appropriate CD40 responses®® between T and B cells in the SLOs. We could show
that blocking CD40-CD40L interactions through the administration of an i.p. injected
antibody (clone: MR1) in uMT CD-HFD mice 4 months on diet with established liver
damage, as demonstrated by serum ALT, had no effect on NASH development (data

not shown) as expected.
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Efficient therapeutic depletion of B cells, using an aCD20 antibody from GenTech
(clone: 5D2), in WT and uMT mice 4 months on CD-HFD was successful in
abrogating the NASH phenotype (fig. 10, 12, 19, 21) confirming the important role of
B cells in NASH development. We repeated the B cell depletion experiment using
Rituximab on WT CD-HFD mice, with similar approach to the aCD20 (5D2)
depletion. Rituximab depleted the SLOs and circulating B cells but it didn’t deplete
the LP B cells of the small intestine (data not shown). The Rituximab CD-HFD
treated mice developed NASH in the absence of perisinusoidal hepatic fibrosis
similar to yMT CD-HFD mice, thus strengthen our argument about the differential
role of B cells in NASH and hepatic fibrosis development. We observed the same
effect when we used the 5D2 clone to deplete B cells in a Western-Diet NASH
mouse model, a diet high in saturated fat, trans-fat, and sugar®®*; the fibrotic
phenotype was abrogated and the serum ALT values were lower compared to the
untreated group (data not shown) verifying the crucial role of B-cells in NASH
pathology in an independent NASH model. aCD20 treatment is not currently
considered an option for NASH treatment as it carries the danger of inducing severe
side effects due to immunosuppresion. Nevertheless, preliminary data from NAFLD
patients receiving aCD20 treatment for rheumatoid arthritis, showed that 5/11
patients experienced a decrease in their serum ALT values after 6 months of anti-B
cell therapy (data not shown) corroborating our in vivo studies. However an in-depth

analysis will be required for definitive conclusions and is currently ongoing.

Human studies have shown higher serum IgG titers in about 40% of adults with
NAFLD/NASH and 60% of children with NASH*®*°. Elevated serum immunoglobulins
are observed in specific liver diseases, such as autoimmune hepatitis (raised IgG),
primary biliary cirrhosis (raised IgM) and alcoholic liver disease (higher IgA)*"*8, |t
has also been reported that there is an increase of serum IgA levels in patients with
metabolic syndrome, T2D**!*?? and NAFLD patients*?®. Moreover, it has been
suggested that IgA could potentially be used as a marker of advanced fibrosis*?>.
These observations are in agreement with our findings from the JH™, the pMT and

the B cell depletion experiments.

Our CD-HFD experiments with AID”", AIDg23s and IgMi mice illuminated further the
role of secreted immunoglobulins in NASH development and fibrosis. AID” mice
having a complete defect in CSR, yet can still produce low-affinity IgM**2. AID”" mice
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on CD-HFD developed obesity and NASH (fig. 23, 26) in the absence of hepatic
fibrosis. AIDg23s mice can produce low-affinity IgA and IgM**, and while on CD-
HFD they developed obesity, NASH and hepatic fibrosis (fig. 23, 26). IgMi mice do
not secrete immunoglobulins apart from 1gG1'**, and when on CD-HFD they

developed obesity but they abrogated NASH and hepatic fibrosis (fig. 24, 26).

Taken together (table 8), we concluded that low-affinity secreted IgA is important for
perisinusoidal fibrosis in NASH liver while local intestinal IgA B-cell response suffices
for NASH development as it was shown from the yMT data. On the other hand, the
AID™" data indicate that low-affinity IgM secretion should also suffice for NASH
development. IgM and IgA share a number of similarities, as both can be secreted at
mucosal surfaces *°%. IgM and IgA are more closely related than IgG and IgE while
and a chains share a characteristic secretory segment in their loci®®®. Also, IgM- and
IgA-secreting plasma cells are derived from the peritoneal lymphocyte
compartment®®*2%4, |n addition, Pinto et al have shown that human IgA and IgM, but
not IgG, plasma cells isolated from the bone marrow and the colon LP express a
functional BCR and that can directly respond to antigenic stimulation®®. Considering
that aCD20 treatment does not affect long-lived plasma cells, the most likely B-cell
populations mediating NASH in our CD-HFD mouse model are short-lived plasma
cells or unconventional lg-secreting B cells. Of note, our data show that the B-cell
populations present in the lamina propria of yMT small intestine are CD20°CD19°
IgA* and CD20'CD19'IgA" cells (long-lived plasma cells), which means the
population that most likely is responsible for driving the pathology is a CD20"CD19
IgA™ cell. The role of IgA secretion in NASH-related hepatic fibrosis still needs
further evaluation with more functional experiments and a detailed analysis of the

molecular biology of the individual fibrogenic events.
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Table 8. A summary of our experimental groups for the role of B cells in NASH

development and in fibrosis

Exp. Mouse Group B cells & Igs Hepatic Fibrosis HCC
WT CD-HFD LP & SLOs B cells, yes yes yes (~25%)
IgA, IgM, IgG
JH" CD-HFD no no no no
MMT CD-HFD only LP IgA B cells yes no low incidence (5%)
aCD20 (clone 5D2) only long-lived no no
CD-HFD plasma cells
only long-lived
Rituximab CD-HFD plasma cells & LP B yes no
cells
AID” CD-HFD low affinity IlgM yes no
AlDg23s CD-HFD low affinity IgM & yes yes
IgA
IgMi CD-HFD only IgG no no

What remains an open question in this study is the role of B cells in fat accumulation
and distribution. Here we described that in WT CD-HFD the gonadal and inguinal
(subcutaneous) fat are increased in WT CD-HFD and that in JH”" CD-HFD mice the
subcutaneous fat -to-body weight ratio is decreased compared to WT CD-HFD mice
(fig. 7). On the contrary, in yMT CD-HFD mice, gonadal and inguinal fat remained as
high as in the WT CD-HFD mice but after aCD20 treatment yMT CD-HFD mice
displayed a decrease in the inguinal fat compared to the untreated mice (fig. 20),
similar to aCD20 WT CD-HFD treated mice. Interestingly enough, AID”", AIDg23s
and IgMi on CD-HFD showed a decrease in the gonadal fat compared to the WT
CD-HFD but not in the inguinal fat. AIDg23s also showed a decrease in the inguinal
fat compared to WT CD-HFD, but it remained significantly higher compared to WT
ND mice. AID™, AIDg23s and IgMi CD-HFD mice displayed obesity and, in the case
of the IgMi, the gonadal fat was decreased whereas the inguinal was unaffected (fig.
25).

The description of the differential fat deposition in the different experimental groups
does not illuminate a particular mechanism of action of B cells in adiposity but it
highlights the need for further investigation. For future experiments, the mesenteric

fat should also be taken into account, as well as the fat around the kidneys (known
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as perirenal fat) and the renal sinus fat which is the fat around the renal arteries (a
condition known as fatty kidney). These latter three types of fat are also important in
obesity, metabolic syndrome and T2D. Emerging evidence suggest that B cells play
a role in obesity-induced adipose tissue inflammation and insulin resistance. It has
been suggested that B cells accumulate in the visceral adipose tissue and modulate
T cells in an MHC-dependent manner, thereby promoting the impairment of
metabolic parameters, probably through B-cell antigen presentation to T cells 2%°,
Accumulation of B cells in adipose tissue has also been reported elsewhere?*” and
that in human obese individuals, plasma cell density is higher in the visceral fat
compared to subcutaneous fat?°®. In another human study it was reported that in
obese subjects, B cells in the subcutaneous fat are present in higher numbers than T

cells, and form crown-like structures contributing to inflammation?®®.

Mucosal membranes provide a dynamic interface where gut microbiota in the lumen
interact with the gut immune system and in particular the IgA* B cells, modulating gut
homeostasis'®. There is a growing evidence indicating that gut microbiota are

135141 and chronic liver diseases such as

playing an important role in obesity
NAFLD*® and NASH 4> Ongoing clinical trials that target the gut-liver axis in
chronic liver disease involve the use of different approaches of microbiome

modulation, including the use of antibiotics®?’.

Our data show that modulation of microbiome through the administration of a wide
spectrum antibiotic cocktail ameliorated NASH phenotype in a prophylactic and
therapeutic manner (fig. 27, 31, 32). In addition, hepatic fibrosis was abrogated in
both antibiotic groups but not the insulin response (fig. 27). When the antibiotics
were administrated therapeutically we observed two groups of mice: almost 50% had
serum ALT values lower than 50U/L and 50% higher than 50 U/L (fig. 27F). Further
analysis revealed that there is a strong correlation of the ALT values with the body
weight (fig. 27G) and the hepatic triglycerides (fig. 27J) despite the fact that these
mice showed no hepatic activation of T cells (fig. 31) and no hepatic infiltration of
F4/80" and MHCII" cells (fig. 32). These observations indicate that in the therapeutic
antibiotic CD-HFD mice, the higher serum ALT values were most likely due to

hepatic lipid accumulation and not due to infiltration of immune cells in the liver.
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16s rRNA sequencing of faecal material from WT ND, WT CD-HFD revealed a
distinct microbiome profile for the CD-HFD mice with the phylum Firmicutes being
more abundant (fig. 28), disturbing the Firmicutes/Bacteriodes ratio. Studies in
obesity indicate that Firmicutes demonstrate higher relative abundance compared to

219211 1n our antibiotic

the micobiota of lean individuals in mice™*® and humans
treated CD-HFD mice the only bacterium which was not depleted was of the genus
Lactococcus. Lactococcus has been proposed to act as probiotic with a potential
beneficial function in obesity?? and NAFLD#3%* Qur data thus far do not provide
any mechanistic insights into this issue, but we hypothesize that NASH abrogation in
the antibiotic CD-HFD mice could potentially be due to the dominant, protective
presence of Lactococcus. Ongoing experiments on this topic will provide more

detailed information and will determine whether our hypothesis is true.

Surprisingly, our germ free mice on long-term CD-HFD developed NASH, hepatic
fibrosis and impaired insulin response (fig. 29, 31, 32). Backhed et al, through
colonization and western-diet experiments, have shown that germ free mice gain
less weight than conventional mice and were protected against diet-induced
obesity?*>%'®. Rabot et al reached the same conclusion by using HFD?'?, contrary to
our observations with HFD experiments in germ free mice (data not shown). On the
other hand, Bindels et al have noted that C57BL/6 germ free mice on a western diet
were more resistant to obesity compared to C3H/HeN germ free mice on western
diet**®. Nevertheless, both strains gained weight, with the germ free C57BL/6 mice
gaining less weight compared to SPF. It was also noted that the energy intake was

the same for the two strains when compared with SPF8,

In our study we describe for the first time CD-HFD-induced obesity and NASH in
germ free mice, and to our knowledge it is the first time CD-HFD and HFD have
been given to germ free mice for as long as 6 months. We also observed an
increase in serum ALT values in germ free mice already after 3 months on diet. The
reason why we are the first to describe NASH in a germ free dietary mouse model,
despite studies that have been published stating the opposite, could be the specifics
of our experimental design. Bindels et al have shown that the mouse strain can

218 and we are the first to

affect the kinetics of weight gain in germ free mice on diet
perform a germ free diet experiment for as long as 6 months (24 weeks), whereas

most studies stop the experiment around week 8 on diet. Taking into account that
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the mouse strain we have used is C57BL/6 and that we observed a delay in the
weight gain of our germ free CD-HFD mice (they started to increase their body
weight significantly after week 4-5) (fig, 29A), this might mean that we were able to
observe the phenotype precisely because we kept the mice on diet for 6 months.

The mucosal immune system is essential for regulating the symbiotic relationship
between the host and gut microbiota and vice versa: the intestinal bacteria develop
and regulate the gut immune system while the gut immune system affects the

bacterial composition®®?%°,

It has been reported that chronic liver disease may be associated with increased

intestinal permeability**®

. Obesity and metabolic syndrome can lead to leaky gut in
mice™! and in humans®?, and it has been shown that NAFLD patients have
increased intestinal permeability with more disrupted tight junctions compared to
healthy individuals®??. Hayes et al have recently shown that the presence of
commensal microbiota is important for the maturation of the colonic barrier structure

and permeability??®

while Ukena et al have shown improvement of the barrier
integrity in germ free mice upon bacterial colonization®**. Our germ free studies show
that sterile inflammation suffices to induce NASH, and further analysis on the
intestinal barrier integrity is needed to clarify whether leaky gut is an important factor

for the development of NASH pathology.

Germ free animals display severe immune defects, more pronounced in the gut, and
are more susceptible to infection®?. In the germ free gut, GALT (gut-associated
lymphoid tissue) is underdeveloped with fewer and smaller Peyer’s patches and
mesenteric lymph nodes and with reduced mucus thickness?**??’. B cells in germ
free mice produce less secretory IgA, which is essential for maintaining gut
homeostasis and barrier integrity?®®. They also have fewer Tyl cells®®®, fewer CD4*

230 231

cells, including Ty17 cells™™ and decreased numbers of regulatory T cells**".

The germ free mice on CD-HFD have shown differences in their B -cell immune
profile of the lamina propria (LP) small intestine when compared to germ free ND
and SPF on CD-HFD (fig. 33). Contrary to SPF LP on CD-HFD, the germ free CD-
HFD mice do not have higher frequencies of CD19" and CD20" cells, and they also
fail to display higher frequencies of IgA*™ and IgM™ B cells due to CD-HFD, as the
SPF mice do. What the germ free CD-HFD group has in common with the SPF CD-
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HFD is that both groups show significantly higher frequencies of CD19°CD20°IgD*
cells compared to their respective ND controls. Another feature the germ free and
SPF mice on CD-HFD share is that both groups have higher frequencies of
MHCIIFIgD*, MHCII"CD19", MHCII"CD19°CD20'IgD" and MHCII"CD19°CD20"IgD"
cells compared to their respective ND controls, showing that in both conditions LP B
cells get activated and potentially have the capacity to present antigen, most likely to
CD4" cells.

B cells present antigen through MHCII to CD4" T cells primed by dendritic cells, and
this cognate B cell /T cell interaction promotes B cell proliferation and differentiation
either into extrafollicular plasma cells or germinal centre (GC) B cells***%*3, B cells
undergo SHM and through this process B cells are generated that either are non-
secreting memory B cells or antibody-secreting plasma cells*’#%**. Usually, antigen-
presenting B cells are IgM™ and 1gD", but studies have shown that memory B cells
can be maintained in a post-GC phase as precursors for plasma cells upon antigen
challenge®*®. It has also been suggested that virus-specific long-term Ab memory

leads to continuous differentiation of memory B cell into short-lived plasma cells®**.

All of our CD-HFD experimental groups that abrogated NASH (JH” mice, aCD20
therapeutic depletion IgMi mice, antibiotic treatment, both prophylactic and
therapeutic) shared a common immunological hepatic profile (fig. 8, 12, 17, 21, 26,
31). In these groups, there was reduced infiltration and activation of CD4" and CD8"
T cells and decreased numbers of F4/80" and MHCII" cells. SPF WT CD-HFD mice
shared the same features of hepatic T cell activation with yMT, AlDg23s and the
germ free mice (fig. 17, 26, 31) and the only difference is that we didn’t observe
more F4/80" cells in the germ free CD-HFD compared to their ND controls. In
addition, AID”” CDHFD mice showed no increase in F4/80* and MHCII* cells in their
livers. Taken together, we conclude that the intestinal B cell response can drive
hepatic inflammation, most likely through the gut-liver axis, and that IgA expression
suffices for the activation of T cells in the liver and for F4/80" cell infiltration. In
addition, microbiome signals are necessary for F4/80" cell infiltration in the CD-HFD
livers and most likely the T-cell activation in the germ free CDHFD livers is due to
signals driven by the hepatic lipid accumulation and the possible deregulation of lipid

metabolism.
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Our data illuminate a novel cellular mechanism for NASH development in a dietary
mouse model (fig. 34). The key factor is the LP intestinal B-cell response that
communicates with the liver through the gut-liver axis, inducing liver inflammation
and eventually NASH. Our data indicate that one possible mechanism of action is
the secretion of immunoglobulins (IgA and IgM) but it cannot be excluded that the LP
intestinal B cells might also contribute to NASH through antigen presentation. We
were able to show that B cells get activated also under germ free conditions and that
might also play a role in NASH development - this will be tested by depleting B cells
therapeutically in germ free CD-HFD mice. Further experiments are currently
ongoing with MHCIIfl/fl CD19cre CD-HFD mice to test the hypothesis that B-cell

antigen presentation might play a role in NASH development.
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Figure 34: Potential mechanism of action of B cells in a dietary NASH mouse model. Our data suggest that
T-cell-independent (TI) IgA induction pathway in the lamina propria of the small intestine (see also figure b)
suffices to induce NASH in a CD-HFD dietary NASH mouse model. Low affinity IgA (and IgM) immunoglobulins
can influence the flow of antigens from the lumen to the lamina propria through the intestinal epithelium but it
might also be that they can educate the gut microbrial profile (red, dashed-line arrow on the left), thus influencing
the translocation of metabolites from the small intestine to the liver through the portal vein. Dietary metabolites
and secondary bile acids reach the liver through the portal vein but other possible candidates might also transport
such as secreted immunoglobulins, IgA™ B cells, activated T cells, altered microbial products and perhaps
specific gut bacteria, inducing metabolic and inflammatory hepatic changes. Nevertheless, our results clearly

show that sterile inflammation suffices to induce NASH and fibrosis and that modulation of the microbiome is an
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important but not an essential factor for NASH development. Moreover, our data suggest that LP B cells are not
involved in the induction of fibrosis therefore SLOs B cells and/or (low affinity) secreted immunoglobulins and
perhaps activated T cells might transport to the liver through systemic circulation (that extends the gut-liver axis)
and may induce hepatic fibrosis in NASH livers and in addition may contribute in NASH development. The
communication between gut and liver is bidirectional: through the bile tract the liver transports primary bile acids
and antimicrobial molecules to the intestinal lumen maintaining gut eubiosis by controlling unrestricted bacterial
overgrowth. In addition, through systemic circulation inflammatory mediators and metabolites transport from the

185

liver to the intestine. (adapted from Honda & Littman, Nature, 2016~ ", Tripathi et al, Nature Gastroenterolgy &

Hepatology, 2018>*°, Anstee et al, Nature Gastroenterolgy & Hepatology, 2019%°)
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