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The hepatobiliary system, comprising the liver, gallbladder, and bile ducts, performs
a diverse array of functions that are essential to maintaining homeostasis [1], including
digestion, nutrient metabolism, detoxification, coagulation, and immune modulation [2].
Alterations in the normal function of the hepatobiliary system can have serious implications
for human health, resulting in a broad range of pathologies spanning from liver disease to
bile system disorders.

The Special Issue of Biomedicines, entitled “ Advances in Pathogenesis and Therapeutics
of Hepatobiliary Diseases”, presents cutting-edge research findings, innovations, and
insights into a wide range of topics related to the hepatobiliary system, such as the molecular
mechanisms underlying disease pathogenesis, diagnostic advancements, novel therapeutic
approaches, and prevention strategies. The Special Issue comprises seven original articles
and four review articles regarding NAFLD, primary biliary cholangitis (PBC), hepatitis B
and C, and hepatocellular carcinoma (HCC).

NAFLD is currently a major global health issue. It affects approximately 25% of the
global population [3], with the highest prevalence in Western countries (25-30%) [4]. It
affects 80-100 million people in the United States, making it the most common type of
chronic liver disease [3]. NAFLD is also prevalent in Asia, particularly in Korea (affecting
up to 30.3% of adults; men: 41.1%, women: 20.3%) [5]. As a result, many researchers are
working to identify methods to prevent and treat NAFLD [6-9]. However, the lack of FDA-
approved therapeutic options for NAFLD remains a significant impediment, emphasizing
the critical importance of timely and accurate diagnosis [10]. Herein, Cazac et al. offer a
comprehensive review of ultrasound-based hepatic elastography as a non-invasive method
for diagnosing NAFLD in patients with type 2 diabetes mellitus (T2DM) [11]. They also
highlight the limitations of liver biopsy and the need for non-invasive diagnostic tools
to assess NAFLD in high-risk patients [11]. Bertran et al. utilized systems biology tools
and public databases to identify the potential molecular mechanisms linking RUNX1 and
NAFLD, resulting in a promising therapeutic strategy and a novel approach to treating
NAFLD [12]. Furthermore, Abu-Freha et al. shed light on an important and relatively
under-researched field of study: sex-based differences in NAFLD [13]. They used clinical
big data from Clalit Health Services (CHS) in Israel. This discovery would improve our un-
derstanding of sex-based differences in NAFLD by highlighting disparities in comorbidities,
outcomes, and mortality rates between females and males [13].

Furthermore, cholestatic diseases are significant because they have the potential to
cause severe liver damage and long-term complications, emphasizing the importance
of early diagnosis and treatment. One review provided a comprehensive overview of
cholestatic diseases, including subtypes and causes, as well as the most up-to-date treat-
ment options for cholestatic diseases, including pharmacotherapeutic agents and gene
therapy [14]. It is worth noting that the discussion of gene therapy for inherited and
acquired cholestasis is insightful and demonstrates the future promise of using gene ther-
apy to address this medical issue [14]. Another review summarized current knowledge
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regarding pharmacological interventions for the treatment of primary biliary cholangitis
(PBC) [15]. As is known, ursodeoxycholic acid (UDCA) is the first-line therapy for PBC
and has been proven to normalize liver markers, delay disease progression, and prolong
transplant-free survival. Obeticholic acid (OCA) is the only approved second-line treat-
ment for individuals with PBC who do not respond to UDCA. Floreani et al. provided a
comprehensive review of the pharmacological properties of OCA, including its mechanism
of action, as well as its tolerability and effectiveness in treating PBC patients [16]. Moreover,
one cohort study conducted by Bauer and colleagues, comprising 138 PBC patients and
90 non-PBC patients, revealed that the presence of antibodies against the kelch-like 12
(KLHL12) protein is a highly specific marker for diagnosing PBC [17]. When used in
conjunction with other markers, it has the potential to significantly enhance the accuracy of
PBC diagnosis.

Furthermore, hepatitis B and C also represent major global health issues. According
to the World Health Organization (WHO), an estimated 354 million people worldwide
are living with viral hepatitis B and C [18]. Infection with HBV and HCV can increase
the risk of developing liver fibrosis, cirrhosis, and even liver cancer [19]. Three reports
are presented here that are associated with the diagnosis, treatment, and pathogenesis of
hepatitis induced by HBV/HCV. A study conducted in Spain found variants with indels in
the 3’ end of HBX in most of their chronic hepatitis B (CHB) patients [20]. These variants
encoded alternative versions of HBx that have the potential to play a functional role
and/or alter transcriptional regulation [20]. This will provide useful insight into the genetic
variability of HBV in CHB patients who do not have HCC. Another study investigated
the correlation between serum miR-125b levels and liver fibrosis in CHB patients after
12 months of nucleoside analog treatment [21]. The results indicated that there is an inverse
relationship between miR-125b levels and the post-treatment FIB-4 index score, but it is
not a significant predictor of a higher score. Age, baseline platelet count, and ALT level
were all independent predictors of a FIB-index greater than 2.9 post-treatment [21]. The
last study investigated the long-term effects of direct-acting antiviral (DAA) regimens on
mitochondrial DNA (mtDNA) instability in people who inject drugs (PWID) with chronic
HCV [22]. The mtDNA parameters were measured nine months after treatment, and
the percentage of deleted mtDNA genomes increased over time due to their replicative
advantage over elimination processes [22].

In terms of clinical therapy for HCC, Tay et al. compared the clinical outcomes of
trans-arterial chemoembolization (RFA) and radiofrequency ablation (TACE) as initial
monotherapy for patients with early-stage HCC [23]. According to their findings, TACE
could be considered a potential treatment option for patients who are unsuitable candidates
for other therapies [23].

Overall, I anticipate that the collection of articles in this Special Issue will contribute
significantly to ongoing efforts to improve the diagnosis, prevention, and treatment of
hepatobiliary diseases, resulting in better patient outcomes and overall public health.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease and is the
hepatic expression of metabolic syndrome. The development of non-invasive methods for the
diagnosis of hepatic steatosis and advanced fibrosis in high-risk patients, especially those with type
2 diabetes mellitus, is highly needed to replace the invasive method of liver biopsy. Elastographic
methods can bring significant added value to screening and diagnostic procedures for NAFLD
in patients with diabetes, thus contributing to improved NAFLD management. Pharmacological
development and forthcoming therapeutic measures that address NAFLD should also be based on
new, non-invasive, and reliable tools that assess NAFLD in at-risk patients and be able to properly
guide treatment in individuals with both diabetes and NAFLD. This is the first review aiming to
outline and discuss recent studies on ultrasound-based hepatic elastography, focusing on NAFLD
assessment in patients with diabetes.

Keywords: type 2 diabetes mellitus; non-alcoholic fatty liver disease; transient hepatic elastography;
hepatic steatosis; liver fibrosis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disorder that is lately
becoming a worldwide major public health problem in both adults and children. The high
prevalence of metabolic comorbidities such as obesity, dyslipidemia, and diabetes mellitus
(DM) that are frequently associated with NAFLD supports the need for increased attention
from healthcare providers who should invest in screening and management [1,2].

According to the latest International Diabetes Federation (IDF) Diabetes Atlas data, an
estimated 537 million adults worldwide aged 20-79 years are currently living with diabetes,
representing 10.5% of all adults in this age group. In 2021, almost 240 million adults had
undiagnosed diabetes [3]. Early identification of people with diabetes is key to avoiding
or delaying complications and improving quality of life, thus preventing the significant
burden on healthcare systems [3].

The estimative global prevalence of NAFLD is 25% of the adult population. More
than 50% of persons with type 2 diabetes (T2DM) and 90% of persons with severe obesity
have NAFLD [4-6]. Approximately 10 to 15% of NAFLD patients from the United States
and Europe have advanced fibrosis. Patients with NAFLD have an increased risk of liver-
related death, primarily those with histologically proven non-alcoholic steatohepatitis
(NASH) [7]. T2DM doubles the risk of hepatocellular carcinoma [5]. The high prevalence
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of metabolic syndrome (MS) is independently associated with all-cause, liver-specific, and
cardiovascular mortality. Other risk factors leading to the increased prevalence of NAFLD
are represented by older age and male sex [5]. The large number of NAFLD patients
that are potential candidates for progressive liver disease creates challenges in screening
and management, mirroring the evolution of cardiovascular disease development on the
background of T2DM, obesity, and insulin resistance [8].

NAFLD covers a spectrum of histological conditions, ranging from simple steatosis
(non-alcoholic fatty liver, NAFL) to NASH, which can later progress to liver fibrosis,
cirrhosis, or hepatocellular carcinoma (HCC). MS is a predictor of hepatic steatosis [9].
Fibrosis is an important prognostic factor in NAFLD. The fibrosis stage is independently
associated with increased overall and liver-specific mortality and with higher rates of liver-
related complications and liver transplantation; early studies suggest a higher prevalence
of NASH and advanced fibrosis stages among patients with T2DM [9,10].

Experts in the field have recently suggested the introduction of a new acronym,
MAFLD (metabolic dysfunction-associated fatty liver disease), which reflects the relevant
risk factors for this disease, underlining the association between insulin resistance and
MS [11,12].

NAFLD and T2DM display a bidirectional relationship wherein these two pathologies
have intricate effects on disease progression. On one hand, NAFLD co-existence increases
the incidence of T2DM and the risk of developing micro- and macrovascular complications
of diabetes [13-15]. On the other hand, T2DM is recognized as a risk factor for progressive
liver disease, leading to advanced fibrosis, cirrhosis-related complications, and increased
liver disease mortality [16]. An extensive meta-analysis of 33 studies carried out between
2000 and 2020, including 501,022 individuals and nearly 28,000 cases of incident diabetes,
showed that patients with NAFLD had a higher risk of incident diabetes mellitus than
those without NAFLD. This risk increased considerably in individuals with advanced liver
fibrosis [17]. The co-existence of NAFLD and T2DM acts synergically to increase the risk for
other organ complications, with the highest mortality in NAFLD attributed to a worsened
cardiovascular risk profile [18]. It is thus becoming evident that the link between NAFLD
and diabetes is more complex than previously believed.

Two steps are needed to diagnose NAFLD. The first step is to assess the existence of
hepatic steatosis, either by imaging or biopsy, and then to exclude other causes of liver
steatosis such as significant alcohol consumption, long-term use of steatogenic medication,
or monogenic hereditary disorders [9]. NAFL’s only feature is fatty liver infiltration
that involves more than 5% of hepatocytes, whereas NASH also features inflammation
and evidence of hepatocellular injury, with or without fibrosis, in the absence of alcohol
consumption (daily intake of less than 20 g in women and 30 g in men) [9,14].

The European Association for the Study of the Liver (EASL), the European Association
for the Study of Diabetes (EASD), and the European Association for the Study of Obesity
(EASO) recommend ultrasonography as a first-line screening test for NAFL, whilst liver
biopsy represents the essential tool for the diagnosis of NASH [14]. However, the limits of
invasive biopsy procedures are acknowledged, and no distinct screening information in
the existing guidelines refers to the identification of this metabolic liver disease amongst
patients with diabetes.

Therefore, this is the first review aiming to identify and analyze the current elastography-
based imaging strategy for NAFLD screening and diagnosis, focusing on its applicability
in patients with T2DM. This category of patients has become more and more clinically
significant, as the increased prevalence of diabetes and obesity have become important
public health issues in recent decades. Among them, non-invasive diagnostic tests such
as ultrasound-based hepatic elastography are highly needed to replace liver biopsy, to
develop a new protocol for screening patients at risk for NAFLD or those with a history of
steatosis diagnosed by hepatic imaging/biopsy, and to non-invasively monitor patients
with NAFLD and diabetes and their response to treatment.
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2. Common Approaches in NAFLD Assessment

Measures to limit disease progression must be based on the identification of metabolic
risk factors (obesity, dyslipidemia, hypertension, and diabetes), on the assessment of anthropo-
metric indices and laboratory tests (fasting blood glucose, oral glucose tolerance test, HbAlc,
complete lipid profile, uric acid, and thyroid markers), on the calculation of related biomarkers
(homeostatic model assessment for insulin resistance index, estimated glomerular filtration
rate, urinary albumin-creatinine ratio), and on imaging techniques [9,19,20].

Liver-related outcomes are influenced by the advanced stage of fibrosis and not
steatosis. Commonly used non-invasive tests (NIT) widely available in clinical practice
to estimate fibrosis are represented by the fibrosis-4 (FIB-4) index, NAFLD fibrosis score
(NFS), and aspartate aminotransferase (AST) [21,22]. By using such NIT in a large cohort
of patients with T2DM, Singh et al. identified a high prevalence of fibrosis [23]. In fact,
in line with the European guidelines, these scores should be calculated for every patient
with NAFLD [14]. Their use can exclude the presence of advanced fibrosis in 50-67% of
patients with diabetes [24]. A new prediction model, diabetes liver fibrosis score (DLFS)
was recently developed to help identify patients with diabetes at significant risk for liver-
related morbidity: DLFS values over 68.9 maximize specificity (98%) and positive predictive
value (86%), while values less than 14.5 maximize sensitivity (95%) and negative predictive
value (92%) [25]. Other NIT such as AST to platelet ratio index (APRI) or Hepascore had
less accuracy predicting cirrhosis in patients with NAFLD and diabetes [26].

Ultrasonography stands at the forefront as a non-invasive method of screening and
diagnosing steatosis in patients with diabetes. The lipid deposits in the liver can be
detected by ultrasound when steatosis exceeds 30% of the liver parenchyma, which is
visualized as a bright liver echotexture (hyperechoic) blurring the deeper structures [16,27].
An ultrasonography-based study showed that 127 out of 204 patients with T2DM had
hepatic steatosis on ultrasound, and 87% of those having consented to a liver biopsy had
NAFLD confirmed by histology [28]. The Edinburgh Type 2 Diabetes Study, the first study
using ultrasound grading compared with magnetic resonance spectroscopy to determine
NAFLD prevalence in a population of patients with T2DM, showed that the disadvantage
of ultrasound is its inability to differentiate grade 1 or 2 of steatosis [29]. Therefore, the
most accurate method to quantify fat is magnetic resonance imaging (MRI); however, MRI
is limited by its high costs and lesser availability and is mainly used in clinical trials [21].

The “gold standard” in diagnosing NAFLD is liver biopsy and histologic examination.
However, liver biopsy is limited by its invasive nature, potentially prone to complications
such as pain, bleeding, or sampling errors [30]. The difficulties in repeating biopsies to
assess changes in hepatic steatosis and fibrosis and in performing them on individuals with
high abdominal circumferences require alternative non-invasive assessment tools [9,31].

The main purposes of following-up patients with diabetes are to identify patients
with MS and risk of NAFLD, to detect individuals with a worsening prognosis, and to
monitor them once the therapeutic strategy is implemented [32,33]. While the evidence
for novel and innovative therapy approaches for NAFLD in subjects with T2DM is rising,
elastography techniques might have a reliable role in monitoring patients with NAFLD
and diabetes and their response to treatment [34]. Liver imaging plays an important role in
NAFLD assessment in patients with T2DM because no clinical manifestations exist in the
early stages of disease and functional tests may be within normal limits [35].

The recent recommendations by the EASL, EASD, and EASO designate clinical scores,
serum biomarkers, and the elastographic evaluation of the liver as NIT accepted for the
diagnosis and staging of hepatic fibrosis [21]. The American Diabetes Association (ADA)
guidelines also suggest the use of transient elastography (TE) and non-invasive biomarkers
for risk stratification [36]. The elastographic method evaluates the presence and severity of
liver fibrosis according to the etiology of the liver disease and has already been tested in
many liver-related conditions [37,38].
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3. Ultrasound-Based Hepatic Shear Wave Elastography

Ultrasound-based elastography has found its place among NIT used to screen and
assess the severity of NAFLD and is represented by TE, point shear wave elastography
(pSWE), and two-dimensional shear wave elastography (2D-SWE) [16]. Within this category,
TE is extensively available and can be used as a point-of-care test to estimate liver fibrosis
by measuring liver stiffness and hepatic steatosis using controlled attenuation parameter
(CAP) measurement [39,40]. The practice guidelines of the Brazilian Society of Hepatology
and Brazilian College of Radiology have recently supported the use of elastography, among
others, as a tool to assess fibrosis and steatosis in various chronic liver diseases, including
NAFLD; due to its accuracy, elastography seems to be a non-invasive and cost-effective
alternative to liver biopsy [41].

The screening for undiagnosed non-alcoholic fatty liver disease and non-alcoholic
steatohepatitis (SUNN) study suggests that even asymptomatic high-risk individuals
should, nevertheless, be screened for NAFLD. Using TE and CAP, Eskridge et al. found
that 57% of the study population had steatosis without fibrosis and 16% of them had
both steatosis and fibrosis [42]. However, the results of this study likely overestimate the
presence of steatosis by using a cut-off value of >238 dB/m [43]. Even though specialists
have not yet reached a consensus on cut-off values, the EASL guidelines suggest that a
CAP value >275 dB/m might be used to diagnose hepatic steatosis [44]. A meta-analysis
by Petroff et al. found that the optimal cut-offs when using the XL probe are 297, 317,
and 333 dB/m for >S50, >51, and S2, respectively [43]. Another study showed that the
cut-off for S > S2 of 331 dB/m is accurate for the identification of moderate steatosis [39].
Obesity, diabetes, and arterial hypertension proved to be statistically significant risk factors
for NAFLD and NASH development [42]. In line with the results of this study, applying
such efficient screening strategies to high-risk individuals may help to properly implement
therapy and, over time, reduce the burden of NAFLD.

3.1. Elastography-Based Imaging Techniques to Assess Hepatic Fibrosis

Ultrasound-based shear wave elastographic methods for the assessment of advanced
fibrosis in NAFLD are represented by [37,45]:

e TE or vibration-controlled transient elastography (VCTE)
e acoustic radiation force impulse (ARFI) quantification:

o pSWE (point shear wave elastography)
o 2D-SWE (two-dimensional shear wave elastography), or 3D-SWE (three-dimensional
shear wave elastography) [46].

3.1.1. Transient Elastography

TE is a non-invasive imagistic technique able to stage liver fibrosis by LSM. The use of
TE to estimate liver fibrosis severity was first described by Sandrin et al. in 2003 [47]. Besides
being recommended as a clinical diagnostic method in many liver-related conditions such
as chronic viral hepatitis, cholestatic diseases, alcoholic liver disease, and autoimmune
hepatitis, an accumulating body of evidence supports the use of TE for the diagnosis and
staging of liver fibrosis in NAFLD [44,48].

TE is a method non-integrated into standard ultrasound-based systems and performed
using the Fibroscan® device (Echosens, Paris, France) that is well correlated with histologi-
cally diagnosed liver fibrosis in NAFLD. LSM quantification of liver fibrosis is expressed
in kilopascals (kPa) [33,49]. TE can use an M probe for normal-weight patients and an XL
probe for patients with obesity [50]. The feasibility of TE using both M and XL probes is
93.5% [51].

According to the Baveno VI consensus, TE has enabled the identification of asymp-
tomatic patients with advanced fibrosis (stage F3—F4) at risk for clinical complications. This
consensus has proposed the term “compensated advanced chronic liver disease” (cACLD)
as an alternative to chronic liver disease in asymptomatic F3-F4 patients, who are at risk of
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developing severe portal hypertension. Values between 10 and 15 kPa need confirmation
of cACLD, and a value >15 kPa is suggestive of cACLD in the absence of clinical signs [52].

The TE technique has acquired widespread use in clinical studies and daily medical
activities, ranging from the screening and diagnosis of hepatic steatosis and fibrosis in
patients with suspected NAFLD to the assessment of T2DM prevalence among patients
with NAFLD and the follow-up protocols searching for improvements after the initiation
of pharmacologic and non-pharmacologic treatment [53].

The Rotterdam Study found the highest probabilities of fibrosis among participants
with diabetes and steatosis [54]. It is noteworthy that most studies having investigated
the prevalence of NAFLD and its risk factors by the TE tool resorted to non-diabetic
cohorts for validating their results, so further studies are needed to stratify the diabetes-
associated risk, as optimal cut-offs may be influenced by diabetes mellitus or body mass
index (BMI) [55]. On the other hand, the risk of developing diabetes may be influenced
by a NAFLD-associated status that evolves over time [56]. A cross-sectional study using
TE to evaluate fibrosis among various chronic liver disease populations in a tertiary center
in Lebanon appreciated that more than 58% of subjects had NAFLD; also, almost 50% of
patients had at least one metabolic risk factor and 20% had T2DM [57].

The performance of NAFLD diagnostic tools among patients with T2DM varies accord-
ing to the assessment methods. In healthy people, TE measurements of Young’s modulus
range from 4.4 to 5.5 kPa [37]. Ahn et al. found a significantly higher LSM in the dia-
betes group (11.22 + 10.51 kPa) than in the non-diabetes group (8.07 & 7.29 kPa), and a
higher prevalence of diabetes in patients with NAFLD than in those with chronic viral
hepatitis [58]. A cohort study on 283 patients performed by Patel and colleagues revealed
82.5% of them were diagnosed with T2DM and one-fifth with severe obesity; the cut-off
values applied for LSM were 8.2 kPa for significant fibrosis, >9.5 kPa for advanced fibrosis,
and >13 kPa for cirrhosis. In this study, 76.5% of patients with BMI values greater than
40 kg/m? required the use of the XL probe [59]. XL probes are designed for obese patients
to improve the measurability of liver stiffness [60]. According to Garg et al., TE using
the XL probe has a lower rate of failure than the M probe in patients with obesity, being
able to evaluate hepatic steatosis and fibrosis in almost 60% of the obese persons with a
BMI < 45 kg/m? [30].

In a cross-sectional trial conducted in Vietnam, assessing diabetic patients by TE, a
73.3% prevalence of NAFLD was found among patients with T2DM. The LSM values in
patients with F2 (significant fibrosis), F3 (advanced fibrosis), and F4 (cirrhosis) were >7 kPa,
>8.7 kPa, and 11.5 kPa, respectively. After applying multivariable logistic regression, the
investigators found AST and platelets as predictors of advanced fibrosis in patients with
T2DM [61]. Therefore, patients with diabetes and increased AST values may be predisposed
to increased liver stiffness [62].

The heterogeneity of study results may be influenced by specific BMI and waist
circumference cut-off values depending on the country and ethnic origin of patients. The
rising rates of obesity, dyslipidemia, hypertension, and MS in people with NAFLD support
the need for evaluating MS components in patients with fatty liver, but also for NAFLD
screening among patients with metabolic risk factors [63].

Several studies compared the use of TE alone with combined NIT for the detection
of fibrosis. The STELLAR study demonstrated that the combined use of two NIT among
patients with enhanced liver fibrosis (ELF), NFS, FIB-4, and liver stiffness by TE improved
the diagnostic performance by reducing the proportion of patients with advanced fibrosis
due to NASH and indeterminate results [64].

Combining clinical scores and serum markers with LSM by TE may facilitate and
improve the diagnosis of advanced fibrosis and steatosis [65-67]. The Fibroscan-AST
(FAST) score combines LSM and CAP measured by TE with aspartate aminotransferase,
having already been validated in large global cohorts [68]. Comparison of NIT to accurately
identify advanced fibrosis due to NASH subsequently reduces the need for liver biopsy to
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assess the fibrosis stage [64]. The implementation of such a strategy may be particularly
beneficial in high-risk patients such as those with T2DM.

The development of novel therapeutic strategies to improve NAFLD-related outcomes
also requires high-value evaluation methods such as LSM. Unlike liver biopsy, this tool
is widely available and reproducible, avoids patient reluctance, and can be repeated to
monitor the results of pharmacological treatment [69].

As LSM by TE has become the most investigated and embraced method for evaluating
NAFLD, forthcoming years will show whether it may be designated as a future “gold
standard” among non-invasive assessment tools. Studies focusing on the estimation of
liver stiffness with TE in patients with diabetes and NAFLD are described in Table 1.
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3.1.2. Point Shear Wave Elastography (pSWE)

This technique, based on ARFI, is integrated into conventional ultrasound
systems [101,102]. A significant advantage of pSWE is that it can assess liver fibrosis
and evaluate the liver parenchyma on the same examination [102].

Shear wave elastography was also used in measuring liver stiffness in a case series
of ten patients with diabetes and dyslipidemia in which the safety and effectiveness of
saroglitazar in improving NAFLD, a dual PPAR «/y agonist approved for diabetes in India,
were assessed [103].

When the accuracies of LSM by TE, ARFI, and supersonic shears wave (SSI) for the
staging of fibrosis were compared on a cohort of patients with NAFLD using liver biopsy
as a reference, ARFI performance was found to be better for severe fibrosis and cirrhosis
than for mild to moderate fibrosis. As more than half of the selected population had T2DM,
variables such as BMI >30 kg/ m?2, waist circumference >102 c¢m, or increased intercostal
wall thickness may have interfered with and provided unreliable results when ARFI was
used, compared with other imaging techniques [104].

However, mixed results are reported in this area. A meta-analysis assessing the
diagnostic performance of pSWE vs. TE for staging liver fibrosis found a higher rate of
failure in TE measurements using the M probe, more than in pPSWE estimations, and obesity
appeared to have a lesser influence on the results (11.3% vs. 0.8%) [105]. Giuffre et al.
screened several subjects with obesity having undergone bariatric surgery and reported
that LSM is machine-dependent when taking into consideration the skin-to-liver distance
(SLD) effect and not just the BMI [106].

While the Ultrasound Liver Elastography Consensus Statement, of the Society of
Radiologists, recommends the “rule of four” (5, 9, 13, and 17 kPa) for liver stiffness cut-off
values obtained using pSWE or 2D-SWE in NAFLD, no cut-off values specific to the T2DM
population exist [107].

There are limited studies on the diagnostic ability of pPSWE in patients with NAFLD
and diabetes, and some of them included a limited number of patients with diabetes
in the selected population. However, intriguing results reported by Meyer et al. using
PSWE revealed a relatively high prevalence of liver fibrosis associated with NAFLD, even
in patients with type 1 diabetes mellitus (T1DM), with a rate of 16% vs. 31% in T2DM
subjects [108].

Existing studies have predominantly involved populations with obesity (adults and
children), of which some underwent bariatric surgery [109-111]. Studies focusing on the
estimation of liver fibrosis with pSWE in patients with T2DM and NAFLD are described in
Table 2.
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3.1.3. Two-dimensional Shear Wave Elastography (2D-SWE)

Two-dimensional shear wave elastography, or SSI, is also an ARFI-based technique
that seems to be a rapid and reproducible technique that adapts ultrasound imaging to
measure liver stiffness [102]. In healthy populations, liver stiffness values found by 2D-SWE
range between 4.4 and 4.9 kPa [46].

In the two-center study by Cassinotto et al., the relevant covariates influencing the
results of the 2D-SWE method were increased waist circumference, higher BMI values,
thicker intercostal wall, and, in some cases, diabetes [104].

MS is associated with high liver stiffness [115]. Moreover, a cross-sectional, one-
center Japanese study in people with abdominal obesity (Japanese diagnostic criteria
for MS include waist circumference values of >85 cm for men and >90 cm for women)
showed that waist circumference was significantly and independently correlated with liver
stiffness measured by 2D-SWE [116]. The advantages of 2D-SWE have become evident in
individuals with NAFLD and severe obesity, where its findings showed a higher success
rate in comparison with TE, one of the most validated tools available [117]. In patients
with clinically severe obesity that were evaluated before and after metabolic surgery by
2D-SWE-based LSM, improved characteristics were seen [118].

A comparison of TE, 2D-SWE, and magnetic resonance elastography (MRE) methods
found them to be viable alternatives to liver biopsy for examining hepatic stiffness in
231 NAFLD patients. No differences were found between these techniques in the ability
to diagnose the F1-3 stages, but MRE was superior to TE and 2D-SWE in detecting the F4
stage. Patients in this study included more than 60% subjects with diabetes, but no other
information about this category was available [119].

In another study, obesity, T2DM, and arterial hypertension were independent pre-
dictors of a 2D-SWE value > 8 kPa; patients with T2DM and hypertension exhibited a
double risk for a hepatologist referral, while patients with obesity had a threefold risk.
Therefore, focusing on patients with these medical conditions may improve NAFLD-related
risk stratification [120].

Even though pSWE and 2D-SWE are less available in tertiary hepatology clinics and
current evidence in patients with T2DM is limited, they may become a forthcoming routine
tool for the screening, diagnostic, and therapeutic follow-up of patients with both NAFLD
and diabetes [121].

Studies using the 2D-SWE method to assess liver fibrosis in patients with T2DM and
NAFLD are described in Table 3.

Table 3. Diagnostic performance and comparison of results for different fibrosis stages using 2D-SWE
in patients with NAFLD and T2DM.

Author No. of No. of No. of Diabetes Mean Mean Fibrosis Optimal
Ref ! Year Country Pati.ents NAFLD Diabetic Duration Age BMI Stage Cut-Off
Patients Patients (Years) (Years) (kg/m?) & (kPa)
Miyoshi 2021 318 - 41 - 634 27 Unavailable 5.79 + 1.11
etal. [116]
. 91.5% <8
Shaheen United 67 (SWE o
et al. [120] 2020 Kingdom 1958 > 8 kPa) 38 - 61 37.2 3.40/0 ' >8 '
5.1% inconclusive

Abbreviations: NAFLD, non-alcoholic fatty liver disease; BMI, body mass index; kPa, kilopascals; SWE, shear wave
elastography.

3.2. Additional Results Obtained by Imaging Methods Complemented with Elastography

CAP uses ultrasound waves to detect and quantify liver fat by measuring the degree
of ultrasound attenuation by hepatic steatosis after the initial attenuation in the adipose
tissue within the abdominal wall [87,122]. It is an affordable method that can identify and
monitor persons at risk for NAFLD. Fibroscan® software added CAP in 2010, so it can
assess both fibrosis by LSM and steatosis by CAP at the same time [123]. CAP is derived

17



Biomedicines 2022, 10, 2375

from the attenuation of the same ultrasound data used to track the shear wave speed [124].
Several measurement algorithms based on the same principle as CAP are available on other
ultrasound systems [124] but are less used in studies on patients with NAFLD.

CAP qualifies today as a standardized non-invasive measure of liver steatosis. The
clinical use of CAP is limited due to difficulties in establishing optimal cut-offs for every
steatosis grade and to the influence of other conditions such as diabetes. It appears that the
steatosis prevalence in a specific population, its etiology, BMI values, and the co-existence
of diabetes must be taken into consideration when interpreting CAP [125].

Several studies using LSM and CAP support the use of CAP to screen for NAFLD in
patients with T2DM [87,89,99]. However, current guidelines do not yet recommend it as a
standard routine method to identify NAFLD among asymptomatic, even though high-risk,
populations [9]. It is noteworthy that a large number of studies overestimated the grade of
hepatic fat by using lower, inappropriate CAP cut-offs, as described in Table 4 [75,76,83,89,90].

18



[98] Te 3@

8cT< %9°'€8 GI'S F 6£°0¢ 9TIL F 99 CCTF ST L 649 895 649 eneoI) 020T SNAISEIOTIA
wﬁﬂw M\owm 119 mummx [ .Hmt<
— ? - 60T F 248 - 119 B 119 eunyn 020C [#8] Te 3 MH 991
ste< %19
QUI[ISe:!
F> ohze 119 aurfeseg
08T< 201
— " " - ‘Te 19 IP9ALL
7= €Tl gee ¥'8S 4! €1e VA% 4 vsn 120T [18] Te 32 1paaLL],
062 %9% €S
65¢ %CT ‘TS ) . ) .
e ]o IO e
o %el 1S F8F I'ee LTITF 79 6 F ST 69 8 a8 vsn 120 [8£] Te 312 IPTeN
8cT> %61 :0S
0e< %¥S ‘€S . _ S1801qY %12 .
10€-06¢C %L TS TI9FIee 1T F 09 - 199 S1S01098 196 vsn 120 [££] 'Te 19 odeUOWOT]
. I %0Z
68C-¥/T %6 1S
082< %¥79 910435
647-89¢C %% LT 9YeIPON SV F98C €01 F 765 T6F 991 99/ 99/ 992 eunyD 120T [¢8] ‘Te1@ HD 991
£9C-8%¢C % 0T ‘PIIN
cocs %0Cs8 €5 . o SI1S01qY 607 .
67-09¢ - TS 8F¥IE 6F 1S 79F 96 0S¢ S1501021 N 05T erpur 120 [92] Te 10 wadno
: ! 9T
65T-LET - 118
08z< 20¢
087-69¢ [#4 60°0¢ 79 - 214 £Ge i1 erjeor) 120T [Sz] ‘Te 30 d1a0mM31D
897-6¥¢ 6C
0e< %€°8S €S 99'0 F T'S¢ FI'TF 076
10€-06¢ %€'8 TS LTFIHE . 9Ly F §'GL SISOIqY 6.1 8 15 OlDIEL
6827LC %TL 1S £9°0 F €08 709 8T1F 86 S8 s1soyeals £gg sc8 vsh feoe [p2] "Te39 otmpres
vL0> %T'9T :0S ¥0F g6C L90F 10T
0ge< %CT ) . )

— ISerx e }o 0sopIe
962< %lb ¥0¢ 7¥9 (198 00¥ 9¢¢ 00¥ [1seig 120T [17] Te 3 pIed
0e< %G'8L €S
06T< %¥'8 TS $9°S F ¢I'6C 8801 F ¢TSS - 44 264 44 eTURWIOY 0T [12] "Te 3o uejury,
¥L< %I€ET *1S

Ag\m—uv wwonaﬁU A E\wv—v Amumm>v Amumuﬁv sjuaned sjuanyeJ wwm
age)g sisojedlg 4 uoneinQ : : sjuane Jo ‘oN Anyuno) Ieax ,
rewndo : [N UeajA a3y ueapy sapqeIq onRaqeIq Jo 'ON  dTIVN Jo 'ON : oymy

INAZL PUe QTIVN Yim sjuened ur JyD) Sursn saa139p s1s03ea)s JUSISJIP 10§ s[nsai jo uostredwod pue adueuriojrad opsouder *p 3[qeL

GLET ‘0T 'TTOT saurdrpaiorg



*SIS01e3)S ‘G ‘S1s01q1y 4] ‘sTeosedorny ‘e Xapul ssewr Apoq ‘TN ‘9SeasIp ISAI] A)3ej dI[oyod[e-uou ‘(I TIVN :Suolu1aaiqqy

¢6¢< %9¢ €S
¢6C—65C %L1 ‘TS 1T°¢ F+ Cl's¢ 6'1S - 91 ¢l 646 L3I0} YInog 710C [8¢] Te 1 uyy
8GC—6€C %ST ‘1S
06¢< %8¢ €S
687—€€C %9°6C ‘TS 9T 909 L0 611¢C 60€T 8161 eund 910¢ [66] Te 12 jomd|
¢eC—Cle %1°G ‘1S
082< 8cl : : ATe ‘[e 32 TpIequIo
Stz 1 <Y F96C 0L + 49 ST+ V1 76€ 8¢C 76€ [e31 610C [6] ‘Te 39 TpIRqUIO]
%VS' 1C 7S
%L'LT €S ) . . . _ )
o[qefreaeun %,95'8T 7S 69°L F cv'6C YL F L'€S €L 8¥¢C 8T uoueqa] 610¢ [16] Te 30 TRyER(
%ETE 1S>
06¢< %1S Ty €S
687¢—€€C %c0°6€ ‘TS . . . . . . .
sourddiyr © 19 OpuURWIS,
767772 87l 1S Qv F 89°LC 90°€T F 4T'LS €9'¢ F S0¥ G8¢C 791 Y0L rddrnmydg 610¢C [06] Te 10 op A
1ce> %99°€ ‘0S
06T< 88 9I9A9G
68C¢—€€C 6C ©FeIPPON 99 F T¢e LF €S - i LT el Aoxang, 610¢C [68] Te 1 auag
¢eC—Tle 0 ‘PIIN
10€< %1€ €S
00€-04¢ %8¢ ‘TS . . . . A e 10 Suon
69797 We0Z 1S 8T F ¥'Sc G0T F 69 € £0€ 44 £0€ URTA 0z0T [19] Te 3 1,
- %L9T ‘0S
c0¢ %< '09 ‘€S
06¢ %69 ‘TS . . .
RIURWIO e 30 earod;
52 %68 1S 9 F ¢ L8 F 809 ¢F+01 es ves 9LL I A 0c20¢ [£8] e S
- %6°'€C :0S
%S'SY €S
d[qefreaeun) %L ‘TS €V F 1T9C Vel F 84V - 8¢l I¢t 029 uoueqo] 0c20¢ [£€] ‘Te 10 Jemeg
%cC'S ‘1S
w n, /3 sIed (S1E2R) Sjuane sjuanye )
(w/dp) 3O-IMD a8e)g sisojeslg (Z/=>) (STE3X) uorjeincy Juened JushEd sjuanye] Jo ‘'oN A1yuno) Teax , 3d
rewndo : IING UesJA a8y uea\ mwa.w qeid neqer( jo "oN dTAVN Jo 'ON ' oymy

JU0D) *p 3[qeL

GLET ‘0T 'TTOT saurdrpaiorg

20



Biomedicines 2022, 10, 2375

In the Vietnamese study previously mentioned in the TE section of this paper, steatosis
severity was graded using the following CAP cut-off values: SO (26.7% steatosis) for
CAP <233 dB/m, S1 (20.5% steatosis) for CAP 234-269 dB/m, S2 (21.8% steatosis) for CAP
270-300 dB/m, and S3 (31% steatosis) for CAP > 301 dB/m [61]. This is another example of
a study that used an inappropriate CAP cut-off and overestimated the results.

The simultaneous use of LSM and CAP to assess liver fibrosis and steatosis was
brought into the spotlight by their implementation in patients with severe obesity that were
candidates for bariatric surgery [126]. Only 60% of subjects were eligible for the use of
the XL Fibroscan® probe. The results suggested that TE could estimate significant fibrosis
(an LSM cut-off value > 9 kPa) and significant hepatic steatosis (CAP > 305 dB/m). The
histological findings of patients who underwent liver biopsies appeared to correlate with
LSM and CAP results [127].

As previously mentioned, higher estimates of hepatic tissue stiffness are associated
with elevated BMI and waist circumference values. Moreover, Sporea et al. found sup-
plementary associations between waist circumference, BMI, elevated AST, HbAlc, severe
steatosis, higher CAP values, and advanced fibrosis [87].

The usefulness of CAP in monitoring therapeutic effects is the objective of several
studies [34]. Liraglutide was able to reduce CAP-measured hepatic steatosis in addition
to its well-known effects on body weight and plasma glucose control [128]. A study
investigating, by TE, the effects of the GLP-1 receptor agonist dulaglutide in patients
with T2DM was not able to show a reduction of intrahepatic fat, probably due to the
short 12-week period of treatment [129]. Another study with a novel thiazolidinedione
(lobeglitazone), using CAP by TE and having a primary endpoint of hepatic fat reduction,
found improvements in NAFLD in patients with T2DM [130]: a 65% improvement in
steatosis, comparable to the PIVENS trial where 69% of NAFLD patients responded to
pioglitazone treatment [130,131]. Shimizu et al. assessed the impact of dapagliflozin, an
SGLT-2 inhibitor, on liver steatosis and fibrosis: after 24 weeks of therapy, LSM decreased
from 9.49 =+ 6.05 kPa to 8.01 + 5.78 kPa and CAP reduced from 314 =+ 61 to 290 &+ 73 dB/m
in the dapagliflozin group [132].

As most studies did not have CAP available when evaluating liver stiffness, and some
other studies used only the CAP software to assess NAFLD, we have chosen to address
LSM and CAP separately in this paper. Studies using the CAP method to assess liver
steatosis in patients with T2DM and NAFLD are described in Table 4.

4. The Place of Elastography-Based Techniques in the Screening Algorithm for NAFLD

As previously mentioned, an accumulating body of evidence supports the systematic
use of ultrasound-based elastography for assessing hepatic steatosis and advanced fibrosis
in high-risk patients. The appropriate management of patients with NAFLD must rely on
accurate identification of fibrosis and steatosis severity [133].

Whether a screening strategy using NIT such as TE for the diagnosis of liver fibrosis
is cost-effective is still a matter of debate [134]. Future results of the LiverScreen project,
which aims to screen for liver fibrosis in the general population in European countries, will
probably answer this question after 2025. If the results of this study help identify groups
at high risk for chronic liver disease in the general or high-risk population, particularly
in patients with obesity and diabetes, improved prevention of liver complications will
perhaps become possible, thus ameliorating the burden on healthcare systems [135].

Until then, alternative non-invasive scores such as NFS or FIB-4 are recommended to
rule out advanced fibrosis when TE is unavailable, thus minimizing the costs [136]. Other
methods, such as MRE, have better sensitivity and specificity but are limited by cost and
availability [44,137]. The selection of NIT for the diagnostic algorithm in low-prevalence
populations must be performed by consulting a liver specialist [44].

Preliminary results of an ongoing cross-sectional trial reported that less than 2% of
patients with diabetes are screened for liver fibrosis in primary and secondary care. A high
proportion of cases in which liver fibrosis was confirmed (80.6%) were identified using
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serum fibrosis markers associated with TE or liver biopsy [138]. On the other hand, in
the cross-sectional study by Park et al., the patients with diabetes benefited from fibrosis
screening procedures in primary care, even in the absence of steatosis [139].

Unfortunately, the screening rate is low in this high-risk population, despite the high
prevalence of significant liver fibrosis and steatosis among patients with diabetes [138].
Therefore, the systematic implementation of a routine screening algorithm is needed to
improve the clinical care of patients with NAFLD and diabetes.

Current practices and guidelines have not yet adopted widespread screening because
of the lack of evidence supporting the long-term benefits of screening and a favorable
cost-effectiveness ratio [9,139]. This might hinder the identification of population groups at
risk for NAFLD. Lomonaco et al. argue that NAFLD represents a public health problem
for patients with T2DM by emphasizing the burden of the disease in a population with
T2DM unaware of NAFLD that was screened with TE [77]. In line with this, Mansour
et al., after demonstrating better identification of NAFLD in this category of patients,
advised incorporating FIB-4 and TE as a two-tier assessment approach into the routine
annual evaluation of patients with T2DM [79]. However, given the large number of people
with diabetes, it is unlikely that clinicians will be able to apply TE to all T2DM patients.
Therefore, it is important to identify patients at risk for fatty liver disease progression [99].

Currently, most screening suggestions for people with T2DM include non-invasive
scores such as FIB-4 or NFS in association with TE [21,140]; this combination can be used to
distinguish between populations at low or high risk for advanced fibrosis (Figure 1).

High risk ‘

Gng-standing T2DM \

Uncontrolled T2DM

Presence of 2 or more metabolic risk factors:

e WC=294 cmin men, 280 cm in women Rule out other

e BP2130/85 mmHg

e Tg>150mg/dL

e HDL-colesterol < 40 mg/dL in men/<50 mg/dL
in women

HOMA-IR 2 2.5

.
\ hsCRP > 2 mg/dL )

causes of liver

disease

pam—

Low risk

Figure 1. A suggested algorithm to screen patients with T2DM for NAFLD and advanced
fibrosis [2,33,63,141]. Abbreviations: ALT, alanine aminotransferase; WC, waist circumference; BP,
blood pressure; Tg, triglycerides; HOMA-IR, homeostatic model assessment for insulin resistance;
hsCRP, high-sensitive C-reactive protein.
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5. Gaps in Knowledge

Different researchers have used various cut-offs to study where elastography is posi-
tioned in the NAFLD assessment tree. As specific LSM cut-off values to predict fibrosis
stages are not yet acknowledged, the method’s reliability could be impaired. The spotlight
falls on the optimal LSM cut-off values used to define severe fibrosis (F3 or F4 stages). F > 3
represents advanced fibrosis, while the F4 fibrosis stage usually suggests cirrhosis [142].
Supplementary difficulties arise from some studies not reporting LSM cut-offs that define
different fibrosis stages [57,72,91], while others use different stage appellations that are
difficult to correlate with the current standard definitions [81,83,89,116]. The age-adapted
cut-offs should also be taken into account to improve the method’s performance. Finally,
some studies suggest that the use of lower cut-off values would optimize their negative
predictive value.

As yet, patients with diabetes have not been compared directly with non-diabetic
control groups in elastography-based investigation protocols. Hence, the same cut-off
points were applied to stratify fibrosis and steatosis as in any other NAFLD patient. How-
ever, the diagnostic and prognostic accuracy for NAFLD of non-invasive imaging tools is
significantly influenced by the presence of diabetes [143]. This category of methods needs,
therefore, further investigation and validation in populations with T2DM, among which
advanced fibrosis has a significantly rising prevalence.

When focusing on T2DM patients and trying to gather specific information on this
NAFLD at-risk group population, researchers need to find the best methods to fill in
these substantial knowledge gaps. There are only a few studies that directly targeted the
diabetic population, while most research involved a larger population, among which only a
subgroup of subjects had T2DM [71,96]. Because patients at risk for NAFLD may frequently
have significant fibrosis, which can be overlooked on common ultrasound, especially
when normal liver enzymes are associated, supplementary screening approaches should be
considered, either in the general population or only in at-risk individuals represented by
patients with obesity, T2DM, and MS [143]. It is, therefore, logical to presume that the utility
of novel non-invasive assessment tools for NAFLD is of utmost importance, but we must
acknowledge for now that their predictive ability is insufficiently demonstrated in diabetes
populations [144]. At present, ADA recommends that all patients with prediabetes/T2DM
and increased liver enzymes or steatosis on ultrasound should be evaluated for the presence
of NAFLD, while the other guidelines have discordant approaches [36]. No guideline
clearly states who should be selected for screening, who should do the screening, and
which method is best to use.

Among elastography-based methods, most available evidence supports the use of TE,
while pSWE and 2D-SWE, which are less available in liver clinics, feature limited data on
patients with diabetes. Several studies are currently using the SWE techniques, but the
available proof is not yet sufficient to generate recommendations, and the need to continue
dedicated research in this at-risk population is still high.

The lack of technical information also narrows the reproducibility of data using LSM
and CAP assessment. Many publications do not specify whether one or more operators
were involved, if they were trained certified examiners, or if patients respected the examina-
tion protocol requiring, at least, a three-hour fast before undergoing elastography. [37,107].
The success rate depends on the operator’s experience, but also other various factors such
as age, BMI, visceral fat, or the presence of ascites; the probability of elastography-based
methods failing increases in patients who are old, obese, or have ascites [14,37]. The number
of exploratory measurements may also differ from one study to the other [37,145].

The method’s applicability to NAFLD can be challenging in patients with obesity
because of the high rate of failure in measurement and performance without the use of an
XL probe. Some of the existing studies had limitations due to not using the XL probe to
perform TE examinations on patients with obesity.

As mentioned before, liver biopsy is unsuited for large-scale applications in the
diagnosis of NAFLD [143]. Moreover, the applicability of liver biopsies is limited in patients
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References

with T2DM and associated cardiovascular disease that need antiplatelet or anticoagulant
therapy. However, this method is still required to confirm the results of non-invasive tools
in clinical trials. Beyond designing an optimal, cost-effective algorithm for systematic
risk stratification, the management of NAFLD in primary care should, therefore, include
procedures to accurately estimate and minimize the need for biopsy.

At present, ultrasound-based elastography devices are not accessible in diabetes care
clinics, thus requiring a strong collaboration with hepatologists to implement these new,
simpler, non-invasive tools and to limit the use of invasive methods in the future. Among
steps already taken in this direction, NIMBLE (non-invasive biomarkers of metabolic
liver disease) [146] in the USA and LITMUS (liver investigation: testing marker util-
ity in steatohepatitis) [147] in Europe are two projects looking to integrate non-invasive
tools into clinical practice and to offer the scientific community data required to receive
uniform acceptance.

6. Conclusions

To sum up, the results of recent studies show a high prevalence of NAFLD identified
by TE among patients with T2DM. These findings support the need for systematic screening
for NAFLD to assess the severity of hepatic steatosis and fibrosis in T2DM patients. Within
the group of shear wave elastography-based methods, TE has already acquired a well-
deserved place, while ARFI-based techniques have begun to collect scientific evidence
supporting their value in NAFLD screening, diagnosis, and monitoring among patients
with T2DM.

Priorities of this research field should include the setting of cut-off points adapted to
specific situations such as the co-existence of diabetes, assessment of the cost-effectiveness
and validation of quality criteria for these imaging methods, the risk stratification based on
the fibrosis stage, and evaluation of elastography value in the assessment of therapeutic
success. Producing a strategic algorithm to check each of these purposes could help diabetes
care specialists and primary care providers. An early diagnosis in high-risk patients and
the subsequent implementation of adapted interventions such as lifestyle optimization,
lipid-lowering therapy, and antihyperglycemic drugs may have the chance to limit NAFLD
and its extrahepatic complications, at least until further effective therapies are developed.
Beyond this, supplementary research is needed to completely define all long-term benefits
of these ultrasound-based elastography techniques.
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Abstract: Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic hepatic disease;
nevertheless, no definitive diagnostic method exists yet, apart from invasive liver biopsy, and nor
is there a specific approved treatment. Runt-related transcription factor 1 (RUNX1) plays a major
role in angiogenesis and inflammation; however, its link with NAFLD is unclear as controversial
results have been reported. Thus, the objective of this work was to determine the proteins involved
in the molecular mechanisms between RUNX1 and NAFLD, by means of systems biology. First, a
mathematical model that simulates NAFLD pathophysiology was generated by analyzing Anaxomics
databases and reviewing available scientific literature. Artificial neural networks established NAFLD
pathophysiological processes functionally related to RUNX1: hepatic insulin resistance, lipotoxicity,
and hepatic injury-liver fibrosis. Our study indicated that RUNX1 might have a high relationship
with hepatic injury-liver fibrosis, and a medium relationship with lipotoxicity and insulin resistance
motives. Additionally, we found five RUNX1-regulated proteins with a direct involvement in
NAFLD motives, which were NF«kB1, NFkB2, TNE, ADIPOQ, and IL-6. In conclusion, we suggested
a relationship between RUNX1 and NAFLD since RUNXI seems to regulate NAFLD molecular
pathways, posing it as a potential therapeutic target of NAFLD, although more studies in this field
are needed.

Keywords: RUNX1; NAFLD; NASH; metabolism; systems biology

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a condition characterized by excess fat
in the liver, without alcohol implication in the onset of the disease. The term NAFLD
comprehends a substantial number of liver conditions, ranging from simple steatosis
(SS) to the more aggressive form of nonalcoholic steatohepatitis (NASH), which may
lead to cirrhosis and hepatocellular carcinoma [1]. SS is defined as the presence of >5%
hepatic steatosis without evidence of hepatocellular injury in the form of hepatocyte
ballooning, inflammation [2], and fibrosis, three remarkable events in NASH pathology.
The progress of the disease may vary from individuals, depending on the accumulated fat
to the immunological and the oxidant stress responses [3,4].

NAFLD is the most prevalent chronic liver disease, with a global prevalence in adults
between 23-25% [5,6]. Nevertheless, nowadays there is no definitive diagnostic test apart
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from invasive liver biopsy, and no specific approved treatment besides exercise and dietary
interventions. Pharmacologic-based therapies for NAFLD are limited, but many clinical
trials are in process [7]. For this reason, knowledge about NAFLD pathophysiology is
continuously growing.

RUNX1 belongs to the runt-related transcription factor (RUNX) family of genes, and
is also known as acute myeloid leukemia 1 [8]. RUNXI1 regulates the differentiation of
hematopoietic stem cells into mature blood cells [9,10]. It also plays a major role in the
development of the neurons that transmit pain [11], and in angiogenesis and inflamma-
tion [12]. In addition, RUNX1 involvement in apoptotic processes has been reported on
one hand to induce apoptosis and inhibit tumor progression in neuroblastoma [13] and
leukaemia [14], while it contrarily seems to present an antiapoptotic effect in pancreatic
and ovarian cancer [15,16].

Diseases associated with RUNXI1 include platelet disorders with associated myeloid
malignancy and blood platelet disease [17]. Related pathways include transport of glucose
and other sugars, bile salts, organic acids, metal ions, and amine compounds, as well as
transforming growth factor-beta (TGF-3) signaling pathways [18,19]. Recently, Kaur et al.
reported a relationship between RUNX1 and NAFLD. Authors related its activity with the
progression to NASH, since the interaction of RUNX1 and C-C motif chemokine 2 (CCL2),
an important adhesion molecule, mediates the infiltration of pro-inflammatory and pro-
angiogenic factors in NASH [20]. Thus, we previously wanted to study the role of RUNX1
mRNA and protein expression in NAFLD in a cohort of women with morbid obesity.
We hypothesized that RUNX1 may play a protective role in NAFLD since its expression
was enhanced in early stages of the disease and decrease along with the progression to
NASH [21]. Given these controversies among our previous results and what was already
known, the objective of the present work is to determine the proteins and the potential
molecular mechanisms that could establish a link between the activity of RUNX1 and
NAFLD pathogenesis by means of systems biology.

2. Materials and Methods
2.1. Bibliographic and Metadata Analysis in Databases

First, we built the molecular description of NAFLD pathophysiology through sys-
tematic searches and reviewing the most up-to-date scientific knowledge regarding this
pathology (Supplementary Table S1). Accordingly, NAFLD was divided in specific patho-
physiological processes—called motives—involved in SS, in NASH, or in both forms (Sup-
plementary Table S1), and the corresponding molecular effectors (or key proteins) playing
biological roles in these mechanisms were identified (Supplementary Table S2).

The interactome around RUNX1 was manually curated in order to better fit the mathe-
matical models. Protein relationship databases including TRRUST database (Transcriptional
Regulatory Relationships Unravelled by Sentence-based Text-mining) [22], BioGRID (The
Biological General Repository for Interaction Datasets) [23], HPRD (Human Protein Refer-
ence Database) [24,25], INTACT (IntAct Molecular Interaction Database) [26], KEGG (Kyoto
Encyclopedia of Genes and Genomes) [27], REACTOME (Reactome Pathway Database) [28],
and available scientific literature were the sources used to identify and curate new direct
interactors of RUNXI.

2.2. Mechanistic Model Generation

The compiled information was used to generate a mathematical model that simulate
NAFLD pathophysiology by applying Therapeutic Performance Mapping System (TPMS)
technology [29], which integrates all available biological, pharmacological, and medical
knowledge to simulate human physiology in silico (Supplementary Table S3). Then, we
used an artificial neural networks (ANNSs) strategy [30,31] to analyze these models in order
to establish the functional relationships between RUNX1 and NAFLD, considering the
motives both together and individually. ANNs evaluate the relationship among protein
sets or regions inside the Anaxomics network, providing a predictive score that quantifies
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the probability of the existence of a functional relationship between the evaluated regions.
Each score is associated with a p-value that describes the probability of the result being a
true positive. The ranking score has been divided into five categories: very high (ANN
score > 92; p < 0.01), high (ANN score = 78-92; p = 0.01-0.05), medium-high (ANN score
71-78; p = 0.05-0.1), medium (ANN score 37-71; p = 0.1-0.25), low (ANN score < 37; >0.25).

Sampling methods-based mathematical models were then generated to determine the
potential molecular mechanisms that could justify our hypothesis:

1. Activation of RUNX1 promoting insulin resistance (IR).
2. Activation of RUNX1 promoting lipotoxicity and hepatic injury and liver fibrosis.

TPMS sampling-based methods trace the most probable mechanisms of action (MoA)
or paths, both in biological and mathematical terms, which lead from a stimulus
(e.g., activation of RUNX1) to a response (e.g., activation of IR) through the biological
human protein network. In this way, it identifies the set of possible MoA that achieve
a response when the system is stimulated with the specific stimulus. A population of
possible solutions was obtained, and this variability was exploited and analysed to obtain
a representation with the most represented paths among the set of possible solutions. A
detailed description of the applied methodology was described elsewhere [29,32] and in
Appendix A.

3. Results
3.1. Functional Relationship between RUNX1 and NAFLD: ANNs Analysis

The possible functional relationship between RUNX1 and NAFLD, defined as the set
of proteins included in its molecular characterization, has been evaluated by means of
ANNSs analysis. To deepen our insights, the analysis has also been performed individually
for each pathophysiological motive included in NAFLD characterization: (1) increased
body fat, (2) hepatic IR, (3) altered fatty acid metabolism, (4) lipotoxicity, and (5) hepatic
injury and liver fibrosis. The first three pathophysiological processes occur in both SS and
NASH, while the last two only happen in NASH pathophysiology or participate in the
progression of NAFLD to NASH.

In this study, the relationship between RUNX1 and NAFLD or individual NAFLD
motives has been evaluated, assuming that a possible functional relationship could indicate
a participation of RUNX1 in NAFLD pathophysiology, either in promoting or reverting
the process, since ANNs only indicate the existence of a possible relationship but not its
direction. As shown in Table 1, the results obtained suggest a medium relationship of
RUNX1 with the global NAFLD, considering all motives simultaneously.

Table 1. ANNS score of the relationship between RUNX1 and NAFLD, both globally and for each
NAFLD motive.

SS/NASH SS/NASH SS/NASH NASH NASH
. Hepatic
NAFLD Increased Hepatlc Alterec! . . .. Injury and
Insulin Fatty Acid Lipotoxicity .
Body Fat . . Liver
Resistance Metabolism . .
Fibrosis

RUNx1  MEDIUM LOW MEDIUM LOW MEDIUM
(67%) (37%) (67%) (22%) (61%)

When considering the motives separately, however, RUNX1 seems to show a high
relationship with hepatic injury and liver fibrosis, and a medium relationship with both
lipotoxicity and hepatic IR.

The different columns show the ANNSs score obtained for NAFLD globally and for
each individual pathophysiological motive, some involved in SS and NASH stages, while
others are only implicated in NASH. Category splitting was based on p-value breaks.
RUNX]1, runt-related transcription factor 1, NAFLD, nonalcoholic fatty liver disease; SS,
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simple steatosis; NASH, nonalcoholic steatohepatitis. A darker color indicates a higher
ANN score.

The MoA of RUNXI1 has been built specifically with regards to the pathophysiological
motives-hepatic IR, lipotoxicity and hepatic injury & liver fibrosis—due to their high probability
of relationship with RUNX1 and the previously known molecular information found in
available scientific literature. Figure 1 shows the protein network of direct RUNX1 interactions
with NAFLD effector proteins (the activity of which play a known role in the condition).

cesPB ‘

ATF6
SMAD3
- RUNK1 o
TGFB1 / | \ -
SPP1 1 SOCS3
| \ L17A PRKCE
TIMP1 u LY

Directinteractions of RUNX1 with NAFLD effectors: Shape: Link colour:

Node colour: C”> Downstream interactor Activation
Motive IBF Motive LIPO + HILF <> Upstream interactor s Inhibition
Motive IR @ Motive IR +LIPO <__> Upand downstream interactor Regulation
Motive LIPO @ Motive IR +LIPO + HILF Unknown

Motive HILF @ Motive IBF + IR + LIPO + HILF

IBF: Increased body fat; IR: Hepatic insulin resistance; AFAM: Altered fatty acid metabolism;

LIPO: Lipotoxicity; HILF: Hepatic injury and liver fibrosis
Figure 1. NAFLD effector proteins interacting with RUNX1 at distance 1 (direct link). RUNXI,
runt-related protein 1; CEBPB, CCAAT/enhancer-binding protein beta; ATF-6, AMP-dependent
transcription factor 6; JNK1, c-Jun N-terminal kinase 1; TNF, tumour necrosis factor; IL6, interleukin
6; SOCS3, suppressor of cytokine signaling 3; PKCE, protein kinase C epsilon type; IL17A, interleukin
17A; TLR4, toll-like receptor 4; NFKB1, nuclear factor kappa B 1; LMNA, lamin-A /C; TIMP1, metallo-
proteinase inhibitor 1; SPP1, secreted phosphoprotein 1; TFGB1, transforming growth factor beta-1
proprotein; IL1B, interleukin 1 beta; SMAD3, mothers against decapentaplegic homolog 3.

3.2. Mechanisms of Action of RUNX1

Then, TPMS sampling methods-based mathematical models were generated simulating
NAFLD pathophysiology to identify the key proteins and the most probable paths that link
the activation of RUNX1 with the most strongly-related motives according to ANNs analysis
(hepatic IR, and lipotoxicity, hepatic injury, and liver fibrosis). To provide new insights on
the different disease stages (SS or NASH), we studied two independent MoA, considering
whether the motive occurs in early or later stages of the disease: (1) RUNX1 promoting IR and
(2) RUNX1 promoting lipotoxicity and hepatic injury and fibrosis, respectively.

3.2.1. Mechanism of Action of RUNX1 Promoting IR

Figure 2 summarizes some of the most interesting pathways that could be regulated
by RUNX1 in the context of promotion of IR in NAFLD, including the modulation of genes
such as CCAAT /enhancer-binding protein alpha (CEBPA), histone deacetylase 1 (HDAC1),
the transcription factor c-JUN, nuclear factor kappa B (NF«B), and some types of protein
kinase C (PKCf and PKCg).
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Green: activation
| Red: inhibition
Proteins appearing also in Lipotoxicity and Fibrosis MoA

(O Node: protein name

Figure 2. Most represented MoA of RUNX1 promoting IR in NAFLD in the population of TPMS
model solutions. Gene names are used in the representations. RUNXI, runt-related protein 1, HDA1C,
histone deacetylase 1; PTGS2, prostaglandin G/H synthase 2; c-Jun, protein encoded by JUN gene;
TNEF, tumour necrosis factor; NF«B, nuclear factor kappa B; IL6, interleukin 6; LCN2, neutrophil
gelatinase-associated lipocalin 2; CEBPA, CCAAT /enhancer-binding protein beta; SOCS3, suppressor
of cytokine signaling 3; PKC, protein kinase C; JNK1, c-Jun N-terminal kinase 1, MTOR, mammalian
target of rapamycin serine/threonine-protein kinase; IRS, insulin receptor substrate. This picture was
generated using Graphviz software.

Table 2 shows the IR effector proteins that are regulated by the activation of RUNX1
to promote this motive (considering that the activity values of the proteins in our models
range from 1 to -1, only proteins with activation state > 0.1 are shown); the table contains
all modulated proteins, not only those highlighted by the most represented paths. RUNX1
could be promoting IR through the regulation of 64.10% of the effector proteins involved in
this motive. The IR effector proteins most activated by RUNX1-dependent downstream
pathways are, in decreasing order: NFkB, JNK, PKCe, tumour necrosis factor (TNF),
inhibitor of nuclear factor kappa B kinase subunit beta (IKBKB), and prostaglandin G/H
synthase 2 (PTGS2); while the most inhibited ones are insulin receptor substrate (IRS)-1,
phosphatase and tensin homolog (PTEN), IRS2 and sirtuin 1 (SIRT1).
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Table 2. IR effector proteins modulated by RUNX1 activation. Causative effect indicates whether the

protein is increased /overactivated (1) or reduced/inhibited (-1) in NAFLD.

Gene Name

Protein Name

Causative Effect in

NAFLD
Nuclear factor NF-kappa-B
NFKB1 p105 subunit !
JNK1 c-Jun N-terminal kinase 1
PKC-E Protein kinase C epsilon 1
type
TNF Tumor necrosis factor 1
Inhibitor of nuclear factor
TKBKB kB kinase subunit beta !
PTGS2 Prostaglandin G/H 1
synthase 2
IL17A Interleukin 17A 1
Serine/threonine-protein
MTOR kinase mTOR !
APOC3 Apolipoprotein C-III 1
Nuclear factor NF-kappa-B
NFKB2 p100 subunit !
Neutrophil
LCN2 gelatinase-associated 1
lipocalin
SOCS3 Suppregsor Qf cytokine 1
signaling 3
INS Insulin 1
NT Neurotensin 1
IL6 Interleukin-6 1
CNR1 Cannabinoid receptor 1 1
ADIPOQ Adiponectin -1
Pro-neuregulin-4,
NRG4 membrane-bound isoform -1
RAC-beta
AKT2 serine/threonine-protein -1
kinase
Tyrosine-protein
PTPN1 phosphatase non-receptor -1
type 1
GSK3 Glycogen synthase kinase-3 1
alpha
SIRT1 Sirtuin 1 -1
IRS2 Insulin receptor substrate 2 -1
PTEN Phosphatase and tensin _1
homolog
IRS1 Insulin receptor substrate 1 -1

MoA Activation by
RUNX1

0.684
0.605
0.543

0.457

0.436

0.422
0.362
0.230
0.102
—0.184

—0.305

—0.375

NAFLD, nonalcoholic fatty liver disease; NAFLD, nonalcoholic fatty liver disease;
RUNX]I, runt-related transcription factor 1; MoA, mechanism of action. Green color in-
dicates a positive interaction between the effector protein and RUNX1, while red color
indicates a negative one. A more intense color indicates a higher intensity of activa-

tion/inhibition.

3.2.2. Mechanism of Action of RUNX1 Promoting Lipotoxicity and Hepatic Injury-Liver Fibrosis

As shown in Figure 3, most of the molecular pathways that may justify the potential
role of RUNX1 promoting lipotoxicity and fibrosis-related processes are shared with those
involved in the motive IR.
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Figure 3. Most represented MoA of RUNX1 promoting lipotoxicity and hepatic injury and fibrosis in
NAFLD in the population of TPMS model solutions. Gene names are used in the representations.
RUNXI, runt-related protein 1; c-Jun, protein encoded by JUN gene; NF«B, nuclear factor kappa B;
PKCe, protein kinase C epsilon; CEBPA, CCAAT /enhancer-binding protein alpha; SPP1, osteopontin;
JNK1, c-Jun N-terminal kinase 1; BAX, BCL2 Associated X; CCL2, C-C motif chemokine 2; IL,
interleukin; MMP2, matrix metalloproteinase-2; NLRP3, NACHT, LRR and PYD domains-containing
protein 3; TLR, toll-like receptor; NOS2, inducible nitric oxide synthase; LCN2, neutrophil gelatinase-
associated lipocalin; PLIN1, perlipin; NOX, NADPH oxidase; IR, insulin resistance; LIPO, lipotoxicity;
HILEF, hepatic injury and liver fibrosis. This picture was generated using Graphviz software.

Table 3 describes the lipotoxicity and fibrosis effector proteins that are regulated by the
activation of RUNX1 (considering that the activity values of the proteins in our models range
from 1 to —1, only proteins with activation state >0.1 are shown). RUNX1 promotes lipotoxicity
and fibrosis by the regulation of 50.88% and 62.07% of the effector proteins involved in these
motives, respectively. In total, 17 proteins specific to lipotoxicity, 24 to fibrosis, and 12 involved
in both motives are regulated by RUNX1. The proteins most regulated by RUNX1 involved in
lipotoxicity-related processes are: JNK1, CEBPB, and IKBKB, and those involved in fibrosis-
related processes are mothers against decapentaplegic homolog 3 (SMAD3), angiopoietin-2
(ANGPT2), apoptosis regulator BAX, type-1 angiotensin II receptor (AGTR1), and TGF-§.
Effector proteins with a role in both pathophysiological processes most activated by RUNX1
are NFkB, NADPH oxidase (NOX)-1, NOX4, CCL2, and TNE. The proteins most inhibited by
RUNX1 are SIRT1 (lipotoxicity) and PTEN (fibrosis). Note that the list of proteins in Table 3 is
not limited to those shown in the Figure 3.
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Table 3. Lipotoxicity and fibrosis effector proteins modulated when RUNX1 is activated.

Gene Name Protein Name Causative Effect in NAFLD Activation by RUNX1
LIPOTOXICITY
JNK1 c-Jun N-terminal kinase 1 1
CEBPB CCAAT/ enh.ancer—bmdmg 1
protein beta
Inhibitor of nuclear factor
IKBKB kappa-B kinase subunit beta !
Transforming growth factor
beta-activated kinase
MAP3K7 1/Mitogen-activated protein ! 0.722
kinase 7
NOS2 Nitric oxide synthase, inducible 1 0.667
MTOR Serine/threonine-protein kinase 1 0.617
mTOR
LCN2 Neutrophil g.elatme'ise-assoaated 1 0.609
lipocalin
PLIN1 Perilipin-1 1 0.563
HMOX1 Heme oxygenase 1 1 0.490
Apoptosis signal-regulating
MAP3K5 kinase 1/mitogen-activated 1 0.460
protein kinase 5
PPARG Peroxisome proliferator-activated 1 0.402
receptor gamma
XBP1 X-box-binding protein 1 1 0.327
ucr? Mitochondrial ur21couphng protein 1 0.183
ACC1 Acetyl-CoA carboxylase 1 1 0.113
ADIPOR2 Adiponectin receptor protein 2 -1
ADIPOR1 Adiponectin receptor protein 1 -1
SIRT1 Sirtuin 1 -1
FIBROSIS
SMAD3 Mothers against decapentaplegic 1
homolog 3
ANGPT2 Angiopoietin-2 1
BAX Apoptosis regulator BAX 1
AGTR1 Type-1 angiotensin II receptor 1
TGFB1 Transforming growth factor beta-1 1
IL1B Interleukin-1 beta 1
IL8 Interleukin-8 1 0.683
MMP9 Matrix metalloproteinase-9 1 0.614
FAS Tumor necrosis factor receptor 1 0.518
superfamily member 6
MMP2 72 kDa type IV collagenase 1 0.508
CTGF Connective tissue growth factor 1 0.497
CASP1 Caspase-1 1 0.472
NLRP3 NACHT, LRR and PYD 1 0.352
domains-containing protein 3
AGT Angiotensinogen 1 0.340
SPP1 Osteopontin 1 0.330
TIMP1 Metalloproteinase inhibitor 1 1 0.282
MYDS8 Myeloid dlfferentla'ltlon primary 1 0.277
response protein MyD88
PDGFA Platelet-derived growth factor 1 0.248
subunit A
LY%6 Lymphocyte antigen 96 1 0.224
COL1A1 Collagen alpha-1(I) chain 1 0.209
COL1A2 Collagen alpha-2(I) chain 1 0.124

NR1H4 Bile acid receptor -1
PTEN Phosphatase and tensin homolog -1
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Table 3. Cont.

Gene Name

Protein Name Causative Effect in NAFLD Activation by RUNX1

LIPOTOXICITY AND FIBROSIS

NFKB1

NOX1
NOX4
CCL2
TNF
CYBB

NFKB2

TLR4
IL6
TLR2
TLR9
ADIPOQ

Nuclear factor NF-kappa-B p105

subunit !
NADPH oxidase 1 1
NADPH oxidase 4 1
C-C motif chemokine 2 1
Tumor necrosis factor 1
Cytochrome b-245 heavy chain 1 0.640
Nuclear factor NF-.kappa-B p100 1 0535
subunit
Toll-like receptor 4 1 0.501
Interleukin-6 1 0.342
Toll-like receptor 2 1 0.292
Toll-like receptor 9 1 0.200
Adiponectin -1 —0.142

NAFLD, nonalcoholic fatty liver disease; RUNXI, runt-related transcription
factor 1. Green color indicates a positive interaction between the effector protein and
RUNX1, while red color indicates a negative one. A more intense color indicates a higher
intensity of activation/inhibition.

3.3. Overlap between the Mechanistic Pathways Modulated by RUNX1 Activation in IR and
Lipotoxicity & Fibrosis Stimulation

The NAFLD motives that have been studied for the generation of the two MoA in this
project seem to be pathophysiologically related to each other since there is an overlap of
effector proteins from the three motives, as described in Figure 4.

This high relationship prompted us to explore whether an overlap existed in the
pathways regulated by the activation of RUNXI in promoting these motives, and therefore,
to be able to relate them. Thus, we have evaluated the similarities that interrelate the
motives at the level of common effector proteins and/or pathways modulated by RUNX1
according to our models.

Common NAFLD effector proteins regulated by RUNX1 downstream mechanisms
have been recognized by studying the overlap for the three motives together and studying
pairs of motives separately. The proteins that we consider to be RUNX1-regulated with an
activation value >0.1 are shown in Table 4. In this sense, cannabinoid receptor 1 (CNR1),
which was found to be one of the common effector proteins with the three NAFLD analysed
motives, presented an activation value lower than 0.1, and it is for this reason that we stop
taking this protein into account from now on.

Values of protein activity in each MoA are displayed. “Causative effect in NAFLD”
indicates whether the protein is increased/overactivated (1) or reduced/inhibited (—1)
in NAFLD. NAFLD, nonalcoholic fatty liver disease; MoA, mechanism of action; IR, in-
sulin resistance; L&F, lipotoxicity and fibrosis; RUNX1, runt-related transcription factor 1;
NFkB, nuclear factor kappa B; TNF, tumour necrosis factor; IL6, interleukin 6; ADIPOQ,
adiponectin; NOX, NADPH oxidase; CCL2, C-C motif chemokine 2; CYBB, cytochrome
b-245 heavy chain; TLR, toll-like receptor; JNK1, c-Jun N-terminal kinase; IKBKB, in-
hibitor of nuclear factor kappa B subunit beta; MTOR, mammalian target of rapamycin
serine/threonine-protein kinase; LCN2, neutrophil gelatinase-associated lipocalin 2; SIRT1,
sirtuin 1; PTEN, phosphatase and tensin homolog. Protein codes were obtained from
UniProt database.

As shown in Table 4, overlapping of RUNX1-regulated proteins is observed in all three
motives and in each pair. Despite finding six effector proteins that share the three NAFLD
motives, only five presented sufficient signal intensity to be considered downstream effector
proteins of RUNX1 inducing NAFLD; these are NFkB1, NF«kB2, TNE, ADIPOQ, and IL-6.
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Insulin B Lipotoxicity
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/
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Fibrosis
— (58)
Motives Overlapping proteins
All NFKBI1, NFKB2, TNF, ADIPOQ, IL6, CNR1
Lipotoxicity and 1y p- 1 R, TLR9, CYBB, LEP, CCL2, NOX4, NOXI
Fibrosis
IR and Fibrosis PTEN, TGR5

IR and Lipotoxicity JNKI, SIRT1, IKBKB, MTOR, LCN2, RETN, SFRP5, PPARA, DGAT2

Figure 4. Overlap of effector proteins between the three NAFLD motives evaluated in the project:
VENN diagram showing the number of effector proteins overlapping between the three indicated
NAFLD motives. There are 39 proteins involved in IR mechanism, 57 in lipotoxicity, and 58 in
fibrosis. Concretely, there are 9 proteins involved in IR and lipotoxicity, 6 in lipotoxicity and fibrosis,
and only 2 in IR and fibrosis. In this regard, there are six proteins involved in the three motives of
NAFLD pathogenesis: NFkB1, NFkB2, TNF, ADIPOQ, IL-6, CNR1. IR, insulin resistance; NFKB,
nuclear factor kappa B; TNF, tumour necrosis factor; ADIPOQ, adiponectin; IL6, interleukin 6; CNR1,
cannabinoid receptor 1; TLR, toll-like receptor; CYBB, cytochrome b-245 heavy chain; LEP, leptin;
CCL2, C-C motif chemokine 2; NOX, NADPH oxidase; PTEN, phosphatase and tensin homolog;
TGRS, G protein-coupled bile acid receptor-1; JNK1, c-Jun N-terminal kinase; SIRT1, sirtuin 1; IKBKB,
inhibitor of nuclear factor kappa B kinase subunit beta; MTOR, mammalian target of rapamycin
serine/threonine-protein kinase; LCN2, neutrophil gelatinase-associated lipocalin 2; RETN, resistin;
SFRP5, secreted frizzled-related protein 5; PPARA, peroxisome proliferator-activated receptor alpha;
DGAT?2, diacylglycerol O-Acyltransferase 2.
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Table 4. Effector proteins modulated by RUNX1 activation shared by the three motives: lipotoxicity
and fibrosis; IR and lipotoxicity; and IR and fibrosis.

Present in the Most

Gene Protein CE?fles:tt li‘r]1e Activity in  Activity in Represented MoA
Name Code NAFLD IR MoA L&F MoA IR L&F

(Figure 2) (Figure 3)

Common RUNX1-modulated effector proteins in three motives

NFKB1 P19838 1 1.000 Yes Yes

TNF P01375 1 0.875 Yes Yes
NFKB2 Q00653 1 0.543 0.535 -

IL6 P05231 1 0.230 0.342 Yes Yes

ADIPOQ Q15848 -1 —0.184 —0.142 - -
Common RUNX1-modulated effector proteins in lipotoxicity and fibrosis

NOX1 Q9Y5S8 1 - - Yes
NOX4 QI9NPH5 1 - - Yes
CCL2 P13500 1 - - Yes
CYBB P04839 1 - 0.640 - -
TLR4 000206 1 - 0.501 - -
TLR2 060603 1 - 0.292 - -
TLR9 QI9NR96 1 - 0.200 - -
Common RUNX1-modulated effector proteins in IR and lipotoxicity
JNK1 P45983 1 0.992 Yes Yes
IKBKB 014920 1 0.859 - -
MTOR P42345 1 0.684 0.617 Yes -
LCN2 P80188 1 0.457 0.609 Yes Yes

SIRT1 QI6EB6 -1 -0.868 [ - -
Common RUNX1-modulated effector proteins in IR and fibrosis

PTEN P60484 -1 —-0.930 [EOESSN - -

4. Discussion

The novelty of this work lies in the fact that we aimed to perform a high-throughput
screening to determine the molecular mechanisms that could establish a link between the
activity of RUNX1 and NAFLD pathogenesis.

Until now, the connection between RUNX1 and NAFLD remains uncertain. On one
hand, Kaur et al. showed a significant correlation between RUNX1 expression and inflam-
mation, fibrosis, and NASH activity score in patients presenting NASH; they also reported
RUNX1 function as a pro-angiogenic factor in SS and NASH [20]. On the other hand,
Liu et al. presented low levels of RUNX1 in hepatocellular carcinoma. In this sense, these
authors suggested that RUNX1 is a tumour suppressing factor that inhibits angiogene-
sis [33]. Regarding our previous study, we reported that the mRNA and protein expression
of RUNX1 in liver seems to be involved in first steps of NAFLD with a proangiogenic-
repairing role; meanwhile, RUNX1 appears to be downregulated in the NASH stage [21].
Since these disagreements, an exhaustive study of the relationship between RUNX1 MoA
and NAFLD/NASH pathogenesis need to be performed to clarify this issue. In addition,
this study could help to recognize RUNX1 as a potential therapeutic target of NAFLD.
Previous reports have suggested that RUNX1 could be a potential therapeutic target of
cancers, such as acute myeloid leukaemia, since this protein is an important regulator of
haematopoiesis in vertebrates [34,35]. The beneficial effect of the therapeutic amelioration
of RUNX1 in patients with nonsmall-cell lung cancer has also been described, since the
RUNX1 overexpression is correlated with enhanced metastasis [36]. In addition, RUNX1
have been suggested as a potential therapeutic target to limit the progression of adverse
cardiac remodeling and heart failure [37,38]. In this regard, to analyze the potential use
of RUNX1 as a therapeutic target of NAFLD should be thoroughly studied. For example,
investigating liver targeting through liposomes or bile acids in liver cancer [39] could be
possible future strategies to evaluate the role of RUNXI in the pathogenesis of NAFLD.
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In this sense, when we performed an ANN analysis concerning the probability of
the relationship between RUNX1 protein and NAFLD motives, our first main finding is
that RUNX1 seems to show a medium intensity relationship with both motives-hepatic
IR and lipotoxicity—and a high intensity relationship with hepatic injury and liver fibrosis
motives, suggesting that this protein probably plays a role in these processes. In this
regard, this result matches with Kaur et al., who reported a relevant association between
RUNX1 expression and fibrosis and inflammation, two of the main NASH parameters [20].
However, this result contradicts our previous reported hypothesis about the potential
protective role of RUNX1 in early stages of NAFLD [21]; in contrast, our current result has
shown a low or medium intensity relationship with SS-related parameters. Given that our
ANN approach provides the probability of functional relationship-regardless of the activity
status (up or downregulation)-and the current conflicting results in the literature, further
studies in humans or in vivo are required to clarify these contradictions, although the
current available evidence clearly supports an involvement, either by presence or absence,
of RUNX1 in NAHLD and NASH.

In the current literature, no direct role of RUNXI1 on IR has been described yet. How-
ever, as a novelty, we demonstrate in the present study that RUNX1 interacts with proteins
involved in this pathophysiological process. IR can be defined as a reduced response of
the liver to the effects of insulin, which triggers impaired glucose homeostasis (gluconeo-
genesis and glucose uptake). IR may exert multiple effects on hepatic metabolism such
as increased lipogenesis, increased free fatty acids (FFA) uptake, impaired FFA export,
and decreased FFA oxidation. Moreover, outside the liver, IR causes increased serum FFA
levels because of failure of insulin to suppress hormone sensitive lipase-mediated lipolysis
in adipose tissue [3,40—42]. In this situation, the PKCe, a downstream intermediate of
RUNX1 signaling [20], is activated by the accumulation of diacylglycerol and participates
in hepatic IR through impairing insulin signaling [43,44]. In addition, it is believed that
RUNX1 could also be involved in IR through the transcription of IL-17 [45], a cytokine
that leads to neutrophil and monocyte infiltration in the liver, thereby increasing IR [46].
In contrast, RUNX1 has been shown to inhibit the expression of Suppressor of cytokine
signaling (SOCS)-3 [47]—an intracellular protein interfering with insulin signaling via
ubiquitin-mediated degradation of IRS1 and IRS2 [48]—therefore ameliorating the IR. Ac-
cording to these facts, RUNX1 seems to have a dual role both promoting and/or preventing
hepatic IR.

Another crucial event clearly involved in NAFLD progression is the lipotoxicity
resulting from an excessive FFA influx to hepatocytes. Hepatic lipotoxicity occurs when the
capacity of the hepatocytes to manage and export FFA as triglycerides is overwhelmed [49].
The molecular mechanisms responsible for lipotoxicity in NAFLD include endoplasmic
reticulum and oxidative stress and impaired autophagy, processes that in turn activate
apoptotic cascades, thus promoting tissue damage and inflammation [49].

Consequently, in conditions of hypoxia induced by steatosis [50] and inflammation,
angiogenesis is triggered in chronic liver diseases [51]. It was demonstrated that proan-
giogenic factors have an early function in NAFLD progression from SS to NASH since
proangiogenic treatments reduce not only inflammation but also steatosis [52]. In this
regard, RUNX]1, a pivotal regulator of hematopoiesis and angiogenesis [12,53], could be
activated in order to repair the liver damage in early stages of NAFLD [21,54]. In contrast,
RUNX1 activates target genes involved in lipotoxicity [55-58] such as CEBPB [59] and
Cyclic AMP-dependent transcription factor (AT6) in a regulatory feed-back loop with the
transcription factor AP-1 and JNK [60]. If exposure of hepatocytes to lipotoxicity and
liver injury continues, it can induce apoptosis [61] and trigger inflammation by interacting
with toll-like receptors (TLRs). Inflammation is a component of the wound healing pro-
cess that leads to fibrosis, the deposition of extracellular matrix in liver parenchyma [62].
Additionally, RUNX1 may contribute to fibrosis and inflammation by modulation of pro-
inflammatory cytokines (IL-1f3, IL-6, TNE, etc.) [47,63], tissue inhibitor of metalloproteinase
1 (TIMP-1) [64], osteopontin [65] and TLRs [66], among others. Hence, RUNX1 seems to
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play a dual role, inducing pro-inflammatory cytokines and triggering liver damage, but
at the same time having a protective effect by trying to repair the hepatic damage via
angiogenesis-related processes.

The second notable finding of this work was obtained because we performed the
TPMS technology to identify the key proteins and the most probable paths that link the
activation of RUNX1 with the most strongly related motives according to ANNSs analysis. In
this regard, we wanted to evaluate IR first, since it is one of the main parameters involved
in the first stages of NAFLD [67]. Accordingly, IR effector proteins most activated by
RUNX1-dependent downstream pathways are NFkB, JNK, PKCe, TNFE, IKBKB, and PTGS2,
while the most inhibited ones are IRS1, PTEN, IRS2, and SIRT1.

RUNX1 could activate the PTGS2/cyclooxygenase-2 (COX-2) through its interaction
with HDAC1 [68,69]. When PTGS2/COX-2 signaling is activated during inflammation in
adipose tissue, it can act as a crucial factor for the promotion of obesity-induced IR and
fatty liver [70,71]. According to the inflammatory role of PTGS2/COX-2, this enzyme can
be induced by growth factors and different cytokines, such as TNF-«, that play a feed-back
regulation role [71]. The cytokine TNF-«, produced by adipocytes and macrophages, is
highly activated by the downstream mechanisms of RUNX1, particularly via the interaction
with the proto-oncogene c-Jun [60,72] or the activation of NF«B [73]. The IkB kinase (IKBK)
complex is the master regulator for activation of the NF«kB signaling pathway. The kinase
complex comprises the two catalytic subunits, IKK1 (IKBKA) and IKK2 (IKBKB), and the
regulatory subunit NEMO (IKBKG), which mediates NF«kB activation in response to a
number of different stimuli such as RUNX1, by phosphorylating IkB proteins [74]. NF«B
plays an important role in the regulation of a wide range of proteins/molecular path-
ways involved in IR. Its activation can be induced by TNF-« and JNK mechanisms [75,76]
and can lead to the up-regulation of TNF-«, IL-6 and neutrophil gelatinase-associated
lipocalin (LCN-2), contributing to IR-related processes in NAFLD [48,73,77,78]. In ad-
dition, the transcription factor AP-1 aggravates IR by inflammation-related processes,
inducing the expression of IL-6 [79,80] and TNF-« [72]. TNF-o could be importantly con-
tributing to the development of IR by inhibition and degradation of the IRS mediated
by a serine phosphorylation through different mechanisms: (1) SOCS3 is induced by the
NFkB/JNK-mediated activation of TNF-« and IL-6 [81], or via CEBPA activation [82],
inducing ubiquitin-mediated degradation of IRS1 and IRS2 [83]; (2) MTOR can be activated
by TNF-« or PKCp pathways [84,85] due to hyperglycemia, leading to phosphorylation
of multiple serine residues in IRS1 and IRS2 with their further degradation; (3) JNK1 pro-
motes IRS1 and IRS2 serine phosphorylation [86,87]. The inhibitory effects of JNK1 could
be also stimulated by PKCf and PKCe [88,89]. In this regard, some studies have identified
associations of PKC activity with disruption of the insulin-induced signal transduction
pathway [90-92].

In contrast, apart from the degradation/silencing of IRS induced by RUNX1, which
was explained above, our analysis has also reported the negative effect of RUNX1 in
phosphatase and tensin homologue (PTEN) signaling. Decreased PTEN activity would
lead to excessive fat deposition in the liver [40]. PTEN physiological functions negatively
regulate the activity of phosphatidylinositol 3-kinase (PI3K)/AKT pathway, which in
normal conditions induces lipogenesis in hepatocytes, consequently triggering IR [93,94].
PTEN downregulation has been reported to be carried out by mechanisms involving the
sequential activation of MTOR and NFkB [95]. On the other hand, we have also reported
a strong repression of SIRT1 by RUNX1 action. SIRT1 is an essential negative regulator of
pro-inflammatory pathways, mainly through down-modulating NF«B transcriptional activity,
decreasing de novo lipogenesis, and increasing fatty acid (3-oxidation [96]. Hence, RUNX1-
mediated inhibition of SIRT1 interrupts the beneficial effect of this protein, thus promoting IR.
In short, the action of all these effector proteins together gives rise to IR mechanisms.

Regarding the second main finding of this work, we wanted to focus the study of the
most implicated motives in NASH stage [97]. In this sense, the effector proteins with a
role in NASH (lipotoxicity and fibrosis related processes) most activated by RUNX1 are
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NFkB, TNF, CCL2, NOX1, and NOX4; the proteins most inhibited by RUNX1 are SIRT1
(lipotoxicity) and PTEN (fibrosis).

NFkB appear to be a relevant regulation core since several RUNXI interactors regulate
its expression [47]. NF«kB might be activated by molecular mechanisms such as those ex-
plained above (TNF-oc/ AP-1/JNK pathways). The downstream effects of NF«B activation
result in lipotoxicity, hepatocyte injury, inflammation, and fibrosis [40] through upregulated
expression of the pro-inflammatory and/or pro-fibrogenic cytokines: CCL2 also called
monocyte chemoattractant protein 1 (MCP-1) [98], IL-6 [77] and matrix metalloproteinase-2
(MMP-2) [99]. In particular, higher levels of CCL2 have been identified in NASH subjects
in comparison with simple fatty liver [3,100].

Free fatty acids promote hepatic lipotoxicity by stimulating TNF-« expression via
a lysosomal pathway, which could be stimulated by the RUNX1/c-Jun link [60,101-104].
JNK-1, also activated by RUNX1 regulated PKCe activation [20,89], leads to the induction
of NFkB dependent pathways [105] and the proapoptotic protein BAX [106], resulting in
hepatic tissue damage [107].

Additionally, the isoforms NOX1 and NOX4 seem to be upstream regulated by RUNXI.
These proteins show a crucial role on both lipotoxicity and fibrosis-related processes,
specially by regulating the activation of hepatic stellate cells and apoptosis, which are two
important aspects in the fibrogenic process in NASH [108]. Oxidative biomolecular damage
and dysregulated redox signaling induce high oxidative stress and thereby liver injury.
Moreover, several studies have shown that the inhibition of NOX1 and NOX4 leads to
decreased oxidative stress, lipid peroxidation, hepatic injury, inflammation, and fibrosis
in NASH [108,109]. RUNX1 could induce NOX4 expression via PKCe [110,111] and NF«B
dependent pathways [112], and induce NOX1 only through PKCe activation [111].

Conversely, RUNX1 have shown to inhibit SIRT1 and PTEN. Some studies have re-
ported that liver-specific disruption of SIRT1 not only causes hepatic steatosis but also
promotes the progression to an advanced metabolic disorder stage such as lipotoxicity [113].
Additionally, it seems that dysregulations of PTEN expression/activity in hepatocytes rep-
resents an important and recurrent molecular mechanism contributing to the development
of liver disorders [114], given that further aberrant activation of hepatic stellate and Kupffer
cells trigger the development of liver fibrosis and inflammation [95]. In summary, the
pathway that constitute these effector proteins gives rise to processes of lipotoxicity and
liver damage.

Accordingly, we have reported for the first-time specific MoA that RUNX1 could play
a role in NAFLD pathogenesis motives, but this is only an in silico study and needs to be
further validated in experimental research.

The last main objective of the present study is to analyze the overlapping proteins
between the studied motives involved in NAFLD. In this sense, the shared proteins between
IR and lipotoxicity most activated by RUNX1 are JNK1, IKBKB, MTOR, and LCN2, while
the most inhibited by RUNX1 is SIRT1. On the other hand, the overlapping proteins
observed in lipotoxicity and fibrosis motives that are the most positively modulated by
RUNX1 mechanisms are NADPH oxidase NOX1 and NOX4, the chemokine CCL2, the
cytochrome CYBB, and the TLRs 2, 4, and 9. The only effector that is shared between IR
and fibrosis negatively modulated by RUNX1 is PTEN. Finally, the main contribution of
this study is that we found five RUNX1-regulated proteins with a direct involvement in the
three main NAFLD motives, which are NF«kB 1, NF«B 2, TNF, ADIPOQ, and IL-6. These
proteins are indicators of the relevance of their processes in terms of the relationship with
RUNX1 mechanisms towards promoting NAFLD. NFkB1 and TNF present a high activation
due to RUNX1 activity, as we explained above. In fact, NFkB-dependent pathways seem to
definitely be a key element in these MoA due to its high number of up/downstream links,
and for its important regulation of a lot of effector proteins of these motives, especially
immune response-related proteins that trigger inflammation, fibrosis, or lipotoxicity [96].

On the other hand, in this study, NF«B 2, IL-6, and ADIPOQ present moderated values
of activation, which differ from those of NF«B 1 and TNE. NF«B 2 is an important regulator
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of RUNX1. It was shown that transcription levels of NFkB 2 were increased in RUNX1-
deficient cells [115]. Furthermore, IL-6, as we already mentioned, is a pro-inflammatory
cytokine that takes part in fibrosis and tissue damage induced by RUNXI1 [47]. High
TNF-« and IL-6 levels have been found in NAFLD patients, indicating an important role of
these cytokines in the disease. In fact, IL-6 reduction was significantly correlated with both
weight loss and insulin sensitivity [48]. Conversely, ADIPOQ seems to be downregulated by
RUNX1 signaling. It has been shown that significantly up-regulated ADIPOQ expression in
white adipose tissue leads to increased serum adiponectin concentrations. Low adiponectin
levels are closely related to the severity of liver histology in NAFLD [116].

Our approach, as all modelling approaches, is subjected to limitations. First, it is
limited by the current knowledge on the key studied elements, in this case RUNX1 functions
and interactors and NAFLD molecular pathophysiology; thus, the models and conclusions
are susceptible to being updated over time if prospective data and new information are
generated. Nevertheless, TPMS models are built by considering the whole human protein
network and a wide range of drug-pathology relationships (Supplementary Table S3); not
only limited to the key studied elements, or even to hepatic involvement, they present
accuracies against the training set above 80% in the case of ANN models, and above 90%
in sampling methods-based models [32]. Thus, systems biology and artificial intelligence
approaches allowed us to explore and present mechanistic hypotheses that are in agreement
with current knowledge, providing a guide for further pre-clinical investigation in the
advancement towards defining treatments for NAFLD. Further studies are needed for
confirmation and advancement of these data.

5. Conclusions

NAFLD pathophysiological motives most functionally related to RUNX1, according to
an ANNs-based analysis, are hepatic insulin resistance, lipotoxicity, and hepatic injury-liver
fibrosis. These three pathophysiological processes are molecularly related, since they share
NFkB1, NFkB2, TNE, ADIPOQ, and IL-6 as effector proteins. This connection suggested
that RUNX1 could regulate molecular pathways involved in NAFLD pathogenesis, but
more studies in this field are needed.
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Appendix A
The Sampling Methods

TPMS sampling-based methods [29] generate models like a Multilayer Perceptron
of an Artificial Neural Network over the human protein network (where neurons are
the proteins, and the edges of the network are used to transfer the information). This
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References

methodology can be used for describing with high capability all plausible relationships
between an input (or stimulus, in this case RUNX1) and an output (or response, in this case
NAFLD motives: IR, lipotoxicity and fibrosis protein effectors).

Although this type of network would generate many possible mechanistic solutions,
it can be limited by constraints and restrictions that must be respected: (a) the topology
of the protein network, (b) the functional, medical, and biological information stored in
Anaxomics’ databases, and (c) the available data about the drug (known effects on the target
and target biology). Various different approaches and optimization systems can be used
for such a purpose, from those based on randomized systems (such as a Montecarlo-based
system [30]) to those based on information derived from the topology of the network,
in order to solve each parameter of the equation, i.e., the weights associated to the links
between the nodes in the human protein network.

The algorithms construct and analyze the regularities of the sampling of different
plausible solutions. This information is used to construct feature vectors descriptive of the
most probable protein network interaction structure and network activation signal flow
derived from the space of plausible protein interaction solutions. The feature vectors are
further used as input to supervise machine learning methods as ensembles of classifiers
that allow us to infer new clinical and protein level knowledge. K-Fold and leave-one-out
cross-validation methods are employed to assess generalization capability.

The mathematical algorithm can be envisioned as an extremely complex multi-parametric
function, where each parameter corresponds to the relative weight of a link connecting nodes
(genes/proteins) in a graph (protein map). Mathematical models of biological systems have
more variables than restrictions (e.g., the number of entries in the training set is always
smaller than the number of parameters-link weights-required by the algorithm), so various
sets of parameters are equally valid. Therefore, using TPMS sampling-based methods, we
could generate populations of solutions that comply with the biological restrictions of the
training set.

From this base set of valid mathematical solutions, this approach can be employed
to trace back the biological effects on molecules by analyzing the different populations of
solutions. This methodology traces the most probable path (in biological and mathematical
terms) that leads from the stimulus to the response through the biological network. In other
words, it identifies the most probable MoA that achieve a physiological response when the
system is stimulated with a specific stimulus. Not all solutions are used for the analysis, as
solutions that comply with the general knowledge collated in the training set are preferred.
That is, only MoAs that are plausible from the standpoint of currently accepted scientific
knowledge are considered. Accuracy is calculated considering the number of restrictions
in the training set that the model complies with, and only models with accuracy above 90%
are considered.

In this study, the predicted MoAs were aimed at the elucidation of the mechanisms of
RUNXT1 activity that leads to the promotion of NAFLD motives: (A) IR and (B) lipotoxicity
and fibrosis mechanisms. A set of 250 biologically plausible solutions have been calculated,
with a mean accuracy of 94%.
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G W N e

Abstract: Sex-based medicine is an important emerging discipline within medicine. We investigated
the clinical characteristics, complications, and outcomes of Nonalcoholic Fatty Liver Disease (NAFLD)
in females compared to males. Demographics, comorbidities, malignancy, complications, outcomes,
and all-cause mortality of NAFLD patients older than 18 years were analyzed. The data were
extracted using the MDClone platform from “Clalit” in Israel. A total of 111,993 (52.8%) of the study
subjects were females with an average age of 44.4 + 14.7 years compared to 39.62 £ 14.9 years in
males, p < 0.001. Significantly higher rates of hypertension, diabetes mellitus, obesity, dementia, and
thyroid cancer and lower rates of ischemic heart disease (22.3% vs. 27.3%, p < 0.001) were found
among females. Females had a higher rate of cirrhosis, 2.3% vs. 1.9%, p < 0.001, and a lower rate
of hepatocellular carcinoma, 0.4% vs. 0.5%, p < 0.001. In the multivariate analysis, a relationship
between age, diabetes mellitus, and cirrhosis development were found among males and females. A
lower age-adjusted mortality rate was found among females, 94.5/1000 vs. 116/1000 among males.
In conclusion, older age at diagnosis, higher rates of hypertension, diabetes mellitus, obesity, cirrhosis,
and a lower age-adjusted all-cause mortality rate were found among females with NAFLD.

Keywords: fatty liver; cirrhosis; females; gender; liver

1. Introduction

Non-Alcoholic Fatty Liver Disease (NAFLD) is the most common liver disease, affecting
around 25-30% of the population in some countries, with the highest prevalence in the
Middle East and South America and the lowest in Africa [1-3]. The prevalence is increased
among older people as well as those diagnosed with diabetes or obesity, possibly even
reaching 60% of these populations [1]. As a common chronic liver disease, NAFLD frequently
causes cirrhosis [4]. Moreover, a large part of chronic liver disease complications such as
hepatocellular carcinoma (HCC), liver transplantation, and mortality result from NAFLD [5].

Sex-based medicine is a relatively new and important field of research that has emerged in
the last decade. The impact of sex on illnesses can manifest as differences in prevalence, disease
course, and outcomes. In the gastroenterology and hepatology field, significant sex-based
differences have been found in colorectal cancer development and incidence, anatomical
site, survival, indications and upper endoscopy findings [6-8]. Sex-related differences in
epidemiology, disease progression, and treatment strategies of liver diseases have also been
reported [9]. Drug toxicity and drug-dose gender gaps have been widely reported between
males and females. Women have higher rates of autoimmune hepatitis (70-90% of cases
are women), primary biliary cholangitis, and hepatocellular carcinoma. Women, however,
have lower rates of primary sclerosing cholangitis, with a male:female ratio of 7:3 [9]. Sex
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differences have also been found regarding alcohol consumption and alcohol-associated liver
disease: the prevalence of severe alcohol use disorder was reported in 18.3% of men and 9.7%
of women in the USA, with women developing more severe alcohol-associated liver disease
at lower levels of exposure compared to their male counterparts [10].

Hepatocellular carcinoma (HCC) is one of the feared complications of chronic liver dis-
eases, and significant sex-related differences have been previously reported. HCC is a liver
neoplasm with a multifaceted nature of causes, risk factors and genetic alterations [11,12].
Females present with HCC at an older age and with a higher number of HCC and hyper-
tension cases in their family histories than males [13,14]. In addition, females with HCC
were more likely to undergo HCC surveillance, have smaller tumor sizes at diagnosis, and
have less vascular involvement [13,14].

Only scant data were published regarding sex-related disparities of NAFLD patients,
and it is a relatively under-researched field [15]. On average, females make up a higher
percentage of NAFLD cases than males [15]. Sex-related differences have been found in
adolescents, with a higher prevalence of NAFLD (16.3% vs. 10.1%) and central obesity
(33.2% vs. 9.9%) reported among females [16]. In general, the prevalence of NAFLD is
higher among men and postmenopausal women than among women of reproductive age,
possibly suggesting a hormonal protective role [17].

This study aimed to investigate and determine the disparities in comorbidities (particu-
larly metabolic syndrome), laboratory data, liver-related outcomes, and mortality of female
patients with NAFLD compared to males with NAFLD. Understanding these disparities is
crucial for the diagnosis, follow-up, treatment, and surveillance of patients with NAFLD.

2. Materials and Methods
2.1. The Materials Study Design and Patients

This was a retrospective study that included patients aged 18 years or older diagnosed
with NAFLD between the years 2000 and 2021. NAFLD patients were identified by having
an ICD 10 code of K76.0 at any time in their chronic disease list (according to community
data or hospital data). A total of 9353 patients with liver-related comorbidities including
alcoholic liver disease, hepatitis B, and hepatitis C were excluded from our population. The
sample of NAFLD patients was then subdivided according to sex.

2.2. Data Collection

The data was extracted from Clalit Health Services (CHS) using Clalit’s data-
sharing platform powered by MDClone (https://www.mdclone.com (accessed on 7
October 2022)). CHS is the largest health maintenance organization in Israel, with about
4.7 million insured residents.

Demographics, laboratory data, complications, outcomes, and mortality data were
retrospectively collected from NAFLD patients. Laboratory data included complete blood
count, alanine transaminase (ALT), aspartate transaminase (AST), bilirubin, albumin, and
international normalized ratio (INR), taken from blood samples at or nearest to the time of
diagnosis. In addition, the Fib-4 and APRI scores were calculated at the time of diagnosis.
Comorbidities including metabolic syndrome, cancer, and other common diseases were
collected from computerized files according to the specific ICD-10 codes. Outcomes includ-
ing cirrhosis, hepatocellular carcinoma, liver transplantation, and all-cause mortality were
collected according to the ICD-10 codes as well. All collected data were compared between
males and females.

2.3. Statistical Analysis

Data are presented as mean =+ standard deviation (SD) for continuous variables and as a
percentage (%) of the total for categorical variables. Univariate analyses were performed using
independent T-tests for continuous variables and chi-square tests for categorical variables. We
used logistic regression models to examine the multivariate relationships between risk factors
and the odds of death. Before introducing the variables into the model, multicollinearity of
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the variables was examined using the Variance Inflation Factor (VIF) statistic. The variables
found to be significant in the univariate analysis were introduced into the multivariate model
one after the other, and included age at diagnosis, gender, diabetes mellitus, cirrhosis, hepato-
cellular carcinoma, and esophageal varices. We calculated the all-cause mortality death rate
among the groups, subdivided by age. The all-cause mortality death rate was age-adjusted
using a general population control group from Clalit (452,012 people). All statistical analyses
were performed using IBM SPSS version 26 (Chicago, IL, USA). p-values less than 0.05 were
considered statistically significant. The study was carried out in accordance with the principles
of the Helsinki Declaration. The study protocol was approved by the Institutional Helsinki
Committee, approval number 198-21-SOR.

3. Results
3.1. Patients

The baseline characteristics, comorbidities, and malignancy rates among NAFLD patients
are presented in Table 1. A higher percentage of our cohort was female (n = 111,993, 52.8%). Fe-
males were diagnosed at an older age, 44.4 = 14.7 years, compared to males, 39.62 + 14.9 years,
p <0.001. Higher rates of hypertension, diabetes mellitus, obesity, and dementia were observed
among female NAFLD patients, 60.7% vs. 53.5%, 24.7% vs. 21.6%, 64.2% vs. 52.7%, 5.2% vs.
2.9%, respectively, p < 0.001. However, lower rates of ischemic heart disease and chronic renal
failure were found among females, 22.3% vs. 27.3%, 11.2% vs. 14.8%, respectively, p < 0.001. A
higher rate of thyroid carcinoma and a lower rate of kidney carcinoma were observed among
females, 1% vs. 0.4%, p < 0.001, and 0.6% vs. 1% p < 0.001. No significant difference regarding
other malignancies was found between the two populations. We found that NAFLD was
diagnosed before most other metabolic syndrome-related diseases. A total of 99.5% of patients
were diagnosed with diabetes mellitus after being diagnosed with NAFLD (0.5% of males and
0.5% of females were diagnosed with diabetes before NAFLD (p = 0.966). Only 8% of males
and 8.5% of females were diagnosed with obesity before NAFLD, compared to 92% of males
and 91.5% of females who were diagnosed after being diagnosed with NAFLD, p = 0.001.
Hypertension, dyslipidemia, CIHD, and CVA were also diagnosed more commonly among
males after NAFLD diagnosis compared to females.

Table 1. Baseline characteristics, comorbidities, and malignancy among the study groups.

Males with Females with
NAFLD NAFLD
99,962 (%) 111,993 (%)
Age at diagnosis, mean, years = SD  39.62 &+ 14.9 444 + 147 <0.001
Age 59.5+15.9 64.95 +15.3 <0.001
Age group <0.001
<50 years 74,233 (74.3) 71,167 (63.5)
>50 years 25,729 (25.7) 40,826 (34.7)
Ethnicity, Arabs 15,154 (15.5) 18,936 (17.3) <0.001
BMI 29+£52 30.4 £ 6.6 <0.001
CIHD 27,293 (27.3) 25,007 (22.3) <0.001
COPD 10,181 (10.2) 11,275 (10.1) 0.372
Asthma 11,302 (11.3) 18,919 (16.9) <0.001
CRF 14,822 (14.8) 12,511 (11.2) <0.001
Hypertension 53,255 (53.3) 67,947 (60.7) <0.001
Diabetes Mellitus 21,562 (21.6) 27,701 (24.7) <0.001

57



Biomedicines 2022, 10, 2908

Table 1. Cont.

Males with Females with

NAFLD NAFLD

99,962 (%) 111,993 (%)
Dyslipidemia 68,309 (68.3) 79,045 (70.6) <0.001
Obesity 52,704 (52.7) 71,873 (64.2) <0.001
CVA 3181 (3.2) 3542 (3.2) 0.798
Dementia 2874 (2.9) 5828 (5.2) <0.001
Vitamin B12 deficiency anemia 1178 (1.2) 1534 (1.4) <0.001
Folic acid deficiency 24,208 (24.2) 30,760 (27.5) <0.001
Iron deficiency anemia 18,267 (18.3) 38,916 (34.7) <0.001
Cancers
Lung cancer 1047 (1) 954 (0.9) <0.001
Prostate 3469 (1.6) —
CRC 1740 (1.7) 1993 (1.8) 0.497
Stomach 350 (0.4) 313 (0.3) 0.004
Breast 68 (0.1) 5481 (4.9) <0.001
Pancreas 257 (0.3) 294 (0.3) 0.807
Uterus —_— 900 (0.8) <0.001
Kidney 951 (1) 647 (0.6) <0.001
Non-Hodgkin lymphoma 736 (0.7) 812 (0.7) 0.762
Hodgkin lymphoma 248 (0.2) 246 (0.2) 0.175
Melanoma 1713 (1.7) 1744 (1.6) 0.005
Basal cell carcinoma 11,546 (11.6) 13,103 (11.7) 0.284
Thyroid carcinoma 368 (0.4) 1175 (1) <0.001

BMI = Body Mass Index, CIHD = Chronic Ischemic, CVA = Cerebrovascular Accident, COPD = Chronic Obstructive
Pulmonary Disease, CRF = Chronic Renal Failure, CRC = Colorectal cancer.

3.2. Laboratory Results among the Study Groups

The laboratory results are summarized in Table 2. Significant differences between females
and males were found regarding several lab values: AST (30.7 & 36 vs. 33.8 &= 39, p < 0.001),
ALT (34.2 + 38.6 vs. 47.14 £ 52.9, p < 0.001) GGT (51.89 =+ 84 vs. 61.45 & 100, p < 0.001) and
albumin (4.22 £+ 1.4 vs. 4.42 + 1.76, p < 0.001). In addition, lower values of APRI (0.36 £ 0.66
vs. 0.44 + 0.83, p < 0.001) but higher FIB-4 levels were found among females (1 &+ 1 vs.
0.96 £ 1.1, p < 0.001). All statistical analyses were performed using IBM SPSS version 26
(Chicago, USA). p-values less than 0.05 were considered statistically significant.

Table 2. Laboratory values of females and males included in the study.

. Males Females
Variable 99,962 (47.2) 111,993 (52.8) p-Value
Hemoglobin 14.7 4+ 1.38 13.0 + 1.24 <0.001
WBC 78429 74+31 <0.001
PLT 238 + 66 266 + 74 <0.001
AST 33.8 + 39 30.7 + 36 <0.001
ALT 471 + 529 342 + 38.6 <0.001
GGT 61.45 + 100 51.89 + 84 <0.001
Bilirubin 0.5 + 0.56 04+ 04 <0.001
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Table 2. Cont.

. Males Females
Variable 99,962 (47.2) 111,993 (52.8) p-Value
Creatinine 0.95 + 0.37 0.73 + 0.29 <0.001
Albumin 442 4176 422 4+ 14 <0.001
Vitamin D 50 + 23.55 47 + 255 <0.001
Vitamin B12 318 + 158 352 + 185 <0.001
Folic Acid 17.6 + 363 19.5 -+ 45 <0.001
CRP 3.97 + 186 3.40 + 16.18 <0.001
Tron 86.6 + 34 71.5 + 30 <0.001
Ferritin 177.1 + 305 89.8 + 170 <0.001
Calcium 9.47 + 0.46 9.44 + 0.48 <0.001
Sodium 14012 + 3.2 140.07 + 3.4 <0.001
INR 1.05 + 0.34 1.02 + 033 <0.001
APRI 0.44 + 0.83 0.36 + 0.66 <0.001
FIB-4 096 + 1.1 1+1.0 <0.001

All values presented as mean 4= SD. WBC = White Blood Cells, PLT = Platelets, ALT = Alanine Aminotransferase,
AST = Aspartate Aminotransferase, GGT = Gamma-Glutamyl Transferase, INR = International Normalized Ratio,
APRI = AST to Platelet Ratio Index.

3.3. Liver-Related Outcomes and All Cause-Mortality

The liver-related outcomes and all-cause mortality rates are summarized in Table 3.
More females were diagnosed with cirrhosis (2.3% vs. 1.9%, p < 0.001), but at an older age
compared to males (65.9 & 12.3 years vs. 63.4 & 13.7 years, p < 0.001, respectively). Lower
rates of HCC and liver transplantation were found among females (0.4% vs. 0.5%, p < 0.001,
0.07% vs. 0.11%, p < 0.003, respectively). No statistical difference was found regarding
esophageal varices, esophageal variceal bleeding, spontaneous bacterial peritonitis, and
hepatorenal syndrome between males and females. There was a significantly higher rate of
all-cause mortality among females compared to males (11.4% vs. 10.2%, p < 0.001). The
age-adjusted mortality rate was calculated in our cohort using a reference control group of
non-NAFLD patients. The all-cause age-adjusted mortality rate was lower among females
compared to males (94.5 patients per 1000 female NAFLD patients compared to 116 patients
per 1000 male NAFLD patients). The cirrhosis and all-cause mortality rates according to age
group are presented in Tables 4 and 5. A lower rate of liver transplantation was performed
in females compared to males (0.07% vs. 0.11%, p = 0.003).

Table 3. Liver-related outcomes and all-cause mortality rates among females and males with NAFLD.

Males with NAFLD Females with
99,962 (%) NAFLD 111,993 (%)

Cirrhosis 1901 (1.9) 2528 (2.3) <0.001
Age at cirrhosis 63.4 +13.7 65.9 +£12.3 <0.001
HCC 492 (0.5) 451 (0.4) 0.002
Age of HCC 68.39 £+ 11 69.33 + 12 0.227
Esophageal varices 603 (0.6) 675 (0.6) 0.988

Esophageal variceal bleeding 326 (0.3) 321 (0.3) 0.1
SBP 146 (0.1) 157 (0.1) 0.721
Hepatorenal syndrome 136 (0.1) 148 (0.1) 0.806
Liver transplantation 112 (0.11) 81 (0.07) 0.003
Age at liver transplantation 54.96 £11.6 5514 £ 124 0.920
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Table 3. Cont.

Males with NAFLD Females with
99,962 (%) NAFLD 111,993 (%)
Death 10,219 (10.2) 12,744 (11.4) <0.001
Age at death 744+ 12.8 775 +11.7 <0.001
Number of hospitalizations 3.99 + 6.6 4.65+ 6.5 <0.001
From diagnosis, mean + SD
Length of hospitalization 367 + 11 3.6+ 94 0.154

mean =+ SD

Table 4. Cirrhosis rate according to age group among females and males with NAFLD.

Cirrhosis Females, n = 111,993 Males, n = 99,962
Patient . . . . . . . . .
Age Group Number Cirrhosis Cirrhosis Rate Patient Cirrhosis Cirrhosis Rate
Years %) Number per 1000 Number Number per 1000
o

18-24 647 (0.6) 1 15 716 (0.7) 3 42
25-34 4371 (3.9) 13 3 5837 (5.8) 15 2.6
35-44 9271 (8.3) 37 4 15,690 (15.7) 60 3.8
45-54 13,739 (12.3) 112 8.2 18,729 (18.7) 126 6.7
55-64 22,945 (20.5) 336 14.6 18,758 (18.8) 317 16.9
65-74 30,479 (27.2) 755 24.8 21,580 (21.6) 552 25.6

75+ 30,541 (27.3) 1274 41.7 18,652 (18.7) 828 444
Total 111,993 2528 22.6 99,962 1901 19

Table 5. Age-adjusted mortality rates among females and males with NAFLD.
Mortality Females, n = 111,993 Males, n = 99,962
Patient Patient
Age Group Death Death Rate

Years Ntzf)z})er Death Number Rate per 1000 Nt:g:;)er Death Number per 1000
18-24 647 (0.6) 3 4.6 716 (0.7) 2 2.8
25-34 4371 (3.9) 22 5 5837 (5.8) 23 3.9
35-44 9271 (8.3) 48 52 15,690 (15.7) 110 7
45-54 13,739 (12.3) 170 124 18,729 (18.7) 255 13.6
55-64 22,945 (20.5) 626 27.3 18,758 (18.8) 830 442
65-74 30,479 (27.2) 2037 66.8 21,580 (21.6) 2021 93.7

75+ 30,541 (27.3) 9839 332.2 18,652 (18.7) 6978 364.1
Total 111,993 12,744 113.8 99,962 10,219 102.2

3.4. Factors Associated with Cirrhosis and All-Cause Mortality
The multivariate analysis regarding cirrhosis development among males and females
is presented in Table 6. A relationship between age, diabetes mellitus, and cirrhosis was
found among males and females with NAFLD. A significant relationship between obesity
and cirrhosis was found among males but not females.

A multivariate model for the risk of death among NAFLD patients included in our

study is shown in Table 7. Age at diagnosis, gender, diabetes mellitus, cirrhosis hepato-
cellular carcinoma, and esophageal varices were found to be risk factors for death among
NAFLD patients in the univariate and multivariate analyses, with odds ratios of 1.125,
1.382, 2.648, 4.016, 9.086 and 2.021, p < 0.001, respectively.
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Table 6. Univariate and multivariate analyses of risk factors for cirrhosis among NAFLD patients.

Multivariate Analysis—Males Multivariate Analysis—Females
OR 95% CI p-Value OR 95% CI p-Value
Ageat 1.038 1.035-1.042 <0.001 1.032 1.029-1.035 <0.001
diagnosis
Diabetes 3.331 3.005-3.692 <0.001 3.403 3.117-3.714 <0.001
Mellitus
Obesity 1.126 1.021-1.241 0.017 0.960 0.880-1.048 0.363
Hypertension 1.032 0.910-1.171 0.620 1.000 0.894-1.120 0.996
Table 7. Univariate and multivariate analyses of risk factors for death among NAFLD patients.
Univariate Analysis Multivariate Analysis
OR 95% CI p-Value OR 95% CI p-Value
Ageat 1.128 1.126-1.130 <0.001 1.125 1.124-1.127 <0.001
diagnosis
Gender 1.128 1.097-1.159 <0.001 1.382 1.336-1.429 <0.001
(female)
Diabetes
. 5.069 4.927-5215 <0.001 2.648 2.562-2.737 <0.001
Mellitus
Cirrhosis 8.271 7.784-8.788 <0.001 4.016 3.690-4.372 <0.001
Hepatocellular 18.761 16.333-21.550 <0.001 9.086 7.646-10.797 <0.001
Carcinoma
Esophageal 10.249 9.172-11.453 <0.001 2.021 1.734-2.357 <0.001
Varices

4. Discussion

This study included more than 200,000 NAFLD patients (52.8% female). We found
(1) females were diagnosed with NAFLD at an older mean age than males, (2) females
had higher rates of comorbidities including metabolic syndrome, hypertension, diabetes
mellitus, and obesity than their male counterparts, (3) females had a higher rate of thyroid
carcinoma but no significant difference in rates of other cancers, (4) female patients had
higher rates of cirrhosis than males and had higher all-cause mortality rates than males,
(5) age and diabetes were found to be predictors for cirrhosis among males and females, but
obesity was found to be a predictor for cirrhosis only among males, not females, and finally,
(6) diabetes mellitus, cirrhosis, and HCC were found to be predictors of death among
female NAFLD patients.

Sex-related differences in the context of NAFLD could be attributed to several factors:
differences in body structure, behavioral risk factors, comorbidities, metabolic factors,
genetics, and hormonal effects.

The body structures of females and males are inherently different. Differences in
fat storage, fat metabolism, and health risks of obesity among females and males have
been noted [18]. All of these differences could influence the prevalence of NAFLD among
females and may have an impact on the clinical course and complications of the disease.

Behavioral risk factors such as smoking, alcohol and food consuming habits could
also have an impact on the development of NAFLD. These differences in habits could
be co-factors for NAFLD development and progression. Smoking, alcohol use, and fast
food consumption are more common among males compared to females [19-24]. Despite
these differences, the prevalence of NAFLD, cirrhosis development, and all-cause mortality
are more common among females, possibly indicating other factors are more dominant
influencers of NAFLD among females.
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NAFLD is considered as the hepatic manifestation of metabolic syndrome and has
a strong relationship with obesity. The chronological relationship between NAFLD and
comorbidities is still unclear. In particular, the impact each has on the other, and the causal
relationship between the two are still unknown. In our study, the rates of diabetes mellitus,
hypertension, and obesity were higher among females than males. Most likely, diabetes
mellitus and obesity influence the rate of disease progression of cirrhosis and all-cause
mortality rates. In our study, diabetes mellitus was found to be a predictor for cirrhosis
among both males and females, while obesity was found to be a predictor for cirrhosis
among males only.

Several animal studies have demonstrated sexually dimorphic hepatic genes associ-
ated with NAFLD. These genes, related to lipid metabolism, drug metabolism, and glucose
homeostasis, impact the severity of cirrhosis and inflammation and are risk factors for the
onset, progression, and treatment response of NAFLD [17].

Another critical factor that could contribute to sex differences in NAFLD is the hor-
monal differences between males and females. Estrogen is a vital sex hormone that not
only regulates the female reproductive system but also contributes to several biological
functions and protection from different diseases.

In a rodent model, the peak serum tumor necrosis factor-alpha (TNF-a), a proinflam-
matory cytokine, in the liver was twice as high in rodents who received estrogen compared
to controls. This study concluded that estrogen sensitizes Kupffer cells to lipopolysaccha-
ride (LPS), resulting in increased toxic mediator production [25]. This pro-inflammatory
and toxic mediator production could also affect the progression of liver diseases such
as NAFLD. Hormonal, inflammatory, and oxidative stress factors are part of a complex
cascade of NAFLD pathogenesis with sex-related differences [17].

Our results show females are diagnosed with NAFLD about five years later than their
male counterparts. This could be explained by the protective estrogen effect from NAFLD,
which is lost in postmenopausal women. This is consistent with increasing NAFLD rates
with age in women [26,27]. Our findings supported this theory: 34.7% of our female
patients were diagnosed with NAFLD at age fifty or older, compared to 25.7% of males.

With regard to comorbidities, we found higher rates of diabetes mellitus, hypertension,
and obesity among female NAFLD patients but a lower rate of ischemic heart disease. This
finding could be related to the protective effect of estrogen on cardiovascular disease
incidence among women [27].

Our study found a higher rate of thyroid malignancy and a lower rate of HCC among
females compared to males. Previous studies showed disparities in HCC among females
compared to males in terms of undergoing HCC surveillance, tumor size at diagnosis,
and vascular involvement [13,14]. Previous studies showed that older age, male sex, the
severity of compensated cirrhosis at presentation, and sustained activity of liver disease
are important predictors of HCC [28-30].

Our study demonstrated that higher rates of cirrhosis development in females, despite
an older age at diagnosis and shorter exposure to the steatosis process in females. Hormonal
effects and comorbidities such as diabetes and obesity may influence the progression of
fibrosis. Whether or not sex is a risk factor for the progression of fibrosis is a controversial
issue with conflicting findings across differently designed studies [27]. However, adjusting
the cirrhosis rate according to the different age groups, we found a slightly lower rate of
cirrhosis among most of the female age groups.

The all-cause age-adjusted mortality rate was lower among females in our study. In
addition, a lower rate of HCC was found among females, though there was no significant
difference in other complications such as esophageal varices and hepatorenal syndrome.
Lower rates of HCC in females may account for the decreased rate of the all-cause mortality.

One of this study’s limitations is the lack of availability of data on liver-specific causes
of mortality. This makes it difficult to understand the difference in mortality rate, as it
is possibly related to other comorbidities. Nevertheless, in the multivariate analysis, the
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factors with a significant impact on death were age at diagnosis, gender, diabetes mellitus,
cirrhosis, and HCC.

To summarize, significant differences were found between females and males in terms
of comorbidities, liver-related outcomes, and all-cause mortality rates. Understanding these
differences in depth is crucial for prevention, early diagnosis, interventions, and treatment
of NAFLD. Special consideration may be required for females in order to decrease the
rate of cirrhosis and all-cause mortality. Additional studies are needed before specific
interventions can be carried out; however, the practical implication of the present study lie
in increasing awareness about the disparities between NAFLD development and outcomes
in males and females.

This study is further strengthened by the use of national-based cohort data with
a large number of included patients. However, some limitations should be mentioned.
The retrospective design of the study design based on an electronic health file database
prevented our ability to differentiate between NAFLD and NASH and there was no data
regarding liver biopsy or fibrosis grade available.

5. Conclusions

In conclusion, significant differences were found between males and females with
NAFLD regarding the age of diagnosis, comorbidities, liver-related complications and
all-cause mortality.
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Abstract: Cholestatic diseases can be caused by the dysfunction of transporters involved in hepato-
biliary circulation. Although pharmacological treatments constitute the current standard of care for
these diseases, none are curative, with liver transplantation being the only long-term solution for
severe cholestasis, albeit with many disadvantages. Liver-directed gene therapy has shown promis-
ing results in clinical trials for genetic diseases, and it could constitute a potential new therapeutic
approach for cholestatic diseases. Many preclinical gene therapy studies have shown positive results
in animal models of both acquired and genetic cholestasis. The delivery of genes that reduce apop-
tosis or fibrosis or improve bile flow has shown therapeutic effects in rodents in which cholestasis
was induced by drugs or bile duct ligation. Most studies targeting inherited cholestasis, such as
progressive familial intrahepatic cholestasis (PFIC), have focused on supplementing a correct version
of a mutated gene to the liver using viral or non-viral vectors in order to achieve expression of the
therapeutic protein. These strategies have generated promising results in treating PFIC3 in mouse
models of the disease. However, important challenges remain in translating this therapy to the clinic,
as well as in developing gene therapy strategies for other types of acquired and genetic cholestasis.

Keywords: cholestatic diseases; gene therapy; AAV; PFIC

1. Cholestatic Diseases

Cholestatic diseases are based on bile dysfunction due to defects affecting bile synthesis
or secretion. These processes involve a wide range of enzymes and membrane transporters
involved in hepatobiliary circulation. According to its origin, cholestasis can be classified
into two main groups: acquired cholestasis and genetic cholestasis [1].

1.1. Acquired Cholestasis

Most cholestatic diseases are acquired, presenting a dysregulation of the hepatobiliary
transporters as a consequence of an adaptive and protective response to bile acid (BA)
accumulation in the liver. This regulation is multifactorial, involving different elements
such as hormones, BAs, proinflammatory cytokines, and drugs. These different factors
mediate the activation of transcription factors that regulate the expression of export pumps,
which promote the reduction of intracellular BAs by their excretion in the urine, result-
ing in the detoxification of the liver [2]. Acquired cholestatic diseases include primary
biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), intrahepatic cholestasis of
pregnancy (ICP), biliary atresia, drug-induced cholestasis, and inflammation-mediated
cholestasis [1,3].

PBC and PSC are classified as autoimmune diseases of the hepatobiliary system, char-
acterized by the presence of antimitochondrial antibodies, portal inflammation, and an
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immune-mediated destruction of intra- and extra-hepatic bile ducts [4,5]. Clinical manifes-
tations vary widely, from asymptomatic to end-stage biliary cirrhosis. The pathogenesis of
the disease is multifactorial, involving genetic, epigenetic, and environmental factors [4,6].

ICP, which is the most common disorder of the hepatobiliary system, is characterized
by high serum BA levels in the third trimester of pregnancy that cause severe pruritus. In
the development of this cholestatic disorder, high levels of gestational hormones, such as
estrogen and progesterone, play a major causative role, while genetic factors may also be
involved. Although symptoms disappear after childbirth, the biliary disorder can often
recur during future pregnancies [7].

Biliary atresia is a rare liver disease affecting the bile ducts, resulting in the main
cause of neonatal cholestasis. The etiology of this biliary disorder is unknown. In some
cases, the origin is thought to be due to an exacerbated autoimmune response in the bile
duct epithelium as a consequence of a viral infection or due to toxin-induced injury after
birth [8]. In other cases, it is thought to be due to a malformation of the bile ducts during
gestation. However, it is known that an early diagnosis allows for better outcomes after
surgery [9].

Finally, drug- and inflammation-induced cholestasis are closely related. Both drugs
and proinflammatory agents can induce cholestasis following inhibition of hepatobiliary
transporters but rarely result in severe liver injury. These types of cholestasis have an
immunological origin mediated by proinflammatory cytokines directed against the bile
duct epithelium that can alter BA secretion [10].

1.2. Inherited Cholestasis

Genetic cholestasis, which represents a minority of all cholestatic disorders, includes
different types of progressive familial intrahepatic cholestasis (PFIC) associated with muta-
tions in relevant channel transporters of the hepatobiliary system. PFIC is a heterogeneous
group of autosomal recessively inherited monogenic disorders with a low incidence of
1:50,000-100,000 births worldwide, representing approximately 15% of all cases of neonatal
cholestasis [11]. These cholestatic syndromes are characterized by an early onset of the dis-
ease, usually in infancy, associated with clinical manifestations such as pruritus, jaundice,
malabsorption of fat and fat-soluble vitamins, and hepatomegaly [11]. PFIC is associated
with several liver complications, such as portal hypertension and cirrhosis, and can progress
to end-stage liver disease and liver failure between childhood and adulthood. Depending
on the type of PFIC, extrahepatic clinical manifestations or hepatocellular carcinoma (HCC)
may occur [12]. The most common biochemical features of this group of hepatobiliary
diseases are increased serum BAs and bilirubin [11]. Depending on their genetic origin,
PFICs can be classified into six types. Mutations in ATP8B1, ABCB11, ABCB4, tight junction
protein 2 (TJP2), NR1H4, and Myosin VB (MYO5B) genes are known to be the cause of
PFIC 1-6 types, respectively (Figure 1). In PFIC1, mutations in the familial intrahepatic
cholestasis 1 (FIC1) gene cause the loss of the asymmetric distribution of phospholipid
content in the canalicular membrane, leading to membrane destabilization and reduced BA
transport, resulting in their accumulation in hepatocytes, causing cholestasis. Mutations
in the ABCB11 gene can result in PFIC2 due to the absence of a functional bile salt export
pump (BSEP) protein, which also leads to toxic accumulation of BA in hepatocytes. In
PFIC3, mutations in ABCB4 cause multidrug resistance protein 3 (MDR3, ABCB4) defi-
ciency, which results in low levels of phosphatidylcholine (PC) in the bile, which is needed
to form micelles and neutralize the toxicity of hydrophobic BAs, resulting in damage to the
epithelium of bile canaliculi. Mutations in TJP2 lead to the misdistribution of claudin tight
junction in canaliculi, resulting in bile leakage and subsequently in PFIC4. PFIC5 is due to
mutations in the NR1H4 gene that cause deficiency in farnesoid X receptor (FXR), resulting
in a reduction of BSEP and ABCB4 expression and the accumulation of toxic BAs in the
hepatocytes. Finally, mutations in MYOS5B interfere with the processing of normal intracel-
lular trafficking of BSEP, reducing its expression and activity at the canalicular membrane,
which results in the accumulation of toxic BAs in hepatocytes, giving rise to PFIC6 [13].
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Different disease characteristics such as the age of onset, severity, and the manifestation of
specific complications and serum markers vary between PFIC types [12,13].
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Figure 1. Genetic classification and pathogenesis of PFIC. The diagrams show the genes and functions
altered in each type of PFIC. The main deficient proteins for each type of PFIC are indicated by red
crosses, while derived alterations in other proteins or pathways are indicated by blue crosses. Damage
due to the abnormal accumulation of BAs is shown as yellow circles with orange lightnings.

The role of BSEP in the functioning of the hepatobiliary system is very important, as
mutations in different genes involved in BA metabolism and transport, such as ABCB11,
NR1H4, and MYOS5B causing its deficiency, cause PFIC [14-16]. In addition, depending on
the severity of the disease, inherited intrahepatic cholestasis resulting from mutations in
ATP8B1 or ABCB11 can be classified as either PFIC1 or 2, respectively, or benign recurrent
intrahepatic cholestasis (BRIC) 1 or 2, respectively. Sometimes it is clinically difficult to dis-
cern between PFIC and BRIC because, in both cases, patients may present mild cholestasis
with long-term complications [17]. In addition, some missense mutations in less conserved
regions of the ABCB11 and ABCB4 genes promote the development of more moderate
variants of cholestasis such as BRIC2, ICP, cholesterol cholelithiasis, drug-induced cholesta-
sis, adult biliary cirrhosis, transient neonatal cholestasis, and others [18,19]. In addition,
mutations in cholangiocyte transporter genes (e.g., the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene) can cause cholestasis. In fact, a direct association between
cystic fibrosis and cholestatic conditions, such as bile duct complications, gallstones, and
primary sclerosing cholangitis, has been observed due to mutations in CFTR [20]. Other
genetic multisystemic diseases associated with cholestatic disorders include Alagille syn-
drome (ALGS) and cerebrotendinous xanthomatosis (CTX). ALGS arises due to mutations
in genes involved in the Notch signaling pathway, such as JAG1 and NOTCH2, and the
majority of patients present cholestasis and a deficiency of bile ducts [21]. CTX is caused by
mutations in the CYP27A1 gene, resulting in impaired BA biosynthesis and the accumula-
tion of toxic metabolites. Although liver damage is not common in all CTX patients, some
cases of severe infantile cholestasis have been reported [22].
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2. Current Treatments
2.1. Surgical Procedures: Hurdles and Limitations

Currently, therapeutic approaches for cholestatic disorders are limited, with liver
transplantation being the only curative strategy for the more severe syndromes [23,24].
However, liver transplantation has numerous limitations, such as organ failure, donor
shortage, limited organ viability, the requirement of life-long immunosuppression, and
immunological rejection [25]. For inherited diseases, such as some types of PFIC, liver
transplantation is considered for end-stage patients with severe complications, such as
hepatocellular carcinoma (HCC), hepatic steatosis, and liver cirrhosis. Orthotopic trans-
plantation successfully improves cholestasis and related symptoms in 3-5 years [12,26].
However, liver transplant has been shown to be associated with the development of circu-
lating anti-BSEP antibodies in a small fraction of transplanted PFIC2 patients, resulting in
the rejection of the transplanted organ [27,28]. Moreover, this approach is only partially
effective for cholestatic diseases with extrahepatic manifestations, such as PFIC1.

A therapeutic alternative prior to liver transplantation is surgical treatment aiming
to interrupt the enterohepatic circulation, including procedures, such as partial internal
biliary diversion (PIBD), ileal exclusion, and partial external biliary diversion (PEBD),
that lead to lower BA levels, less pruritus, and even reversal of hepatic fibrosis [29,30].
However, complications such as stoma bag-associated difficulties (e.g., dehydration or
leakage) have been reported [30]. For treatment of hereditary cholestatic diseases, biliary
diversion has been found to be more effective in PFIC2 patients with residual BSEP activity,
while for PFIC3 patients it is usually done late in the disease process, making it hard to
prevent disease progression [31,32]. Therefore, there is an urgent need to seek alternative
therapeutic approaches to liver transplants and surgical approaches. However, there is
room for hope since the increased understanding of the mechanisms leading to genetic
and acquired cholestatic diseases has opened the window to develop new drug and gene
therapies for the treatment of these disorders.

2.2. Pharmacological Therapies

Drug therapies are considered first-line treatments for cholestatic diseases. The main
strategies in the pipeline are based on FXR agonists and inhibitors of BA uptake transporters
in the enterohepatic circulation [33,34].

2.2.1. FXR Agonists

In recent years, the use of selective FXR agonists, such as ursodeoxycholic acid (UDCA),
has been the first option to treat cholestatic disorders. UDCA, a hydrophilic BA, reduces
the hydrophobic pool of toxic BAs in hepatocytes as well as the detergent properties of
bile in the bile canaliculi (Figure 2A). Currently, beneficial effects of UDCA have been
reported in patients with ICP, PBC, and PFIC3, especially at the early stages of these
diseases [35,36], although approximately 50% of the PFIC3 and PBC patients did not
respond or had an incomplete response [19,37]. It has also been observed that PFIC3
patients with milder forms of ABCB4 deficiency respond better to UDCA treatment [38].
In contrast, this treatment fails to offer any symptomatic improvement for the majority
of patients with PFIC2 or PSC [39,40]. On the other hand, UDCA-derived BAs such as
24-norursodeoxycholic acid (Nor-UDCA) or its taurine conjugate (TUDCA) have also
shown potential as therapeutic agents for these liver diseases [35]. Nor-UDCA has shown
improvement in serum disease biomarkers such as transaminases and alkaline phosphatase
(ALP) levels in patients with PSC [41], although larger studies are needed to establish its
real efficacy [42]. Currently, there is one clinical trial evaluating its use in PSC patients
(NCTO01755507). A recent study has shown that TUDCA was able to normalize serum ALP
values in PBC patients [43]. Another FXR agonist with therapeutic potential in the treatment
of cholestatic diseases is the semi-synthetic BA, obeticholic acid (OCA). Two phase II studies
in PBC and PSC patients demonstrated the safety and beneficial effect of OCA in reducing
serum ALP levels [44,45] and, in fact, OCA has been approved as an alternative treatment
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for patients with PBC who do not respond to UDCA [46]. In addition, a recent study
showed that OCA was able to reduce liver damage in a mouse model of PFIC2 [47]. Despite
these promising results, its use in cholestatic patients has been associated with severe
pruritus, which would make it difficult to be approved as a therapy for PFIC, in which
pruritus is one of the main symptoms of concern [48]. Similarly, the non-steroidal FXR
agonist cilofexor, which has been reported to lead to significant improvements in cholestasis
markers in PSC patients [49], may cause pruritus in a dose-dependent manner as a side
effect and is not recommended for certain cholestatic disorders [50].
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Figure 2. Pharmacological treatments for cholestatic diseases. (A) Mechanisms of action of UDCA,
which favors the presence of hydrophilic BAs over hydrophobic BAs in bile, decreasing the toxic
effect of “detergent bile” in cholestatic patients. (B) NTCP transporter inhibitors block the entry of
BAs into hepatocytes. (C) ASBT inhibitors prevent the reabsorption of BAs in enterocytes, decreasing
their entrance into the enterohepatic recirculation. Inhibitions are indicated with blue crosses. BA,
bile acid (yellow circles).

Altogether, these data indicate that the identification and development of new and
more efficient FXR agonists represents a very interesting area of investigation for the
improved clinical management of cholestatic diseases (Table 1) [51,52].

2.2.2. Inhibitors of Bile Acid Uptake Transporters

Recently, there has been great interest in developing drugs that are able to interrupt
the enterohepatic circulation in a non-invasive manner for cholestatic disorders. The four
transporters that allow circulation of BAs between the liver and intestine are the apical
bile salt transporter (ASBT, also known as IBAT for ileal bile acid transporter), BSEP, the
sodium-taurocholate cotransporter polypeptide (NTCP) and the basolateral organic solute
transporter (OST) [1]. The inhibition of BSEP and OST transporters is not an option as
this would result in toxic accumulation of BAs in hepatocytes and enterocytes, respec-
tively [53,54]. In contrast, pharmacological inhibition of the hepatic transporter NTCP
results in a well-tolerated increase of BAs in plasma and a subsequent decrease in the
liver (Figure 2B) [55]. In fact, recent studies have shown the hepatoprotective effect of
NTCP inhibition, resulting in attenuation of cholestasis [56]. ASBT inhibitors prevent the
reabsorption of BAs in enterocytes and their recirculation to the liver, favoring their excre-
tion in feces (Figure 2C). ASBT antagonists currently being tested in clinical trials include
odevixibat (A4250, Albireo, Boston, MA, USA), maralixibat (LUMO001, Mirum Pharmaceu-
ticals, Foster City, CA, USA), elobixibat (A3309, Albireo), linerixibat (GSK2330672, Glaxo
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Smith Kline, Brentford, United Kingdom) and volixibat (SHP626, Mirum Pharmaceuticals)
(Table 1) [57,58]. Several preclinical studies and clinical trials have shown high safety pro-
files for all these compounds with limited adverse effects outside the gastrointestinal tract
and a high specificity for ASBT when orally administered. The observed therapeutic effects
include a decrease of BAs in the liver and serum, reduction in pruritus, liver inflammation,
and liver fibrosis [57,58]. In 2021, odevixibat was approved for clinical use in PFIC patients
by the US Food and Drug Administration (FDA) and European Medicines Agency (EMA).
Moreover, its safety and efficacy for treatment of other cholestatic diseases, such as ALGS,
are being evaluated [59]. Maralixibat has also been evaluated in PBC and PSC, but clinical
trials were discontinued because this treatment did not improve pruritus compared to
placebo [60]. Recently, maralixibat was approved for clinical use for ALGS patients by the
FDA [61]. However, its use for other cholestatic diseases, such as PFIC1-4, is currently
under evaluation by the EMA [62].

2.2.3. Other Pharmacotherapeutic Agents

Further additional pharmacotherapeutic approaches for the treatment of cholestatic
disorders are being explored. Peroxisome proliferator-activated receptor (PPAR) agonists
and fibroblast growth factor (FGF) analogues have been shown to be effective for diseases
such as PBC and PSC [63]. Activators of FXR transcriptional regulators, such as sirtuin 1,
have been shown to alleviate cholestatic liver injury in mice with BA-induced cholestasis by
increasing the hydrophilic character of the hepatic BA composition and decreasing plasma
BA concentration [64]. The use of antifibrogenic and anti-inflammatory therapeutic agents,
such as inhibitors of histone deacetylases and phosphodiesterase 5, led to reduced fibrosis
and liver damage in a PFIC3 mouse model [65]. Finally, ABC transporter enhancers, such
as ivacaftor, may rescue the functionality of canalicular membrane transporters implicated
in cholestatic disorders, including BSEP. Thus, PFIC2 patients may benefit from this type of
pharmacological treatment [66]. The use of fibrates, such as the PPAR agonists bezafibrate,
fenofibrate, and elafibranor (Table 1), could also be beneficial for the treatment of PBC
patients who do not respond to UDCA [67].

Table 1. Drug therapy for cholestatic diseases in clinical trials.

Drug Name Indication = Current Status Clinical Trial Sponsor [Reference]
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Table 1. Cont.

Drug Name Indication  Current Status Clinical Trial Sponsor [Reference]
Odevixibat ALGS Phase III NCT04674761 Albireo [75,76]
(A4250) PFIC Approved
Maralixib ALGS Approved Mirum
aralixibat Ph ticals, Inc.
ASBT (LUMOO1) PFIC Phase III NCT02057718 armac[cgi]ma v
inhibitors NCT03905330
Linerixibat NCT02966834 GlaxoSmithKline
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Seladelpar CymaBay Therapeutics,
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Although the pharmacological strategies mentioned above significantly improved the
pathology of cholestatic diseases and the quality of life of the patients [63], they do not
represent a definitive cure for hepatobiliary dysfunction. For this reason, the development
of new strategies, such as cell and gene therapy, that allow stable, long-term correction of
these diseases is highly desired. In the following section, we will focus on gene therapy
strategies tested in preclinical models of cholestatic diseases.

3. Gene Therapy

Gene therapy involves the addition, removal, or modification of the genetic material
of an individual in order to treat a disease [83]. Its efficacy depends on successful delivery
to target cells, for which vectors (viral and non-viral) are utilized. Viral vectors are based on
modified viruses, such as adenoviruses (Adv), adeno-associated viruses (AAV), retroviruses,
and lentiviruses, among others, which have proven to be very effective for gene delivery,
although they present some drawbacks such as immunogenicity and limitations in cargo
size. Non-viral vectors, such as polymeric or lipid nanoparticles (LNP), unlike viral vectors,
do not achieve delivery to the cell nucleus and induce much more transient transgene
expression, but have a better safety profile, are not limited by packaging restrictions, and
offer several advantages in manufacturability and shelf-life. Recently, non-viral vectors
have shown a high degree of efficacy as demonstrated by the COVID-19 vaccines based on
messenger RNA (mRNA)-containing LNPs [84].

Gene therapy has emerged as a promising approach to achieve safe, stable, and efficient
long-term correction for a wide range of genetic diseases [85], including monogenic liver
disorders, for which liver transplantation remains the only cure [86], as well as acquired
liver diseases [87]. Viral and non-viral vectors have shown promising therapeutic results
in numerous clinically relevant animal models, as well as in a large number of clinical
trials [88,89]. The fact that more than a dozen gene therapy products have been approved
by the FDA and EMA, albeit only three for liver gene therapy, is a promising sign for the
future application of this technology for liver disorders [90,91].

3.1. Gene Therapy for Acquired Cholestasis

Since no definitive treatment has yet been developed for some acquired hepatic
cholestasis, such as PBC and PSC, there is a great need to identify novel therapeutic
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alternatives that can reduce fibrogenesis and potentially prevent the development of chronic
liver injury, making genetic-based treatments an attractive strategy to achieve sustained
long-term therapeutic effects.

To generate animal models of acquired cholestatic disorders, interventions including
bile duct ligation (BDL) and the induction of cholestasis by drugs, such as estrogens and
carbon tetrachloride (CCL4), have been utilized [92]. The development of cholestasis
involves several processes including: cellular apoptosis, production of proinflammatory
cytokines, and fibrogenesis that ultimately leads to biliary impairment [93].

Gene therapy approaches for acquired cholestasis have been addressed to mitigate
liver damage by reducing apoptosis and fibrosis and improving bile formation (Figure 3).
Next, we will describe the most relevant gene therapy strategies described so far.
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Figure 3. Gene therapy approaches for acquired cholestatic diseases. Different gene therapy strategies
have resulted in an alleviation of liver disorders according to their anti-apoptotic, anti-inflammatory,
and anti-fibrotic properties, respectively. Adv, adenoviral vector; AAV8, adeno-associated vector
with serotype 8; ACE2, angiotensin-converting enzyme; AQP-1, aquaporin; Cthrc-1, collagen triple
helix repeat containing-1; HNF4a, hepatocyte nuclear factor 4 alpha; IGF, insulin-like growth factor;
SOD, superoxide dismutase; uPA, urokinase-plasminogen activator. This figure was created using
BioRender.com.

3.1.1. Apoptosis Attenuation

One of the main targets for gene therapy of acquired liver disorders is the reduction of
hepatocyte apoptosis. Hydrodynamic-based gene delivery to the liver of an insulin-like
growth factor 1 (IGF-1)-expressing plasmid has demonstrated attenuation of hepatocellular
apoptosis and liver injury in rats with BDL. IGF-1 promotes amelioration of cholestatic
disease through activation of the phosphatidylinositol-3-kinase pathway, the inhibition
of glycogen synthase kinase-3 beta, and the blockade of caspase-9 cleavage. Additionally,
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inactivation of hepatic stellate cells has been observed, which may explain the notable
improvement in the degree of liver fibrosis [94].

3.1.2. Reduction of Mitochondrial Oxidative Stress

Reducing oxidative stress has been shown to be a therapeutic target for acquired
liver cholestasis. For example, Adv-mediated mitochondrial superoxide dismutase (SOD)
gene delivery leads to a reduction in liver injury by avoiding the formation of oxygen free
radicals derived from the accumulation of hydrophobic BAs and preventing the release of
proinflammatory cytokines, such as TNFx and TGF-f3, in mice with BDL [95]. Similarly,
administration of Adv vectors expressing an inhibitor gene of proinflammatory cytokine
signaling like collagen triple helix repeat containing-1 (Cthrc-1) has shown a reduction of
liver fibrosis in mice subjected to BDL and drug-mediated cholestasis through the inhibition
of TGF-§3 signaling caused by the accelerating degradation of phospho-Smad3 [96].

3.1.3. Anti-Fibrotic Therapies

Anti-fibrotic therapies for cholestatic disorders via reducing pro-inflammatory fac-
tors tend to promote collagen degradation and thus reduce the degree of liver fibrosis.
Adv vectors expressing the urokinase-plasminogen activator (uPA) gene resulted in a
slight reduction of liver fibrosis, leading to a partial improvement of liver histology in
rats with BDL associated with the activation of metalloproteinases that trigger collagen
degradation [97,98]. Additionally, AAV vectors that allow hepatic expression of angiotensin-
converting enzyme (ACE2) provided a sustained anti-fibrotic effect in different animal
models of BDL and drug-induced cholestasis [99]. A different strategy to fight fibrosis
is based on the gene delivery of human hepatocyte nuclear factor 4 alpha (HNF4A) via
AAV vectors or mRNA containing LNP. This type of gene therapy was able to decrease the
expression of genes involved in profibrogenic activity and revert fibrosis in several mouse
models with induced or genetic cholestasis [100].

3.1.4. Amelioration of Bile Flow

Finally, Adv-mediated hepatic delivery of aquaporin-1 (AQP1) has shown an improve-
ment in the bile flow of estrogen-induced cholestatic rats [101]. In fact, this approach
resulted in a marked reduction of serum ALP, as well as serum and biliary concentrations
of bile salts. Moreover, AQP1 gene transfer increased biliary output as mediated by a
significant increase in BSEP transport activity [102].

Thus, gene therapy approaches may offer a new avenue for the development of novel
treatments for acquired cholestatic disorders.

3.2. Gene Therapy for Inherited Cholestasis

Gene therapy for the treatment of inherited hepatic diseases has garnered a great deal
of attention after demonstrating that AAV vectors expressing human coagulation factors
IX and VIII in the livers of patients with hemophilia B and A, respectively, resulted in a
sustained therapeutic effect for more than three years [103]. In fact, a large number of gene
therapy products have demonstrated promising therapeutic effects in clinically relevant an-
imal models, leading to clinical trials for inherited liver disorders, such as phenylketonuria,
familial hypercholesterolemia, ornithine transcarbamylase deficiency, acute intermittent
porphyria, methylmalonic acidemia, and Wilson’s disease, among others [88]. In the next
sections of the review, we will focus on the use of gene therapy for inherited cholestatic
diseases, which include genetic disorders with associated cholestasis and the different
forms of PFIC.

3.2.1. Gene Therapy of Genetic Disorders with Associated Cholestasis

Preclinical studies have shown promising results in animal models of Cerebrotendi-
nous xanthomatosis (CTX) and Crigler-Najjar syndrome type 1. In the first case, the
administration of an AAV8 vector expressing CYP27A was able to restore BA metabolism
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and normalize the concentration of most BAs in plasma in a mouse model of CTX [104].
Interestingly, this therapeutic effect was achieved with only 20% of transduced hepato-
cytes, which could greatly facilitate the clinical translation of this approach. Secondly,
treatment of Crigler-Najjar syndrome type 1 with an AAVS8 vector expressing UDP-
glucuronosyltransferase family 1-member Al (UGT1A) showed normalization of total
serum bilirubin levels in two animal models of the disease, Gunn rats and Ugtlal”"
mice [105]. In this last model, a therapeutic effect was also demonstrated in newborn
mice, although high doses of vector were required to maintain the effect [106]. These
preclinical results led to a phase I/11 clinical trial sponsored by Genethon (Evry, France),
which is currently ongoing (NCT03466463).

The results observed in preclinical studies of Crigler-Najjar syndrome showed that
one of the main limitations for gene therapy of genetic cholestatic diseases could be related
to the loss of viral genomes associated with hepatocyte proliferation occurring in young
patients [107].

3.2.2. Gene Therapy for PFIC Diseases

Gene therapy approaches for PFIC can be based on gene supplementation or gene
editing strategies to modify and repair the affected genes. The implementation of gene
therapy for the different types of PFIC has some limitations. Firstly, in some types of
PFIC in order to achieve stable and long-term therapeutic efficacy, it could be necessary to
transduce most of the hepatocytes, which may require the use of high doses of the viral
vector with the concomitant safety concerns [107,108]. Secondly, some types of PFIC have
extrahepatic clinical manifestations hampering the liver-targeted treatment [109]. Finally,
PFIC diseases requiring therapy are generally diagnosed in pediatric patients, and gene
therapy based on non-integrative vectors, such as AAV, may be inefficient due to the loss
of viral genomes associated with hepatocyte proliferation in a growing liver [107]. The
decision to undergo gene therapy for PFIC, as well as the outcome of the therapy, will likely
be influenced by the type of mutations present in the affected gene. For example, patients
with missense mutations leading to decreased protein activity will probably respond better
than those with a complete deficiency.

Although the loss of viral genomes could be a problem for most inherited cholestasis,
ABCB4 deficiency, which causes PFIC3, has certain advantages over other PFIC types for
liver gene therapy. For example, previous results using hepatocyte transplantation in a
mouse model of PFIC3 showed that engraftment of 12% of healthy hepatocytes was enough
to achieve therapeutic efficacy [110]. This evidence led to four preclinical studies examining
the feasibility of gene therapy for PFIC3 in three different Abch4”- mouse models with a
range of phenotypes depending on the mouse strain [111].

Gene Therapy for PFIC3 Based on ABCB4 Supplementation

The first study tested gene therapy in C57BL/6 Abcb4” mice that were challenged
with a BA-enriched diet to increase liver toxicity due to their mild phenotype. Treatment
with an AAVS vector expressing ABCB4 demonstrated long-term efficacy by preventing the
increase of serum transaminases and the loss of biliary PC levels after BA challenge [112].
In a second study, performed by our group, we evaluated PFIC3 AAV-based gene therapy
in FVB Abcb4” mice, which have a clinically relevant phenotype characterized by high
serum levels of bile salts and transaminases, hepatosplenomegaly, and liver fibrosis [113].
In this model, we demonstrated that an AAVS vector containing a codon-optimized ABCB4
sequence downstream of the liver specific alpha-1 antitrypsin (AAT) promoter resulted in
stable and long-term correction of PFIC3 by improving all disease markers. Interestingly,
this therapy was not only able to prevent disease progression in young mice (two-week-
old), in which symptoms had not yet developed, but also in older mice with an established
phenotype (five-week-old and sixteen-week-old mice). The therapeutic effect was dose
dependent, and it was observed that restoration of biliary PC levels above 12-13% (over
4000 uM) of wild-type levels was enough to have a curative effect. This indicates that
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PFIC3 could be treated even if only a small fraction of hepatocytes were transduced, in this
way resembling gene therapy of other diseases like hemophilia B, in which therapeutic
effects can be obtained with a small percentage of transduced hepatocytes. In our study, the
therapeutic threshold was achieved with as little as 2-3% of wild-type ABCB4 expression
levels [113]. Interestingly, this therapy was more efficacious in male mice compared
to females, although a sustained therapeutic effect could be obtained in females by the
administration of a second vector dose [113].

Recently, a preclinical study based on LNP-encapsulated mRNA therapy was able
to transiently reverse the disease phenotype in BALB/c Abcb4”" mice [114]. BALB/c
Abcb4”- show similar levels of serum biomarkers as the FVB Abcb4”" mice, but with a
faster progression of liver fibrosis, leading to early development of primary liver cancers
as well as an earlier onset of other complications, such as portal hypertension [111]. Five
repeat ABCB4 mRNA-LNP injections were able to restore ABCB4 expression and biliary PC
levels (~42% of wild-type levels), as well as improve serum biomarker levels, liver fibrosis,
and hepatomegaly [114,115]. However, these previously described non-integrative vector-
based gene therapy strategies may have important limitations, such as loss of transgene
expression, either because of loss of viral genomes due to hepatocyte division or because the
short half-life of mRNA requires periodic administration to maintain the therapeutic effect.
An alternative strategy to solve this hurdle is gene delivery mediated by an integrative
vector.

Using this type of approach, Siew et al. tested PFIC3 correction by the use of an
integrative hybrid vector based on the expression of a piggyBac transposase and an AAV8
vector containing a piggyBac ABCB4 expression cassette in FVB Abcb4” mice. A single
dose of the hybrid vector in neonates demonstrated the recovery of biliary PC levels and
normalization of serum biomarkers. Additionally, the hybrid AAV-piggyBac treatment
prevented biliary cirrhosis and reduced tumorigenesis [116]. However, the possibility of
this vector integrating into oncogenic sites represents a high risk for clinical application.
Results from these preclinical studies have led to orphan drug designation of an AAV
vector harboring a codon optimized version of ABCB4 (VTX-803) developed by Vivet
Therapeutics (Paris, France), opening a promising pathway for the treatment of patients
with this cholestatic disorder (Table 2).

Gene Therapy for PFIC3 Targeting Mechanisms of Disease

Although gene supplementation or correction of the affected gene is the most straight-
forward gene therapy strategy for PFIC3, several studies have shown that it is also possible
to treat this disease by altering the expression of other genes that are involved in this
pathology. One example is the delivery of vectors that express genes that contribute to
the attenuation of liver fibrosis, such as ACE2 and HNF4A, as described in Section 3.1.3.
In this sense, an AAVS vector expressing ACE2 was able to reduce liver fibrosis in early-
and late-stage FVB Abcb4” mice [117]. Moreover, hepatocyte-targeted administration of
HNF4A mRNA encapsulated with a biodegradable lipid restored the metabolic activity of
hepatocytes in FVB Abcb4”" mice, leading to a robust inhibition of fibrogenesis [100].

A novel approach that could be used to treat cholestatic diseases is based on the
regulation of BA synthesis and homeostasis. It has recently been described that Limb
expression 1-like protein (LIX1L) is increased in the liver of patients with cholestatic
diseases and that the normalization of its expression alleviates cholestatic liver injury in
different cholestatic mouse models, including FVB Abcb4”" mice. LIX1L regulates the levels
of miR-191-3p, a microRNA that downregulates transcription factor liver receptor homolog-
1 (LRH-1), thereby inhibiting Cyp7al and Cyp8b1 expression, two enzymes required for
BA synthesis. Based on these data, Li et al. [118], recently showed that an AAV vector
overexpressing miR-191-3p was able to ameliorate cholestasis in FVB Abcb47" mice by direct
repression of LRH-1 expression, thereby reducing de novo BA synthesis [118]. Another
potential target for reducing liver fibrosis through gene therapy of cholestatic disorders is
the suppression of the neurokinin 1 receptor (NK1R) axis as well as transforming growth
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factor-p1 (TGF-pf1)/miR-31 signaling. In FVB Abcb4” mice, knock-out of NK1R has been
shown to decrease the levels of miR-31 and of proinflammatory molecules such as TFG-
1, resulting in the reduction of liver inflammation and fibrosis [119]. These therapeutic
approaches could be very useful for either acquired cholestatic disorders or PFIC.

Table 2. Gene therapy approaches for PFIC3.

AAVS-AAT-MDR3

AAVS-AAT-MDR3co

AAV2-TRsh-LP1-MDR3co

mRNA-LNP-MDR3co

Aronson et al. [112]

Weber et al. [113]

Siew et al. [116]

Wei et al. [114]

Strain Background C57BL/6 Abcb4”" FVB Abch4™/- FVB Abch4™/- BALB/c Abcb4/~
Mild Severe Severe
Phenotype cho lat(;_ee%lﬁ?ﬁlegd diet) (similar to patients) (similar to patients) More severe
Hybrid AAV-piggyBac
Vector AAVS AAVS transposon LNP
Dose 5 x 1013 vg/kg 1x 10" vg/kg ~2 x 10" vg/kg 1.0 mg/kg
Age of treatment 10-week-old 2- or 5-week-old Newborn 4-week-old
e Increased biliary PC
Increased biliary PC. . y
Increased biliary PC Rescue of serl};m IncreaDsed b111aC11'y PC. (10_253/3 WT) anc<li %eBW.
and cholesterol content. ~_transaminases, ALP and ecrease ecrease
Rescue of serum ALT,  BA levels. Improvement of hepatomegaly and hepatomegaly and
Qutcomes ALP and bilirubin ' the degree of e AL ALL, ALD BA).
levels. Prevention of hepatosplenomegaly. ALP, BAs). Reduce Hvred J:
liver fibrosis P t d 1 of liver fibrosis and liver =~ Normalization of liver
: revenl_lon ?rll) reversal o tumor incidence. fibrosis and portal
1Ver LbTos1S. hypertension.
Gr,a nteq orphan drug Long-term correction.
designation. Long-term Preventing genome loss  No risk of i
Ad Long-term correction.  prevention and correction &8 o risk of mutagenesis.
vantages . . by hepatocellular Less immune
No risk of mutagenesis.  at early and late stages of liferation duri FeSPONSEs
PFIC3, respectively. No proluteration during p '
. . liver growth.
risk of mutagenesis.
Loss of long-term
Nged for Cha!lenge therapeutic effect in half of
with BA-enriched -
: the females treated with a : -
dietary sinele dose. Need to Risk of mutagenesis.
supplementation & . Transposase Less durable
Disadvant (model). Need to address th% 1mrcrl1une overexpression expression. Requires
1sadvantages evaluate efficacy in response basec on Lack of serotype that repeated parenteral

younger mice more

representative of the
age of patients. Risks of
using a high viral dose.

anti-AAV neutralizing
antibody for repeated
administrations of the
vector. Risks of using a
high viral dose.

efficiently transduces
human hepatocytes.

dosing.

AAT, alpha-1 antitrypsin; AAV, adeno-associated vector; ALP, alkaline phosphatase; ALT, alanine aminotransferase;
BW, body weight; LNP, lipid nanoparticles; LP1, liver-specific transcriptional control unit; PC, phosphatidylcholine;
TRsh, short piggyBac terminal repeats; VG, viral genomes; WT, wild-type.

Gene Therapy for Other Types of PFIC

For other types of PFIC, although gene supplementation using vectors expressing the
specific mutated gene is also an option, there are certain barriers that make the development
of these treatments more challenging than for PFIC3. For example, patients with PFIC1,
PFIC4, PFIC5, and PFIC6 have extrahepatic manifestations that cannot be rescued by liver-
targeted gene therapy [109,120]. In addition, in contrast to gene therapy for PFIC3, where
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liver toxicity arises in the bile canaliculi and transgene delivery to a fraction of hepatocytes
leads to sufficient ABCB4 protein to reverse toxicity, in other types of PFIC where toxicity
occurs in hepatocytes, it is likely that correction of a high percentage of these cells will
be required to achieve a therapeutic effect [110,121]. One additional problem to develop
gene therapy strategies for some types of PFIC is the lack of suitable animal models that
adequately recapitulate the phenotype of patients. Currently, there are no T/P2-deficient
animal models available to test the feasibility of gene therapy for PFIC4 [121]. Likewise, the
existing animal model for PFIC6 is not suitable, because it has a complete knock-out of the
MYO5B protein, which is not an appropriate model for this cholestatic disease. For that, it
is necessary to develop an animal model with missense mutations of the MYO5B gene that
affect the motor domain but do not result in complete deficiency of the protein [122]. In the
case of PFIC2, there are several animal models that show a varying degree of pathology
depending on the genetic background. Abcb117" mice in a C57BL/6 background represent
the closest model to the patient disease phenotype, showing a drastic decrease in bile salt
content in the bile that leads to increased levels of serum transaminases, liver fibrosis,
and hepatomegaly, with these changes being more severe in females than in males [123].
However, unlike PFIC2 patients, these mice only show a mild elevation of serum bile salts,
which is one of the main biomarkers of the disease.

Finally, the loss of transgene expression by hepatocyte cell division is a drawback
for the use of non-integrative vectors, such as AAV, in gene therapy of these inherited
cholestatic disorders that need to be treated at very early ages, as only a few hepatocytes
will maintain episomal AAV genomes [124]. Unlike PFIC3, for which partial gene therapy
supplementation or correction of the affected gene is feasible, other types of PFIC may
benefit from other gene therapy strategies aimed at reversing liver damage at several levels.

4. Future Directions

Due to the growing success of liver-targeted gene therapies and preclinical stud-
ies showing therapeutic efficacy against cholestatic diseases, such as PFIC3, the need to
overcome challenges involved in taking these products from bench to bedside is even
more critical.

One of the main challenges that gene therapy of cholestatic disorders faces is the
potential loss of therapeutic effect in pediatric patients. This could be due to a decrease
of viral genomes as a result of hepatocyte divisions in a growing liver in the case of
AAV-based therapies, or to the transient expression of non-viral vector-mediated mRNA
delivery [107,125]. Other challenges include immune responses to treatment (vector or
transgene) and vector-mediated toxicities, particularly as a result of using very high vector
doses. Strategies for addressing these challenges will guide the possible directions for
present and future research.

First, the administration of repeated doses of the vector could allow the maintenance
of the therapeutic effect. However, this is only straightforward for non-viral vectors,
such as mRNA-loaded nanoparticles, although it will greatly increase the cost of this
therapy [115,125]. For viral vectors, such as AAV, the induction of vector-neutralizing anti-
bodies after the first dose prevents the use of the same vector for additional administrations.
However, several strategies have been proposed to allow vector re-administrations, which
include the use of alternative AAV serotypes without cross-reactivity [126], the elimination
of neutralizing antibodies using IgG-degrading endopeptidases [127], and the prevention
of humoral and cellular responses against the virus via co-administration of the vector with
rapamycin encapsulated in LNPs [128].

Second, the combination of gene therapy vectors with pharmacological therapies,
such as UDCA, could provide synergistic therapeutic effects, especially in PFIC3 patients
with more severe pathology who do not respond to UDCA treatment [19]. The use of
pharmacological therapies in some pediatric patients could lead to a healthier liver status,
improving the vector transduction efficiency and/or allowing the administration of the
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gene therapy product at an older age, at which vector genomes could be maintained for
longer periods of time.

Third, the sequential therapy of non-viral vectors such as mRNA-loaded nanoparticles
in pediatric patients with growing livers followed by the administration of a viral vector
that allows safe and stable long-term expression of the transgene at an older age, or the
combination of vectors that, after reducing liver injury, facilitate the long-term efficacy of
gene therapy could be of interest.

Fourth, the improvement of gene therapy vectors by codon optimization or incorpo-
rating promoters that allow a more potent expression of the transgene with the aim of
reducing the viral dose required to achieve a therapeutic effect could function to reduce
the risk of toxicity from high doses [129,130]. Alternatively, inducible promoters could
allow a safe, precise, and controlled expression of the transgene with physiological trans-
gene regulation [131,132], thus avoiding unwanted effects of transgene overexpression,
such as silencing, exacerbated immune responses, or cytotoxicity that could result in the
elimination of the transduced hepatocytes [133,134]. The modification of the transgene via
codon optimization with a reduced number of CpG motifs may also mitigate the risk of
activating the Toll-like receptor 9 pathway [135], which has been theorized to result in loss
of transduced hepatocytes [136].

And finally, for those cholestatic disorders in which correction of the majority of
hepatocytes for a long-term therapeutic effect is likely necessary, as in the case of some PFIC
subtypes [108,109], a promising alternative is the use of CRISPR/Cas9 to achieve specific
gene correction by non-homologous end-joining, base editing, or prime editing. The high
efficiency of liver-targeted gene delivery makes it an ideal organ for the application of gene
editing strategies in animal models of PFIC [88]. However, there are still many barriers
hampering the use of gene editing techniques in humans, such as reduced specificity
of targeted integration leading to safety concerns, as well as the low efficacy of non-
homologous end-joining [137]. However, for most patients with more severe extrahepatic
pathologies, liver-targeted gene therapy by itself will not be sufficient [109,122]. In this
sense, the combination of gene therapy products targeting the liver with other therapies
that allow the alleviation of extrahepatic damage could show a beneficial effect in these
patients.

5. Conclusions

Although pharmacological therapies can be used to treat cholestatic diseases with
milder phenotypes, they are less efficient in patients with a more severe pathology. As
addressed in this review, alternative approaches, such as gene therapy, could represent
a promising novel approach. To date, many preclinical studies using liver-directed gene
therapy in clinically relevant animal models of both inherited and induced cholestasis have
shown promising results. Although there are still many challenges for the implementation
of these emerging treatments in the clinic, it is likely that some of these therapies will be
approved in the near future, giving new hope for many cholestatic patients.

Author Contributions: ] M.-G., N.D.W. and C.S., writing—original draft preparation; J.M.-G., AM.,
G.G.-A, N.D.W. and C.S., writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the following grant: Instituto Salud Carlos III financed with
Feder Funds PI20/00415 (“A way to make Europe”).

Conflicts of Interest: N.D.W. and G.G.-A. are Vivet Therapeutics employees and hold stock in
the company.

78



Biomedicines 2022, 10, 1238

References

1. Zollner, G.; Trauner, M. Mechanisms of Cholestasis. Clin. Liver Dis. 2008, 12, 1-26. [CrossRef]

2. Lee,],; Boyer, ].L. Molecular Alterations in Hepatocyte Transport Mechanisms in Acquired Cholestatic Liver Disorders. Semin.
Liver Dis. 2000, 20, 373-384. [CrossRef] [PubMed]

3. Yokoda, R.T.; Rodriguez, E.A. Review: Pathogenesis of Cholestatic Liver Diseases. World . Hepatol. 2020, 12, 423-435. [CrossRef]
[PubMed]

4. Kaplan, M.M.; Gershwin, M.E. Primary Biliary Cirrhosis. N. Engl. ]. Med. 2005, 353, 1261-1273. [CrossRef] [PubMed]

5. Gulamhusein, A.F,; Hirschfield, G.M. Primary Biliary Cholangitis: Pathogenesis and Therapeutic Opportunities. Nat. Rev.
Gastroenterol. Hepatol. 2020, 17, 93-110. [CrossRef] [PubMed]

6. Dyson, ].K,; Beuers, U.; Jones, D.E.].; Lohse, A.W.; Hudson, M. Primary Sclerosing Cholangitis. Lancet 2018, 391, 2547-2559.
[CrossRef]

7. Reyes, H.; Sjovall, ]. Bile Acids and Progesterone Metabolites Intrahepatic Cholestasis of Pregnancy. Ann. Med. 2000, 32, 94-106.
[CrossRef]

8.  Pang, S.-Y,; Dai, Y.-M.; Zhang, R.-Z; Chen, Y.-H.; Peng, X.-F; Fu, J.; Chen, Z.-R.; Liu, Y.-F; Yang, L.-Y.; Wen, Z,; et al. Autoimmune
Liver Disease-Related Autoantibodies in Patients with Biliary Atresia. World ]. Gastroenterol. 2018, 24, 387-396. [CrossRef]

9.  Abbey, P; Kandasamy, D.; Naranje, P. Neonatal Jaundice. Indian J. Pediatr. 2019, 86, 830-841. [CrossRef]

10. Visentin, M.; Lenggenhager, D.; Gai, Z.; Kullak-Ublick, G.A. Drug-Induced Bile Duct Injury. Biochim. Biophys. Acta-Mol. Basis Dis.
2018, 1864, 1498-1506. [CrossRef]

11.  Jacquemin, E. Progressive Familial Intrahepatic Cholestasis. Clin. Res. Hepatol. Gastroenterol. 2012, 36, S26-535. [CrossRef]

12. Srivastava, A. Progressive Familial Intrahepatic Cholestasis. J. Clin. Exp. Hepatol. 2014, 4, 25-36. [CrossRef] [PubMed]

13.  Amirneni, S.; Haep, N.; Gad, M.A.; Soto-Gutierrez, A.; Squires, J.E.; Florentino, R.M. Molecular Overview of Progressive Familial
Intrahepatic Cholestasis. World ]. Gastroenterol. 2020, 26, 7470-7484. [CrossRef]

14. Imagawa, K.; Hayashi, H.; Sabu, Y.; Tanikawa, K.; Fujishiro, J.; Kajikawa, D.; Wada, H.; Kudo, T.; Kage, M.; Kusuhara, H.; et al.
Clinical Phenotype and Molecular Analysis of a Homozygous ABCB11 Mutation Responsible for Progressive Infantile Cholestasis.
J. Hum. Genet. 2018, 63, 569-577. [CrossRef] [PubMed]

15. Gomez-Ospina, N.; Potter, C.J.; Xiao, R.; Manickam, K.; Kim, M.-S.; Kim, K.H.; Shneider, B.L.; Picarsic, J.L.; Jacobson, T.A.; Zhang,
J.; et al. Mutations in the Nuclear Bile Acid Receptor FXR Cause Progressive Familial Intrahepatic Cholestasis. Nat. Commun.
2016, 7, 10713. [CrossRef] [PubMed]

16. Gonzales, E.; Taylor, S.A.; Davit-Spraul, A.; Thébaut, A.; Thomassin, N.; Guettier, C.; Whitington, P.F.; Jacquemin, E. MYO5B
Mutations Cause Cholestasis with Normal Serum Gamma-glutamyl Transferase Activity in Children without Microvillous
Inclusion Disease. Hepatology 2017, 65, 164-173. [CrossRef]

17.  Luketic, V.A,; Shiffman, M.L. Benign Recurrent Intrahepatic Cholestasis. Clin. Liver Dis. 2004, 8, 133-149. [CrossRef]

18. Lam, P; Soroka, C.; Boyer, J. The Bile Salt Export Pump: Clinical and Experimental Aspects of Genetic and Acquired Cholestatic
Liver Disease. Semin. Liver Dis. 2010, 30, 125-133. [CrossRef]

19. Sticova, E.; Jirsa, M. ABCB4 Disease: Many Faces of One Gene Deficiency. Ann. Hepatol. 2020, 19, 126-133. [CrossRef]

20. Feranchak, A.P.; Sokol, R.J. Cholangiocyte Biology and Cystic Fibrosis Liver Disease. Semin. Liver Dis. 2001, 21, 471-488.
[CrossRef]

21. Mitchell, E.; Gilbert, M.; Loomes, K.M. Alagille Syndrome. Clin. Liver Dis. 2018, 22, 625-641. [CrossRef] [PubMed]

22. Zhang, P; Zhao, J.; Peng, X.-M.; Qian, Y.-Y.; Zhao, X.-M.; Zhou, W.-H.; Wang, J.-S.; Wu, B.-B.; Wang, H.-J. Cholestasis as a
Dominating Symptom of Patients with CYP27A1 Mutations: An Analysis of 17 Chinese Infants. J. Clin. Lipidol. 2021, 15, 116-123.
[CrossRef] [PubMed]

23. Sokal, EMM. Liver Transplantation for Inborn Errors of Liver Metabolism. J. Inherit. Metab. Dis. 2006, 29, 426-430. [CrossRef]
[PubMed]

24. Nevens, F. PBC-Transplantation and Disease Recurrence. Best Pract. Res. Clin. Gastroenterol. 2018, 34-35, 107-111. [CrossRef]

25. Jadlowiec, C.C. Liver Transplantation: Current Status and Challenges. World ]. Gastroenterol. 2016, 22, 4438. [CrossRef]

26. Liuw, Y,; Sun, L.-Y;; Zhu, Z.-].; Wei, L.; Qu, W.; Zeng, Z.-G. Liver Transplantation for Progressive Familial Intrahepatic Cholestasis.
Ann. Transplant. 2018, 23, 666-673. [CrossRef]

27. Kubitz, R.; Droge, C.; Kluge, S.; Stross, C.; Walter, N.; Keitel, V.; Haussinger, D.; Stindt, J. Autoimmune BSEP Disease: Disease
Recurrence After Liver Transplantation for Progressive Familial Intrahepatic Cholestasis. Clin. Rev. Allergy Immunol. 2015, 48,
273-284. [CrossRef]

28. Stindt, J.; Kluge, S.; Droge, C.; Keitel, V.; Stross, C.; Baumann, U.; Brinkert, F.; Dhawan, A.; Engelmann, G.; Ganschow, R; et al.
Bile Salt Export Pump-Reactive Antibodies Form a Polyclonal, Multi-Inhibitory Response in Antibody-Induced Bile Salt Export
Pump Deficiency. Hepatology 2016, 63, 524-537. [CrossRef]

29. Bull, L.N.,; Pawlikowska, L.; Strautnieks, S.; Jankowska, I.; Czubkowski, P.; Dodge, J.L.; Emerick, K.; Wanty, C.; Wali, S.; Blanchard,
S.; et al. Outcomes of Surgical Management of Familial Intrahepatic Cholestasis 1 and Bile Salt Export Protein Deficiencies.
Hepatol. Commun. 2018, 2, 515-528. [CrossRef]

30. Bjernland, K.; Hukkinen, M.; Gatzinsky, V.; Arnell, H.; Pakarinen, M.P,; Almaas, R.; Svensson, J.F. Partial Biliary Diversion May

Promote Long-Term Relief of Pruritus and Native Liver Survival in Children with Cholestatic Liver Diseases. Eur. J. Pediatr. Surg.
2021, 31, 341-346. [CrossRef]

79



Biomedicines 2022, 10, 1238

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Cielecka-Kuszyk, J.; Lipiniski, P.; Szymariska, S.; Ismail, H.; Jankowska, I. Long-Term Follow-up in Children with Progressive
Familial Intrahepatic Cholestasis Type 2 after Partial External Biliary Diversion with Focus on Histopathological Features. Pol. ].
Pathol. 2019, 70, 79-83. [CrossRef] [PubMed]

Lemoine, C.; Bhardwaj, T.; Bass, L.M.; Superina, R.A. Outcomes Following Partial External Biliary Diversion in Patients with
Progressive Familial Intrahepatic Cholestasis. |. Pediatr. Surg. 2017, 52, 268-272. [CrossRef] [PubMed]

Alam, S.; Lal, B.B. Recent Updates on Progressive Familial Intrahepatic Cholestasis Types 1, 2 and 3: Outcome and Therapeutic
Strategies. World . Hepatol. 2022, 14, 98-118. [CrossRef] [PubMed]

Abbas, N.; Quraishi, M.N.; Trivedi, P. Emerging Drugs for the Treatment of Primary Sclerosing Cholangitis. Curr. Opin. Pharmacol.
2022, 62, 23-35. [CrossRef] [PubMed]

Cabrera, D.; Arab, J.P.,; Arrese, M. UDCA, NorUDCA, and TUDCA in Liver Diseases: A Review of Their Mechanisms of
Action and Clinical Applications. In Bile Acids and Their Receptors; Handbook of Experimental Pharmacology; Springer: Cham,
Switzerland, 2019; pp. 237-264.

Manna, L.B.; Papacleovoulou, G.; Flaviani, F; Pataia, V.; Qadri, A.; Abu-Hayyeh, S.; Mcllvride, S.; Jansen, E.; Dixon, P.; Chambers,
J.; et al. Ursodeoxycholic Acid Improves Feto-Placental and Offspring Metabolic Outcomes in Hypercholanemic Pregnancy. Sci.
Rep. 2020, 10, 10361. [CrossRef]

Carey, EJ.; Ali, AH.; Lindor, K.D. Primary Biliary Cirrhosis. Lancet 2015, 386, 1565-1575. [CrossRef]

Gordo-Gilart, R.; Andueza, S.; Hierro, L.; Martinez-Fernandez, P.; D’Agostino, D.; Jara, P.; Alvarez, L. Functional Analysis of
ABCB4 Mutations Relates Clinical Outcomes of Progressive Familial Intrahepatic Cholestasis Type 3 to the Degree of MDR3
Floppase Activity. Gut 2015, 64, 147-155. [CrossRef]

Ghonem, N.S.; Assis, D.N.; Boyer, J.L. Fibrates and Cholestasis. Hepatology 2015, 62, 635-643. [CrossRef]

Stapelbroek, ] M.; van Erpecum, K.J.; Klomp, L.W.J.; Houwen, R.H.J. Liver Disease Associated with Canalicular Transport Defects:
Current and Future Therapies. ]. Hepatol. 2010, 52, 258-271. [CrossRef]

Fickert, P.; Hirschfield, G.M.; Denk, G.; Marschall, H.-U.; Altorjay, I.; Farkkild, M.; Schramm, C.; Spengler, U.; Chapman, R,;
Bergquist, A.; et al. NorUrsodeoxycholic Acid Improves Cholestasis in Primary Sclerosing Cholangitis. ]. Hepatol. 2017, 67,
549-558. [CrossRef]

Chazouilléres, O. 24-Norursodeoxycholic Acid in Patients with Primary Sclerosing Cholangitis: A New “Urso Saga” on the
Horizon? J. Hepatol. 2017, 67, 446—447. [CrossRef] [PubMed]

Ma, H.; Zeng, M.; Han, Y.; Yan, H.; Tang, H.; Sheng, J.; Hu, H.; Cheng, L.; Xie, Q.; Zhu, Y.; et al. A Multicenter, Randomized,
Double-Blind Trial Comparing the Efficacy and Safety of TUDCA and UDCA in Chinese Patients with Primary Biliary Cholangitis.
Medicine 2016, 95, €5391. [CrossRef] [PubMed]

Trauner, M.; Nevens, E; Shiffman, M.L.; Drenth, ].P.H.; Bowlus, C.L.; Vargas, V.; Andreone, P.; Hirschfield, G.M.; Pencek, R,;
Malecha, E.S.; et al. Long-Term Efficacy and Safety of Obeticholic Acid for Patients with Primary Biliary Cholangitis: 3-Year
Results of an International Open-Label Extension Study. Lancet Gastroenterol. Hepatol. 2019, 4, 445-453. [CrossRef]

Kowdley, K.V.; Vuppalanchi, R.; Levy, C.; Floreani, A.; Andreone, P.; LaRusso, N.F,; Shrestha, R.; Trotter, J.; Goldberg, D.;
Rushbrook, S; et al. A Randomized, Placebo-Controlled, Phase II Study of Obeticholic Acid for Primary Sclerosing Cholangitis. J.
Hepatol. 2020, 73, 94-101. [CrossRef] [PubMed]

D’Amato, D.; de Vincentis, A.; Malinverno, F; Vigano, M.; Alvaro, D.; Pompili, M.; Picciotto, A ; Palitti, V.P; Russello, M.; Storato,
S.; et al. Real-World Experience with Obeticholic Acid in Patients with Primary Biliary Cholangitis. JHEP Rep. 2021, 3, 100248.
[CrossRef] [PubMed]

Wang, L.; Luo, Q.; Zeng, S.; Lou, Y.; Li, X.; Hu, M,; Lu, L.; Liu, Z. Disordered Farnesoid X Receptor Signaling Is Associated with
Liver Carcinogenesis in Abcb11 -deficient Mice. ]. Pathol. 2021, 255, 412—424. [CrossRef]

Fiorucci, S.; Di Giorgio, C.; Distrutti, E. Obeticholic Acid: An Update of Its Pharmacological Activities in Liver Disorders. In Bile
Acids and Their Receptors; Handbook of Experimental Pharmacology; Springer: Cham, Switzerland, 2019; pp. 283-295.

Trauner, M.; Gulamhusein, A.; Hameed, B.; Caldwell, S.; Shiffman, M.L.; Landis, C.; Eksteen, B.; Agarwal, K.; Muir, A.; Rushbrook,
S.; et al. The Nonsteroidal Farnesoid X Receptor Agonist Cilofexor (GS-9674) Improves Markers of Cholestasis and Liver Injury in
Patients With Primary Sclerosing Cholangitis. Hepatology 2019, 70, 788-801. [CrossRef]

Jiang, L.; Liu, X.; Wei, H.; Dai, S.; Qu, L.; Chen, X.; Guo, M.; Chen, Y. Structural Insight into the Molecular Mechanism of Cilofexor
Binding to the Farnesoid X Receptor. Biochem. Biophys. Res. Commun. 2022, 595, 1-6. [CrossRef]

Massafra, V.; Pellicciari, R.; Gioiello, A.; van Mil, S.W.C. Progress and Challenges of Selective Farnesoid X Receptor Modulation.
Pharmacol. Ther. 2018, 191, 162-177. [CrossRef]

van de Wiel, SM.W.,; Bijsmans, LT.G.W.; Van Mil, S.W.C.; van de Graaf, S.E]. Identification of FDA-Approved Drugs Targeting the
Farnesoid X Receptor. Sci. Rep. 2019, 9, 2193. [CrossRef]

Baghdasaryan, A.; Chiba, P; Trauner, M. Clinical Application of Transcriptional Activators of Bile Salt Transporters. Mol. Asp.
Med. 2014, 37,57-76. [CrossRef] [PubMed]

Beaudoin, ].J.; Brouwer, K.L.R.; Malinen, M.M. Novel Insights into the Organic Solute Transporter Alpha/Beta, OSTa/3: From
the Bench to the Bedside. Pharmacol. Ther. 2020, 211, 107542. [CrossRef]

Slijepcevic, D.; van de Graaf, S.E]. Bile Acid Uptake Transporters as Targets for Therapy. Dig. Dis. 2017, 35, 251-258. [CrossRef]
[PubMed]

80



Biomedicines 2022, 10, 1238

56.

57.
58.
59.
60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Slijepcevic, D.; Roscam Abbing, R.L.P; Fuchs, C.D.; Haazen, L.C.M.; Beuers, U.; Trauner, M.; Oude Elferink, R.PJ.; van de Graaf,
S.EJ. Na*-Taurocholate Cotransporting Polypeptide Inhibition Has Hepatoprotective Effects in Cholestasis in Mice. Hepatology
2018, 68, 1057-1069. [CrossRef]

Kamath, B.M.; Stein, P.; Houwen, R.H.].; Verkade, H.]. Potential of Ileal Bile Acid Transporter Inhibition as a Therapeutic Target in
Alagille Syndrome and Progressive Familial Intrahepatic Cholestasis. Liver Int. 2020, 40, 1812-1822. [CrossRef] [PubMed]
Karpen, S.J.; Kelly, D.; Mack, C.; Stein, P. Ileal Bile Acid Transporter Inhibition as an Anticholestatic Therapeutic Target in Biliary
Atresia and Other Cholestatic Disorders. Hepatol. Int. 2020, 14, 677-689. [CrossRef]

Deeks, E.D. Odevixibat: First Approval. Drugs 2021, 81, 1781-1786. [CrossRef]

Mayo, M.].; Pockros, PJ.; Jones, D.; Bowlus, C.L.; Levy, C.; Patanwala, L.; Bacon, B.; Luketic, V.; Vuppalanchi, R.; Medendorp,
S.; et al. A Randomized, Controlled, Phase 2 Study of Maralixibat in the Treatment of Itching Associated with Primary Biliary
Cholangitis. Hepatol. Commun. 2019, 3, 365-381. [CrossRef]

Shirley, M. Maralixibat: First Approval. Drugs 2022, 82, 71-76. [CrossRef]

Gonzales, E.; Hardikar, W.; Stormon, M.; Baker, A.; Hierro, L.; Gliwicz, D.; Lacaille, F.; Lachaux, A.; Sturm, E.; Setchell, K.D.R.;
et al. Efficacy and Safety of Maralixibat Treatment in Patients with Alagille Syndrome and Cholestatic Pruritus (ICONIC):
A Randomised Phase 2 Study. Lancet 2021, 398, 1581-1592. [CrossRef]

Mazzetti, M.; Marconi, G.; Mancinelli, M.; Benedetti, A.; Marzioni, M.; Maroni, L. The Management of Cholestatic Liver Diseases:
Current Therapies and Emerging New Possibilities. J. Clin. Med. 2021, 10, 1763. [CrossRef] [PubMed]

Kulkarni, S.R.; Soroka, C.J.; Hagey, L.R.; Boyer, J.L. Sirtuin 1 Activation Alleviates Cholestatic Liver Injury in a Cholic Acid-Fed
Mouse Model of Cholestasis. Hepatology 2016, 64, 2151-2164. [CrossRef] [PubMed]

Claveria-Cabello, A.; Colyn, L.; Uriarte, I.; Latasa, M.U.; Arechederra, M.; Herranz, ].M.; Alvarez, L.; Urman, ].M.; Martinez-
Chantar, M.L.; Banales, ]. M.; et al. Dual Pharmacological Targeting of HDACs and PDES5 Inhibits Liver Disease Progression in a
Mouse Model of Biliary Inflammation and Fibrosis. Cancers 2020, 12, 3748. [CrossRef]

Mareux, E.; Lapalus, M.; Amzal, R.; Almes, M.; Ait-Slimane, T.; Delaunay, J.; Adnot, P.; Collado-Hilly, M.; Davit-Spraul, A.;
Falguieres, T.; et al. Functional Rescue of an ABCB11 Mutant by Ivacaftor: A New Targeted Pharmacotherapy Approach in Bile
Salt Export Pump Deficiency. Liver Int. 2020, 40, 1917-1925. [CrossRef]

Cangado, G.G.L.; Couto, C.A.; Guedes, L.V.; Braga, M.H.; Terrabuio, D.R.B.; Cancado, E.L.R.; Ferraz, M.L.G.; Villela-Nogueira,
C.A.; Nardelli, M.].; Faria, L.C.; et al. Fibrates for the Treatment of Primary Biliary Cholangitis Unresponsive to Ursodeoxycholic
Acid: An Exploratory Study. Front. Pharmacol. 2022, 12, 818089. [CrossRef]

Joutsiniemi, T.; Timonen, S.; Leino, R.; Palo, P; Ekblad, U. Ursodeoxycholic Acid in the Treatment of Intrahepatic Cholestasis of
Pregnancy: A Randomized Controlled Trial. Arch. Gynecol. Obstet. 2014, 289, 541-547. [CrossRef]

Hopf, C.; Grieshaber, R.; Hartmann, H.; Hinrichsen, H.; Eisold, M.; Cordes, H.-J.; Greinwald, R.; Rust, C. Therapeutic Equivalence
of Ursodeoxycholic Acid Tablets and Ursodeoxycholic Acid Capsules for the Treatment of Primary Biliary Cirrhosis. Clin.
Pharmacol. Drug Dev. 2013, 2, 231-236. [CrossRef] [PubMed]

Poupon, R.E.; Eschwege, E.; Poupon, R.; Poupon, R.; Poupon, R.E.; Eschwege, E.; Attali, P.; Capron, J.P; Erlinger, S.; Beaugrand,
M.; et al. Ursodeoxycholic Acid for the Treatment of Primary Biliary Cirrhosis. J. Hepatol. 1990, 11, 16-21. [CrossRef]
Jacquemin, E.; Hermans, D.; Myara, A.; Habes, D.; Debray, D.; Hadchouel, M.; Sokal, E.M.; Bernard, O. Ursodeoxycholic Acid
Therapy in Pediatric Patients with Progressive Familial Intrahepatic Cholestasis. Hepatology 1997, 25, 519-523. [CrossRef]
Nevens, F; Andreone, P.; Mazzella, G.; Strasser, S.I.; Bowlus, C.; Invernizzi, P; Drenth, ] PH.; Pockros, PJ.; Regula, J.; Beuers, U,;
et al. A Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis. N. Engl. |. Med. 2016, 375, 631-643. [CrossRef]
Kowdley, K.V.; Luketic, V.; Chapman, R.; Hirschfield, G.M.; Poupon, R.; Schramm, C.; Vincent, C.; Rust, C.; Parés, A.; Mason, A;
etal. A Randomized Trial of Obeticholic Acid Monotherapy in Patients with Primary Biliary Cholangitis. Hepatology 2018, 67,
1890-1902. [CrossRef]

Schramm, C.; Hirschfield, G.; Mason, A.L.; Wedemeyer, H.; Klickstein, L.; Neelakantham, S.; Koo, P.; Sanni, J.; Badman, M.; Jones,
D. Early Assessment of Safety and Efficacy of Tropifexor, a Potent Non Bile-Acid FXR Agonist, in Patients with Primary Biliary
Cholangitis: An Interim Analysis of an Ongoing Phase 2 Study. J. Hepatol. 2018, 68, S103. [CrossRef]

Slavetinsky, C.; Sturm, E. Odevixibat and Partial External Biliary Diversion Showed Equal Improvement of Cholestasis in a
Patient with Progressive Familial Intrahepatic Cholestasis. BM]J Case Rep. 2020, 13, €234185. [CrossRef]

Baumann, U.; Sturm, E.; Lacaille, F.;; Gonzalés, E.; Arnell, H.; Fischler, B.; Jorgensen, M.H.; Thompson, R.J.; Mattsson, J.P.; Ekelund,
M.; et al. Effects of Odevixibat on Pruritus and Bile Acids in Children with Cholestatic Liver Disease: Phase 2 Study. Clin. Res.
Hepatol. Gastroenterol. 2021, 45, 101751. [CrossRef]

Hegade, V.S.; Kendrick, S.EW.; Dobbins, R.L.; Miller, S.R.; Thompson, D.; Richards, D.; Storey, J.; Dukes, G.E.; Corrigan, M.; Oude
Elferink, R.PJ.; et al. Effect of Ileal Bile Acid Transporter Inhibitor GSK2330672 on Pruritus in Primary Biliary Cholangitis: A
Double-Blind, Randomised, Placebo-Controlled, Crossover, Phase 2a Study. Lancet 2017, 389, 1114-1123. [CrossRef]
Cholangitis, H. GLIMMER Trial-A Randomized, Double-Blind, Placebo-Controlled Study of Linerixibat, an Inhibitor of the
Ileal Bile Acid Transporter, in the Treatment of Cholestatic Pruritus in Primary Biliary Cholangitis. Gastroenterol. Hepatol. 2021,
17,11-12.

Sanyal, A.].; Ling, L.; Beuers, U.; DePaoli, A.M.; Lieu, H.D.; Harrison, S.A.; Hirschfield, G.M. Potent Suppression of Hydrophobic
Bile Acids by Aldafermin, an FGF19 Analogue, across Metabolic and Cholestatic Liver Diseases. [HEP Rep. 2021, 3, 100255.
[CrossRef] [PubMed]

81



Biomedicines 2022, 10, 1238

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Corpechot, C.; Chazouilleres, O.; Rousseau, A.; Le Gruyer, A.; Habersetzer, F.; Mathurin, P.; Goria, O.; Potier, P.; Minello, A;
Silvain, C.; et al. A Placebo-Controlled Trial of Bezafibrate in Primary Biliary Cholangitis. N. Engl. ]. Med. 2018, 378, 2171-2181.
[CrossRef]

Schattenberg, ].M.; Pares, A.; Kowdley, K.V.; Heneghan, M.A.; Caldwell, S.; Pratt, D.; Bonder, A.; Hirschfield, G.M.; Levy,
C.; Vierling, J.; et al. A Randomized Placebo-Controlled Trial of Elafibranor in Patients with Primary Biliary Cholangitis and
Incomplete Response to UDCA. . Hepatol. 2021, 74, 1344-1354. [CrossRef]

Kremer, A.E.; Mayo, M.].; Hirschfield, G.; Levy, C.; Bowlus, C.L.; Jones, D.E.; Steinberg, A.; McWherter, C.A.; Choi, Y. Seladelpar
Improved Measures of Pruritus, Sleep, and Fatigue and Decreased Serum Bile Acids in Patients with Primary Biliary Cholangitis.
Liver Int. 2022, 42, 112-123. [CrossRef]

High, K.A_; Roncarolo, M.G. Gene Therapy. N. Engl. ]. Med. 2019, 381, 455-464. [CrossRef] [PubMed]

Szabé, G.T.; Mahiny, A.].; Vlatkovic, I. COVID-19 mRNA vaccines: Platforms and current developments. Mol. Ther. 2022, 30,
1850-1868. [CrossRef] [PubMed]

Dunbar, C.E.; High, K.A.; Joung, ] K.; Kohn, D.B.; Ozawa, K.; Sadelain, M. Gene Therapy Comes of Age. Science 2018, 359, eaan4672.
[CrossRef] [PubMed]

Baruteau, J.; Waddington, S.N.; Alexander, LE.; Gissen, P. Gene Therapy for Monogenic Liver Diseases: Clinical Successes,
Current Challenges and Future Prospects. J. Inherit. Metab. Dis. 2017, 40, 497-517. [CrossRef]

van der Laan, L.J.; Wang, Y.; Tilanus, H.W,; Janssen, H.L.; Pan, Q. AAV-Mediated Gene Therapy for Liver Diseases: The Prime
Candidate for Clinical Application? Expert Opin. Biol. Ther. 2011, 11, 315-327. [CrossRef]

Maestro, S.; Weber, N.D.; Zabaleta, N.; Aldabe, R.; Gonzalez-Aseguinolaza, G. Novel Vectors and Approaches for Gene Therapy
in Liver Diseases. [HEP Rep. 2021, 3, 100300. [CrossRef]

Mendell, J.R.; Al-Zaidy, S.A.; Rodino-Klapac, L.R.; Goodspeed, K.; Gray, S.J.; Kay, C.N.; Boye, S.L.; Boye, S.E.; George, L.A;
Salabarria, S.; et al. Current Clinical Applications of In Vivo Gene Therapy with AAVs. Mol. Ther. 2021, 29, 464—488. [CrossRef]
Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.-F,; Tillman, A.; Wittes, ].; Pappas, J.; Elci, O.; McCague, S.; et al.
Efficacy and Safety of Voretigene Neparvovec (AAV2-HRPE65v2) in Patients with RPE65 -Mediated Inherited Retinal Dystrophy:
A Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet 2017, 390, 849-860. [CrossRef]

Mendell, ].R.; Al-Zaidy, S.; Shell, R.; Arnold, W.D.; Rodino-Klapac, L.R.; Prior, T.W.; Lowes, L.; Alfano, L.; Berry, K.; Church, K,;
et al. Single-Dose Gene-Replacement Therapy for Spinal Muscular Atrophy. N. Engl. . Med. 2017, 377, 1713-1722. [CrossRef]
Mariotti, V.; Strazzabosco, M.; Fabris, L.; Calvisi, D.F. Animal Models of Biliary Injury and Altered Bile Acid Metabolism. Biochim.
Biophys. Acta-Mol. Basis Dis. 2018, 1864, 1254-1261. [CrossRef]

Fernandez-Ramos, D.; Ferndndez-Tussy, P.; Lopitz-Otsoa, E; Gutiérrez-de-Juan, V.; Navasa, N.; Barbier-Torres, L.; Zubiete-Franco,
I.; Simon, J.; Fernandez, A.F,; Arbelaiz, A.; et al. MiR-873-5p Acts as an Epigenetic Regulator in Early Stages of Liver Fibrosis and
Cirrhosis. Cell Death Dis. 2018, 9, 958. [CrossRef] [PubMed]

Wang, K.P.-C; Lee, L.-M,; Lin, T.-].; Sheen-Chen, S.-M,; Lin, J.-W.; Chiu, W.-T.; Wang, C.-C.; Hung, K.-S. Gene Transfer of IGF1
Attenuates Hepatocellular Apoptosis After Bile Duct Ligation. J. Surg. Res. 2011, 167, 237-244. [CrossRef] [PubMed]

Zhong, Z.; Froh, M.; Wheeler, M.; Smutney, O.; Lehmann, T.; Thurman, R. Viral Gene Delivery of Superoxide Dismutase
Attenuates Experimental Cholestasis-Induced Liver Fibrosis in the Rat. Gene Ther. 2002, 9, 183-191. [CrossRef] [PubMed]

Bian, Z.; Miao, Q.; Zhong, W.; Zhang, H.; Wang, Q.; Peng, Y.; Chen, X.; Guo, C.; Shen, L,; Yang, E; et al. Treatment of Cholestatic
Fibrosis by Altering Gene Expression of Cthrcl: Implications for Autoimmune and Non-Autoimmune Liver Disease. ]. Autoimmun.
2015, 63, 76-87. [CrossRef]

Miranda-Diaz, A.; Rincén, A.R;; Salgado, S.; Vera-Cruz, J.; Galvez, ].; Islas, M.C.; Berumen, J.; Aguilar Cordova, E.; Armendariz-
Borunda, J. Improved Effects of Viral Gene Delivery of Human UPA plus Biliodigestive Anastomosis Induce Recovery from
Experimental Biliary Cirrhosis. Mol. Ther. 2004, 9, 30-37. [CrossRef]

Salgado, S.; Garcia, J.; Vera, J.; Siller, F.; Bueno, M.; Miranda, A.; Segura, A.; Grijalva, G.; Segura, J.; Orozco, H.; et al. Liver
Cirrhosis Is Reverted by Urokinase-Type Plasminogen Activator Gene Therapy. Mol. Ther. 2000, 2, 545-551. [CrossRef]

Mak, K.Y.; Chin, R.; Cunningham, S.C.; Habib, M.R; Torresi, J.; Sharland, A.F,; Alexander, L.E.; Angus, PW.; Herath, C.B. ACE2
Therapy Using Adeno-Associated Viral Vector Inhibits Liver Fibrosis in Mice. Mol. Ther. 2015, 23, 1434-1443. [CrossRef]

Yang, T.; Poenisch, M.; Khanal, R.; Hu, Q.; Dai, Z; Li, R.; Song, G.; Yuan, Q.; Yao, Q.; Shen, X; et al. Therapeutic HNF4AA MRNA
Attenuates Liver Fibrosis in a Preclinical Model. |. Hepatol. 2021, 75, 1420-1433. [CrossRef]

Marrone, J.; Lehmann, G.L.; Soria, L.R.; Pellegrino, ]. M.; Molinas, S.; Marinelli, R.A. Adenoviral Transfer of Human Aquaporin-1
Gene to Rat Liver Improves Bile Flow in Estrogen-Induced Cholestasis. Gene Ther. 2014, 21, 1058-1064. [CrossRef]

Marrone, J.; Soria, L.R.; Danielli, M.; Lehmann, G.L.; Larocca, M.C.; Marinelli, R.A. Hepatic Gene Transfer of Human Aquaporin-1
Improves Bile Salt Secretory Failure in Rats with Estrogen-induced Cholestasis. Hepatology 2016, 64, 535-548. [CrossRef]
Nathwani, A.C.; Tuddenham, E.G.D.; Rangarajan, S.; Rosales, C.; McIntosh, J.; Linch, D.C.; Chowdary, P,; Riddell, A.; Pie, A.J.;
Harrington, C.; et al. Adenovirus-Associated Virus Vector-Mediated Gene Transfer in Hemophilia B. N. Engl. ]. Med. 2011, 365,
2357-2365. [CrossRef] [PubMed]

Lumbreras, S.; Ricobaraza, A.; Baila-Rueda, L.; Gonzalez-Aparicio, M.; Mora-Jimenez, L.; Uriarte, I.; Bunuales, M.; Avila, M.A;
Monte, M.].; Marin, ].J.G.; et al. Gene Supplementation of CYP27A1 in the Liver Restores Bile Acid Metabolism in a Mouse Model
of Cerebrotendinous Xanthomatosis. Mol. Ther.-Methods Clin. Dev. 2021, 22, 210-221. [CrossRef] [PubMed]

82



Biomedicines 2022, 10, 1238

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Collaud, F,; Bortolussi, G.; Guianvarc’h, L.; Aronson, S.J.; Bordet, T.; Veron, P.; Charles, S.; Vidal, P,; Sola, M.S.; Rundwasser, S.;
et al. Preclinical Development of an AAV8-HUGT1A1 Vector for the Treatment of Crigler-Najjar Syndrome. Mol. Ther.-Methods
Clin. Dev. 2019, 12, 157-174. [CrossRef] [PubMed]

Ronzitti, G.; Bortolussi, G.; van Dijk, R.; Collaud, F.; Charles, S.; Leborgne, C.; Vidal, P.; Martin, S.; Gjata, B.; Sola, M.S.; et al.
A Translationally Optimized AAV-UGT1A1 Vector Drives Safe and Long-Lasting Correction of Crigler-Najjar Syndrome. Mol.
Ther.-Methods Clin. Dev. 2016, 3, 16049. [CrossRef]

Ginocchio, V.M.; Ferla, R.; Auricchio, A.; Brunetti-Pierri, N. Current Status on Clinical Development of Adeno-Associated
Virus-Mediated Liver-Directed Gene Therapy for Inborn Errors of Metabolism. Hum. Gene Ther. 2019, 30, 1204-1210. [CrossRef]
[PubMed]

Bull, L.N.; Thompson, R.J. Progressive Familial Intrahepatic Cholestasis. Clin. Liver Dis. 2018, 22, 657-669. [CrossRef]

Bosma, PJ.; Wits, M.; Oude-Elferink, R.PJ. Gene Therapy for Progressive Familial Intrahepatic Cholestasis: Current Progress and
Future Prospects. Int. J. Mol. Sci. 2020, 22, 273. [CrossRef]

de Vree, . M.L,; Ottenhoff, R.; Bosma, PJ.; Smith, A.J.; Aten, J.; Oude Elferink, R.PJ. Correction of Liver Disease by Hepatocyte
Transplantation in a Mouse Model of Progressive Familial Intrahepatic Cholestasis. Gastroenterology 2000, 119, 1720-1730.
[CrossRef]

Ikenaga, N.; Liu, S.B.; Sverdlov, D.Y.; Yoshida, S.; Nasser, I.; Ke, Q.; Kang, PM.; Popov, Y. A New Mdr2~/~ Mouse Model of
Sclerosing Cholangitis with Rapid Fibrosis Progression, Early-Onset Portal Hypertension, and Liver Cancer. Am. J. Pathol. 2015,
185, 325-334. [CrossRef]

Aronson, S.J.; Bakker, R.S.; Shi, X.; Duijst, S.; Bloemendaal, L.T.; de Waart, D.R.; Verheij, J.; Ronzitti, G.; Elferink, R.P.O.; Beuers, U;
et al. Liver-Directed Gene Therapy Results in Long-Term Correction of Progressive Familial Intrahepatic Cholestasis Type 3 in
Mice. J. Hepatol. 2019, 71, 153-162. [CrossRef]

Weber, N.D.; Odriozola, L.; Martinez-Garcia, ].; Ferrer, V.; Douar, A.; Bénichou, B.; Gonzalez-Aseguinolaza, G.; Smerdou, C. Gene
Therapy for Progressive Familial Intrahepatic Cholestasis Type 3 in a Clinically Relevant Mouse Model. Nat. Commun. 2019,
10, 5694. [CrossRef] [PubMed]

Wei, G.; Cao, J.; Huang, P.; An, P,; Badlani, D.; Vaid, K.A.; Zhao, S.; Wang, D.Q.-H.; Zhuo, |.; Yin, L.; et al. Synthetic Human
ABCB4 MRNA Therapy Rescues Severe Liver Disease Phenotype in a BALB/c.Abcb4 Mouse Model of PFIC3. J. Hepatol. 2021, 74,
1416-1428. [CrossRef] [PubMed]

Weber, N.D.; Martinez-Garcia, J.; Gonzélez-Aseguinolaza, G. Comment on “Synthetic Human ABCB4 MRNA Therapy Rescues
Severe Liver Disease Phenotype in a BALB/c.Abcb4 Mouse Model of PFIC3”. J. Hepatol. 2022, 76, 749-751. [CrossRef] [PubMed]
Siew, S.M.; Cunningham, S.C.; Zhu, E.; Tay, S.S.; Venuti, E.; Bolitho, C.; Alexander, L.E. Prevention of Cholestatic Liver Disease
and Reduced Tumorigenicity in a Murine Model of PFIC Type 3 Using Hybrid AAV-PiggyBac Gene Therapy. Hepatology 2019, 70,
2047-2061. [CrossRef] [PubMed]

Rajapaksha, I.G.; Angus, PW.; Herath, C.B. Current Therapies and Novel Approaches for Biliary Diseases. World ]. Gastrointest.
Pathophysiol. 2019, 10, 1-10. [CrossRef]

Li, J.; Zhu, X.; Zhang, M.; Zhang, Y.; Ye, S.; Leng, Y.; Yang, T.; Kong, L.; Zhang, H. Limb Expression 1-like (LIX1L) Protein
Promotes Cholestatic Liver Injury by Regulating Bile Acid Metabolism. J. Hepatol. 2021, 75, 400-413. [CrossRef]

Ceci, L.; Francis, H.; Zhou, T,; Giang, T.; Yang, Z.; Meng, F.; Wu, N.; Kennedy, L.; Kyritsi, K.; Meadows, V.; et al. Knockout of the
Tachykinin Receptor 1 in the Mdr2~/~ (Abcb4~/~) Mouse Model of Primary Sclerosing Cholangitis Reduces Biliary Damage
and Liver Fibrosis. Am. J. Pathol. 2020, 190, 2251-2266. [CrossRef]

Giang, S.; Gordon, R.L.; Haas, K.B. A Diagnostic Quagmire: PFIC5 Presenting as a Rare Cause of Neonatal Cholestasis. ACG Case
Rep. J. 2021, 8, e00558. [CrossRef]

Sambrotta, M.; Strautnieks, S.; Papouli, E.; Rushton, P; Clark, B.E.; Parry, D.A.; Logan, C.V.; Newbury, L.]J.; Kamath, B.M.; Ling, S.;
et al. Mutations in TJP2 Cause Progressive Cholestatic Liver Disease. Nat. Genet. 2014, 46, 326-328. [CrossRef]

Overeem, AW.,; Li, Q.; Qiu, Y,; Cartén-Garcia, F; Leng, C.; Klappe, K.; Dronkers, J.; Hsiao, N.; Wang, J.; Arango, D.; etal. A
Molecular Mechanism Underlying Genotype-Specific Intrahepatic Cholestasis Resulting From MYO5B Mutations. Hepatology
2020, 72, 213-229. [CrossRef]

Zhang, Y.; Li, E; Patterson, A.D.; Wang, Y.; Krausz, K.W.; Neale, G.; Thomas, S.; Nachagari, D.; Vogel, P.; Vore, M.; et al. Abcb11
Deficiency Induces Cholestasis Coupled to Impaired p-Fatty Acid Oxidation in Mice. J. Biol. Chem. 2012, 287, 24784-24794.
[CrossRef] [PubMed]

Hu, C; Busuttil, R.W.; Lipshutz, G.S. RH10 Provides Superior Transgene Expression in Mice When Compared with Natural AAV
Serotypes for Neonatal Gene Therapy. J. Gene Med. 2010, 12, 766-778. [CrossRef] [PubMed]

Kowalski, P.S.; Rudra, A.; Miao, L.; Anderson, D.G. Delivering the Messenger: Advances in Technologies for Therapeutic MRNA
Delivery. Mol. Ther. 2019, 27, 710-728. [CrossRef] [PubMed]

Riviere, C.; Danos, O.; Douar, A.M. Long-Term Expression and Repeated Administration of AAV Type 1, 2 and 5 Vectors in
Skeletal Muscle of Immunocompetent Adult Mice. Gene Ther. 2006, 13, 1300-1308. [CrossRef]

Ros-Ganan, I.; Hommel, M.; Trigueros-Motos, L.; Tamarit, B.; Rodriguez-Garcia, E.; Salas, D.; Pérez, G.; Douar, A.; Combal,
J.P; Benichou, B.; et al. Optimising the IgG-degrading Enzyme Treatment Regimen for Enhanced Adeno-associated Virus
Transduction in the Presence of Neutralising Antibodies. Clin. Transl. Immunol. 2022, 11, €1375. [CrossRef]

83



Biomedicines 2022, 10, 1238

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Meliani, A.; Boisgerault, F.; Hardet, R.; Marmier, S.; Collaud, F.; Ronzitti, G.; Leborgne, C.; Verdera, H.C.; Sola, M.S.; Charles, S.;
et al. Antigen-Selective Modulation of AAV Immunogenicity with Tolerogenic Rapamycin Nanoparticles Enables Successful
Vector Re-Administration. Nat. Commun. 2018, 9, 4098. [CrossRef]

Buscara, L.; Gross, D.-A.; Daniele, N. Of RAAV and Men: From Genetic Neuromuscular Disorder Efficacy and Toxicity Preclinical
Studies to Clinical Trials and Back. J. Pers. Med. 2020, 10, 258. [CrossRef]

Chand, D.; Mohr, E; McMillan, H.; Tukov, EF,; Montgomery, K.; Kleyn, A.; Sun, R.; Tauscher-Wisniewski, S.; Kaufmann, P;
Kullak-Ublick, G. Hepatotoxicity Following Administration of Onasemnogene Abeparvovec (AVXS-101) for the Treatment of
Spinal Muscular Atrophy. J. Hepatol. 2021, 74, 560-566. [CrossRef]

Suzuki, M.; Singh, RN.; Crystal, R.G. Regulatable Promoters for Use in Gene Therapy Applications: Modification of the 5/-
Flanking Region of the CFTR Gene with Multiple CAMP Response Elements to Support Basal, Low-Level Gene Expression That
Can Be Upregulated by Exogenous Agents That Raise Int. Hum. Gene Ther. 1996, 7, 1883-1893. [CrossRef]

Martinez-Garcia, J.; Molina, M.; Odriozola, L.; Molina, A.; Gonzalez-Aseguinolaza, G.; Weber, N.D.; Smerdou, C. A Minimal Bile
Salt Excretory Pump Promoter Allows Bile Acid-Driven Physiological Regulation of Transgene Expression from a Gene Therapy
Vector. Cell Biosci. 2022, 12. [CrossRef]

Chen, S.-].; Johnston, ]J.; Sandhu, A.; Bish, L.T.; Hovhannisyan, R.; Jno-Charles, O.; Sweeney, H.L.; Wilson, ]. M. Enhancing the
Utility of Adeno-Associated Virus Gene Transfer through Inducible Tissue-Specific Expression. Hum. Gene Ther. Methods 2013, 24,
270-278. [CrossRef] [PubMed]

Toscano, M.G.; Romero, Z.; Mufioz, P.; Cobo, M.; Benabdellah, K.; Martin, F. Physiological and Tissue-Specific Vectors for
Treatment of Inherited Diseases. Gene Ther. 2011, 18, 117-127. [CrossRef] [PubMed]

Konkle, B.A.; Walsh, C.E.; Escobar, M.A.; Josephson, N.C.; Young, G.; von Drygalski, A.; McPhee, S.W.].; Samulski, R.J.; Bilic, L;
de la Rosa, M.; et al. BAX 335 Hemophilia B Gene Therapy Clinical Trial Results: Potential Impact of CpG Sequences on Gene
Expression. Blood 2021, 137, 763-774. [CrossRef] [PubMed]

Wright, ].F. Codon Modification and PAMPs in Clinical AAV Vectors: The Tortoise or the Hare? Mol. Ther. 2020, 28, 701-703.
[CrossRef] [PubMed]

Suzuki, K.; Tsunekawa, Y.; Hernandez-Benitez, R.; Wu, J.; Zhu, ].; Kim, E.J.; Hatanaka, F.; Yamamoto, M.; Araoka, T.; Li, Z.; et al.
In Vivo Genome Editing via CRISPR/Cas9 Mediated Homology-Independent Targeted Integration. Nature 2016, 540, 144-149.
[CrossRef] [PubMed]

84



b

i

omedicines @\Py

Review

Update on the Pharmacological Treatment of Primary
Biliary Cholangitis

Annarosa Floreani 12, Daniela Gabbia 3® and Sara De Martin 3*

Citation: Floreani, A.; Gabbia, D.;
De Martin, S. Update on the
Pharmacological Treatment of
Primary Biliary Cholangitis.
Biomedicines 2022, 10, 2033.
https://doi.org/10.3390/
biomedicines10082033

Academic Editor: Jinghua Wang

Received: 22 July 2022
Accepted: 18 August 2022
Published: 20 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Surgery, Oncology and Gastroenterology, University of Padova, 35131 Padova, Italy
IRCCS Negrar, 37024 Verona, Italy

Department of Pharmaceutical and Pharmacological Sciences, University of Padova, 35131 Padova, Italy
Correspondence: sara.demartin@unipd.it

@ N =

Abstract: Ursodeoxycholic acid (UDCA) is the first-line therapy used for the treatment of PBC. In
recent years, new pharmacological agents have been proposed for PBC therapy to cure UDCA-non-
responders. Obeticholic acid (OCA) is registered in many countries for PBC, and fibrates also seem to
be effective in ameliorating biochemistry alteration and symptoms typical of PBC. Moreover, a variety
of new agents, acting with different mechanisms of action, are under clinical evaluation for PBC
treatment, including PPAR agonists, anti-NOX agents, immunomodulators, and mesenchymal stem
cell transplantation. Since an insufficient amount of data is currently available about the effect of these
novel approaches on robust clinical endpoints, such as transplant-free survival, their clinical approval
needs to be supported by the consistent improvement of these parameters. The intensive research in
this field will hopefully lead to a novel treatment landscape for PBC in the near future, with innovative
therapies based on the combination of multiple agents acting on different pathogenetic mechanisms.

Keywords: PBC; ursodeoxycholic acid (UDCA); obeticholic acid (OCA); fibrates; FXR agonists; PPAR
agonists; budesonide

1. Introduction

Primary biliary cholangitis (PBC) is a chronic liver disease characterized by autoim-
mune responses, in which the small interlobular bile ducts are progressively disrupted,
causing cholestasis. As in other chronic liver diseases, PBC can evolve into hepatic fibro-
sis and cirrhosis, causing the need for liver transplantation to prevent liver failure and
death [1]. In regard to its geographical distribution, the highest number of patients is
diagnosed in Northern Europe and North America, even though this disease is also quite
common in Europe (mainly in the Southern countries), Asia, and Australia. Its global
prevalence is 14.6 per 100.000, and the global incidence is 1.76 per 100,000 per year [2,3]. A
gender difference can be observed in PBC patients, with a female predominancy. A F/M
ratio of 9:1 was reported in a cohort series analyzing epidemiology, natural history, and
clinical characteristics of PBC patients [1].

The clinical features and natural evolution of PBC may vary greatly between patients,
who can experience either asymptomatic, slowly progressive, symptomatic, or rapidly
evolving disease. Over the last 30 years, a modification of PBC symptoms was observed,
which has changed from a disease with evident clinical manifestations, such as portal
hypertension, to a milder condition, characterized by a long outcome [4]. The etiology of
PBC is complex, and some mechanistic issues remain to be solved. Nevertheless, there is
a general consensus indicating a predisposing genetic background that could lead to the
onset of the disease in combination with infective, immunological, and/or environmental
triggers [5-7]. The therapeutic management of PBC is a fascinating challenge, and several
drugs with different mechanisms of action are either approved or under development
(Figure 1).
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Figure 1. Drugs approved (in blue) or under evaluation (in yellow) for the treatment of PBC.

2. Ursodeoxycholic Acid (UDCA) as First-Line PBC Therapy

The standard therapy for PBC is currently ursodeoxycholic acid (UDCA), a natural
hydrophilic tertiary bile acid with choleretic properties, used in clinical practice at the
dose of 13-15 mg/Kg per day, according to the European guidelines. The mechanism of
action of UDCA is complex and involves several molecular pathways, which have been
extensively studied in preclinical settings. There is a general consensus that its therapeutic
effect on PBC is mainly due to: (1) the stimulation of hepatocellular secretion and (2) the
stimulation of cholangiocellular secretion, both resulting in a choleretic effect; (3) anti-
apoptotic effects on hepatocytes; (4) the reduction of bile acid toxicity. UDCA exerts
its mechanisms of action by interacting with a panel nuclear receptors, i.e., retinoid X
receptor (RXR), peroxisome proliferator-activated receptor « (PPAR«x), and pregnane X
receptor (PXR), all of which transcriptionally modulate the synthesis and homeostasis of
bile components [8]. The drug is given as a single dose, or divided into multiple doses,
due to tolerability issues [9]. Observational studies evaluating PBC patients treated with
UDCA helped to define an achievement of biochemical response in therapy-responding
patients, evaluating also the prolongation of liver transplant (LT)-free survival, with respect
to non-responders. Altogether, the data collected with these clinical studies helped to
define a population of PBC patients in which UCDA therapy is beneficial [10-15]. A
multicentric study evaluating PBC patients treated with UDCA or placebo demonstrated
that plasma bilirubin values below the current upper limits of normal (ULN) are predictive
of survival, and a threshold of 0.6 x ULN was selected for assessing the increased risk
of LT or death [16]. Furthermore, a study observed that a relevant proportion of PBC
patients has an incomplete biochemical response to UDCA therapy, according to the Paris
II criteria, and the presence of cirrhosis, elevated GGT, and alkaline phosphatase (ALP)
at diagnosis could represent predictive factors for an incomplete UDCA response [17].
However, UDCA therapy has been demonstrated to improve LT-free survival in all PBC
patients, irrespective of diseases severity and whether or not they meet the accepted criteria
for the definition of a UDCA responder [18]. Thus, these observations are likely to prove
that the improvement of cholestatic biochemical parameters in PBC patients, even of modest
entity, can generate long-term benefits. However, despite all these efforts, the correlation
between the lack of UDCA efficacy and survival in PBC patients still needs to be defined in
detail. Two groups, i.e., the Global PBC Study Group and the United Kingdom (UK)-PBC
Consortium, have been created with the aim of setting up a prognostic model for disease
progression in UDCA-treated patients. These two groups independently developed and
evaluated the risk of PBC progression. In 2015, the first score, called the GLOBE score, was
introduced to assess PBC risk progression. The setting up of this score accounted for a
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wide derivation cohort (accounting for 2488 patients) and a validation cohort accounting
for 1634 UDCA-treated patients. In the same years, another score was proposed by the
United Kingdom (UK)-PBC Consortium, called the UK-PBC risk score (www.uk.pbc.com
(accessed on 15 July 2022)), based on a nation-wide cohort of 1916 patients and validated
in a cohort of 1249 UDCA-treated patients. These two predictive models have also been
validated in PBC subjects not treated with UDCA, providing indications of disease activity
and stage, based on biochemical liver function markers. The two main differences between
the two models rely on the different endpoints used for calculating the scores. First, the
GLOBE-PBC score takes into account all-cause mortality, in addition to LT-related mortality,
whereas the UK-PBC score considers only liver-related death. Interestingly, in the study
population of the Obeticholic Acid International Study of Efficacy (PBC POISE), both
models demonstrated a potential usefulness in individualizing risk prediction, both in
clinical practice and therapeutic trials for PBC [19]. It should be noted that the UDCA
non-responder patients are around 30-40% of all UDCA-treated patients. Since they have a
poorer prognosis due to a higher risk of disease progression, and the plausibility to require
liver transplantation, as well as a greater mortality risk [20], the identification of novel
effective treatments still represents an urgent medical need.

3. Other Therapeutic Agents for PBC

To overcome the problem of the incomplete response to UDCA and/or toxicity issues,
several alternative therapeutic approaches have been proposed, and many clinical trials
are currently ongoing to assess the possibility of repositioning approved drugs after the
demonstration of their efficacy in PBC patients. Furthermore, a variety of candidate
drugs are under evaluation in clinical trials for PBC patients because of their promising
mechanisms of action, i.e., bile acid modulation, immunomodulation, and antifibrotic and
anti-inflammatory effects. Table 1 summarizes the ongoing clinical trials.

Table 1. Ongoing controlled trials with experimental agents in PBC.

Agent

Study Design Aim/Outcome Nr. pts Phase Duration NCT nr.

PPAR agonists

BEZA
FENO

FENO

Seladelpar

Seladelpar

BEZA

Seladelpar

Seladelpar

RCT

RCT

OL

OL

RCT

Utility of BEZA as add-on
therapy/complete biochemical 34 3 12m NCT02937012
response
Clinical efficacy of FENO +
UDCA /amelioration of ALP
Utility of FENO +
UDCA /complete biochemical 200 3 44w NCT02823353
response
Long-term safety and tolerability
of seladelpar/measures of 500 3 60 m NCT03301506
adverse events, death
Safety and effect of 2 seladelpar
regimens on
cholestasis/percentage of 240 3 52w NCT03602560
participants to composite
endpoint
Influence of BEZA on

72 1-2 12m NCT02965911

observational macrophage activation markers 100 3 36 m NCT04514965

RCT

OL

and fibrosis/sCD163 levels
Effect of seladelpar on

cholestasis/composite endpoint 180 3 12m NCT04620733

of ALP and total bilirubin
Effect of hepatic impairment on

the pharmacokinetics of
seladelpar/pharmacokinetic
measures

24 1 17w NCT04950764
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Table 1. Cont.

Agent Study Design Aim/Outcome Nr. pts Phase Duration NCT nr.
Safety, tolerability, and efficacy of
Saroglitazar Mg RCT saroglitazar/improvement in 36 2 low NCT03112681
ALP levels
Efficacy and safety of
Saroslitazar M saroglitazas/ biochemical
(E%’ICS—HI) & RCT response on the composite 192 2b-3 52w NCT05133336
endpoint of ALP and total
bilirubin
FXR agonists +
PPAR agonists
OCA + BEZA RCT Eifect of OCA ZEEZA/ change in 75 2 12w NCT04594694
Effect of BEZA alone or in
OCA + BEZA RCT combination with OCA /change 60 2 12w NCT05239468
in ALP
FXR Agonists
Safety, tolerability, and efficacy of
EDP-305 RCT EDP-305/percentage of | 119 2 12w NCT03394924
participants with at least 20%
reduction in ALP
Safety and tolerability of
Cilofexor RCT cilofexor/percentage of adverse 71 2 12w +30d  NCT02943447
events
Immunomodulants
Baricitinib RCT Safety and efficacy of 52 2 2w NCT03742973
baricitinib/change in ALP
MSCs Safety and efficacy of
transplantation RCT MSC/change in ALP 14 =2 12m NCT03668145
MSCs Safety and efficacy of
transplantation RCT UC-MSC/change in ALP 100 1= 12w NCT01662973
CNP-104 Safety, tolerability,
nanoparh.de RCT pharmacod}.mamlcs of CNP-104 40 2 12d+20m  NCT05104853
Incapsulating nanoparticle/frequency of
PDC-E2 adverse events, changes in ALP
Antiretroviral
therapy
Tenofovir, Efficacy of antiretroviral
raltegravir RCT therapy/change in ALP 60 2 24m NCT03954327

Abbreviations: OCA = obeticholic acid; OL = open label; RCT = randomized controlled trial; MSCs = mesenchymal
stem cells; N/ A = not available.

3.1. Obeticholic Acid

The only second-line drug approved for the treatment of PBC is obeticholic acid (OCA),
which is indicated for patients who are non-tolerant or non-responding to UDCA after
12 months of treatment. OCA is a chemically modified derivative of BA chenodeoxycholic
acid. Its mechanism relies on an agonistic activity on the farnesoid X receptor (FXR). Thanks
to its affinity to FXR, OCA regulates the synthesis and export of bile acids (BAs), thereby
preventing hepatic toxicity due to their toxic accumulation [21]. Beside the regulation of BA
homeostasis, its complex and multifaced mechanism of action comprises anti-inflammatory
and antifibrotic effects, as demonstrated by preclinical and clinical studies [21,22], thereby
targeting a panel of pathological processes involved in PBC development.

The first clinical indication for the use of OCA in monotherapy came from an inter-
national randomized, double blind, placebo-controlled phase 2 study investigating the
benefit of treating PBC patients with OCA in monotherapy [23]. In this study, patients
were randomized into three groups, i.e., 23 PBC patients treated with placebo, 20 with
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OCA (10 mg dose), and 16 patients with OCA (50 mg dose) for 3 months. As a primary
endpoint, the ALP percentage change from baseline was considered. OCA significantly
reduced ALP levels in patients treated at both dosage with respect to placebo. This study
also reported an improvement in many biochemical parameters, among which were GGT,
alanine aminotransferase, conjugated bilirubin, and immunoglobulins. The most common
adverse drug reactions (ADRs) observed after OCA therapy was pruritus, which was
reported in this study in patients treated with both OCA 10 mg (15%) and 50 mg (38%).

The FDA approved OCA in 2016 after the results of the phase 3 international trial
POISE, with a multicentric randomized controlled design, enrolling more than 200 PBC
patients [24]. Interestingly, it should be emphasized that more than 50% of UDCA-non-
responders had a beneficial effect by receiving the combination therapy of OCA plus UDCA
for 12 months, as indicated by the achievement of the clinical endpoint, which was an ALP
level lower than 1.67 times ULN, reduced by at least 15% from baseline. After 12 months,
all patients received OCA therapy in the extension phase [25]. In the following 3-year
interim analysis, OCA obtained good results on both efficacy and safety, demonstrating
a stable therapeutic performance, even associated with a significant reduction in total
and direct bilirubin, more evident in patients with high baseline direct bilirubin [26], and
good tolerability. The most common adverse drug reactions (ADRs) reported in the POISE
trial were pruritus and fatigue, which were experienced by 77% and 33% of OCA-treated
patients, respectively [26]. Pruritus received the score “mild-to-moderate” by the visual
analogue scale (VAS), and 8% of patients (n = 16) had to withdraw due to this ADR.
However, most patients experiencing severe pruritus have been treated with specific drugs.
The histological analysis of a subgroup of 17 patients recruited in the POISE trial who
underwent liver biopsy at the time of enrollment and after 3 years of treatment, showed
that the chronic therapy with OCA led to an improvement or at least a stabilization of the
histology of PBC patients, assessed by evaluating ductular injury, fibrosis, and collagen
morphometry [27]. Another sub-analysis of patients enrolled in the POISE trial investigated
the beneficial effects of OCA on AST to platelet ratio (APRI) and transient elastography (TE),
which are both non-invasive markers of liver fibrosis [28]. A significant APRI reduction
from the baseline could be observed in OCA-treated patients and during the open-label
extension phase with respect to placebo-treated group. Furthermore, the treatment with
OCA 10 mg caused a decreasing tendency toward liver stiffness, while both patients treated
with lower dosages of OCA or placebo showed a mean increase in liver stiffness [28].
Despite the small sample size, this study can be considered as a milestone in PBC therapy,
since it demonstrated that most patients who respond inadequately to UDCA ameliorated
or stabilized multiple histological PBC features when treated with OCA.

The decision to implement PBC pharmacological therapy with OCA deserves consid-
eration if at least one of the following conditions is met: (i) ALP > 1.67 x ULN (in Italy, the
ALP threshold is 1.5 ULN); (ii) total bilirubin > ULN, but < 2 x ULN.

Three clinical studies analyzing real-world cohorts of OCA patients have been pub-
lished so far, all reporting results for 12 months of OCA treatment [29-31]. The first
real-world analysis on the effectiveness of OCA treatment was conducted on 64 Cana-
dian PBC patients experiencing incomplete UDCA response, or who were intolerant to
UDCA [29]. Among the 44 patients meeting the inclusion criteria of POISE, 39% (n = 17)
underwent a 1-year biochemical evaluation. While only 18% of these patients (3 out of 17)
reached the POISE primary endpoint after 12 months of treatment, 43% of patients (9 out
of 21) achieved this target after a 19-month observation period. Overall, a significant ALP,
GGT, transaminases, and IgM reduction was reported in the whole cohort. As regarding
pruritus, either new onset or exacerbation was reported in 26 patients (41%), and 5 of them
had to discontinue the drug for this reason. Other reasons for therapy discontinuation
reported in this cohort were skin rash (n = 2), liver toxicity (n = 2), and incomplete response
after 12 months of treatment (n = 2). In the Iberian cohort [30], 120 patients were enrolled
(21.7% of them had cirrhosis and 26.7% received or were taking concomitant treatment with
fibrates). A total of 78 patients completed at least 1 year of treatment. The GLOBE-PBC
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score significantly decreased to 0.17 (p = 0.005), whereas the UK-PBC score decreased to
0.17, without reaching any significant difference (p = 0.11). According to the POISE criteria,
29.5% of patients achieved a response. In the Italian cohort recruited into the Italian PBC
registry, 191 patients were analyzed [31], and 43% of them responded to OCA, according
to the POISE criteria. Patients with cirrhosis showed lower efficacy (29.5%). Patients with
AIH/PBC overlap syndrome showed a comparable efficacy to classical PBC, with a higher
ALT reduction at 6 months. A further analysis was conducted in 100 cirrhotic patients from
the Italian cohort (De Vincentis A, unpublished). The response to treatment, according to
the POISE criteria, was obtained in 41% of cases, also confirming the efficacy of the drug
in cirrhotic stage. Of note, by applying the normal range criteria, 11.5% of the cirrhotic
patients reached the endpoint. A total of 22 patients (22%) discontinued the treatment due
to severe side effects (5 patients with jaundice and/or ascitic decompensation and 4 with
upper digestive bleeding. One patient died after TIPS placement).

3.2. Non-Bile Acid FXR Agonists

Three compounds without the classical bile acid structure, but able to bind and activate
FXR, have been proposed to treat PBC patients, i.e., tropifexor, cilofexor, and EDP-305.

Tropifexor is a highly potent FXR agonist with a positive effect in treating both cholesta-
sis and steatosis in animal models, mainly by reducing fibrosis [32]. A phase 2 study inves-
tigated tropifexor efficacy in PBC patients characterized by an inadequate UDCA response.
Patients were randomized in arms, receiving once daily doses of 30 ug, 60 ug, or 90 ug of
tropifexor or placebo for 4 weeks [33]. Moreover, an interim analysis was conducted in
the cohort of patients treated with 90 pg. In this group of patients, a rapid decrease in the
levels of GGT (72% reduction), ALP, ALT, and AST could be observed at day 28, as well as
a good tolerability of tropifexor. HDL was reduced by 33% and 26% at the doses of 60 and
90 pg, respectively, and restored to physiological levels by the end of the study. No increase
was observed in total or LDL cholesterol. The results of this trial suggested that this FXR
agonist is a candidate drug for PBC therapy [33].

Another non-steroidal FXR agonist, called cilofexor, was tested in a trial (NCT02943447)
enrolling 71 UDCA non-responders with PBC. They were randomized into three groups
treated with 30 or 100 mg cilofexor or placebo once a day for 12 weeks. Patients treated with
100 mg cilofexor achieved a significant median reduction in GGT (8-47.7%, p < 0.001), ALT
(8-13.8%, p = 0.05), C-reactive protein (8-33.6%, p = 0.03), and primary bile acids (—30.5%,
p = 0.008). The reduction in ALP was greater than 25% in 17% of the patients treated with
the dose of 100 mg and in 18% of those treated with 30 mg cilofexor, in comparison with
0% obtained in the placebo group. The major ADR observed after cilofexor treatment
was pruritus, particularly common in patients treated with the higher dose. Moreover,
promising results were obtained from a phase 3 trial in patients with PSC, thus suggesting
the potential benefit of using this new non-bile acid FXR agonist [34].

EDP-305 is a potent FXR agonist with a “mixed” structure, containing steroid and
non-steroid moieties, without the classical carboxylic acid group of the other FXR agonists
or natural bile acids. The INTREPID study (NCT03394924) evaluated its safety, tolerability,
and efficacy in PBC patients with inadequate response to UDCA. A total of 68 subjects
were randomized to receive either EDP-305 2.5 mg, 1 mg, or placebo for 42 weeks [35]. The
primary endpoint was the proportion of patients with at least 20% ALP reduction from the
pre-treatment value, or normalization of ALP at week 12. The intention-to-treat analysis
showed that EDP-305 resulted in ALP reduction of 45% and 46% in the 1 mg and 2.5 mg
treatment groups, respectively, whereas this reduction was only 11% in the placebo group.
Five patients treated with 2.5 mg EDP-305 had severe pruritus. Pruritus was present in
51% of the 2.5 mg-treated patients, whereas less than 10% of patients treated with 1 mg
experienced it. In general, the other most common ADRs were gastrointestinal-related
symptoms, e.g., nausea, vomiting, diarrhea, or headache, and dizziness.
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3.3. PPAR Agonists: Fibrates

Fibric acid derivatives, also called fibrates, are an old class of lipid-lowering agents
proposed as a second-line PBC therapy in the late 1990s. The first drug belonging to this
class was clofibrate, discovered in 1962 [36]. These drugs attracted great attention for
treating PBC patients because they showed efficacy against cholestasis, inflammation, and
fibrosis. Their mechanism of action relies on their agonist effect on peroxisome proliferator-
activated receptors (PPARs), a family of nuclear receptors (NRs). Three main isoforms
of PPARs have been described, i.e., &, 3/9, and vy, each encoded by distinct genes and
characterized by a peculiar tissue distribution. Each fibric acid derivate displays a peculiar
pattern of affinity towards these three PPAR isoforms, thus differently modulating PPAR-
related pathways. Fenofibrate, by binding to PPAR«, stimulates the transcription of the
multidrug resistance protein 3 (MDR3) transporter, increasing the biliary secretion of
phosphatidylcholine and improving cholestasis biomarkers [37]. At variance, bezafibrate,
beside binding to PPARx and v, is also an agonist of pregnane X receptor (PXR) [38],
another transcription factor implicated in cholestatic liver disease [39]. The first placebo-
controlled trial investigating the efficacy of fibrates in PBC treatment was the BEZURSO
trial, a phase 3 study proposing a combination therapy with bezafibrate (BEZA) and
UDCA. This study demonstrated that the addition of BEZA to the previous monotherapy
of UDCA induced a significantly higher biochemical response with respect to patients
of the placebo/UDCA arm [40]. This result was also associated with an improvement
in PBC symptoms and surrogate markers of fibrosis. The main ADRs associated with
the use of fibrates were linked to creatinine and transaminase increase and heartburn. In
addition, gallstone formation, perhaps as consequence of the reduction in BA synthesis,
and a paradoxical increase in cholesterol, have also been reported in PBC patients treated
with clofibrate, even though the same ADRs have not been observed in patients treated
with fenofibrate (FENO) or bezafibrate [41].

To compare the efficacy of OCA and fibrates as second-line therapies, a multicen-
tric retrospective study including PBC patients from 30 centers has been undertaken in
Spain [42]. A total of 86 patients receiving OCA (5 mg), 250 patients receiving fibrates
(81% BEZA 400 mg, 19% FENO 200 mg), and 15 receiving OCA plus fibrates were enrolled.
Both treatments decreased GGT and transaminases and improved the GLOBE score. ALP
decrease was higher in patients treated with fibrates, whereas alanine aminotransferase
was lower in OCA-treated patients. Discontinuation was more frequent in fenofibrate
treatment due to low tolerability or the onset of ADRs. In summary, neither OCA nor
fibrates emerged as a significantly better second-line treatment for PBC. Caution should be
recommended, in any case.

At the AASLD meeting in Boston in 2019 [43], the results of another trial assessing the
comparative efficacy of BEZA or OCA in 59 patients was presented. This study did not
reveal significant differences in the incidence of severe hepatic impairment manifestations,
such as varices, variceal bleeding, ascites, and LT list insertion between patients treated
with OCA or bezafibrate. However, ALP reduction was more evident in bezafibrate-treated
patients with respect to those treated with OCA (p < 0.001). A higher percentage of BEZA-
treated patients experienced an elevation of bilirubin. These two studies offer great insight
by presenting real-world data regarding the use of OCA and fibrates in PBC patients,
paving the way for the design of future trials.

The additive effects of the combination of fibrates and OCA were investigated in
a multicenter retrospective cohort of 58 patients with PBC [44]. A total of 50 of them
were treated with a combination of OCA (5-10 mg/day), fibrates (BEZA 400 mg/day or
FENO 200 mg/day), and UDCA (13-15 mg/day). Triple therapy was associated with a
significant decrease in ALP levels with respect to dual therapy, and with an odds ratio for
ALP normalization of 5.5 (95% CI: 1.8-17.1, p = 0.003).

Regarding the effect of fibrates on pruritus, this deserves a separate discussion. The
benefit of fibrates in improving this symptom is well documented. The Fibrates for
Cholestatic Itch (FITCH) trial was designed to investigate the effects of BEZA on pru-
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ritus in 70 patients with PBC, primary sclerosing cholangitis (PSC), or secondary sclerosing
cholangitis who reported pruritus scored as “moderate to severe” [45]. The primary end-
point of this trial was the achievement of a reduction of more than 50% of VAS-assessed
pruritus. BEZA (400 mg/day) led to this achievement in 45% of patients (41% PSC, 55%
PBC), whereas only 11% reached the primary endpoint in the placebo group (p = 0.003).
This effect in relieving cholestasis-associated pruritus occurs via an autotaxin-independent
mechanism [46]. This improving effect on pruritus ensures that fibrates should be em-
ployed as a second-line option for PBC therapy in patients experiencing moderate to
severe pruritus.

Since fibric acid derivates reduce cholesterol levels, they should be considered for
the treatment of PBC patients with hypercholesterolemia associated with low levels of
high-density lipoprotein [HDL], in whom these agents are protective against cardiovascu-
lar events.

3.4. Other PPAR Agonists

The efficacy of elafibranor (ELA), an agonist of PPAR o and §, has been recently inves-
tigated in PBC patients enrolled in a phase 2, double-blind, placebo-controlled study [47].
A total of 45 PBC patients with inadequate UDCA response were randomized into three
groups, receiving either ELA 80 mg or ELA 120 mg four times a day, or placebo four times a
day for 12 weeks (NCT03124108). ELA significantly decreased mean ALP at week 12 in both
groups (—48% in 80 mg-treated group and —40.6% in 120 mg-treated group, p < 0.001). The
endpoint (ALP < 1.67 x ULN, ALP decrease >15%, and total bilirubin < ULN) was reached
in most (67% and 79%) patients treated with the 80 or 120 mg doses, respectively. Moreover,
in ELA caused an improvement in lipid and inflammatory markers (IgM, CRP, haptoglobin,
fibrinogen) and a decrease in 7«-hydroxy-4-cholesten-3-one, or C4, an intermediate of bile
acid synthesis. ELA at both dosages was well tolerated and did not cause induction or
exacerbation of pruritus. In general, all these effects suggest that ELA is a promising drug
candidate for PBC.

A 12-week double-blind, randomized, placebo-controlled phase 2 trial investigated
the effect of seladelpar, a selective PPAR-$ agonist [48]. A total of 70 PBC patients with
inadequate response or intolerance to UDCA were randomly divided into 3 experimental
groups treated with 50 or 200 mg/day of seladelpar or placebo. Since 3 patients treated
with seladelpar developed a grade 3 increase in ALT, even if fully reversible and asymp-
tomatic, the study was terminated early. Despite these results, the safety and tolerability of
seladelpar have been tested in a 52-week, phase 2, open-label uncontrolled dose-finding
study [49,50]. This trial enrolled 120 patients who were treated for 12 weeks: 53 patients
were treated with seladelpar 5 mg/day, 55 with seladelpar 10 mg/day, and 11 were as-
signed to the 2 mg/day group (United Kingdom sites after interim analysis), after which
the dose could be increased to 10 mg/day. One year of observations indicated that se-
ladelpar appeared to be safe and well-tolerated, while not inducing pruritus. A total of
4 patients discontinued seladelpar due to ADRs, 2 of which have been correlated to the
drug treatment (grade 1 heartburn and grade 2 transaminase elevation). The composite
endpoint (ALP < 1.67 x ULN, —15% reduction in ALP, total bilirubin < ULN) was met in
64% and 67% of seladelpar-treated patients. ALP normalization rates were 9%, 13%, and
33% in the 2 mg-, 5 mg-, and 10 mg-treated groups, respectively. After one year of treatment
with seladelpar, 101 patients included in this trial self-reported using the pruritus VAS,
the 5D-itch scale, and the PBC-40 questionnaire (evaluating itch and fatigue domains) [51].
Seladelpar led to consistent improvement in both pruritus and fatigue, along with a reduc-
tion in serum bile acid profiles. A phase 3, international, randomized, placebo-controlled
study (ENHANCE) further assessed the safety and efficacy of seladelpar in PBC patients
not responding to first-line treatment [52]. Enrolled participants were randomized into
three groups of 80 patients: seladelpar 10 mg/day, seladelpar 5 mg/day, or placebo. After
a first analysis after 26 weeks, patients were treated for an additional 26 weeks with either
5 mg or 10 mg of seladelpar. The primary endpoint was a composite response at month 3,
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which included an ALP of less than 1.67 times the ULN, a >15% ALP reduction, and total
bilirubin at or below the ULN. After one year of treatment, this study demonstrated a mean
ALP decrease of 40% in the 5/10-mg group and of 45% in the 10-mg group. In addition, in
the 5-mg group uptitrated to 10 mg, 53% of the patients reached the composite endpoint,
as well as 69% of patients in the 10 mg group. However, this trial was terminated early
due to an unexpected histological finding of non-alcoholic steatohepatitis, even though
the causality assessment with seladelpar treatment was not demonstrated. These results
suggest that seladelpar is a drug candidate for the second-line therapy of PBC, although
further evidence about its tolerability should be obtained.

3.5. Agents Targeting the FGF19 Pathway

Fibroblast growth factor 19 (FGF19) is a hormone encoded by the FGF19 gene, directly
reducing the gene expression of CYP7A1, a key enzyme catalyzing the first rate-limiting
step of bile acid synthesis [53]. Since the suppression of hepatocyte bile acid synthesis is a
rational mechanism for the improvement of bile acid homeostasis and the management of
cholestasis, some attempts to find novel agents acting via the FGF19 axis have been made.

An engineered analogue of FGF19, NGM282 (aldafermin), was tested in a multicentric,
randomized, double-blind phase 2 trial [54]. A total of 45 PBC patients with inadequate
UDCA responses were randomly assigned to three groups: one received subcutaneous
daily administration of NGM282 at a 0.3 mg dose (n = 14), another received 3 mg (n = 16),
and the latter received the placebo (n = 15). NGM282 treatment significantly reduced
ALP (primary endpoint) at both doses compared to placebo at the end of the treatment.
Moreover, 50% of the patients receiving 0.3 mg and 46% of those receiving 3 mg were
shown to have an ALP reduction higher than 15% from baseline compared to 7% in the
placebo group. Most ADRs were gastrointestinal disorders of grade 1 and 2. Overall, the
tolerability profile of NGM282 was acceptable. However, further studies are encouraged to
ascertain whether the biochemical response is durable and related to a real improvement of
robust clinical outcomes, rather than to a decrease in decompensation or death.

3.6. Agents Targeting the NADPH Oxidase (NOX) Enzymes

Besides their physiological functions, NADPH oxidases (NOXs), enzymes devoted to
the production of reactive oxygen species [55], play a role in multiple pathological processes
characterized by excessive oxidative stress. The NOX inhibitor GKT831 (setanaxib) was
investigated in a phase 2 trial including 111 patients with PBC divided into 3 arms, one
receiving 400 mg of GKT831 once daily (n = 38), another twice daily (n = 36), and the latter
receiving placebo (n = 37) [56]. The primary endpoint was the change in GGT vs. baseline,
and the secondary endpoints were the modification in ALP, liver stiffness evaluated by
means of FibroScan, and overall quality of life after 24 weeks. GKT831 led to a reduction in
cholestatic markers. Particularly, a greater GGT reduction was observed in patients with
higher baseline values, thus suggesting that this NOX inhibitor may be useful in patients
with more advanced disease. Moreover, GKT831 was shown to be well-tolerated, with no
reported treatment discontinuation or interruption due to pruritus or fatigue. Due to the
positive results obtained in this trial, a phase 3 trial in PBC patients is planned.

3.7. Agents with Immunomodulatory Properties

In recent years, many studies have pointed out that immunomodulators, such for
example anti-IL antibodies, Janus kinase (JAK) 1/2 inhibitors and sphingosine-1-phosphate
receptor agonists, may have a potential efficacy in the treatment of PBC, since the dysregu-
lation of innate immune system plays a fundamental role in its pathogenesis. To date, some
agents with immunomodulatory properties are in early-stage preclinical and/or clinical
development for PBC treatment.

Budesonide, a synthetic corticosteroid displaying a high first-pass metabolism, has
been evaluated in a placebo-controlled, double-blind trial in 62 non-responder patients to
UDCA [57]. Participants were randomly assigned 2:10 to receive budesonide (9 mg/day)
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or placebo once daily for 36 months while maintaining UDCA treatment. The primary
endpoint was the improvement of liver histology with respect to inflammation and no
progression of fibrosis. Comparing patients with paired liver biopsies (n = 43) the histologic
endpoint was not met; moreover, serious adverse events occurred in 10 patients receiving
budesonide and 7 receiving placebo. Improvements in biochemical markers of disease
activity were obtained with budesonide.

Recently budesonide has been recommended for patients diagnosed with AIH/PBC
overlap syndrome [58]. This treatment can improve liver function tests and is relatively
safe, although the risk of portal vein thrombosis remains a concern [59].

The efficacy of rituximab, an anti-CD20 chimeric monoclonal antibody, was evaluated
in two open-label studies enrolling PBC patients with incomplete UDCA response. The
results of both studies suggested a limited efficacy of rituximab in PBC patients, even
though an impressive reduction in ALP levels was observed [60,61] in a limited number of
patients. Moreover, the treatment with rituximab was demonstrated to be ineffective in
reducing fatigue in a phase 2 trial in PBC patients [62].

Since PBC hepatic histology shows a lymphocytic infiltration in portal tracts and
segmental inflammatory destruction of intrahepatic bile ducts, some studies have in-
vestigated the potential effects of antibodies directed against chemokine (C-X-C motif)
ligand 10 (CXCL10) in PBC patients. CXCL10 is a chemokine secreted in response to
interferon-y-stimulation by several cell types, e.g., monocytes, endothelial cells, fibrob-
lasts, cholangiocytes, and hepatocytes, and is implicated in the hepatic recruitment of
inflammatory T cells. This effect is elicited through its binding to chemokine (C-X-C motif)
receptor 3 (CXCR3), expressed on effector T cells [63]. Moreover, both CXCL10 and CXRC3
have been demonstrated to be upregulated in the serum and livers of PBC patients [64].
In particular, CXCR3+ cells have been found in the hepatic tissue of PBC patients [65].
Interestingly, in situ hybridization of PBC liver samples demonstrated the presence of the
CXCL10 messenger in hepatocytes surrounded by infiltrating monocytes. The anti-CXCL10
monoclonal antibody NI-0801 was evaluated in a phase 2 study enrolling 29 UDCA-non-
responder patients with PBC [66]. Each patient received an intravenous infusion of NI-0801
(10 mg/Kg, 6 doses) every 2 weeks. A 3-month follow-up was performed after the last in-
fusion. No serious ADRs have been reported after treatment, and the most common ADRs
were headaches (52%), pruritus (34%), fatigue (24%), and diarrhea (21%). However, the
trial was terminated due to no significant therapeutic benefits obtained, despite the good
pharmacological response observed in the blood, since the high rate of CXCL10 production
makes it difficult to reach drug levels leading to an effective sustained neutralization of this
chemokine [66].

Ustekimumab, a monoclonal antibody specifically binding the two interleukins IL-12
and IL-23, has been investigated in a multicentric, open-label study including PBC patients
with an inadequate response to UDCA. Unfortunately, the results of this study failed to
demonstrate the efficacy of this antibody in achieving a decrease, even moderate, in ALP
levels [67].

Another open-label trial investigating abatacept, a fusion protein formed by the extra-
cellular domain of the CTL4 and Fc region of the immunoglobulin IgG1, has demonstrated
the inefficacy of this protein in achieving the required clinical outcomes [68].

Baricitinib is a JAK inhibitor, selective for the two subtypes JAK1 and JAK2, already
approved in the US and Europe for the treatment of other autoimmune diseases, e.g.,
rheumatoid arthritis, and alopecia areata. JAK is a family of intracellular tyrosine kinases
transducing cytokine-mediated signals. A randomized, double-blinded placebo-controlled
trial in patients with PBC and inadequate response or intolerance to UDCA was per-
formed [69]. Endpoints included change in ALP, itch numeric rating score, and fatigue
scoring at 12 weeks post-baseline. Only two patients were enrolled and completed the
trial (one received baricitinib and the other placebo). The patient treated with baricitinib
demonstrated a 30% decrease in ALP and a 7-point improvement in itch scoring, but a
2-point increase in fatigue scoring.
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FFP-104, an anti-CD40 monoclonal antibody, is a novel agent proposed for the treat-
ment of PBC, since CD40 promotes the efficient T cell activation caused by the paracrine
communications of antigen presenting cells, fibroblasts, and other non-lymphoid cells. As
a consequence, its blockade could be exploited to counteract PBC autoimmune activation.
A phase 2 trial including PBC patients is currently ongoing to determine the initial safety,
tolerability, and pharmacodynamics of this antibody in PBC patients (NCT02193360). Inter-
estingly, in a murine model of autoimmune cholangitis, administration of the anti-CD40
ligand reduced liver inflammation and lowered the levels of AMA, but these reductions
were not sustained [70].

Mesenchymal stem cells (MSCs) transplantation has been studied as alternative to
liver transplantation for patients with end-stage PBC [71]. MSCs are able to modulate
and repair the injured tissue by affecting immune response by different mechanisms, such
as cell-to-cell interactions and the production of useful paracrine factors [72]. The first
clinical trial evaluating MSCs for PBC treatment was conducted in China (NCT01662973).
This pilot study enrolled a small number of patients (n = 7) with an incomplete response
to assess the safety and efficacy of umbilical cord-derived mesenchymal stem cells (UC-
MSCs) [73]. All patients received 3 infusions of UC-MSCs every 4 weeks. After 48 weeks of
follow-up, the treatment was well tolerated, and no relevant ADRs occurred. UC-MSCs
significantly decreased serum levels of ALP and GGT. After these encouraging results,
a second study was performed by the same research group testing MSCs derived from
allogenic donors of the patients’ family members [74]. Their efficacy was evaluated using a
1-year of follow-up. Although transaminases, GGT, and IgM were significantly improved,
the histological analyses evaluating the presence and severity of fibrosis were stabilized by
the treatment. Overall, further studies seem to be necessary to discriminate the real efficacy
of the use of MSC therapy in PBC. A new study is currently ongoing (NCT03668145).

3.8. Antiretroviral Therapy

After the proposal of a Canadian research group of a viral involvement in the patho-
genesis of PBC, a multicentric trial was designed to investigate the efficacy of antiretroviral
therapy in PBC patients (NCT01614405) in a limited number of patients (n = 13), since
most enrolled patients were intolerant to the lopinavir-ritonavir (LPRr) combination. Pa-
tients were randomized and received a combination of tenofovir-emtricitabine (TDF/FTC
300/200 mg), LPRr (800/200 mg), or placebo for 6 months [75]. A significant 25% reduction
in ALP was observed after antiretroviral therapy (p < 0.05). However, an important limi-
tation to the use of the antiviral combination was represented by the frequency of ADRs,
which were much higher than those reported in HIV patients receiving the same therapy.
A new trial investigating better-tolerated combination regimens is ongoing (NCT03954327).
Another antiretroviral therapy with tenofovir/emtricitabine-based regimens in combina-
tion with lopinavir or raltegravir in recurrent PBC following liver transplantation improved
hepatic biochemistry, but the antiretroviral therapy was associated with side-effects [76].

4. Agents for the Treatment of Specific Symptoms of PBC
4.1. Agents Targeting Pruritus

Pruritus represents a frequent and troublesome symptom, reported in 60-70% of
patients [77,78]. Its pathogenesis is complex, and the results regarding therapy with UDCA
showed that it was mostly ineffective in improving this symptom. Since the principal
guideline-approved anti-pruritic agents, e.g., cholestyramine, rifampicin, naltrexone, and
sertraline, are often ineffective to improve PBC-related pruritus, novel agents targeting this
symptom have been developed and are under evaluation.

Ileal Bile Acid Transporter (IBAT) Inhibitors

The use of ileal bile acid transporter inhibitors has been suggested for the treatment
of PBC-related pruritus due to their ability of decrease retained circulating BAs. IBATs
is physiologically devoted to BA reabsorption from the ileum, thus maintaining their
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enterohepatic circulation. Since in many cholestatic liver diseases, ileal BA absorption is
increased, several compounds capable of altering the ileal reabsorption of bile acids have
been proposed and are discussed below.

Maralixibat, a selective, sodium-dependent, ileal apical, BA transport inhibitor was
tested in a phase 2 trail in which its efficacy and safety were assessed in PBC patients
with pruritus (CLARITY study [79]). Patients were divided into arms and treated for
13 weeks with either maralixibat (10 or 20 mg/day) or placebo, in addition to the standard
UDCA therapy, when tolerated. The primary endpoint was defined as “adult itch reported
outcome average sum score” from baseline to the end of the study. The main ADRs were
gastrointestinal disorders, which were common in treated (78.6%) but also placebo (50%)
patients. Despite an improvement of baseline risk scores, maralixibat caused no significant
improvement of pruritus with respect to placebo.

The IBAT inhibitor GSK2330672, also called linerixibat, was evaluated in a phase 2 trial
enrolling 21 patients [80] to assess the safety and tolerability of GSK2330672. The secondary
endpoints were changes in patient-reported pruritus scores, assessed by means of different
scales, namely a 0 to 10 numerical rating scale, PBC-40 itch domain score, 5-D itch scale,
and changes in circulating bile acid levels (NCT01899703). Linerixibat was well tolerated,
and diarrhea was the most experienced ADR. The percentage decrease in itch scores was
—57% in the numerical rating scale, —31% in the PBC-40 itch domain, and —35% in the 5-D
itch scale in linerixibat-treated patients, and these differences were statistically significant
with respect to the placebo-treated group. A larger phase 2 study enrolling 147 patients
is still ongoing to confirm these beneficial effects on PBS-related pruritus and to further
assess the drug tolerability (NCT02966834).

The last proposed IBAT inhibitor, A4250 (odevixibat), was tested in an open-label
phase 2 study that aimed to assess drug tolerability and efficacy in improving pruritus
in 9 PBC patients (NCT02360852) [81]. Patients were treated with odevixibat at a dose
of 0.75 mg (n = 4) or 1.5 mg (n = 5) for 4 weeks. A remarkable improvement in pruritus
was observed in all 9 odevixibat-treated patients assessed by VAS, the 5-D itch scale, and
the pruritus domain of the PBC-40 questionnaire [82]. Unfortunately, tolerability was low
because of gastrointestinal symptoms. Odevixibat received its first approval in the EU in
July 2021 for the treatment of progressive familial intrahepatic cholestasis (PFIC) in patients
aged > 6 months, followed by its approval in the US for pruritus in patients with PFIC
aged > 3 months [83].

4.2. Agents Targeting Fatigue

Another frequently reported PBC manifestation is fatigue, a complex syndrome char-
acterized by feelings of discomfort, exhaustion, and lethargy that could significantly reduce
the quality of life. The probability of improving fatigue after LT in advanced PBC is roughly
50% [84]. Currently, no pharmacological treatment is approved for PBC-related fatigue. The
only prescribed suggestion is an exercise increase, even though this kind of prescription
needs further evaluation. The results of a pilot study showed an improvement in muscle
pH in PBC patients, and an amelioration of fatigue, social, and emotional symptoms in
patients following an exercise program [85].

The first phase 2 randomized controlled trial of treatment of PBS-associated fatigue and
daytime somnolence (NCT2376335, [62]) was performed in 57 PBC patients with moderate
to severe fatigue. Patients were randomized to receive two doses of rituximab (1000 mg)
or placebo. The primary outcome was assessed by measuring fatigue severity using a
questionnaire at 3 months. The rationale of the use of rituximab was an improvement
in the fatigue associated with a variety of other autoimmune diseases, e.g., Sjogren’s
syndrome, which has been also association with PBC. Rituximab, however, failed to show
an improvement in fatigue in PBC patients.

Modafinil, an agent acting on the central nervous system and used for the treatment
of daytime somnolence in narcoleptic patients, was tested in an open study enrolling
21 patients with PBC experiencing daytime somnolence and fatigue [86]. The starting dose
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of modafinil was 100 mg/day, which was titrated according to patient’s tolerability and re-
sponse. Unfortunately, only 14 patients could tolerate the full 2-month treatment, although
in those patients, an improvement of excessive daytime somnolence and associated fatigue
was observed. The suggestion from these data was to improve the design of the study with
a placebo-controlled trial, to confirm modafinil’s efficacy against fatigue.

A preclinical study on an animal model of hepatic cholestasis induced by the ligation
of the bile duct demonstrated that early OCA administration was able to improve cogni-
tive impairment [87]. Otherwise, these preclinical observations need to be validated in
further studies.

A systematic meta-analysis of 16 studies evaluating UDCA, liver transplantation,
serotonin reuptake inhibitors, colchicine, methotrexate, cyclosporine, modafinil, and OCA
found some improvement in fatigue with liver transplantation, but a lack of high-quality
evidence supporting the efficacy of any other intervention in the treatment of PBC-related
fatigue [88].

5. Conclusions

In recent years, new candidate drugs have undergone or completed phase 2 and 3
clinical trials on PBC patients who did not respond to the first line therapy with UDCA.
OCA represents the most promising drug and is approved in many countries for this
indication. Fibrates seem to effectively ameliorate biochemistry alteration and symptoms
typical of PBC. Moreover, a variety of new agents, acting with different mechanisms of
action, are under clinical evaluations for PBC treatment, e.g., PPAR agonists, NOX inhibitors,
immunomodulators, and mesenchymal stem cells transplantation. Even though most of
these approaches seem to have beneficial effects on biochemical endpoints, no data are
currently available regarding robust endpoints, such as transplant-free survival; thus, their
clinical use needs to be supported by the consistent improvement of these parameters. In
general, data on the efficacy of the new therapeutic agents are still undergoing investigation
in clinical trials and are too premature to provide practical information to physicians.
The crucial point when designing clinical trials is the choice of a combination treatment
with nuclear receptor ligands and other agents with different mechanism and therapeutic
effects [89]. This huge armamentarium of new therapeutic options will likely lead to a
novel treatment landscape for PBC in the near future, with novel therapies based on the
combinations of multiple agents acting on different pathogenetic mechanisms [90]. Another
crucial point is that the ideal therapy for PBC would achieve a complete biochemical
remission, namely normalization of serum ALP and bilirubin, and would be well tolerated.
Furthermore, the ideal therapy must be safe for patients with advanced or decompensated
disease and should aim to reduce the need for liver transplantation [91].
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Abstract: Primary biliary cholangitis (PBC) is a rare autoimmune cholestatic liver disease that may
progress to fibrosis and/or cirrhosis. Treatment options are currently limited. The first-line therapy
for this disease is the drug ursodeoxycholic acid (UDCA), which has been proven to normalize
serum markers of liver dysfunction, halt histologic disease progression, and lead to a prolongation of
transplant-free survival. However, 30-40% of patients unfortunately do not respond to this first-line
therapy. Obeticholic acid (OCA) is the only registered agent for second-line treatment in UDCA-
non responders. In this review, we focus on the pharmacological features of OCA, describing its
mechanism of action of and its tolerability and efficacy in PBC patients. We also highlight current
perspectives on future therapies for this condition.

Keywords: primary biliary cholangitis; obeticholic acid; ursodeoxycholic acid; farnesoid X receptor

1. Introduction

Primary biliary cholangitis (PBC) is a chronic disease characterized by the accumula-
tion of bile acids in the liver, potentially progressing to cirrhosis, end-stage liver disease,
hepatocellular carcinoma, and even death [1]. The existence of gender differences in PBC
development has been widely reported. Indeed, PBC develops more frequently in females
than males [1]. In the global population, a prevalence of 14.6 cases per 100,000 people
has been observed, with a female:male ratio of 9:1, and 1.76 new cases diagnosed per
100,000 people each year [2]. Due to more careful routine testing and/or incompletely
understood changes in environmental factors, the definition and outcome of PBC have
been reconsidered over the last 30 years, from a severe symptomatic disease characterized
by symptoms of portal hypertension to a milder disease with a long natural history [3]. As
a consequence, many patients are asymptomatic, and most new diagnoses (up to 60%) are
made after the discovery of increased serum biochemical markers of liver function during
check-ups performed for unrelated purposes [4,5]. This autoimmune cholestatic disease is
characterized by increased plasma levels of alkaline phosphatase (ALP) and the presence
of a high titer of antimitochondrial antibodies (AMAs) in over 90% of patients, as well as
a PBC-specific anti-nuclear antibody (ANA). The current EASL guidelines suggest that a
diagnosis of PBC can be determined in adult patients in the presence of cholestasis and the
absence of other systemic diseases, when the ALP value is elevated and AMAs are present
with a titer >1:40 [6].

Ursodeoxycholic acid (UDCA) represents the gold standard for PBC therapy, and it is
generally administered as a daily oral treatment (recommended dose: 13-15 mg/kg) [6].
UDCA therapy improves liver transplantation (LT)-free survival in PBC patients, including
those with early and advanced disease, and also in patients who did not meet the accepted
criteria for UDCA response [7]. Even though the improvement of biochemical parame-
ters after UDCA treatment is modest, patients experience a long-term benefit in terms of
improved survival. Regardless, non-responders represent 30-40% of all UDCA-treated pa-
tients, and globally have a higher risk of PBC progression and a greater need for transplant
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than responder patients, as well as a higher mortality [8]. A young age at diagnosis and
male sex have been associated with a reduced chance of biochemical response to UDCA
therapy in a large cohort study from the UK-PBC study group [9]. Accordingly, another
large, multicenter long-term follow-up study (n = 4355) found that young PBC patients
(aged <45) had significantly lower response rates to UDCA than their older counterparts
(aged >65) [10]. However, the biological mechanisms underpinning this clinical observation
in non-responders to UDCA are far from completely understood.

Therefore, the proposal of a second-line therapy devoted to UDCA non-responders
provides the rationale to overcome the observed limitations of drug efficacy. To date,
obeticholic acid (OCA) represents the only second-line treatment recommended for non-
responder PBC patients, which are intolerant to UDCA therapy or in whom a 12 month-
treatment haven’t produced benefit. As demonstrated by clinical trials, including the phase
IIT POISE study described in detail below, OCA is effective in improving the serum and
histological endpoints of PBC patients in monotherapy. In this review, we focus on the
mechanism of action of OCA and its tolerability and efficacy in PBC, and offer a perspective
on the future treatment of this condition.

2. Pharmacological Actions of OCA

OCA, a synthetic derivative of the bile acid (BA) chenodeoxycholic acid, is an agonist
of the farnesoid X receptor (FXR) [11], a key nuclear receptor mainly expressed in the
liver and gut, which orchestrates complex signaling pathways related to the homeostasis
of bile acids (BAs) (Figure 1). In vitro pharmacological studies have demonstrated that
OCA is an FXR agonist with a potency 100 times higher than endogenous BAs [12]. BA
synthesis occurs in the liver starting from hepatic cholesterol. After their synthesis, BAs
are secreted into the gut to help digestion and consequently the absorption of nutrients, in
particular lipids and liposoluble vitamins, by virtue of their emulsifying ability [13]. After
their secretion, about 95% of BAs are reabsorbed from the terminal ileum, thus entering
into the enterohepatic circulation. As FXR agonists, BAs themselves participate in the
finely tuned regulation of their own synthesis and secretion through the modulation of
FXR activation. In PBC-related cholestasis, the enterohepatic circulation of BAs is impaired,
leading to hepatic inflammation and damage.
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Figure 1. Molecular mechanism of hepatic OCA pharmacodynamics. OCA activates FXR, thereby
triggering cellular pathways leading to a reduction in the synthesis and hepatic uptake of BAs,
and an increase in their efflux from the liver. Furthermore, OCA acts on LSEC and KC, exerting
anti-inflammatory and antifibrotic effects by reducing the production of proinflammatory cytokines
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and HSC activation, respectively. Abbreviations: farnesoid X receptor (FXR), retinoid X receptor
(RXR), bile acid (BA), Kupffer cell (KC), liver sinusoidal endothelial cell (LSEC), hepatic stellate cell
(HSC), small heterodimer partner (SHP), liver receptor homolog 1 (LRH-1), fibroblast growth factor-19
(FGF-19), sodium taurocholate co-transporting polypeptide (NTCP), bile salt export pump (BSEP),
multidrug resistance protein-3 (MDR3), organic solute transporters (OST), transforming growth-
factor 3 (TGF(3), connective tissue growth factor (CTGF), platelet-derived growth factor -receptor
(PDGEFR-), monocyte chemo-attractant protein-1 (MCP1), nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«B), inhibitor of kB (IkB).

Similar to other nuclear receptors [14,15], upon activation, FXR binds to the retinoid X
receptor (RXR). The binding of the FXR-RXR heterodimer to DNA responsive elements
results in the induction of the small heterodimer partner (SHP) gene, finally causing the
transcriptional repression of rate-limiting enzymes in BA synthesis, such as cytochrome
P450 (CYP)7A1 and liver receptor homolog 1 (LRH-1) [16]. LRH-1 is a transcription
factor with a key role in the regulation of BA and cholesterol homeostasis, and also in
coordinating a panel of other hepatic metabolic processes [17]. In addition, FXR stimulates
the synthesis of fibroblast growth factor-19 (FGF-19), which in turn participates in the
inhibition of CYP7A1 and CYP8B1 expression through the fibroblast growth factor receptor-
4 (FGFR4) pathway in hepatocytes [18]. As a result, the above-described FXR/SHP and
FXR/FGF19/FGFR4 pathways are major negative regulators of BA synthesis. Furthermore,
FXR inhibits the sodium taurocholate co-transporting polypeptide (NTCP) via SHP, thereby
repressing hepatic BA uptake [19]. FXR activation also increases the efflux of BAs from the
liver to the canalicular lumen by targeting the transporter bile salt export pump (BSEP)
and multidrug resistance protein-3 (MDR3), triggering another mechanism responsible
for the anticholestatic effects of FXR agonists [20]. FXR activation also leads to an increase
in the expression of the organic solute transporters OSTx and 3, which also enhance BA
efflux from the liver to the portal vein [21]. Besides its pivotal activity as a BA-responsive
transcription regulator of BA synthesis and metabolism, as described in detail above, it
has been demonstrated that FXR-mediated signaling plays a role in hepatic fibrogenesis,
although controversial results have been obtained regarding this function. Hence, it has
been observed that FXR knock-out mice develop hepatic inflammation, fibrosis, and liver
tumors over time [22] and, accordingly, it has been demonstrated that OCA-induced FXR
activation reduced liver fibrosis in two different experimental in vivo models of liver
fibrosis [23]. Other authors have suggested that FXR in liver fibrosis models can be either
detrimental or irrelevant, depending on the type of damage [24]. Notably, no direct effects
of FXR agonists could be observed on the activation of cultured hepatic stellate cells
(HSCs) [25,26], which are the main cell types triggering the fibrogenesis process [27].

OCA exerted both anti-inflammatory and ant-fibrotic effects by targeting the activation
of both liver sinusoidal endothelial cells (LSECs) and Kupffer cells [26]. In particular,
OCA reduces the production of inflammatory cytokines and chemokines (transforming
growth-factor 3, connective tissue growth factor, platelet-derived growth factor 3-receptor,
monocyte chemo-attractant protein-1) by these two types of sinusoidal cells, which in
turn activate HSCs [28]. Hence, the mechanism of the anti-inflammatory effect relies
on the inhibition of the NF-«kB signaling pathway via the up-regulation of its inhibitor
IkBx. In summary, OCA acts by a complex mechanism, comprising several actions: (a)
the regulation of bile acid transport; (b) the reduction in inflammation; (c) the modulation
of cellular pathways triggering fibrogenesis [29]. Due to the induction of a signaling
pathway which modulates the activity of fibroblast growth factor-19 (FGF-19), OCA exerts
greater hepatoprotection than UDCA. OCA also induces the expression and secretion
of gut-derived hormones, e.g., FGF-19 [30]. This hormone is absorbed and secreted by
enterocytes into the portal blood, thereby reaching the liver through the portal venous
system. In the liver, FGF-19 is involved in the anticholestatic mechanisms described above.
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3. Pre-Registration Studies

OCA has been evaluated in monotherapy in a phase II study in which PBC patients
were enrolled with the aim of assessing its benefit in the absence of UDCA treatment [31].
After randomization, patients were treated with a placebo (23 patients), or two doses of
OCA (10 mg in 20 patients and 50 mg in 16 patients) for 3 months, and followed up by a
6-year open-label extension. The ALP reduction, measured as the percentage difference
from the baseline, was evaluated as the primary endpoint of this study. The treatment with
both dosages induced a significant ALP reduction compared to the placebo. Accordingly,
other plasma parameters were reduced in OCA-treated patients, e.g., conjugated bilirubin,
GGT, AST, and immunoglobulins. In this study, the most common adverse effect reported
after OCA treatment was pruritus, having been experienced by 15% of the 10 mg-treated
patients and 38% of the 50 mg-treated patients.

The first approval of OCA was obtained following the results of a phase III trial that
enrolled 216 patients [32], and demonstrated that about 59% of UDCA-non-responders
benefitted from a one-year treatment with a combination of OCA and UDCA. These patients
reached the clinical endpoint, set as an ALP level of less than 1.67 times the upper limit of
the normal range, with a reduction of at least 15% from the baseline). Thereafter, the study
underwent an open-label extension phase in which 193 enrolled patients were switched to
OCA treatment [33]. The results of the following 3-year interim analysis showed that OCA
therapy was well tolerated and could be demonstrated to maintain its performance over
time. Additionally, a post-hoc analysis revealed that OCA induced a significant bilirubin
reduction (both total and direct) that was particularly evident in those patients with a
high baseline value of direct bilirubin [34]. This analysis thus confirmed the beneficial
effects of OCA therapy in high-risk patients. Furthermore, the histological analysis of
liver biopsies at baseline and after a 3-year treatment with OCA in a subgroup of patients
(n =17) revealed the improvement or stabilization of a panel of histologic disease features,
e.g., ductular injury, fibrosis, and collagen morphometry [35]. This analysis, despite the
limited number of assessed liver biopsies, further demonstrated that OCA is effective in
UDCA-non-responders. The most reported adverse effects related to OCA treatment were
pruritus and fatigue, which were experienced by 77% and 33% of patients, respectively [34].
As regards pruritus, only 8% of the OCA-treated patients interrupted the treatment during
the open-label extension phase and, in general, patients reported a mild-to-moderate
pruritus, and those experiencing severe pruritus were treated with specific medication after
a clinical consult. In general, the results of this clinical trial demonstrate that 3 years of
OCA treatment were efficient in ameliorating or stabilizing multiple histological features
of PBC in most patients with an inadequate UDCA response, and supported the approval
of OCA from the FDA in 2016.

Another sub-analysis of the above-reported trial observed that OCA treatment induced
a significant reduction in the AST to platelet ratio (APRI). This effect was observed after a
1-year treatment and in the open-label extension phase in the groups treated with 10 and
50 mg OCA with respect to the placebo [36]. Liver stiffness (LS) was evaluated in 39 pa-
tients randomized and dosed with the placebo, 35 patients dosed with OCA 5-10 mg,
and 32 patients dosed with OCA 10 mg. LS at baseline was 12.7 &+ 10.7, 10.7 + 8.6,
and 11.4 & 8.2 kPa, respectively. During the double-blind and open-label phases, a de-
crease, while not significant, was only observed in the OCA 10 mg group, while both the
OCA 5-10 mg and placebo groups displayed mean increases in liver stiffness [36]. In other
words, a trend towards a reduction in LS was observed only in the arm treated with the
highest dose of OCA. In another scenario, namely non-alcoholic steatohepatitis, patients
enrolled in the phase IIl REGENERATE study with OCA showed a significant reduction in
LS after 18 months in the OCA 25 mg group vs. the placebo [37]. Thus, the assessment of the
antifibrotic activity of OCA in a clinical setting has several limitations, mainly considering
that changes in LS occur during a median interval of 2 years.

The main pre-registration studies evaluating the efficacy and safety of OCA are re-
ported in Table 1.

106



Biomedicines 2022, 10, 2464

Table 1. Summary of the main pre-registration studies described in the text.

NCT Number [Ref] Type of Study Therapeutic Scheme Population Outcome Adverse Events
Phase II study,
3-month randgmlzed, ALP reduction at both
double-blind, dosages after a 3-month Pruritus (placebo
NCT00570765 placebo-controlled, OCA monotherapy 60 PBC patients & Ou us P o
131] parallel group phase (10 or 50 mg) (18-70 years) treatment. Improvement  35%, OCA 10 70%,
’ of GGT, ALT, conjugated 94% OCA 50
followed by a S
1 bilirubin, IgG
ong-term safety
extension (LTSE)
Phase III study,
international
12-month
randomized, ALP reduction only after Pruritus (56% in
NCT01473524 dlouble-bhnd (]lDlB), OCA 5 mg (6 months) 217 patients 12-month treatment with the 5—1(3) /0. gr(;lup
32,33] placebo-controlled,  up to 10 mg or 10 mg (>18 years) combination and 68% in the
g parallel group phase, vs. placebo = Reduction in total and 10 mg group vs.
followed by a direct bilirubin 38% placebo
long-term safety
extension (LTSE)
phase of up to 5 years
Eiﬂilzialfﬁdll OCA reduced the time
NCT03253276 placebo-controlled OCA vs. placebo 8 PBC patients hepatocytfas are exp os.ed 1 patient dliop ped
[38] to potentially cytotoxic for pruritus
crossover ' g
bile acids.
study
Significant reduction in
ALP, v-GT, and ALT
NCT00550862 Phase II, randomized, 0% (10,25 50 mg) 165 patients compared with placebo, — ~ 13%
: plus UDCA in patients with PBC discontinuation for
[39] double-blind study o (18-75 years) L .
combination experiencing an pruritus

inadequate response to
UDCA

4. Real-World Data on OCA

Currently, OCA is available as tablets containing 5 and 10 mg under the brand name
Ocaliva. Typically, therapy for PBC patients is started with the administration of an initial
dose of 5 mg once daily, which can be titrated to a maximum of 10 mg daily [40]. The
general recommendation for patients with advanced cirrhosis (Child-Pugh B or C) is to
start with a dose of 5 mg once weekly, which is then increased to a maximum of 10 mg
twice weekly if the drug is well-tolerated.

The most significant ADRs caused by OCA therapy which have been reported in
clinical trials are pruritus, fatigue, nausea, and headache. To a minor extent, hypersensitivity
reactions and depression have also been observed [40]. As far as pruritus is concerned,
it appears to be less severe if the patients are initially treated with a low dose, which can
then be gradually increased. As a consequence of the alteration of lipid metabolism, which
is due to other molecular signaling pathways triggered by FXR activation, an increase in
total serum lipid levels and a small decrease in high-density lipoprotein (HDL) have also
been reported in PBC patients treated with OCA, but to date these effects have not been
correlated to a long-term increased cardiovascular risk [30].

Real-world data are crucial for understanding treatment effectiveness and safety
in everyday clinical practice where: (i) patients’ characteristics are more heterogeneous
with respect to sub-phenotypes, e.g., cirrhosis and overlap syndrome between PBC and
AIH; (ii) the treatment schedule may be less rigid and more “personalized” by each treat-
ing physician. A number of post-registration clinical trials are ongoing and recruiting
patients (Table 2).
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Table 2. Ongoing clinical trials recruiting patients for post-registration efficacy assessment.

NCT Number Type of Study Therapeutic Scheme Estimated Enrollment Primary Endpoints
Percentage of PBC patients
Randomlz.ed, OCA (5 mg titrated to rea.ch.mg ALP <1.67x Upper
double-blind, . Limit of Normal, and ALP
. 10 mg) + UDCA vs. 156 PBC patients o
NCT05450887 multicenter, decrease > 15% from
placebo + UDCA (18-75 years) . R
placebo-controlled (13~15 mg/kg/day) baseline, and total bilirubin
phase III clinical trial g/xg/day < ULN after 12-month
treatment
foa®
Post-authorization Response to Ocaliva™ after
non-interventional 12-month treatment
NCT03703076 . OCA (5 or 10 mg) 150 patients (monotherapy or
observational, L
. combination) assessed by
multi-site study - .
Paris Il response criteria
Time to the first occurrence
of the composite endpoint of
. OCA (5 or 10 mg) and .. all-cause death, liver
NCT05293938 Retrospective study UDCA 2544 participants transplant, or hospitalization
for hepatic decompensation
after 67 months
Time to the first occurrence
NCT05292872 Retrospective stud OCA (5 or 10 mg) and 3156 participants traﬁi all;_rf’? li)i'ehci)esatil’:z/ﬂlil;]ae’:ion
(HEROES PBC) P y UDCA particip plant, P .
for hepatic decompensation
after 67 months
Phase Ila, double-blind, Bezaf;ggartsgloo or
NCT05239468 r.andomlzed, OCA 5 mg, 60 patients ALP change afte}‘ 12 weeks
active-controlled, . vs. baseline
arallel eroup stud Bezafibrate placebo,
P group y OCA placebo
Bezafibrate 200 or
Phase II, double-blind, 400 mg,
NCT04594694 randomized, parallel OCA mg, 75 patients ALP change afte.r 12 weeks
. vs. baseline
group study Bezafibrate placebos,
OCA placebo
Construction of a systematic
Prospective, registry to describe the
NCT04076527 multicenter cohort OCA vs. UDCA 1200 patients characteristics and the recent
study state of usual clinical care of
the respective population
Percentage of PBC patients
Multicenter, OCA (5to 10 mg) + re:r(lt(}iug%PA ]&Iejcjeifz; E;;/N'
NCT04956328 randomized, UDCA, or placebo + 120 patients from baseline. and talo
double-blind trial UDCA o Daseime, and 1o

bilirubin < ULN after
48week-treatment

Three real-world cohorts have been published thus far (Table 3), all reporting results
for 12 months of OCA treatment [41-43]. Altogether, 375 patients treated with OCA were
included in these three studies. The main characteristics of the three cohorts are respectively
described in Table 3. The inclusion criteria were: hepatologist’s discretion for the Canadian
cohort, lack of response to Paris II criteria [44] for the Iberian cohort and ALP >1.5 times
the normal according to the Italian Medicines Agency (AIFA) for the Italian cohort. The
percentages of patients with cirrhosis were 6.3, 10, and 15%. The percentages of response at
12 months according to the POISE criteria were respectively 18, 29.5, and 51.9%. Due to
the retrospective design of these studies, a comparable evaluation of the response to OCA
is impossible. However, it has to be pointed out that in the Italian cohort, with one third
of cirrhotic patients, the response rate was lower due to the higher drop-out and higher
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levels of bilirubin at baseline in cirrhotic patients. Within the Canadian cohort, 11 patients
(17%) had a permanent discontinuation of treatment (2 of them with Child-Pugh A and
B respectively) for suspected hepatotoxicity. The first case was a 67-year-old female who
discontinued OCA due to an increase in ALP. The second patient was a 54-year-old female
who developed severe cholestatic cirrhosis, who was transplanted for severe complications.
Within the Iberian cohort, a total of 14 patients (11.67%) discontinued the treatment due to
severe adverse events or decompensation of cirrhosis. Within the Italian cohort, 33 patients
(17%) discontinued OCA for pruritus or other side-effects. In the same cohort, factors
associated with a lack of response at 12 months were: previous treatment with fibrates,
high levels of ALP at baseline, and high levels of bilirubin at baseline [43].

Table 3. Real-world data in three cohorts of patients with PBC.

Inclusion % of pts with % of Response
Author Country N. of Patients L % of Cirrhosis AIH/PBC According to
Criteria
Overlap POISE
Roberts Canada 64 HePatolo.glst S 23.7 6.3 18
discretion
Lack of
Gomez Spain/Portugal 120 response to 21.7 10 29.5
Paris II criteria
D’Amato Italy 191 ALP > 1.5 UNL 32 15 51.9

A further analysis was performed in 100 cirrhotic patients of the Italian cohort [45].
The response to treatment was obtained in 41% of cases, according to the POISE criteria,
confirming OCA efficacy at this stage as well. In this case, the use of the normal range
criteria means that the endpoint was reached by only 11.5% of the cirrhotic patients.
Regarding the reported severe adverse effects, 22% of patients discontinued OCA therapy:
5 patients due to jaundice and/or ascitic decompensation, 4 due to upper digestive bleeding,
and 1 subject died after the substitution of a transjugular intrahepatic portosystemic shunt.

A sub-analysis from the Italian and Iberian cohorts found that patients with PBC/AIH
overlap syndrome had a similar response after OCA treatment [42,43].

Two further real-world studies were presented at an AASLD virtual meeting in 2020.
The first study, derived from the GLOBAL PBC group, enrolled 290 patients in 11 centers
located between Europe, North America, and Israel [46]. Among them, 215 patients met the
POISE criteria for eligibility, 60 patients possessed available biochemical data for a period
of 12 months, and 35% of patients reached the pre-defined POISE primary endpoint after
1 year of treatment. The second study was conducted on 319 patients that received OCA
therapy between May 2016 and September 2019, and were considered eligible for OCA
according to laboratory databases and American administrative claims [47]. According
to the Toronto criteria, the proportion of patients achieving a biochemical response to the
treatment was 48% after 1 year, 58% after 2 years, and 55% after 3 years which marked the
end of the follow-up period [48]. More recently, a large nationwide experience of second-
line therapy in PBC has been reported [49]. The study was conducted from August 2017
to June 2021 across 14 centers in the UK. A total of 457 PBC patients with an inadequate
response to UDCA were recruited. Overall, 259 patients received OCA and 80 received
fibrates (fibric acid derivatives) and completed 12 months of therapy, yielding a dropout
rate of 25.7% and 25.9%, respectively. Treatment efficacy was quantified by the proportion
of patients attaining a biochemical response according to propensity score matching. The
12-month biochemical response rates were 70.6% with OCA and 80% under fibric acid
treatment, without reaching any statistical significance.

With the objective of evaluating the time to first occurrence of liver transplant or death,
OCA-treated patients in the POISE trial and open-label extension were compared with
non-OCA-treated external controls [50]. Propensity scores were generated for external
control patients meeting POISE eligibility criteria from 1381 patients in the Global PBC
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registry study and 2135 in the UK PBC registry. Over the 6-year follow-up, patients treated
with OCA had a significantly greater transplant-free survival than comparable external
control patients.

5. Combined Therapy with OCA and Fibrates

Fibrates, well-known agents with anti-lipidemic properties, were proposed as a second-
line treatment because their beneficial effects on inflammation, cholestasis, and fibrosis are
documented, resulting from their activity as peroxisome proliferator-activated receptor
(PPAR) agonists. Fibrates have different affinities to the three main PPAR isoforms, PPAR«,
PPARf /%, and PPARY, and consequently can activate different signaling pathways. As
an example, fenofibrate, a PPAR« agonist, upon binding to its receptor, increases the
expression of multidrug resistance protein 3 (MDR3) [51]. Furthermore, it increases biliary
phosphatidylcholine secretion, thus ameliorating a recognized biomarker of cholestasis.
Bezafibrate acts as a dual agonist of PPARx and PPARYy and is also a pregnane X receptor
(PXR) agonist [52]. The BEZURSO trial is a Phase III study, employing bezafibrate in
combination with UDCA, and was the first placebo-controlled trial evaluating the use
of fibrates as a second-line treatment for PBC. In this study, the second-line combination
therapy of bezafibrate and UDCA was effective in obtaining a complete biochemical
response with a rate significantly higher than that observed in patients treated with a
placebo and UDCA [53]. This regression was associated with a concurrent improvement
of both symptoms and surrogate markers of liver fibrosis. The most frequently reported
ADREs of fibrates include increased levels of creatinine and transaminases and heartburn.
As a consequence of its main mechanism of action involving a reduction in BA synthesis,
clofibrate treatment can lead to the formation of gallstones and hypercholesterolemia [54],
two events which have not been observed during treatment with fenofibrate or bezafibrate.

A triple therapy with UDCA, OCA, and fibrates was studied in a multicenter retrospec-
tive cohort of patients with PBC [55]. Fifty-eight patients were treated with a combination
of UDCA (13-15 mg/day), OCA (5-10 mg/day), and fibrates (fenofibrate 200 mg/day or
bezafibrate 400 mg/day). This combination achieved a significant reduction in ALP level
compared to dual therapy (odds ratio for ALP normalization of 5.5). The primary outcome
(change in ALP) and the effect on pruritus are summarized in Table 4.

Table 4. Outcomes of triple therapy (UDCA + fibrates + OCA) [55].

Outcome Baseline Dual Baseline Triple Last Follow-Up Triple
ALP (xULN) 2.5 1.8 1.1
Normal ALP (%) 0.7 10.3 47.4
Absence of pruritus 411 51.8 66.1

6. Conclusions

In May 2021, the Food and Drug Administration issued a new warning restricting the
use of OCA in patients with advanced cirrhosis (https://www.fda.gov/drugs/drug-safety-
and-availability /due-risk-serious-liver-injury-fda-restricts-use-ocaliva-obeticholic-acid-pr
imary-biliary-cholangitis, accessed on 1 September 2022). Advanced cirrhosis was defined
on the basis of current or prior evidence of liver decompensation (e.g., encephalopathy,
coagulopathy) or portal hypertension (e.g., ascites, gastroesophageal varices, or persis-
tent thrombocytopenia). A practical guidance statement was published thereafter by the
AASLD [56]. In this statement, the AASLD reported the contraindication on cirrhosis
announced by the FDA, namely decompensated cirrhosis, and further recommended the
careful monitoring of any patient with cirrhosis, even if not advanced, receiving OCA. In
eligible patients, the recommended starting dose of OCA is 5 mg, which can be titrated to
10 mg after 6 months if OCA is well-tolerated. It is also recommended by the AASLD to
monitor liver function before and after the initiation of OCA therapy.

In conclusion, due to its complex and fascinating mechanism, OCA represents a
complete intervention for the therapeutic management of those PBC patients who can-
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not be treated satisfactorily with UDCA for efficacy or safety reasons. However, more
real-world data are needed to gain a full understanding of its pharmacological and toxico-
logical features.
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Abstract: Primary biliary cholangitis (PBC) is a chronic autoimmune liver disease characterized by
the presence of antimitochondrial and antinuclear antibodies in patients” serum. Here, we analyzed
the reactivity of autoantibodies against a novel autoantigen, kelch-like 12 (KLHL12) protein, in a
cohort of 138 PBC and 90 non-PBC patients. Additionally, we compared the reactivity of KLHL12
with antinuclear envelope antibodies: anti-gp210, anti-p62, and anti-LBR. Commercially available
kits and an ‘in-house” ELISA were used in the studies. Antinuclear envelope antibodies were detected
in 65% of PBC patients and the presence of these antibodies was observed more frequently in patients
diagnosed with later stages (III/IV) of PBC, according to Ludwig’s classification (p < 0.05) and were
found to correlate with a higher concentration of bilirubin. Overall, anti-KLHL12 antibodies were
found more frequently in PBC patients than in non-PBC controls (p < 0.001). Anti-KLHL12 antibodies
were detected in 36% of the tested PBC cohort, including PBC patients negative for antimitochondrial
antibodies. Presence of anti-KLHL12 was also associated with a higher concentration of bilirubin and
correlated with fibrosis (p < 0.05). Anti-KLHL12 antibodies were detected in 30% of PBC individuals
positive for antinuclear envelope antibodies, while anti-KLHL12 and antinuclear envelope antibodies
were found in 17% of all PBC cases. Concluding, our data confirm that antibodies against the
KLHL12 protein are highly specific for PBC and when used in combination with other markers, may
significantly increase the diagnosis of PBC.

Keywords: PBC; autoantibodies; glycoprotein gp210; nucleoporin p62; KLHL12 peptide

1. Introduction

Primary biliary cholangitis (PBC) is a chronic, progressive, immune-mediated cholestatic
liver disease with a strong genetic basis [1-10]. The most characteristic immunological
features of this entity are anti-mitochondrial antibodies [11-14]. The M2 fraction of antimi-
tochondrial antibodies (AMA M2), directed against the 2-oxoacid-dehydrogenase complex
of the inner mitochondrial membrane, is detected in up to 95% of PBC patients. In addition,
different types of antinuclear antibodies (ANAs) can be found in approximately 50% of PBC
patients [15-20]. There are several nuclear structures recognized as targets for ANAs in
PBC [21-29]. Some ANAs specifically target nuclear envelope (NE) proteins [30-35]. ANAs
directed against NE proteins, such as anti-gp210 antibodies, are not common; nevertheless,
they seem to be highly specific for PBC [36,37]. Some data indicate that anti-gp210 antibod-
ies may be used as a marker for unfavorable prognosis of PBC [38—40]. Nucleoporin p62 is
another protein associated with the NE. Wesierska-Gadek et al. (2007; 2008) found anti-p62
antibodies in about 50% of PBC patients [41,42], while Miyachi et al. (2003) showed their
presence in 13% of PBC cases [43].
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Antibodies against the kelch-like 12 (KLHL12) peptide were recently identified as a
new biomarker for PBC and notably indicate patients who are negative for conventional
autoantibodies [44]. Nevertheless, the prevalence of anti-KLHL12 antibodjies in different
geographical areas has rarely been reported [45]. The kelch-like family of proteins, consist-
ing of 66 KLHL genes, appears to be involved in multiple cellular functions including cell
structure, cellular communication, transcriptional regulation, collagen export, and ubiqui-
tination of proteins through interactions with the cullin-ring E3-ligases [46,47]. KLHL12,
which is located inside the nucleus, is part of this evolutionarily conserved superfamily
and is crucial for collagen export [46,48]. The KLHL12 antigen was detected using microar-
ray, proteomic, and modified enzyme-linked immunosorbent assay (ELISA) analyses [49].
These new antibodies have not been widely employed in practice and only a few reports
can be found [44,45,49].

In the present study, we determined specific antibodies directed against the KLHL12
peptide in sera of Polish PBC patients and compared them to autoantibodies against anti-
NE proteins, including anti-gp210, anti-p62, and anti-LBR. Additionally, we compared the
presence and level of all these antibodies to biochemical and histological parameters, and
evaluated their significance for the diagnosis of PBC.

2. Materials and Methods
2.1. Patients

Serum samples were collected from 138 patients (131 women, 7 men; median age:
50 age range: 26-70 years), diagnosed at the Centre of Postgraduate Medical Education
(Warsaw, Poland). The diagnosis of PBC was established using generally accepted criteria
according to the practical guidelines of the European Association for the Study of the
Liver(EASL) for PBC [50,51]. A liver biopsy was performed in all cases. Patients positive
for the hepatitis B surface antigen (HBsAg), anti-hepatitis A virus IgM, hepatitis C virus,
and patients with alcoholism and autoimmune hepatitis (AIH)/PBC overlap syndrome
were excluded from the study. In most patients, the diagnosis was made within one year
after the onset of symptoms. The main criteria for outcome measure were time of death from
liver failure or time to liver transplantation. For the analysis, we selected patients who had
no other comorbidities detected at the time of the study. None of the patients had previous
gastrointestinal disease. However, shortly after the serum was collected, 6 patients were
diagnosed with other autoimmune diseases: 3 with Sjogren’s syndrome; 1 with rheumatoid
arthritis; 1 with Hashimoto’s disease; 1 with systemic lupus erythematosus. The tested
antibodies were not detected in any of these patients.

The control group consisted of 40 patients (16 females, 24 males; median age: 47; age
range: 23-67 years) with primary sclerosing cholangitis (PSC) and 20 patients with AIH
(15 females, 5 men; median age: 47 years; age range: 19-67 years). Additionally, serum
samples from 30 healthy adult blood donors (22 females, 8 men; median age: 33 years; age
range: 20-52 years) were collected at the Warsaw Blood Bank. The study protocol was
conducted in accordance with the ethical guidelines of the Declaration of Helsinki and
was approved by the Ethical Committee of the Centre of Postgraduate Medical Education,
Warsaw, Poland (approval number 71/PB/2019). Written informed consent was obtained
from all patients.

2.2. Detection of Antibodies
2.2.1. Detection of Anti-gp210 Antibodies and AMA M2

Anti-gp210 antibodies and AMA M2 were determined using commercially available
ELISA kits (QUANTA Lite® gp210; Inova Diagnostics, USA and QUANTA Lite® M2
EP-MIT3, respectively; Inova Diagnostics, San Diego, CA, USA), according to the manufac-
turer’s instructions. Intra-assay performance of these kits was 4.6% and 2.9%, respectively,
while their inter-assay performance was 5.8% and 6.1%, respectively.
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2.2.2. Detection of Anti-Nucleoporin p62 Antibodies

The level of anti-nucleoporin p62 (anti-p62) was evaluated by an ‘in-house’ ELISA, as
previously described [52]. The antibody levels were calculated with reference to standard
serum. Results > 20 units/mL were considered positive. The intra-assay performance of
the used ‘in-house” ELISA test was on average 4.5%, while the inter-assay coefficient of
variation was equal to 11%.

2.2.3. Detection of Anti-LBR Antibodies

Anti-lamin B receptor (anti-LBR) antibodies were determined using an ‘in-house’
ELISA. Wells of flat-bottom microtiter plates (Costar, Corning, NY, USA) were coated with
the LBR recombinant protein (Abcam, Cambridge, UK) dissolved in bicarbonate buffer
(pH 9.9), then saturated with 1% bovine serum albumin (BSA; Sigma-Aldrich, Steinheim,
Germany) in phosphate buffered saline (PBS; pH 7.4; HyClone; Cytiva, Marlborough,
MA, USA), and washed with PBS supplemented with 0.1% Tween (PBST; Sigma-Aldrich).
Next, the tested sera (diluted 1:100 in PBS) were incubated in coated plates for 1 h at
room temperature (RT) with horseradish peroxidase-conjugated antibodies to human
IgG (dilution 1:50,000; Daco A/S; Glostrup, Denmark) in PBST. The color reaction was
developed by adding 0.1 mL of tetramethylbenzidine (TMB; SERVA Electrophoresis GmbH,
Heidelberg, Germany) and stopped using 0.5 M H,SOy4. The optical density (OD) was
measured at 450 nm with an automatic plate reader (Multiscan RC, Labsystem; Vantaa,
Finland). The final levels of antibodies were calculated with reference to standard serum,
which had been diluted to five different concentrations (10, 30, 50, 200, and 500 units/mL).
Results lower than 15 units/mL were arbitrarily determined as negative. The intra-assay
performance of our ELISA ‘in-house’ test was on average 4.8% and the inter-assay coefficient
of variation was equaled to 10.5%.

2.2.4. Detection of Anti-KLHL12 Antibodies

Anti-KLHL12 antibodies were detected using an ELISA test developed at the Centre
of Postgraduate Medical Education in Poland, using the recombinant KLHL12 protein
(Abnova, Taipei, Taiwan). Flat-bottom microtiter plates (Costar, Corning, NY, USA) were
coated with a solution of the KLHL12 recombinant protein in bicarbonate buffer (pH 9.9),
then saturated with 1% BSA in PBS, and washed with PBST. The tested sera (1:100 in PBS)
were incubated on coated plates for 1 h at RT with horseradish peroxidase-conjugated
human IgG antibodies (Daco A /S, dilution 1:50,000 in PBST). The color reaction was de-
veloped by adding 0.1 mL of TMB (SERVA Electrophoresis GmbH) and stopped using
0.5 M H,SOy4. The optical density (OD) was measured at 450 nm with an automatic plate
reader (Multiscan RC, Labsystem, Vantaa, Finland). The levels of antibodies were calcu-
lated with reference to our standard serum diluted to: 10, 20, 50, 200, and 400 units/mL.
Results lower than 30 units/mL were arbitrarily determined as negative. The intra-assay
performance of the developed ‘in-house’ ELISA test was on average 4.3%. The calculated
inter-assay coefficient of variation was equaled to 10.3%.

2.3. Statistical Analysis

Prevalence rates were compared between groups using the chi-squared test and
Fisher’s exact test. Continuous data were summarized as mean + SD (standard deviation),
and categorical data were summarized as frequencies. Continuous variables were evaluated
using the Mann—-Whitney test and were expressed as median + interquartile range (IQR).
A p-value below 0.05 was considered statistically significant. All statistical analyses were
performed using the Statistica 8.0 software (Stat-Soft; Cracow, Poland) and MedCal for
Windows, version 7.4.1.0 (MedCal Software; Mariakerke, Belgium). Statistical analysis of
the ROC curve was performed using Prism software (GraphPad; La Jolla, CA, USA) and
MedCal version 7.4.1.0 (MedCal Software).
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3. Results

3.1. Clinical, Histological, and Laboratory Features of PBC Patients and Control Groups

The clinical, histological, and laboratory characteristics of PBC patients are presented

in Table 1.

Table 1. Demographic, biochemical, immunological, and histological characteristics of PBC patients

and control groups.

Primary Biliary Autoimmune Primary Sclerosing Healthy Adult Blood
Cholangitis Patients Hepatitis Patients Cholangitis Patients Donors
(n =138) (n =20) (n = 40) (n =30)
Age, years (range) 50 (26-70) 47 (19-67) 47 (23-67) 33 (19-53)
Females/males 131/7 15/5 16/24 22/8
Bilirubin (total), mg/dL 24(2.2) 23(2.1) 1.4 (2.6) 0.7 (0.6)
AST,U/L 81.4 (51.2) 44.3 (71.0) 97.4 (70.1) 22.5(21.6)
ALT,U/L 93.6 (72.5) 61.7 (52.8) 86.9 (66.0) 15.1 (26.2)
AP, U/L 506.5 (429.2) 223.3 (175.4) 345.5 (227.6) 38.7 (16.8)
v-GT,U/L 335.5 (304.2) 231.9 (204.0) 349.2 (252.4) 18.6 (4.8)
Albumin (g/dL) 3.6(1.2) 34(24) 29(1.1) 45(2.3)
v-globulin (g/dL) 1.8 (1.1) 1.7 (1.6) 1.5(1.8) 1.1(0.2)
AMA M2 113 (82%) 0 (0%) 0 (0%) 0 (0%)
Anti-gp210 antibody 65 (47%) 0 (0%) 1 (2.5%) 0 (0%)
Anti-p62 antibody 39 (28%) 1 (5%) 1(2.5%) 0 (0%)
Anti-LBR antibody 21 (15%) 0 (0%) 0 (0%) 0 (0%)
Anti-KLHL12 antibodies 49 (36%) 1 (5%) 0 (0%) 0 (0%)
Early histological stage (I/1I) 82 (59%) 6 (30%) 11 (28%) 0 (0%)
Advanced histological stage (III/IV) 52 (37%) 3 (15%) 5 (13%) 0 (0%)
Ambiguous histological stage 4 (4%) 0 (0%) 0 (0%) 0 (0%)

Data are presented as mean (£ SD). Abbreviations: y-GT, y-glutamyl transpeptidase; ALT, alanine amino-
transferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; Normal value: bilirubin < 1.2 mg/dL;
AST <40 U/L; ALT <40 U/L; AP <115 U/mg/dL; y-GT < 50 U/L; albumin 3.5-5.5 g/dL, y-globulin < 3 g/dL.
Conversion factors to SI units are as follows: bilirubin, 17.1; AST, ALT, AP, and y-GT, 0.0167.

It was determined that the total bilirubin levels were higher in over 50% of the tested
samples. AMA M2 was detected in 82% of patients’ sera. Activity of AST and ALT was
elevated in 73% and 62% of sera from PBC patients, respectively. Over 70% of patients
presented increased activity of AP and y-GT, while a decreased level of albumin was
observed in 40% of PBC patients.

3.2. Occurrence and Diagnostic Value of Anti-Nuclear Envelope Antibodies

In the tested PBC patients, anti-NE antibodies were found in 76 out of 138 samples
(55%). Anti-gp210 and anti-p62 antibodies were detected in 65 (47%) and in 39 (28%) out of
138 PBC patients, respectively. Among PBC patients, anti-LBR antibodies were found with a
frequency of 15% (21/138), while no anti-LBR antibodies were detected in the pathological
controls. None of the examined antibodies were found in any of the healthy controls. In
the control group, among PSC patients, anti-gp210 and anti-p62 antibodies were found
in one patient (2.5%), respectively. Among AIH patients, we also determined anti-p62
antibodies in only one sample (5%). The summary of sensitivities, specificities, and positive
and negative predictive values for each detected antibody in patients with PBC is presented
in Table 2.

We also checked the occurrence of the tested antibodies in the studied group of females
only, as well as in the group of males. In the tested PBC female patients, anti-NE antibodies
were found in 71 out of 131 samples (54%) and in the male group, anti-NE antibodies were
found in 5 out of 7 samples (71%). This difference was not statistically significant. The
data obtained for the female group did not differ from the data obtained for the entire
PBC cohort.
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Table 2. Diagnostic accuracy for anti-p62 and anti-gp210 antibodies in PBC patients.

Anti-gp210 Anti-p62 Anti-LBR Anti-NE
Sensitivity [%, 95% CI] 47.1 [38.6-55.8] 28.3 [20.9-36.6] 15.2[9.7-22.3] 55.1 [46.4-63.5]
Specificity [%, 95% CI] 98.9 [93.9-99.9] 97.8[92.2-99.7] 100.0 [96.0-100.0] 96.7 [90.6-99.3]
PPV [%, 95% CI] 98.5[90.1-98.9] 95.1 [82.8-98.8] 100.0 96.2 [89.2-98.7]
NPV [%, 95% CI] 54.9 [51.0-58.8] 47.1 [44.4-49.8] 43.5[41.8-45.2] 58.4 [53.8-62.9]
Positive Likelihood Ratio (LR+) 42.4[6.0-300.1] 12.7 [3.2-51.4] ND 16.5 [5.4-50.8]
Negative Likelihood Ratio (LR—) 0.5[0.4-0.6] 0.7 [0.6-0.8] 0.9 [0.8-0.9] 0.5[0.4-0.6]

Disease prevalence [%, 95% CI]
Accuracy [%, 95% CI]

60.5 [53.4-65.9]
67.5[61.1-73.4]

60.5 [53.9-65.9]
55.7 [49.0-62.3]

60.5 [53.9-66.9]
48.7 [42.0-55.4]

60.5 [53.9-66.9]
71.5[65.1-77.3]

ELISA units

ND—not defined.

Specificity of anti-NE proteins for diagnosis of PBC in the whole group of patients was
95.4%. The difference between proportions of anti-NE-positive patients and controls was
0.560 (95% C.I., 0.438-0.665, p < 0.0001). In our study, the positive predictive value (PPV) of
anti-gp210 and/or anti-p62 was 89.2%, and the negative predictive value (NPV) was 76.4%.
The accuracy of these tests and their ability to differentiate PBC patients and healthy cases
was 80.3%.

The levels of anti-gp210, anti-p62, and anti-LBR antibodies in sera of PBC patients and
control groups are presented in Figure 1.
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Figure 1. Levels of anti-nuclear envelope antibodies in sera of patients with PBC and the control
group: (A) anti-gp210, (B) anti-p62, (C) anti-LBR.

There was a significant difference between PBC patients and the control group:
148 U/mL vs. 45 U/mL, p < 0.0001 for anti-gp120 antibodies, and 211 U/mL vs. 16 U/mL,
p < 0.0001 for anti-p62 antibodies and 176 U/mL vs. 10 U/mL, p < 0.0001 for anti-LBR
antibodies. Nearly 50% of patients showed a high level (above 150 U/mL) of anti-gp210,
anti-p62, or anti-LBR antibodies.

Receiver operating characteristic (ROC) curve analysis for serological detection of
anti-gp210 anti-p62 and anti-LBR in PBC samples is shown in Figure 2.

The determined area under the ROC curve (AUC) was greatest for anti-gp210 antibod-
ies (0.7656). The values of AUC calculated for anti-LBR and anti-p62 autoantibodies were
0.6863 and 0.6608, respectively.

We also attempted to correlate anti-gp210, anti-p62, and anti-LBR serum antibodies
with AMA M2 (Figure 3).

Anti-gp120 were detected in 52% of AMA M2-negative vs. 46% of AMA M2-positive
patients. Similarly, anti-p62 were observed more frequently in AMA M2-negative (36%)
than in AMA M2-positive (27%) patients. In contrast, lower levels of anti-LBR were ob-
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served in AMA M2-negative (12%) than in AMA M2-positive (22%) samples. Nevertheless,

these differences were not statistically significant (p > 0.05).
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Figure 2. Receiver operating characteristic (ROC) curve analysis for serological detection of PBC
anti-gp210 and anti-p62, and anti-LBR antibodies in PBC: (A) anti-gp210 and anti-p62, (B) anti-LBR.
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Figure 3. Prevalence of antinuclear antibodies in the studied AMA M2-positive and AMA M2-

negative populations.

Among the 25 AMA M2-negative patients, two (8%) were positive for all three tested
antibodies (anti-gp210, anti-p62, anti-LBR). Only four AMA M2-negative patients (16%)
were positive for at least two activities. Among the 113 AMA M2-positive patients, eight
(6%) presented reactivity to all three tested antibodies, while 22 patients (19%) were positive
for at least two activities. In the AMA M2-negative group of PBC patients, the positive
detection rate for the combined detection of anti-gp210, anti-p62, and anti-LBR antibodies
was 76% (19/25) and the accuracy reached 90%.

Among the 24 AMA M2-negative female patients, 18 (75%) were positive for anti-
NE antibodies.

3.3. Occurrence and Diagnostic Value of Anti-KLHL12 Antibodies

Anti-KLHL12 antibodies were detected more frequently in PBC compared to non-PBC
controls (p < 0.001; Table 3).

In the tested PBC female patients, anti-KLHL12 antibodies were found in 47 out of
131 samples (36%), while in the male group, anti-KLHL12 antibodies were found in two
out of seven samples (29%).
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Specificity of anti-KLHL12 antibodies for diagnosis of PBC in the group of patients
was 97%. The positive predictive value (PPV) of anti-KLHL12 antibodies in the diagnosis of
PBC was 94% and the negative predictive value (NPV) was 49%. The positive and negative
likelihood ratios determined from suitable sensitivities and specificities were 10.4 and 0.7,
respectively. The levels of anti-KLHL12 autoantibodies in sera of PBC patients and control

groups are shown in Figure 4.

Table 3. Occurrence of anti-KLHL12 antibodies in patients with PBC and control groups.

Number of Patients Anti-KLHL12 Antibodies
PBC 138 49 (36%)
Controls (total) 90 1(1.1%)
PSC 40 0 (0%)
AIH 20 1 (5%)
Healthy 30 0 (0%)
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Figure 4. Anti-KLHL12 autoantibodies in sera of PBC patients.

The mean level of antibodies in the group of PBC patients was significantly higher than
in the control group: 73 U/mL vs. 21 U/mL, p < 0.001. Over 30% of anti-KLHL12-positive
PBC patients demonstrated enhanced levels of antibodies (>100 U/mL).

We generated a ROC curve. The sensitivity and specificity were calculated for the

cut-off value of 30 arbitral units (Figure 5).
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Figure 5. Receiver operating characteristic curve analysis for serological detection of anti-KLHL12

autoantibodies in PBC patients.
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The analysis showed that the combined positive detection rate of anti-NE and anti-
KLHL12 antibodies in PBC was 60%, while the accuracy of the tests and their ability to
differentiate PBC patients and healthy cases was found to be 76%.

We also compared the presence and level of serum anti-KLHL12 antibodies with the
presence of AMA M2 in PBC patients. Anti-KLHL12 antibodies were identified in 38% of
AMA M2-negative vs. 30% of AMA M2-positive samples (Figure 6).
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Figure 6. Prevalence of anti-KLHL12 antibodies in the AMA M2-positive and AMA M2-negative
PBC cohorts.

These differences were not statistically significant, but anti-KLHL12 antibodies were
more frequently detected in the AMA M2-negative group of PBC patients (p = 0.48).

The mean levels of the anti-KLHL12 antibodies in the AMA M2-positive and AMA
M2-negative groups differed significantly (71.0 & 57.4 vs. 48.1 4= 42.5; p = 0.0283). Most
importantly, anti-KLHL12 antibodies were present in 38% of AMA M2-negative PBC
patients. Addition of this biomarker to conventional PBC assays improves the serological
sensitivity of the AMA M2-negative group of PBC subjects (from 48.3% to 68.5%).

We also studied the prevalence of anti-KLHL12 antibodies in the anti-NE-positive and
anti-NE-negative PBC populations. Anti-KLHL12 antibodies were identified in 39% of the
anti-NE-negative vs. 33% in the anti-NE-positive PBC samples.

We observed an autoimmune reaction against multiple nuclear components in the
evaluated subgroups of PBC patients. Two (8%) out of the tested 25 AMA M2-negative
patients and six (5%) out of 113 AMA M2-positive patients were positive for all four
reactivities (anti-gp210; anti-p62; anti-LBR; anti-KLHL12). Interestingly, in six (4%) patients
only anti-KLHL12 antibodies were found.

We evaluated the diagnosability by combining five markers: anti-gp210, anti-p62,
anti-LBR, anti-KLHL12, and AMA. The test’s sensitivity increased significantly from 82%
to 93% for detection of AMA only (p = 0.0093) and a slight improvement in accuracy was
also observed (from 89% to 94%).

3.4. Biochemical Features of PBC Patients According to the Status of Anti-NE and
Anti-KLHL12 Antibodies

Comparison of groups of PBC patients who were positive and negative for anti-NE
and/or anti-KLHL12 antibodies showed that the symptoms of the disease began at the
same age in each group of patients. The results of laboratory tests performed at the time of
diagnosis were comparable in patients positive and negative for both analyzed autoanti-
bodies, with the exception of bilirubin levels. A correlation between the presence of these
autoantibodies and a higher concentration of bilirubin was found. Patients with positive
reactivity for anti-NE antibodies (positive for at least one of three anti-NE reactivities: anti-
gp210, anti-p62, anti-LBR) and anti-KLHL12 antibodies had higher levels of total bilirubin
(24 vs. 1.7, p = 0.016 and 2.6 vs. 1.5, p = 0.037, respectively). Data from biochemical
analyses performed at the time of diagnosis in 138 PBC patients, according to the anti-NE
and anti-KLHL12 antibodies status, are presented in Table 4.
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Table 4. Data from biochemical analyses of 138 PBC patients, and the anti-NE and anti-KLHL12
antibodies status.

Anti-NE Antibodies Anti-KLHL12 Antibodies

Positive Negative Positive Negative

n=25 =68 p-Value n=37 =56 p-Value
Bilirubin (total), mg/dL 24(2.2) 1.7 (1.6) 0.016 2.6 (2.6) 1.5(1.1) 0.037
AST, U/L 108.8 (95.0) 72.5 (35.0) 0.008 86.9 (55.4) 68.8 (52.8) ns
ALT, U/L 98.0 (95.4) 88.1 (75.1) ns 95.3 (94.5) 89.1 (69.8) ns
AP, U/L 586.7 (530.9) 398.9 (304.1) 0.036 557.3 (466.6) 429.8 (362.1) ns
v-GT, U/L 367.2 (345.8) 329.9 (327.7) ns 343.4 (317.5) 310.8 (291.0) ns

Data are presented as mean (£ SD). Abbreviations: y-GT, y-glutamyl transpeptidase; ALT, alanine amino-
transferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; Normal value: bilirubin < 1.2 mg/dL;
AST <40 U/L; ALT <40 U/L; AP <115 U/mg/dL; y-GT <50 U/L; albumin 3.5-5.5 g/dL, y-globulin < 3 g/dL.
Conversion factors to SI units are as follows: bilirubin, 17.1; AST, ALT, AP, and y-GT, 0.0167.

The bilirubin levels were significantly higher in the group of KLHL12-positive patients
(p < 0.05). In patients with elevated levels of bilirubin, the mean level of antibodies was
~90 U/mL, while in patients with a normal bilirubin concentration, a level of ~50 U/mL
was observed (Figure 7).
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Figure 7. Level of anti-KLHL12 antibodies and bilirubin concentration in serum of PBC patients.

3.5. Autoantibodies Directed against Nuclear Envelope Proteins and KLHL12 Antibodies, and the
Survival of Patients

Analysis of the survival rate performed in patients positive and negative for anti-
gp210, anti-p62, and anti-LBR (Figure 8) demonstrated that these autoantibodies did not
affect the length of life or time to liver transplant in PBC patients.

There was no direct association between anti-gp210, anti-p62, and anti-LBR antibodjies,
and the early onset or significantly shorter survival of patients. Nevertheless, in the group
of patients characterized by presence of at least two types of the tested antibodies, the
patient’s survival time or time to liver transplant were more than 4-times shorter than in
the group without anti-gp210, anti-p62, or anti-LBR antibodies (OR = 4.375; p = 0.0432).

Moreover, in this small group of patients characterized by presence of all three types
of these antibodies, we found over 5-times more deaths or transplants than in the group
without antibodies (OR = 5.200; p = 0.036).

Analysis of the survival of patients positive and negative for the anti-KLHL12 anti-
bodies (Figure 9) showed that presence of these autoantibodies also does not correlate with
the length of life or time to liver transplant in PBC patients (p = 0.07).

Although the difference was not statistically significant, the survival time of patients or
the period to liver transplant was shortest for people with these antibodies, in comparison
to anti-NE antibodies.
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Figure 8. Kaplan—-Meier curves demonstrating the survival of patients positive and negative for anti-
nuclear envelope antibodies. (a) Anti-gp210 antibodies; (b) Anti-p62 antibodies; (c) Anti-LBR antibodies.
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Figure 9. Kaplan-Meier curves demonstrating the survival of patients positive and negative for the
anti-KLHL12 antibodies.

3.6. Analysis of the Correlation between Histological Parameters of PBC Patients, and
Autoantibodies Directed against Nuclear Envelope Proteins and the KLHL12 Protein

We assessed histological material collected from PBC patients and classified it into two
groups based on presence or absence of anti-NE antibodies. Among 76 anti-gp20- and/or
anti-p62- and/or anti-LBR-positive PBC patients, 21% were classified into stages I/1I, and
79% into stages II1/1V, according to Ludwig’s classification (Figure 10).
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Figure 10. Prevalence of antinuclear envelope antibodies in the studied population according to stage
of Ludwig’s classification.

Among 82 PBC patients with early histological stages (I/1I) of the disease, 43 (52%)
were anti-NE-positive. In the group of PBC patients with advanced histological stages
(IIT/1V), 41 out of 52 (79%) were anti-NE-positive (p = 0.002). Statistically, more patients
with stages III/IV in the anti-gp210-positive than anti-gp210-negative subgroups (43% vs.
14%, p < 0.001) were found. The same pattern was observed for patients with anti-p62
antibodies (42% vs. 21%, p = 0.041 and 16% vs. 4%, p = 0.048) and anti-LBR antibodies (67%
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vs. 31%; p = 0.002). Presence of the anti-KLHL12 antibodies in sera of PBC patients also
correlated with the stage of liver fibrosis (Figure 11).
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20 ‘ . Anti-KLHL12 negative

PBC patients %

stage I/11 ) — )
. stage IlI/IV !

Figure 11. Presence of anti-KLHL12 antibodies and the stage of liver fibrosis in PBC patients.

Among 82 PBC patients with early histological stages (I/II) of the disease, only 20 (24%)
were positive for anti-KLHL12 antibodies. We found a statistically significant difference in
comparison to the group of PBC patients with advanced histological stages (IIL/IV), where
39 out of 52 (75%) subjects were positive for anti-KLHL12 antibodies (p < 0.0001).

4. Discussion

PBC is primarily characterized by presence of AMAs, with the most important antigens
being PDC-E2, OGDC-E2, and BCOADC-E2 [11-13]. As non-invasive tests for identification
of autoantibodies as disease markers are useful for diagnosis of patients, we analyzed the
immune response against gp210, p62, and LBR antigens, and the KLHL12 protein in
PBC. Anti-NE antibodies have been considered as a pathognomonic element of PBC [36],
however, a significant variation in their prevalence (between 10% and 50%) has been
reported. Antibodies against integral glycoproteins of the nuclear pore membrane, gp210
and p62, have been reported [16-18], and are associated with pathogenesis, progression, and
severity of PBC [31-33]. Studies performed in Western Europe, North America, and East
Asia have shown high levels of anti-gp210-specific antibodies in PBC patients [17-19,53,54],
which has also been confirmed in the Polish population. The measured sensitivity of
anti-gp210 antibodies in PBC was found to be 44% [32], which is higher than that reported
from other parts of the world: Japan—26% [43], Italy-18% or 27% [30,35,55], and Spain—
33% [56]. Huang et al. (2019) proposed usage of the gp210 antibody for early diagnosis
of PBC [31]. In our study, antibodies directed against the p62 protein were found in
28% of the screened sera of the tested PBC patients, which was similar to the frequency
reported earlier by Wesierska-Gadek et al. (2008) [41]. However, the specificity of anti-NE
antibodies for PBC was greater than 97%, which seems to be remarkably high. A slightly
higher prevalence of anti-gp210 and anti-p62 antibodies in AMA M2-negative PBC patients
was observed. Even though this difference was not statistically significant, cases with
advanced histological stages were much more common among anti-NE-positive and AMA
M2-negative patients. Previous reports have highlighted the correlation between anti-gp210
and anti-p62 antibodies, and the clinical outcome of PBC. Nakamura and co-workers (2005)
analyzed clinical, immunological, and histological data on 71 Japanese PBC patients in
relation to the presence of the anti-gp210 antibody. They suggested that this autoantibody
is a promising prognostic marker of a poor outcome of the disease [57]. Invernizzi et al.
(2001) demonstrated a strong association between presence of autoantibodies against
nuclear pore complexes with more active and severe cases of PBC [55]. Bogdanos et al.
(2007) suggested a more progressive form of the disease in patients with ANAs [58].
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Haldar et al. (2021) confirmed that presence of anti-gp210 is associated with an adverse
phenotype, lack of response to treatment, and reduced transplant-free survival in the
cohort of PBC patients [59]. The regional differences in the prevalence of anti-nuclear
antibodies were explained by environmental and genetic factors, rather than technical
differences in the determination of anti-gp210 [56]. Yang and co-workers (2004) studied
presence of anti-nuclear antibodies in a large Toronto and Mayo Clinic cohort of PBC
patients using immunofluorscence and found that these antibodies are associated with
earlier development of liver failure [60]. They found that Wesierska-Gadek et al. (2008)
reported the presence of an antibody against the nuclear pore complex in patients likely to
experience an unfavorable clinical course and more rapid progression of the disease [37].
Contrary to these results, we found no direct association between presence of anti-nuclear
antibodies and poor prognosis of PBC. These data stay in accordance with some of the
previously published findings [43,58].

Our data also revealed that the serum bilirubin concentration at the time of diagno-
sis was an independent and the only risk factor for poor prognosis of PBC. Excluding
bilirubin, our subjects with or without anti-gp210 or anti-p62 antibodies presented similar
biochemical characteristics. Neither anti-gp210 nor anti-p62 were distinct independent risk
factors for rapid progression and liver failure in PBC patients. Nevertheless, PBC patients
positive for these antibodies were frequently classified into later stages (IIL/IV), according
to Ludwig’s classification. Sfakianaki et al. (2010) obtained similar results, but contrary
to us, they also found a correlation between positive anti-gp210 antibodies and a short
survival period of patients [61]. Therefore, it seems that presence of anti-p62 antibodies or
simultaneous occurrence of anti-p62 and anti-gp210 antibodies may be of much greater
significance for the prediction of a worse course of the disease. LBR autoantibodies are
only rarely detected in patients with PBC (2% to 10%) [62], hence they are not of general
diagnostic utility. Their prognostic significance is also unknown. Due to the low sensitivity
of these antibodies in PBC, they have also not been extensively studied. We decided to
analyze our relatively small group of anti-LBR positive patients in more detail. We observed
that autoantibodies directed against LBR were highly specific for PBC, but were present in
only 15% of our PBC patients, including AMA M2-negative subjects. In contrast, anti-LBR
antibodies were not found in the pathologic and healthy controls. The detected sensitivity
was higher than the values previously reported [63]. The high specificity and PPV for PBC
is very interesting. Presence of anti-LBR does not correlate with patients’ survival rate, but
is connected with liver fibrosis.

Anti-KLHL12 antibodies have not been widely employed in practice and only a few
reports can be found. The prevalence of these antibodies in different geographic areas has
also not been reported and only one study demonstrated results from five different sites
examined from North America and Europe [45]. Norman et al. (2015) have shown that
anti-KLHL12 antibodies are present in both AMA M2-positive, and importantly, AMA
M2-negative patients [40,46]. In a cohort of 366 patients with PBC, ~40% of the 277 AMA
M2-positive patients were positive for anti-KLHL12 antibodies, while 53 out of 89 AMA M2-
negative patients were positive for anti-KLHL12 antibodies. The specificities of antibodies
were 96-97%. The Norman et al. international multi-center study included a pilot trial of
40 patients from Poland in which a commercially non-available INOVA kit was used [45].
In contrast, in our study, we analyzed sera from a larger group of Polish patients and
we also developed an ‘in-house” ELISA, in which a recombinant protein, KLHL12, was
used to detect autoantibodies directed against KLHL12 in PBC patients and controls. We
verified the seropositivity of KLHL12 in the PBC group of Polish patients and found
that the frequency of these antibodies in PBC was significantly higher compared to the
control groups. These anti-KLHL12 antibodies detected using the ELISA ‘in-house’ method
presented very high specificity. In our study, the positive rate of the anti-KLHL12 antibodies
was 36%, which was slightly higher than in the rest of Europe and the United States (22%,
33.3%, respectively) [45]. Norman et al. also reported that KLHL12 antibodies have higher
sensitivity than anti-gp210 antibodies [44]. We have not confirmed this observation in our
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group of patients. A coexistence of different antibodies was observed, which suggests an
autoimmune reaction against multiple nuclear components in some PBC patients. A few
patients only had anti-KLHL12 antibodies. We compared the prevalence of anti-KLHL12
antibodies in the AMA M2-positive and AMA M2-negative PBC populations and no
statistically significant difference was observed. The level of anti-KLHL12 antibodies was
slightly enhanced in the group of AMA-positive patients.

We analyzed the immune response against the KLHL12 protein in PBC patients and
linked the obtained data with biochemical and histological parameters. Interestingly, we
found an association between the presence of these autoantibodies and a higher concentra-
tion of bilirubin. For the diagnosis of PBC, specificity of the disease marker is one of the
most important criteria. The bilirubin levels in sera of patients positive for anti-KLHL12
antibodies were higher than those in the anti-KLH12 antibodies negative group. The level
of anti-KLHL12 antibodies in sera of PBC patients was also found to correlate with the stage
of liver fibrosis. Combining anti-KLHL12 antibodies with available markers (MIT3, gp210,
and sp100) increased the diagnostic sensitivity for PBC. Due to the anti-NE combination
and the detection of anti-KLHL12 antibodies, the diagnostic sensitivity in PBC, especially
in AMA-negative PBC, can be significantly improved from 48.3% to 68.5% in ELISA. That
can reduce the risk of liver biopsy. The addition of tests highly specific for anti-KLHL12
antibodies to AMA and ANA serological assays significantly improves the efficacy of clini-
cal detection and diagnosis of PBC, especially for AMA M2-negative subjects. To become
globally adopted, it is important to validate these new biomarkers in different geographical
areas. It is still unclear why anti-KLHL12 antibodies are present in patients with PBC and
this will require further research.

In patients with chronic intrahepatic cholestasis, determination of serum AMA and
PBC-specific ANA antibodies (immunofluorescence and/or specific anti-sp100/anti-gp210
testing by Western blotting or ELISA) is recommended as the next diagnostic step [51].
AMA positivity is found in more than 90% of patients with PBC, immunofluorescence 1/40,
or immunoenzymatic reactivity observed during cholestatic serum liver testing, is highly
specific to the disease [64]. The EASL recommends that in patients with cholestasis and
no likelihood of systemic disease, a diagnosis of PBC can be based on elevated ALP levels
and presence of AMAs at a titer of 1:40 [51]. AMA reactivity is only sufficient for diagnosis
of PBC when combined with abnormal serum liver tests. EASL recommends that, in the
correct context, a diagnosis of AMA-negative PBC can be made in patients with cholestasis
and ANA-specific immuno-fluorescence (nuclear dots or perinuclear rims) or ELISA (using
sp100 or gp210 antibodies) [51,65]. In contrast to anti-gp210 antibodies, the importance of
antibodies against p62 in PBC is less recognized. Although the presence of anti-p62 is fairly
rare, a positive ELISA result strongly supports the diagnosis of PBC. The high specificity
of anti-p62 suggests that it may be considered as a significant serological marker of PBC,
even when AMA, anti-gp210, and anti-sp100 antibodies are not detectable. Our study
conducted on the group of PBC patients stays in accordance with other data which confirm
very high specificity of anti-p62 [33,52]. The absence of classic PBC markers, such as AMAs
and anti-gp210 or anti-sp100, can lead to a delay in diagnosis and treatment. Therefore,
anti-p62 detection could be of crucial importance in PBC diagnosis. The explanation as
to why antibodies to KLHL12 are higher in patients with PBC remains an interesting
topic, although it is still unclear. Our study, as well as Norman et al.’s results [44,45],
have demonstrated that anti-KLHL12 antibodies are novel, highly specific markers of PBC
and, most importantly, they have been suggested to be promising new candidates in the
clinical diagnosis of PBC. The addition of tests for highly specific anti-KLHL12 antibodies
to AMA and ANA serological analyses considerably improves the effectiveness of clinical
detection and diagnosis of PBC [44,45,49]. The level of anti-KLHL12 antibodies in sera
of PBC patients is associated with the stage of liver fibrosis, which may be important in
recognition of patients at risk of advanced disease or faster disease progression. However,
it must be considered that immune markers should always be interpreted together with
clinical findings by an experienced practitioner to avoid misdiagnosis.
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5. Conclusions

Our data confirmed that there is a correlation between the presence of anti-KLHL12
antibodies, anti-nuclear envelope antibodies, liver fibrosis, and higher bilirubin concen-
trations in Polish PBC patients. Antinuclear antibodies of different specificity support the
autoimmunity of PBC. The ability to detect them expands the diagnostic armamentarium
of PBC-specific markers, especially in cases in which AMA are not detectable, in asymp-
tomatic patients, and for early diagnosis of PBC. High specificity of these antibodies can
imply that they may take part in the pathogenesis of the disease.

It appears that KLHL12 antibodies present predictive significance for more rapid PBC
progression and can be considered as a risk factor for poor prognosis. As we confirmed that
these antibodies are highly specific for PBC, we propose that determination of anti-KLHL12
antibodies can be important in the diagnostic process of PBC.
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Abstract: Deletions in the 3’ end region of the hepatitis B virus (HBV) X open reading frame (HBX)
may affect the core promoter (Cp) and have been frequently associated with hepatocellular carcinoma
(HCC). The aim of this study was to investigate the presence of variants with deletions and/or
insertions (Indels) in this region in the quasispecies of 50 chronic hepatitis B (CHB) patients without
HCC. We identified 103 different Indels in 47 (94%) patients, in a median of 3.4% of their reads
(IQR, 1.3-8.4%), and 25% (IQR, 13.1-40.7%) of unique sequences identified in each quasispecies
(haplotypes). Of those Indels, 101 (98.1%) caused 44 different altered stop codons, the most commonly
observed were at positions 128, 129, 135, and 362 (putative position). Moreover, 39 (37.9%) Indels
altered the TATA-like box (TA) sequences of Cp; the most commonly observed caused TA2 + TA3
fusion, creating a new putative canonical TATA box. Four (8%) patients developed negative clinical
outcomes after a median follow-up of 9.4 (8.7-12) years. In conclusion, we observed variants with
Indels in the HBX 3’ end in the vast majority of our CHB patients, some of them encoding alternative
versions of HBx with potential functional roles, and/or alterations in the regulation of transcription.

Keywords: hepatitis B virus; hepatitis B X open reading frame; HBX 3’ end region; insertions;
deletions; quasispecies; next-generation sequencing
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1. Introduction

Hepatitis B remains a major global health problem. This infectious disease is estimated
to have caused 820,000 deaths in 2019, mostly from cirrhosis and hepatocellular carcinoma
(HCC), while 296 million people were chronically infected with hepatitis B virus (HBV) [1].
Neither of the current antiviral therapies (nucleoside/nucleotide analogs [NAs] and pe-
gylated interferon alpha [IFN]) is able to achieve a complete cure of the infection. This is
mainly due to the persistence of the HBV genome in the nuclei of infected hepatocytes [2],
both as an episomal chromosome-like structure called covalently closed circular DNA
(cccDNA) and integrated into the host’s genome. Both cccDNA and integrated forms of
the viral genome are the sources of all HBV transcripts [3,4]. The HBV genome is about
3.2 Kb in length and, due to this small size, in the same nucleotide (nt) sequence, it contains
four highly overlapped open reading frames (ORFs), the regulatory elements to control
their transcription, and structural elements essential for viral replication [5]. The packing
of information is notable in the X ORF (HBX, nt 1374-1838), especially in its 3’ end region
(nt 1523-1838), a sequence that also contains the Core promoter (Cp), which controls the
transcription of pregenomic RNA (pgRNA), an intermediate in viral replication that is
also translated to HBcAg and the viral polymerase, and pre-core RNA (pcRNA), which is
translated to HBeAg. This promoter includes sequence and structural motifs such as the
four TATA-like boxes (TA) 1 to 4, the enhancer II (ENHII), and the direct repeat 1 (DR1), all
essential for viral replication [6,7].

The HBX gene encodes the HBV X protein (HBx), a 17-kilodalton (KDa) protein com-
posed of 154 amino acids (aa) [8]. This protein is characterized by an astonishing pleiotropic
function thanks to its direct interactions with multiple cellular proteins. Specifically, HBx
is capable of promoting HBV replication by epigenetic stimulation of cccDNA transcrip-
tion [3]. Moreover, it is able to facilitate the interaction of stimulating cellular transcriptional
factors to this episome, in order to regulate the transcription of host genes, disrupt protein
degradation, modulate signaling pathways, manipulate cell death, and deregulate the cell
cycle [9]. The HBx C-terminal end plays a key role in controlling these functions owing to
its transactivating activity [10]. This region of HBx is encoded by the HBX 3’ end region,
where deletions (Del) have been more frequently detected in the tumor than in the adjacent
non-tumor tissues from HCC patients by population sequencing [11]. These Del, along
with insertions (Ins) in this region of HBX may yield significantly altered HBx due to
HBX frameshifts. HBx with truncations in the C-terminal end (hereinafter referred to as
HBxCtermTrunc) has been associated with a critical role in HCC carcinogenesis [12]. In
addition, these Indels may affect not only HBx but also the properties of the multiple
important regulatory and structural motifs (Cp, ENHII, DRI, etc.), overlapped with it.
Viral populations (variants) with insertions and/or deletions (Indels) contribute to the
high genetic variability of HBV, which leads to a highly heterogeneous viral infection
distributed as a quasispecies: a mixture or swarm of variants genetically closely related but
not identical [13]. Interestingly, previous studies using clone sequencing identified variants
with Indels in the HBX 3’ end region, both in patients with severe liver disease [14,15]
and in chronic hepatitis B (CHB) patients without HCC [16,17]. This suggests that these
variants are usually present in HBV quasispecies, in both severe and mild forms of liver
disease, despite the possible alterations of the HBx caused by Indels in the HBX 3’ region,
or the effects on the promoter activity of Cp. Many of these variants may even play some
functional role.

The aim of this study was to investigate the presence of variants with Indels in the
HBX 3’ end region in CHB patients without HCC using next-generation sequencing (NGS).
This high-throughput technology can reveal these kinds of variants even if they are present
as minor variants in the quasispecies, undetectable using Sanger or clone sequencing. We
identified variants with Indels in the HBX 3’ end region in most of our CHB patients, and
potential alterations to HBx and Cp and functional consequences of the most relevant of
those Indels have been discussed.
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2. Materials and Methods
2.1. Patients and Samples

In this retrospective study, CHB patients who attended the outpatient clinic of Vall
d’Hebron University Hospital (Barcelona, Spain) were selected according to the following
inclusion criteria: age over 18 years; available serum sample with HBV-DNA levels of
1000 IU/mL or higher (to ensure sufficient HBV-DNA levels to study their quasispecies)
obtained after more than 6 months with detectable HBsAg, in a period without antiviral
treatment and no evidence of HCC; negative test for hepatitis C virus (HCV), human
immunodeficiency virus (HIV), and hepatitis D virus (HDV) infections; written informed
consent for participation provided.

2.2. Serological and Virological Determinations

Serological markers of HBV and HCV infections [HBsAg, HBeAg, and antibodies
against HCV (anti-HCV)] were tested using commercial electrochemiluminescence im-
munoassays on a COBAS 8000 instrument (Roche Diagnostics, Rotkreuz, Switzerland).
Anti-HDV antibodies were tested using the HDV Ab kit (Dia.Pro Diagnostics Bioprobes,
Sesto San Giovanni, Italy), and anti-HIV antibodies with the Liaison XL murex HIV Ab/Ag
kit (DiaSorin, Saluggia, Italy). HBV-DNA was measured in the Cobas 6800 System (Roche
Diagnostics, Mannheim, Germany), with a detection limit of 10 IU/mL. HBV genotyping
was performed using a line-probe assay (INNO-LiPA HBV Genotyping Assay; Fujirebio
Europe N.V,, Ghent, Belgium).

2.3. Amplification of HBV Genome Region Analyzed and Next-Generation Sequencing

In this study, a fragment of the HBV genome located between nt 1596 and 1912
was amplified using an in-house nested PCR and sequenced on forward and reverse
strands by means of NGS, using ultra-deep pyrosequencing (UDPS) technology [Genome
Sequencer FLX and Junior systems (454 Life Sciences-Roche, Branford, CT, USA)], as pre-
viously described [18]. Briefly, HBV-DNA was extracted from 200 pL of serum using
QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) as per the manufacturer’s instruc-
tions. Nested PCRs were performed using the PfuUltra II Fusion HS DNA polymerase
(Agilent technologies, Santa Clara, CA, USA), using the following primers: outer PCR,
forward 5'-GTTGTAAAACGACGGCCAGTTGTGCACTTCGCYTCACC-3' and reverse 5'-
CACAGGAAACAGCTATGACCAGWAGCTCCAAATTCTTTATAAGG-3'. These primers
contain an M13 universal adaptor sequence at the 5’ end (in italics) and the template-
specific sequence. The nested PCR primers contained 5’ 25-nt sequences A and B, which
are adaptors for the elements of the 454 Life Sciences-Roche UDPS system, followed by a
10-nt sequence used as a unique identifier for each sample (multiplex identifier), and the
same M13 universal adaptor sequences included in the outer PCR primers at the 3’ ends.
Finally, 468 base pairs (bp) amplicons were obtained, which were pooled and processed
according to the 454 Life Sciences-Roche UDPS protocol.

The NGS raw data presented in this study are openly available in the NCBI database
Sequence Read Archive (SRA), at BioProject accession number PRJNA625435. The BioSam-
ple accession numbers are included in Table S1.

2.4. Next-Generation Sequencing Data Treatment

The HBV genomic fragment analyzed was sequenced on both strands, forward and
reverse. The sequences obtained by NGS (referred to as reads) were processed using a data
treatment workflow, established in previous studies with HBV [19] and HCV controls [20]
to minimize the scoring of PCR artifacts and sequencing errors: the reads obtained were
demultiplexed by identifying the multiplex identifier and the template specific primer
sequences. Primers were then trimmed and both strands were treated separately. First, the
reverse reads were reverse complemented, and all (forward and reverse) reads that (1) did
not cover the full amplicon, (2) had more than one indetermination, and (3) had an identity
relative to the reference sequence below 70% were discarded. The resulting sequences were
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collapsed to haplotypes (HPL), i.e., unique sequences covering the full amplicon with their
corresponding frequencies, thus each HPL corresponds to a quasispecies variant.

Multiple alignments of the forward and reverse HPL of each sample, with abundances
not below 0.1%, were then performed with a reference sequence of the corresponding
genotype (Table S2), using the MUSCLE software package (version 3.8.31) [21]. Only those
HPL common to both strands were retained, and those unique to a single strand were
removed. The resulting HPLs were called consensus HPLs and their final frequencies
were taken as the sum of the read counts in each strand. The multiple alignments of the
consensus HPLs with the corresponding reference sequence were used to report Indels.

All computations were performed with the R environment and language [22], using
in-house scripts with the help of the Biostrings [23] and ape packages [24].

2.5. Cloning to Confirm NGS Results

The presence of variants with Indels identified in this study was confirmed by cloning
and sequencing of some selected samples. The same PCR products obtained from these
samples and analyzed by NGS were also cloned using Zero Blunt TOPO PCR cloning
Kit (Life Technologies, Carlsbad, CA, USA), following the manufacturer’s instructions.
Briefly, the 468-bp amplicons obtained using nested PCR were cloned into pCR™4Blunt-
TOPO® vector and the resulting constructs were used to chemically transform Escherichia
coli competent cells using the heat shock method. The transformed bacteria were incubated
on a Luria-Bertani (LB) broth agar plate overnight at 37 °C and 18-29 clones/samples were
selected for sequencing.

In those selected clones, the pPCR™4Blunt-TOPO® vectors containing a 468-bp ampli-
con sequence were isolated with the QIAprep Miniprep kit (QIAGEN, Hilden, Germany),
following the manufacturer’s instructions. Finally, the amplicon sequences were directly
sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA), with the primers M13-Fw and TOPO Rv provided in the Zero
Blunt TOPO PCR cloning Kit, on an ABI PRISM 3130x] Genetic Analyzer (Thermo Fisher
Scientific, Waltham, MA, USA).

2.6. RNA Structural Modelling

The structure of significant sequence motifs included in the analyzed region, with or
without Indels identified, was analyzed at the theoretical level. To this end, the local RNA
structures obtained from the sequence of selected HPL were modeled using the RN Afold
Webserver (http:/ /rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite /RN Afold.cgi (accessed on
28 March 2022)), from the Vienna RNA Websuite [25]. The Vienna RNA WebServers are
based on the latest Vienna RNA Package (Version 2.4.18). All parameters of the web
application were set to default. Secondary RNA structure was predicted using generalized
centroid estimators.

2.7. Statistical Analysis

All statistical analyses were performed in R [26]. Proportions of cases showing a
specific Indel have been compared between HBeAg-positive and negative patients using
Fisher’s exact test. The percentages of reads and HPL with Indels were shown as median
and interquartile range (IQR). Statistical comparisons between median percentages of reads
and HPL with Indels in HBeAg-positive and HBeAg-negative patients were performed
using the Kruskal-Wallis test. Correlation of these median percentages with HBV-DNA
levels were assessed by Spearman’s correlation coefficient. P values of less than 0.05 were
considered significant.

3. Results
3.1. Patients and Samples

A group of 50 CHB patients was selected, most of whom were HBeAg-negative and
did not show a significant fibrosis degree (<F3). Demographical, clinical, virological, sero-
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logical, and biochemical markers from the patients included in this study are summarized
in Table 1.

Table 1. Characteristics of patients on obtaining the sample analyzed.

Patients (N = 50)

Age (median years, IQR) 43 (35-55)
Gender (N Male, %) 42 (84)
HBV-DNA (median logIU/mL, IQR) 5.9 (5.3-7.9)
HBYV genotype
A (N, %) 39 (78)
D (N, %) 8 (16)
F (N, %) 3(6)
HBeAg-negative (N, %) 33 (66)
ALT (median IU/L, IQR) 80 (57-115)
Liver fibrosis !
<F3 (%) 45 (90)
>F3 (%) 5(10)
Treatment history
Previous NA (N, %) 17 (34)
Previous IFN (N, %) 2(4)

! shak fibrosis stage (F), assessed by liver biopsy. Abbreviations: N indicates number; IQR, interquartile range;
HBYV, hepatitis B virus; IU, international units; HBeAg, hepatitis B e antigen; ALT, alanine aminotransferase; NA,
nucleoside /nucleotide analogs; IFN, interferon.

3.2. Overview of Next-Generation Data Analyses

The fragment of the HBV genome between nt 1596 and 1912 encodes from aa 75 to 154
of HBx, along with the last 8 aa of the RNAse H in the polymerase ORF and the pre-core
and the first 5 aa of the core region in the pre-core/core ORF (Figure 1). In this study, we
focused on the effects of Indels on HBX and the overlapped Cp; their effects on these short
polymerase and core ORFs stretches were considered beyond the scope of this study and
were not explored.

NGS and bioinformatics processing of the amplicon libraries of this fragment of HBV
genome, obtained from the 50 included samples yielded a total of 960,921 reads, a median
of 16,735/sample (IQR, 9277-24,668). Of those 960,921 reads, 70,278 (7.3%) showed Indels,
including single Ins, Del, or combinations of them, affecting the HBx coding sequence.
Interestingly, those reads were found in 47/50 (94%) patients, mainly in small percentages
(median of 3.4% per sample [IQR, 1.3-8.4%]). HBeAg-positive patients showed higher
percentages of Indel reads than HBeAg-negative patients (median of 6.1% versus [vs.] 1.5%,
respectively; p = 0.03). The percentage of reads with Indels did not show any statistically
significant correlation with HBV-DNA levels, whether considering all patients together or
separating them according to HBeAg status.

Those reads were grouped in a total of 1039 HPL (median of 17/sample [IQR, 11-28]),
of which 288 (27.7%) showed Indels and represented a median of 25% (IQR, 13.1-40.7%) of
HPL found in each sample. Among the Indels identified in those 288 HPL, 103 different
single Ins or Del, or combinations of them affected the HBx coding region (named as ID:
1-103, Table S3). While median percentages of Indel HPL were higher in HBeAg-positive
patients than in HBeAg-negative (33.3% vs. 25%, respectively), the differences were not
statistically significant. The correlation between Indel HPL and HBV-DNA levels was also
not statistically significant.

Of those Indels, 12 (11.7%) were observed in at least 10% of patients (Table 2). Of
these Indels, ID: 11 and 30 were only present in HBeAg-negative patients; however, the
percentages of cases showing these Indels showed no statistically significant differences
between HBeAg-positive and HBeAg-negative patients. ID: 85, on the other hand, showed
a lower median percentage of reads in HBeAg-positive patients than in HBeAg-negative
patients (0.4% vs. 1.1%, respectively; p = 0.01), although no statistical difference in terms of
proportion of positive cases had been observed. No other statistically significant differences
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between HBeAg-positive and HBeAg-negative patients were observed in this group of
Indels. No significant correlation was observed with HBV-DNA levels.

HBx Stop codon (155)

) CURS (nt 1636 — 1742) o BCP (nt 1742 — 1849) -
nt 1596 ) ™ [‘nt 1758 -1762) TA3 (nt1771-1775) - nt 1912
Core promoter (nt 1575 — 1849) ! ’ —

TAL (nt 1750 - 1755) ‘TA4 (nt 1788 — 1795) DR1 (nt 1824 - 1834)
Enhancer Il (nt 1627 — 1774)

r 3

>

Figure 1. Fragment of hepatitis B virus (HBV) genome analyzed in this study. It encompasses parts
of the Polymerase, X (HBX), and pre-core/core open reading frames (ORF). The fragment of HBX
analyzed encodes most of hepatitis B X protein (HBx) transactivating C-terminal domain, including
its essential «-helical motif (Hbox) [27]. In addition, the nucleotide (nt) sequence of that fragment (nts
1596 to 1912) contains most of the core promoter sequence, including the core upstream regulatory
sequence (CURS) and the basic core promoter (BCP) with the TATA-like boxes 1-4 (TA1-TA4); nt
positions are shown as described in [6]. It also includes the Enhancer II and the direct repeat 1 (DR1)
sequences; nt positions are shown as described in [7].

Table 2. Description and frequencies of reads and haplotypes of the insertions, deletions or combina-
tions of both, identified in more than 10% of the 50 patients studied.

Median % Median %

1D Deletions Insertions N P(ao;:f nts Reads/Patient HPL/Patient
(IQR) (IQR)
11 1646 - 6 (12) 05(0.4-0.6) 6.5 (2.8-10.4)
30 1692 1697TT 6 (12) 0.5 (0.4-0.6) 7.5 (6.1-14.6)
37 - 1739G 9 (18) 0.3(0.3-0.5) 8.3 (7.1-14.3)
38 - 1746G/T 7 (14) 04(0.3-04) 10 (6.7-12.7)
40 1749 - 7 (14) 04(0.3-05) 6.7 (5.2-11.3)
51 1763-1770 - 10 (20) 17(09-2.1) 5.5 (3.0-8.2)
59 - 1781C 5 (10) 0.6 (0.6-0.7) 8.3 (4.8-8.3)
74 - 1820C 7 (14) 04(04-09)  43(1.9-4.8)
84 - 1825T 19 (38) 15(0.7-2.1) 4.8 (2.8-6.9)
85 1825 - 10 (20) 04(04-0.8)  4.1(2.8-5.1)
88 - 1826C/T 9 (18) 0.6 (0.4-0.9) 4.8 (2.6-8.3)
103 - 1838A 5 (10) 12(09-2.7)  2.3(2.2-5.9)

Abbreviations: ID indicates code to identify single insertion or deletion, or combinations of them (see Table S3);
N, number; IQR, interquartile range; HPL, haplotypes.

3.3. Alternative HBX Stop Codons

Almost all the different Indels identified (101/103, 98.1%) altered the position of the
wild-type (WT) HBX stop codon 155 (Table S3). These 101 Indels were detected in all
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47 patients showing Indel reads, causing 44 different altered stop codons, 15 (34.1%) of
which were identified in more than 10% of patients (Table 3). Of these codons 23 (52.3%)
were located before the WT position, leading to a HBxCtermTrunc, while 21 (47.7%) were
located beyond the WT position, leading to an elongated HBx (HBxLong).

Table 3. Description and frequencies of reads and haplotypes of the altered stop codons identified in
more than 10% of the 50 patients studied.

. o Median % Median %
HBX Stop Codon IDs N Patients (%) Reads/Patient (IQR) HPL/Patient (IQR)
95 23,78 5 (10) 0.4 (0.3-0.5) 5.9 (5.3-8.3)
109 28,29, 30, NA 9 (18) 0.5 (0.4-0.6) 6.7 (43-16.7)
125 18, NA 8 (16) 1.9 (0.6-3.8) 3.8(2.2-5.8)
128 37,38, 41 15 (30) 0.4 (0.3-0.6) 8.3 (5.6-18.3)
129 6,11, 23'355'4%4' 35,36, 21 (42) 0.5 (0.4-0.6) 7.1 (4.8-11.1)
132 45, 46, 49, 57 5 (10) 0.5 (0.5-0.8) 2.6 (2.6-4.3)
14,15, 22, 47, 48, 51, 53,

135 o5 5081, 87,90 100 14 (28) 2.0 (0.5-4.9) 6.1 (3.0-11.8)
138 59 5(10) 0.6 (0.6-0.7) 8.3 (4.8-8.3)
149 63,72 5 (10) 0.7 (0.4-1.0) 45 (42-4.8)
156 12,13, 27, 58, 76, 82, 89 7 (14) 2.6 (0.7-7.3) 7.1 (5.5-7.7)
179 85 10 (20) 0.4 (0.4-0.8) 41 (2.8-5.1)
180 * 75,86, 98 5 (10) 0.9 (0.6-1.2) 5.1 (3.6-5.9)

207 * 101, NA 6 (12) 0.5 (0.4-0.6) 3 (2.4-4.4)
360 * 70,92 5 (10) 0.6 (0.6-1.1) 2.6 (2.3-4.3)
362 * 74,78, 84, 88 24 (48) 1.6 (0.8-2.1) 5.8 (3.1-10.7)

Abbreviations: HBX indicates hepatitis B X open reading frame; IDs, code to identify single insertion or deletion,
or combinations of them, described in Table S3; N, number; IQR, interquartile range; HPL, haplotypes; NA,
haplotype/s without insertions and/or deletions. * Putative stop codons of the HPL without stop codon in HBX,
obtained by extension of those HPL with reference sequences V01460 (for genotype D HPL) and X02763 (for
genotype A HPL) and continue translation.

The most frequent premature stop codons among patients were those in positions
128,129, and 135, associated with several different Indels (Table 3). Interestingly, while the
premature stop codon 128 was associated with single nt Ins in positions 1739, 1746, and 1751
(ID: 37, 38, and 41, respectively), stop codon 129 was associated with 9 different single nt
Dels between positions 1630-1749 (Table S3). Therefore, both stop codons were associated
with single nt Ins or Del in a region just before TA region, or inside TA1 (Figure 1). On the
other hand, stop codon 135 was associated with 13 different Indels affecting the TA region,
as discussed below (Section 3.4. Indels Affecting the TATA-Like Box Region).

In relation to the stop codons beyond the WT position, it must be borne in mind that
the fragment of HBV genome analyzed made it possible to continue translation in the same
ORF as HBX until codon 179, which allowed us to identify 9 stop codons between positions
155 and 179 (in codons 156, 157, 158, 173, 174,175 176, 177 and 179). However, some HPLs
with Indels did not show any stop codon. In those cases, a reference HBV genome sequence
of the same genotype was added after nt 1912, and translation was continued in the same
OREF until the appearance of a stop codon. The accession numbers of reference sequences
used were V01460 (for genotype D HPL) and X02763 (for genotype A HPL); no genotype F
HPL showed stop codons beyond 179. Thanks to this, 12 additional putative stop codons
have been identified (in codons 180, 181, 182, 183, 207, 355, 356, 357, 360, 361, 362 and
363). The putative stop codon located at position 362 was the most frequently altered stop
codon identified and was observed in almost half of the patients (Table 3). Interestingly, the
elongation of HBX to codon 362 shifted this reading frame to the core OREF, thus resulting
in a putative fusion protein, which would include from aa 1 to 149 or 150 of HBx plus aa
3 or 4 to 214 of the pre-core protein. This stop codon was associated with single nt Ins
located within or adjacent to a five T region (1821-1825), partially overlapped with the
DR1 motive. Of note, one of these Ins was the ID: 84 (Ins 1825T), the most prevalent in
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patients of the 103 different Indels identified (Table 2), found in 13049/960921 (1.4%) and
23/1039 (2.2%) of total reads and HPL obtained, respectively. However, the Ins ID: 84 (and
also ID: 74) are not strictly associated with the stop codon before position 362; a few HPL
with both Ins showed a stop codon in position 175 (Table S3). In fact, HPL with a putative
stop codon between positions 355 to 363, potentially encoding an HBx + pre-core fusion
protein, were identified in 25/50 (50%) patients, in a median of 1.6% (1.2-3%) of their reads
and 7.7% (4.3-14.3%) of their HPL. These putative stop codons were associated with Dels
between positions 1805 and 1843 (ID: 64, 67, 69, 70, 73, 83, 92, 94, and 97), and Ins within or
very close to the five T region between positions 1821-1825 (ID: 20, 74, 77, 78, 84 and 88)
(Table S3).

Interestingly, the Ins events in this polyT homopolymeric region would have similar
consequences to the programmed —1 ribosomal frameshifting (PRF) mRNA signals. These
signals are used by many viruses, such as Rous sarcoma virus and HIV-1, to induce a
proportion of translating ribosomes to slip back by 1 nt into an overlapping ORF and to
continue the translation, thus producing coordinated expression of two or more proteins
from a single mRNA [28-30]. Of note, the region involving this polyT homopolymeric
region in HBV showed RNA folding highly similar to that predicted for the HIV-1 PRF
signal, which includes a heptanucleotide slippery sequence (UUUUUUA) followed by a
spacer region and a downstream RNA stem-loop structure [29] (Figure 2). Additionally, of
note in the same five T region is the single nt Del 1825 (ID: 85), present in 20% of patients
(Table 2) and associated with a stop codon at position 179 (Table 3).

Figure 2. Comparison between the predicted local RNA folding of the region between nucleotides
1820 and 1880 of the hepatitis B virus (HBV) genome, including the polyT homopolymeric region
between positions 1821-1825 (A); the region between nucleotides 1625 to 1691 of the human immun-
odeficiency virus-1 (HIV), including the Programmed —1 ribosomal frameshifting mRNA signal (B).
The HBV sequence has been modeled from the genotype A reference sequence used to report Indels,
included in Table S2. The HIV sequence has been modeled from the Genbank pattern with accession
number NC_001802.1.

3.4. Indels Affecting the TATA-Like Box Region

A group of 39/103 (37.9%) identified Indels were located in the TA region (Figure 1).
Altogether, these Indels were found in 28,628/960,921 (3%) of total reads obtained, which
were grouped in 111/1039 (10.7%) HPL, and were present in 25/50 (50%) patients. Notably,
these Indels were included in the region between nt 1751 and 1787; none of them affected

140



Biomedicines 2022, 10, 1194

the TA4 sequence (nt 1788-1795). The effects of these 39 Indels on the TA region are
summarized in Table 4.

Table 4. Alterations in the core promoter TATA-like boxes caused by insertions and deletions
identified between nucleotides 1751 and 1787 in the 50 patients studied.

. Cause of Alteration . o Median % Median %
TA Alteration and Indels Involved N Patients (%) Reads/Patient (IQR) HPL/Patient (IQR)
Inserlt;ggjggl M Ins: ID: 41 (Ins 1751G) 3(6) 03-0.4* 34-59*
7 to 10 nt Del between
Partial or total TA1 or nt 1754 and 1767:
TA2 (nt 1758-1762) Dels: ID: 42, 45, 47, 48, 5(10) 0.5 (0.4-2.0) 3.6 (2.2-4.5)
elimination 49,50
Ins + Del: ID: 16
Dels between nt 1756
Partial or total TA2 + Delsé?g'lélész 4 46
. . r * *
TAC%eginr:1 3553;11775) Ins + Dels: ID. 9, 12, 13, 3 (6) 0.9-71.2 2.3-61.8
14, 15,17, 18, 19, 20, 22,
26,27
8 nt Del between nt
1763 and 1770:
TA2 + TA3 Fusion Del: ID: 51 10 (20) 1.8 (0.9-4.3) 5.5 (3.0-17.5)
Ins + Dels: ID: 24, 80,
81, 87,90, 100
8 to 10 nt Del between
Partial or total TA3 (nt nt 1763 and 1776
1771-1775) elimination ~ Dels: ID: 52, 53, 55, 56, 7 (14) 0.4 (0.4-2.1) 2.6 (2.4-5.6)
57
Ins: ID: 58 (Ins
1768GTT/ATT), 59 (Ins
No TA affected 1781C), 60 (Ins 1785C) 10 (20) 0.6 (0.4-0.9) 6.5 (4.3-8.3)

Del: ID: 54 (Del 1766)

Abbreviations: TA indicates TATA-like boxes; N, number; IQR, interquartile range; HPL, haplotypes; nt, nu-
cleotides; Ins, insertions; Del, deletions; IDs, code to identify single Ins or Del, or combinations of them, described
in Table S4. * No median was calculated due to low number of patients, instead the maximum and minimum
percentage of reads and haplotypes per patient are shown.

All Indels affecting the TA region also altered the WT HBX stop codon, showing
17 different stop codons, 12 (70.6%) of which led to HBxLong (Table S4). Of note among
them is the stop codon in position 135, which was caused by 13/39 (33.3%) of those Indels.
Of those 13 Indels, 10 (76.9%) contained 8 nt deletions (Del8nt) between positions 1757 and
1773, which eliminated TA2, caused the fusion of TA2 + TA3, or partially eliminated TA3.
The stop codon in position 135 was also associated with 3 Indel combinations including Del
1758-1777, which eliminated TA2 + TA3 (Table S4). Altogether, these 13 Indels causing stop
codon 135 were identified in 14 patients, 56% of 25 patients with Indels in the TA region,
and 28% of the 50 patients included. These patients showed a relatively high median
percentage of reads with this stop codon compared to the other stop codons associated
with Indels (Table 3), even reaching 20.8% of reads obtained in a single case.

Of the 39 Indels affecting the TA region, we identified 14 (35.9% ID: 9, 12-20, 22, 24, 26,
and 27) complex Indel combinations, present in 4 patients, 16% of 25 patients with Indels
in the TA region, and 8% of 50 patients included. These combinations included Del which,
in most cases, caused a total or partial elimination of TA2 + TA3, linked to additional big
Ins (24-28 nt) in a region of the core upstream regulatory sequence (CURS) (Table S4). The
CURS contains several sequence motifs that positively regulate the activity of the basal
core promoter (BCP), which includes the TA (Figure 1). Notably, most of these variants con-
tained a duplication in the motif known as a box (nts 1646-1668) [6], overlapping the HBX
region encoding an o-helical motif (Hbox, between aa 88-100), which binds to the DNA
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damage-binding protein 1 (DDB1) [27], an essential interaction for HBV replication [31].
It is worth mentioning that, in a single patient, 72.9% of reads and 65.5% of HPL showed
these complex Indel combinations. In particular, more than a half (51.9%) of reads obtained
corresponded to Indel combination ID: 12, constituted by the 24 nt Ins 1647TCTTACATAA-
GAGGACTCTTGGAC, and Del 1627 + 1758 — 1777 which eliminates TA2 + TA3. Ins 1647
is a duplication of the contiguous sequence which causes the duplication of regulatory
motifs in Cp such as the a box and binding sites for CCAAT/enhancer-binding protein «
(C/EBPw) [6,32]. This duplication also results in a strong modification of the HBx Hbox
(88SCPRSYIRGLLDS100 instead of 88ILPKVLHKRTLGLP100) [27].

The most common alteration of a TA sequence observed among patients showing
Indels in that region was the fusion of TA2 and TA3 sequences due to a Del8nt between nt
1763 and 1770 (ID: 51) (Table 4). This Del8nt was among the most prevalent in the 50 patients
included, with a relatively high median percentage of reads compared to the other Indels
identified in more than 10% of patients (Table 2). Interestingly, the fusion of TA2 + TA3 due
to Del 1763-1770 created the sequence TTAAATATTA. This sequence was coincident with
that of a canonical /true TATA box [33], as the TA4, which we named TA23. Similar to the
TA4 sequence, when viral genome double-stranded DNA is separated into single strands,
(e.g., during cccDNA transcription), TA23 was found to be completely unpaired (Figure 3).
In addition, the Del 1763-1770 was also present in Indel combinations identified in single
patients. In Indels ID: 80, 81, 87, 90, and 100, this Del8nt was linked to an additional
Ins around or inside DR1, and in ID: 24 to a big Ins at CURS. This last Indel caused the
appearance of a premature stop codon in position 144, while the remaining Indels showing
the Del 1763-1770 were associated with the prevalent altered HBX stop codon at position
135. However, it should be noted that this Del8nt was not strictly associated with the stop
codon at position 135, as shown in a single HPL with the Del ID: 51, which showed the
HBX stop codon at position 122 instead of 135 (Table S4).

3.5. Confirmation of Indel Variants by Cloning

Four patients with important percentages of variants with Indels by NGS were selected
for cloning/sequencing analysis. The results of this additional analysis are shown in
Table 5. In patient 2, cloning/sequencing confirmed the presence of the major complex
Indel combination ID: 12 in a similar percentage to that found using NGS. In addition,
cloning analysis also showed the presence of minor Indels such as the Ins ID: 74, and
complex Indel combinations not identified by NGS. The presence of Ins 1825T (ID: 84)
and Del 1825T (ID: 85), both highly prevalent in the included patients, was confirmed in
patients 17 and 39, and in patient 20, respectively. Of note, the percentages of reads and
clones that did not show any Indels were similar (indicated with a—in the Deletions and
Insertions columns in Table 5).

Table 5. Description of the insertions, deletions, or combinations of both, identified by
cloning/sequencing analysis in the 4 patients selected.

Patient
(N Clones Deletions Insertions N Clones (%) ID N Reads (%)
Analyzed)
1647 TCTTA-
1627 + 1758 — 1777 CATAAGAG- 12 (50) 12 9554 (51.9)
GACTCTTGGAC
2 (24) - 164178%0(: %TA- 1(4.2) 74 75 (0.4)
1627 +_1Z§g7+ 1758 CATAAGAG- 2(8) - -
GACTCTTGGAC

142



Biomedicines 2022, 10, 1194

Table 5. Cont.

Patient
(N Clones Deletions Insertions N Clones (%) ID N Reads (%)
Analyzed)
1647 TCTTA-
CATAAGAG-
1627 + 1758 — 1777 GACTCTTGGAC + 1(4.2) - -
1822 ATTCAA +
1825 T
1600T + 1647 TCT-
1627 TACATAAGAG- 14.2) - -
GACTCTTGGAC
- - 7 (29.2) - 4692 (25.5)
- 1825 T 2 (6.9) 84 3140 (14.2)
17 (29) - 1909 TG 1(3.4) * *
- - 26 (89.7) - 18736 (84.8)
1825 - 1(5.6) 85 3011 (15.5)
20 (18) - 1826 TTC 6 (33.3) 89 2171 (11.2)
- - 11 (61) - 14064 (72.5)
- 1605 T 1(5.3) - -
- 1825 T 7 (36.8) 84 3242 (22.9)
39(19) - 1895 T 1(5.3) * *
- - 10 (52.6) - 9701 (68.5)

Abbreviations: N Clones indicates number of clones showing a specific insertion, deletion or combination of
both; ID, code to designate single insertion or deletion, or combinations of them identified by next-generation
sequencing (see Table S3); N Reads, number of next-generation sequencing reads showing a specific single
insertion or deletion, or a combination of both. * Insertions that have not been assessed in next-generation
sequencing reads since they are located out of hepatitis B X gene open reading frame.

Figure 3. Comparison between the predicted local RNA folding between nucleotides 1741 and
1912 encompassing the TA region of the core promoter, of a WT variant (A) versus a variant including
the deletion 1763-1770 (ID: 51) (B). Both variants have been modeled from the genotype A reference
sequence used to report Indels, included in Table S2. In red, TA1 sequence (AGAUUA); in green,
TA2 sequence (UUAAA); in blue, TA3 sequence (UAUUA); in purple, TA4 sequence (CAUAAAUU);
in grey, DR1 sequence (UUCACCUCUGC); in orange, TA23 sequence (UUAAAUAUUA).
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3.6. Clinical Outcome of Patients Studied

Development of negative clinical outcomes associated with CHB was assessed in each
of the 50 patients included for a median of 9.4 (IQR 8.7-12) years after obtaining selected
samples. During this time, all patients received antiviral treatment, and only the five
patients with advanced fibrosis (Ishak score > F3) on enrolment in the study developed
negative clinical outcomes. One of these progressed to cirrhosis after superinfection with
HCV 6.3 years after the sample analyzed was obtained and was excluded from further
analysis. Two of the remaining four cases progressed to cirrhosis 3.9 and 3 years after the
sample analyzed was obtained, respectively. The other two cases progressed to HCC 9.5
and 10.2 years after the sample analyzed was obtained, respectively; none of them showed
cirrhosis at the time of HCC diagnosis.

All four patients showed variants encoding HBxCtermTrunc. Interestingly, a patient
who progressed to cirrhosis and another who progressed to HCC, showed the Ins ID: 37
(Ins 1739G) and 38 (Ins 1746G/T), causing the highly prevalent stop codon at position 128
(Table 3). Notably, both patients showed higher percentages of reads and HPL harboring
this stop codon than the median of all 50 patients, especially the patient who developed
HCC: 0.9% vs. 1.5% vs. 0.4% of reads; and 20% vs. 33.3% vs. 8.3% of HPL in the cirrhotic,
the HCC and median of all patients, respectively. The other patient who progressed to
HCC showed the single nt Del ID: 36 (Del 1727), leading to the also prevalent HBX stop
codon at position 129 (Table 3). Again, this patient showed higher percentages of reads and
HPL harboring this stop codon than the median of all 50 patients: 1% vs. 0.5% of reads and
12.5% vs. 7.1%, respectively. The second patient who progressed to cirrhosis did not show
any HPL with Indels, but one of them encoded a HBxCtermTrunc ending at codon 148.

4. Discussion

Indels in the HBX 3’ end region may lead to severe alterations in the HBx C-terminal
end. Variants with Dels in that region and HBxCtermTrunc have been typically linked to
HCC carcinogenesis [11,12]. However, the NGS analysis of the HBV quasispecies identified
variants with 103 different Indels through the HBX 3’ end region in almost all (94%) of
the 50 patients without HCC included in our study, most of them with no significant
liver fibrosis. Previous studies by clone sequencing [16,17] and NGS [34] including CHB
patients without HCC support these results. Peng et al. [16], reported 42 different variants
with Indels in the Cp quasispecies, virtually all of them affecting HBX, in all 12 untreated
HBeAg-positive CHB patients included. Hao et al. [17] characterized the Indels along the
full-length HBV genome of 30 HBeAg-positive untreated CHB patients, of which 33/125
(26.4%) Dels and 14/45 (31.1%) Ins were within the HBX 3’ end region encoding aa 75-154
which we analyzed in this study. Li et al. [34] used NGS to analyze genome-wide mutation
profiles, including deletion patterns, in 17 patients with advanced liver disease and 30
chronic HBV carriers. Interestingly, despite the younger age and absence of severe liver
disease in the chronic carrier group, 11/21 (52%) Del validated in that group were in HBX
3’ end, while none of the patients with the advanced liver disease showed Dels in this
region. Notably, the cut-off to eliminate technical artifacts adopted in that study was 1%
in quasispecies, while in our study, it was 0.1% (as long as the sequence was present in
both forward and reverse strands), thanks to the adaptation of our previously-described
bioinformatics algorithm [19,20]. Additionally, the average sequencing coverage was 2047 x
and 687 x in advanced liver disease and chronic carrier patients, respectively, while in
our study, we obtained a median of 16735 reads [IQR, 9277-24,668]. The lower cut-off to
eliminate technical artifacts along with higher sequencing coverages may explain why we
detected a higher variability of Indels in the HBX 3’ end, even taking into account only
single Dels (46 of 103 Indels identified in our study vs. 21 Dels identified in the study
by Li et al.). Moreover, cloning/sequencing analysis of samples from four patients with
important percentages of variants with Indels by NGS confirmed the presence of some
Indels identified by NGS in their quasispecies. Importantly, this analysis confirmed the
existence of Ins and Del around and inside the five T homopolymer between positions 1821
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and 1825 identified by NGS (ID: 74, 84, 85, and 89), a region where the UDPS technology
may introduce deletion and insertion sequencing errors [35]. Cloning/sequencing even
confirmed the complex combination of Ins and Dels ID: 12. Altogether, suggests that Indel
variants are usually present in HBV quasispecies, even in CHB patients without HCC.

HBx (only 154 aa long) is characterized by an astonishing pleiotropic function, which
mainly relies on its interactions with cellular proteins that take part in HBV replication,
transactivation, signaling pathway, protein degradation, cell death, and cell cycle [9]. In
this regard, HBx C-terminal end contains sequence motifs essential for its transactivating
activity [10], (i.e., protein—protein interactions), which may be affected by Indels identified
in this study. In fact, almost all Indels identified altered the WT HBX stop codon, giving
rise to variants encoding 44 different HBxCtermTrunc or HBxLong, making it reasonable to
speculate that at least some of those Indels may develop different functions to WT HBx.
For instance, we identified Indel variants potentially encoding different HBx + core fusion
proteins, which would include almost the entire HBx and pre-core/core aa sequences,
ending at 7 putative HBX stop codons between codons 355 to 363. These stop codons
were associated with 15 different single or combined Indels between nt positions 1805 and
1843, detected in half of the patients included in this study. The fusion protein encoded by
variants with these Indels may be relevant for the HBV replicative cycle: HBx is essential
for initiating and maintaining transcription from cccDNA templates in de novo infected
cells [36], but it is not clear how the nascent cccDNA can acquire this protein if the HBx
mRNA is not able to be transcribed from this episome. This apparent contradiction may
be explained by the existence of HBx forms with fused core aa sequences, which suggests
that the resulting protein may be a “traveler HBx” form which, hypothetically, would reach
infected cells to supply them with HBx. In support of this hypothesis, HBx has been de-
tected in the serum of hepatitis B patients using ELISA [37], and HBx reactive determinants
have been described in liver-derived HBcAg particles from human HBV and other hepad-
naviruses [38]. However, it is important to note that the relevance to HBV infection and
pathogenesis of this theoretical “traveler HBx” form is yet to be confirmed experimentally.

Additionally, in support of this hypothesis, Kim et al. [39] described the in vitro
expression of a 40 KDa protein resulting from the fusion of HBX + core ORFs, which
showed transactivating activity. Interestingly, the expression of this protein revealed the
Ins 1821T, within the five T region where it has been described as highly prevalent Indels
among our patients, Ins 1825T (ID: 84, observed in 38% of our patients), and Del 1825T
(ID: 85, observed in 20% of our patients). It is likely that this T homopolymeric region
facilitates polymerase slipping as a possible event responsible for Indels in this position,
which would explain the high prevalence of Indels in position 1825, which were also
reported in CHB patients quasispecies by clone sequencing [16,17]. The Ins 1825T is very
often associated with the putative codon 362, which was indeed very common among
our patients (observed in 48%) and represented a relatively high percentage of their reads
compared to other stop codons. Indels in this five T homopolymeric region shift ORF from
HBX to the core and continue translation until the stop codon of this last ORF, the stop
codon 362, which may be an alternative mechanism similar to the frameshifts produced by
PREF signals. Interestingly, the polyT homopolymeric sequence is highly conserved among
other hepadnaviruses, and its predicted RNA folding is similar to that of HIV-1 PRF. For
this reason, we considered that this polyT region might also be a potential HBV PRF signal,
which may act as a mechanism to produce HBx + core fusion proteins, in addition to Ins in
that region.

Another group of Indels that may play a functional role in the HBV replication cycle
are those located in the TA region. We identified 39 Indels located between nt 1751 and
1787, many of which affected TA2 and TA3 sequences of the BCP, which are required for
the optimal transcription of pcRNA [6]. Although these data showed high variability in the
TA region, TA4 was completely preserved, suggesting a more essential role for this TA than
the remaining ones. Previous studies performed by population (Sanger) sequencing [40,41]
described frequent Del affecting TA1 to TA3 sequences showing two patterns: around 8
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to 10, and around 19-21 Del, very similar to patterns observed in this study, as shown
in Table 4, thus further supporting our results. Most of the Indels identified in the TA
region led to HBxCtermTrunc and, interestingly, approximately a third of them were
associated with a premature HBX stop codon at position 135, which has been identified
in 28% of the 50 patients included. This premature stop codon was principally (but not
exclusively) associated with the Del8nt between positions 1757 and 1773, among which
Del8nt 1763-1770 (ID: 51) stands out, identified in 20% of patients studied. Interestingly, ID:
51 caused the fusion of TA2 and TA3 sequences, creating a sequence motif that coincided
with that of a true (canonical) TATA box [33], which we named TA23. The structural
prediction of this putative new TA revealed a complete unpairing, similar to the other
true or canonical TA box in the BCP, TA4, and it maintains the same distance as TA3 to
the pcRNA start sites, while it is located around 40 nt upstream of the pgRNA starting
point [6]. Although this distance is slightly larger than the optimal TATA box position for
achieving high tissue specificity (31 and 30 nt upstream of the RNA transcription starting
site), the liver tissue-specific expression of pgRNA from TA23 would still be feasible [42].
This potential role as a true TA would explain the 1.8-fold increase in Cp activity relative to
WT observed by Peng et al. [16] with TA1 deleted + Del8nt 1763-1770. Moreover, despite
its association with HBxCtermTrunc, none of the patients who showed this Del8nt in our
study experienced negative clinical outcomes. In previous studies, the Del 1763-1770 was
identified in the HBV quasispecies of patients who progressed to cirrhosis or end-stage
liver disease and patients who did not [15]. Thus, ID:51 did not appear to be associated
with severe liver disease per se.

In the TA region, our attention was also drawn to the 14 complex Indel combinations
containing Dels between nt 1756 and 1787 (affecting TA2 and TA3 sequences) and large
Ins (24-28 nt) at CURS. Several of those variants showed a duplication in the sequence
containing the o box motif (nts 1646-1668) and binding sites for C/EBPa (BCP positive
regulatory motifs located in the CURS) [6,32]. This duplication also caused a drastic change
in the HBx Hbox sequence, which may affect its predicted o helix structure [27], which
would, in turn, hamper or eliminate the essential HBx-DDB1 interaction. DDBI1 is a linker
protein for the assembly of a large number of proteins to Cullin 4 (CUL4)-based E3 ubiquitin
ligase [43]. The interaction of HBx with DDB1-CUL4-ROC1 (CRL4) E3 ligase is critical for
ubiquitination and degradation of structural maintenance chromosome complex proteins 5
and 6 (Smc5/6), which antagonize HBV replication [31]. It would thus be logical to think
that HPL with these Indels would be negatively selected. In fact, we found them in only
four (8%) of the fifty patients studied; however, in one of them (patient 2), HPL with those
complex Indel combinations represented the master sequence (more than 50% of reads
obtained showed Ins: 1647 TCTTACATAAGAGGACTCTTGGAC Del: 1627 + 1758 — 1777,
ID: 12) and their presence in the quasispecies of that patient was confirmed by cloning and
sequencing. In addition, variants with duplications in the « box were reported earlier using
cloning and sequencing studies [14,16]. This suggests a mechanism of these variants to
initiate and maintain a productive HBV infection, an alternative to overcoming the Smc5/6
inhibitory effects. A possible explanation may be that expression of HBV cccDNA may
be favored by the duplication of the C/EBP« binding site. This de novo C/EBP target
may increase transcriptional activity, compensating for the decrease in HBV replication by
alterations of the HBx coding sequence, which potentially impair HBx-DDBI1 interaction.

The vast majority of the 103 Indels identified in this study altered the HBX stop codon,
yielding a total of 44 different stop codons, 23 (52.3%) of which caused HBxCtermTrunc,
and 9 (39.1%) of them were identified in more than 10% of patients. The truncated HBx
forms have been reported to lose their transcriptional activity and their inhibitory effects
on cell proliferation and transformation, as well as to enhance metastasis compared to
full-length HBX, thus playing a critical role in HCC carcinogenesis [12,44,45]. However,
in our patient cohort, only five patients experienced negative clinical outcomes after a
median follow-up of 9.4 (IQR, 8.7-12) years, and this outcome may be associated solely
with CHB infection in only four cases. Notably, three of them showed HPL with Ins ID: 36,
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37, and 38, associated with HBX stop codons at positions 128 and 129. Interestingly, these
three patients showed higher percentages of reads and HPL with these stop codons than
the median reads and HPL/patient. It thus seems possible that the proportions of Indel
variants encoding HBxCtermTrunc at positions 128 and 129 in the HBV quasispecies, rather
than their mere presence, may contribute to their pathological effects. However, it was not
possible to further explore this hypothesis in our study, as too few of the patients included
experienced negative outcomes to allow for reliable statistical comparisons with those
who experienced benign outcomes. In addition, we were not able to assess percentages of
variants with Indels in the quasispecies of those four patients in serum samples obtained
closer in time to a diagnosis of cirrhosis or HCC, as these additional serum samples were
not available to us.

So far, we have discussed some possible functional roles of some of the 103 Indels
identified in 94% of 50 patients analyzed. In this cohort of patients, we found that variants
showing Indels were usually present as minor ones (median, 3.4% [IQR, 1.3-8.4%] of reads
in each sample), and their median percentages were significantly higher in HBeAg-positive
patients than in HBeAg-negative patients. However, when assessing individual Indels, due
to disparities in the number of HBeAg-positive vs. HBeAg-negative patients (17 vs. 33),
we found no significant differences between those groups. In fact, it must be remembered
that this study is essentially descriptive, and further studies with larger and more balanced
groups of patients, as well as in vitro phenotypic analyses, are required to confirm the
functional roles of the Indels identified. For instance, the association of Dels between nt
1805 and 1843, and Ins within or very close to the five poly-T region between nt 1821-1825,
with putative stop codons between positions 355 to 363 should be confirmed with longer
NGS reads, encompassing at least the entire 3’ HBX and pre-core/core ORFs. In this regard,
it would be ideal to provide confirmation using a third-generation NGS platform, applying
error-correction procedures [35]. It would also be interesting to determine whether variants
with combinations of Dels in the TA region and big Ins at CURS, such as ID: 12, with a
highly altered HBx sequence, are able to sustain HBV replication, and perform additional
studies assessing the effects over HBV replication and Cp activity of the new TA23 sequence
motif due to the prevalent Del8nt 1763-1770 (ID: 51). Nevertheless, it seems reasonable to
hypothesize that Indel events may be used as a strategy for increasing the coding capacity
of the HBX 3’ end. Multiple examples exist of smart mechanisms for synthesizing new
proteins from single genomic sequences in RNA viruses, which allow them to maximize
genomic information content with a limited genome size. For instance, in bovine viral
diarrhea virus, a 27-nt Ins in the NS2 protein-coding region has been associated with the
cytopathogenic form of this virus [46], and a 15-nt Del in NS gene of H5N1 subtype avian
influenza virus was associated with increased virulence of this subtype in chickens and
mice [47]. However, Indel events are not necessarily associated with increases in virulence,
as in the case of the SARS-CoV-2 spike gene, where minor quasispecies variants with
an accumulation of Dels upstream and very close to the S1/52 cleavage site have been
associated with mild COVID-19 [48]. Thus, viruses can use Indels as mechanisms to encode
alternative proteins, with important functional roles in the natural history of their infections.
In line with this, our results suggest that at least some of the Indels that we identified in the
quasispecies of the HBX 3’ end, may be linked to functional roles in the HBV replicative
cycle. This suggests a general HBX multicoding mechanism, which would enable the
characteristic HBx pleiotropic function.

5. Conclusions

In summary, the common presence in HBV quasispecies of HPL, equivalent to variants,
with Indels in the 3’ end of HBX in CHB patients with nonsevere liver disease, suggests
that these variants are “normal members”. Such Indels usually result in modification of
the HBX stop codon, giving rise to truncated or long putative HBx versions with possible
functional roles in the HBV replicative cycle. We also hypothesize that some of those
HBx versions associated with Indels may be linked to severe progression in the case of
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high proportions. In addition, these Indels may also have consequences for transcription
regulation of this virus due to sequence overlapping with regulatory elements such as Cp,
ENH I, etc. Therefore, the phenotypical effects of these variants with Indels deserve further
study. Altogether, this suggests that the production of 3’ HBX Indels is the origin of an HBx
multicoding mechanism to increase the coding capacity for the small HBV genome and
may be important for the extremely complex multifunctional activity of the HBx protein.
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Abstract: The regulatory role of microRNAs (miRNAs) in HBV-associated HCC pathogenesis has
been reported previously. This study aimed to investigate the association between serum miR-125b
and liver fibrosis progression in chronic hepatitis B (CHB) patients after nucleos(t)ide analog (NA)
treatment. Baseline serum miR-125b levels and other relevant laboratory data were measured for 124
patients who underwent 12-month NA therapy. Post-12-month NA therapy, serum miR-125, platelet,
AST, and ALT levels were measured again for post-treatment FIB-4 index calculation. Univariate
and multivariate logistic regression analyses were performed to identify independent risk factors for
a higher post-treatment FIB-4 index. Results showed that baseline miR-125b levels were inversely
correlated with the post-treatment FIB-4 index (p = —0.2130, p = 0.0082). In logistic regression analyses,
age (OR =1.17, p < 0.0001), baseline platelet level (OR = 0.98, p = 0.0032), and ALT level (OR = 1.00,
p = 0.0241) were independent predictors of FIB-index > 2.9 post-12-month treatment. The baseline
miR-125b level was not significantly associated with a higher post-treatment FIB-4 index (p = 0.8992).
In 59 patients receiving entecavir (ETV) monotherapy, the alternation of serum miR-125b in 12 months
and age were substantially associated with a higher post-treatment FIB-4 index (>2.9), suggesting
that miR-125b is a reliable biomarker for detecting early liver fibrosis under specific anti-HBV NA
treatments (e.g., ETV).

Keywords: chronic hepatitis B; nucleos(t)ide analogs; miR-125b; hepatitis B virus; biomarker; fibrosis score

1. Introduction

The prevalence of chronic hepatitis B infection is 4.1%, corresponding to 316 million
infected people [1]. It remains an incurable viral disease that can only be controlled
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by certain medications prescribed in different combinations [2]. There is a significant
correlation between hepatitis B viral infection, liver cirrhosis, and hepatocellular carcinoma
(HCC). Moreover, hepatitis B virus (HBV) infection and liver fibrosis predispose patients to
develop hepatocellular carcinoma (HCC) [3,4]. HCC accounts for 85-90% of all primary
liver cancers and is the third most common cause of cancer-related deaths; the five-year
survival rate for HCC is 6.9%. The high mortality and poor survival associated with
HCC have prompted research on the progression of HBV infection and liver cirrhosis.
Liver cirrhosis is characterized by liver tissue fibrosis, which results in the formation of
abnormal nodules [5]. As a common consequence of chronic hepatitis B (CHB), it promotes
the development of HCC through several possible mechanisms. Molecular mechanisms
have been discussed, including identifying HCC driver genes, the p53-RB pathway, and
the WNT pathway [6]. Moreover, the long period of hepatic inflammation, as one of
the immune responses during chronic HBV infection, increases the hepatocyte turnover
rate and gene mutation, which facilitates progression to liver fibrosis, liver cirrhosis, and
HCC [3]. Therefore, controlling HBV infection and the early prediction of subsequent
possible liver fibrosis are crucial strategies to prevent high-mortality HCC.

Circulating miR-125b levels can inhibit HBV expression in vitro [7] and have long been
investigated as an innovative treatment and noninvasive biomarker for CHB, liver fibrosis,
and HCC [8,9]. Several studies have illustrated a correlation between miR-125b expression
and CHB and its role as a tumor suppressor in several cancers [10-12]. Few studies have
focused on the role of miR-125b in hepatic inflammation [13]. Zhou et al. demonstrated
its ability as a reliable biomarker to predict the virologic response to nucleos(t)ide analog
(NA) treatment, which has become the standard of care for patients with CHB [14]. For
HCC, studies have described the regulatory role of miRNAs in HBV-associated HCC
pathogenesis [8,15]. The ability of miR-125b to act as a novel biomarker for HBV-positive
HCC has been demonstrated [16]. Nonetheless, relatively fewer studies have focused on the
relationship between miR-125b and liver fibrosis, especially after anti-HBV nucleos(t)ide
analog (NA) treatment.

Previous studies have shown that miR-125b can promote hepatic stellate cell activation
and liver fibrosis by activating RhoA signaling, and antagonizing miR-125b can significantly
alleviate liver fibrosis in CCl4-treated mice [17]. However, there is no corresponding clinical
research on the correlation between circulating miR-125b levels and the development of
liver fibrosis, especially with anti-HBV NA therapy. The only study that discussed the
miR-125b level post-NA therapy mainly focused on HBV /HCV-coinfected patients, rather
than HBV infection alone, and there was no evaluation of the correlation between the
post-treatment miR-125b level and liver fibrosis [18]. Hence, to further clarify the clinical
correlation between circulating miR-125b and the formation of liver fibrosis in post-NA
therapy CHB patients, we designed this study to investigate whether baseline and post-
treatment serum miR-125b levels can be a reliable predictor of new-onset liver fibrosis after
12-month CHB NA treatment.

2. Material and Methods
2.1. Study Design

We conducted a retrospective cohort study based on circulating miR125-b levels and
serum markers among patients diagnosed with liver fibrosis from stage FO to F4 after
a 12-month NA treatment and patients without a new diagnosis of liver fibrosis after a
12-month NA treatment. The diagnosis and staging of liver fibrosis were made based
on the METAVIR score [19], which was applied based on the liver biopsy results, FIB-4
index calculation [20,21], and a FibroScan® (Echosens, Paris, France). We also found an
association between serum miR-125b levels and the clinical characteristics of CHB patients,
identifying its predictive ability for liver fibrogenesis after NA treatment.
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2.2. Patients

Patients were recruited from 2004 to 2020 from the medical center of Kaohsiung Medi-
cal University Hospital. A total of 127 HBeAg-negative patients underwent NA therapy
for HBV infection, according to the Asian-Pacific Association for the Study of the Liver
recommendations [22]. The exclusion criteria included patients with other hepatobiliary
diseases (e.g., hepatitis C virus (HCV) infection), autoimmune hepatitis, other etiologies
of cirrhosis (e.g., primary biliary cirrhosis), primary sclerosing cholangitis, Wilson dis-
ease, and «l-antitrypsin deficiency. Three patients were lost to follow-up. Ultimately,
124 patients were included in the analysis. Among the 124 patients, 59 of them received
entecavir (ETV) monotherapy, 53 patients received lamivudine (LAM) therapy, and the
remaining 12 patients received adefovir, telbivudine (LDT), or tenofovir (TDF) monother-
apy or combined therapy. Signed informed consent was obtained from these patients
for all interviews, anthropomorphic measurements, blood sampling, and medical record
review. This study was approved by the ethics committee of Kaohsiung Medical University
Hospital (KMUHIRB-E(II)-20190405).

2.3. Laboratory Data

Serum markers, such as aspartate aminotransferase (AST) (Roche Cobas GOT/AST
IFCC, Via Casa Sicignano, Sant’Antonio Abate, Italy), alanine transaminase (ALT) (Roche
Cobas GPT/ALT IFCC, Via Casa Sicignano, Sant’Antonio Abate, Italy), international nor-
malized ratio (INR), blood urea nitrogen, creatinine, bilirubin, platelets, and albumin, were
measured by standard biochemistry tests. HBsAg, HBeAg, and anti-HBe were examined
using an enzyme immunoassay (EIA; Abbott Laboratories, North Chicago, IL, USA), and a
quantitative HBV DNA analysis was performed using the Roche Cobas Apliprep/Cobas
Tagman HBV Test (Roche Molecular System, Roche, Branchburg, NJ, USA).

2.4. Extraction of MicroRNAs

The miRNAs were extracted from 200 pL of serum using TRIzol LS (Thermo Scientific,
Waltham, MA, USA). The detection of miRNAs was performed by RT-qPCR using TagMan®
MicroRNA assays and measured using a 7900® Sequence Detection System (Applied
Biosystems, Lincoln Centre Drive, Foster City, CA, USA). The expression levels of miRNAs
in each sample were normalized to the corresponding spike-in cel-39 level [23].

2.5. Questionnaire Interview for Patient Profiles

All participants were personally interviewed using structured questionnaires to collect
information on demographic characteristics, including alcohol consumption and personal
histories of diseases such as previous diagnoses of diabetes, hypertension, heart disease,
liver disease, and cardiovascular disease.

2.6. Statistical Analysis

We analyzed basic demographic data, including case number, sex, age, body mass
index, and the presence of hypertension, diabetes, and metabolic syndrome. Student’s ¢-test,
the Mann-Whitney U test, chi-squared test, and Fisher’s exact test were used for statistical
tests. All tests were two-sided, and a probability value (p value) < 0.05 was considered
statistically significant. A 95% confidence interval (CI) for these covariates was calculated.
Linear regression analysis was adopted to assess the correlation between variables, as
determined by Spearman’s rank correlation coefficient (p). Multivariate logistic regression
analysis was used to evaluate the odds ratio (OR).

3. Results
3.1. Characteristics of Patients and Changes in the Parameters

Table 1 summarizes the characteristics of the entire cohort, as well as of the two
subgroups divided by the baseline FIB-4 index of 2.9, which has been reported to be
the cut-off for advanced fibrosis in patients with CHB [24]. Compared with patients
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who had a FIB-4 index less than 2.9, those who had a FIB-4 index more than 2.9 were
older (53.72 £ 9.76 vs. 43.59 £ 11.26 years, p < 0.0001), more likely to have hypertension
(28.6% vs. 16.2%, p = 0.0226), had higher AST levels (377.9 £ 405.6 vs. 111.7 = 137.9 U/I,
p <0.0001), higher ALT levels (509.1 & 541.8 vs. 215.2 4 272.5 U/, p < 0.0001), a lower WBC
count (4961.3 & 1552.9 vs. 6072.5 & 1753.2 x 103/mm3, p = 0.0004), a lower platelet count
(125.7 4 41.2 vs. 204.9 + 70.3 x 10%/mm3, p < 0.0001), a higher bilirubin level (2.69 + 3.37
vs. 1.37 & 1.48 mg/dL, p = 0.0045), and a lower albumin level (3.72 £ 0.54 vs. 4.26 4= 0.36
gm/dL, p < 0.0001). After a follow-up period of 12 months after initial treatment, the alter-
ations in the FIB-4 index and miRNA125b levels are shown in Figure 1. Compared to the
baseline FIB-4 index, the FIB-4 index attained after the 12-month treatment demonstrated a
significant reduction (p < 0.0001). Such a significant difference was not observed regarding
mil25b between the baseline and post-treatment levels. The baseline miRNA-125b level
and post-treatment FIB-4 indices were significantly and inversely correlated (p = —0.2130,
p = 0.0082) (Figure 2A). However, the alteration in miRNA-125b level during the 12 months
was not correlated with the post-treatment FIB-4 index (p = —0.1041, p = 0.2719) (Figure 2B).
Between subgroups divided by a post-treatment FIB-4 index of 2.9, neither baseline miRNA-
125b (p = 0.2322) nor alteration of miRNA-125b (p = 0.2498) showed significant differences
(Figure 3).

Table 1. Patient’s characteristics.

Variable Overall FIB-4 Score < 2.9 FIB-4 Score > 2.9 (n = 54) p Value
(n=124) (n=170)
Mean age (years) 47.95 (11.75) 43.49 (11.26) 53.72 (9.76) <0.0001 *
Gender 0.3810
Male 95 52 43
Female 29 18 11
BMI (kg/m?) 23.99 (3.59) 24.10 (3.37) 23.88 (3.87) 0.7620
BH (cm) 166.59 (8.02) 168.23 (7.60) 164.52 (8.13) 0.0060 *
BW (kg) 66.75 (12.20) 68.25 (11.22) 64.92 (13.18) 0.0746
HBV DNA > 2000 IU/mL (%) 76.61 70.00 85.19 0.0476 *
HBeAg(+) 30.89 (38/123) 31.88 (22/69) 29.63 (17/54) 0.7883
Lab data (mean, SD)
WBCs (x103/mm?) 5585.79 (1751.43) 6072.50 (1753.19) 4961.32 (1552.85) 0.0004 *
Platelet (x10%/mm?) 170.43 (71.12) 204.93 (70.29) 125.70 (41.18) <0.0001 *
AST (U/L) 227.64 (314.82) 111.69 (137.87) 377.94 (405.57) <0.0001 *
ALT (U/L) 343.16 (435.35) 215.17 (272.48) 509.07 (541.77) 0.0001 *
Creatinine (mg/dL) 0.89 (0.48) 0.86 (0.24) 0.92 (0.66) 0.5363
Bilirubin (mg/dL) 2.00 (2.57) 1.37 (1.48) 2.69 (3.37) 0.0045 *
Albumin (gm/dL) 4.02 (0.53) 4.26 (0.36) 3.72 (0.54) <0.0001 *
HB (g/dL) 13.95 (1.56) 14.20 (1.60) 13.64 (1.46) 0.0512
Log 2~ delta miRNA 125b —1.21 (0.85) —1.20 (0.84) —1.22 (0.88) 0.8992
Ct values of cel-39 (internal
control; mean - SD) 27.35 (1.65) 27.34 (1.74) 27.36 (1.55) 0.9673
Comorbidities (n=98) (n =56) (n=42)
Diabetes mellitus (%) 10.20 8.93 11.90 0.6300
Hypertension (%) 17.34 8.93 28.57 0.0110 *
(n=122) (n=68) (n=54)
Alcohol use (%) 16.40 16.18 16.67 0.9421

BMI, body mass index; BH, body height; BW, body weight; WBC, white blood cell count; PLT, platelet count; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; Cr, creatinine; HB, hemoglobin level; delta miRNA
125b represents Ct mir —125p-Ct cel—39. All values are expressed as the mean (standard deviation (SD)). The p value
was calculated for the continuous variables using Student’s f-test or the Mann-Whitney test, and the x2 test was
used for the categorical variables, with o = 0.05. * = p < 0.05.
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Figure 1. Comparing the differences in the (A) mean FIB—4 index and (B) log 2"'miR—125b levels
at the baseline and post—treatment. Error bars show mean =+ standard deviation. p value from the
Mann-Whitney test is shown. * = p < 0.05.
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Figure 2. Linear regression analysis was used to assess the correlation between (A) the change
in miRNA—125b and the change in the FIB—4 index, and (B) the baseline miRNA—125b (serum
miRNA—125b, i.e., log 2"baseline miR—125b) and post-treatment FIB—4 index. AFIB—4 index, 12-
month FIB—4 index; AmiRNA —125b, log 2~ delta post=miR—125b _ }q5 p—delta pre—miR—125b + _ 1, 0,05,
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Figure 3. Comparing two subgroups divided by a post-treatment FIB—4 index of 2.9, showing the
differences in the (A) baseline miRNA—125b (log 2"baseline miR—125b) and (B) AmiRNA—125b
(log 2~ deltapost—miR—125b _ }50 p—delta pre—miR—125b) Error bars show mean + standard deviation.
p value from the Mann-Whitney test is shown.
3.2. Baseline and Clinical Parameters Associated with FIB-4 Index after NA Treatment
Table 2 illustrates the results of the univariate logistic regression FIB-4 index analysis.
Neither baseline miRNA-125b nor alteration of miRNA-125b during the 12-month treatment
period was associated with the risk of the post-treatment FIB-4 index being higher than
2.9. With regard to initial laboratory findings, a higher WBC count (p = 0.0156), lower
platelet count (< 0.0001), and higher ALT level (p = 0.0496) were significantly associated
with the risk of a FIB-4 index > 2.9 after 12-month anti-HBV medication treatment. Older
age (p < 0.0001) was also associated with an increased risk of a FIB-4 index of more than 2.9.
Such a significant association was not found for the other variables. Multivariate logistic
regression analyses showed that older age (p < 0.0001), lower platelet count (p = 0.0032),
and higher ALT level (p = 0.0241), but not lower WBC count, remained significant predictors
of a FIB-4 index > 2.9.
Table 2. Predictor of 12M FIB-4 index analysis.
Univariate Analyses Multivariate Analyses
Variable OR (95%CI) p Value OR (95%CI) p Value
Age 1.17 (1.09-1.25) <0.0001 * 1.17 (1.09-1.26) <0.0001 *
Gender (male/female) 0.89 (0.33-2.37) 0.8188
HBV DNA > 2000 IU/mL 2.11 (0.67-6.69) 0.2034
HBeAg(+) 041 (0.14-1.17) 0.0963
Lab data
WBCs 1.00 (1.00-1.00) 0.0156 * 1.00 (1.00-1.00) 0.1562
Platelet 0.98 (0.97-0.99) <0.0001 * 0.98 (0.96-0.99) 0.0032 *
AST 1.00 (1.00-1.00) 0.7116
ALT 1.00 (1.00-1.00) 0.0496 * 1.00 (1.00-1.00) 0.0241 *
Creatinine 0.87 (0.31-2.45) 0.7900
Bilirubin 1.08 (0.93-1.25) 0.3138
Albumin (gm/dL) 0.51 (0.23-1.15) 0.1058
HB (g/dL) 0.77 (0.58-1.01) 0.0601
Log 2 delta pre—miR—125b 0.65 (0.40-1.08) 0.0938
A Log 2~ delta miRNA 125b 0.65 (0.37-1.13) 0.1270
Comorbidities
Diabetes mellitus 1.37 (0.32-5.76) 0.6699
Hypertension 1.91 (0.62-5.88) 0.2596
Alcohol use 0.86 (0.80-0.26) 0.8019

BMI, body mass index; BH, body height; BW, body weight; WBC, white blood cell count; PLT, platelet count; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; Cr, creatinine; HB, hemoglobin level; delta miRNA
125b represents Ct mir—125b-Ct cel—39; Alog 2 —delta miR—125b _ LOg 2 —delta post—miR—125b __ LOg 2 —delta pre—miR—125b
*

=p <0.05.
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3.3. miR-125b Predicts Liver Fibrosis Stratified by ETV and LAM Response

Of the 124 analyzed patients, 59 were treated with entecavir and 53 were treated
with lamivudine. Tables 3 and 4 depict the univariate and multivariate logistic regression
models in these subgroups. In 59 patients treated with entecavir for 12 months, older age
(p = 0.0078) and alteration of miRNA-125b levels during treatment (p = 0.0157) were sub-
stantially associated with a FIB-4 index of more than 2.9 in both univariate and multivariate
analyses. A lower baseline platelet level (p = 0.0109) was also a risk factor for a high FIB-4
index in the univariate analysis. The baseline miRNA-125b levels were not associated with
a high FIB-4 index. In 53 patients treated with lamivudine, older age and lower baseline
platelet levels were independently associated with a higher FIB-4 index (>2.9) in both
the univariate and multivariate analyses. Neither baseline miRNA-125b nor alteration of
miRNA-125b during treatment was associated with any degree of a high post-treatment
FIB-4 index in univariate analyses.

Table 3. Baseline vs. 12M FIB-4 index analysis in ETV (1 = 59).

Univariate Analyses Multivariate Analyses

Variable OR (95%CI) p Value OR (95%CI) p Value
Age 1.14 (1.05-1.25) 0.0033 * 1.17 (1.04-1.32) 0.0078 *
Gender (male/female) 1.27 (0.30-5.42) 0.7442
HBV DNA > 2000 IU/mL 1.76 (0.33-9.32) 0.5036
HBeAg(+) 0.19 (0.02-1.65) 0.1332
Lab data
WBCs 1.00 (1.00-1.00) 0.2872
Platelet 0.98 (0.97-0.99) 0.0109 * 0.99 (0.98-1.00) 0.1522
AST 1.00 (1.00-1.00) 0.6767
ALT 1.00 (1.00-1.00) 0.2354
Creatinine 0.89 (0.32-2.44) 0.8213
Bilirubin 1.06 (0.90-0.12) 0.4909
Albumin (gm/dL) 0.42 (0.13-1.31) 0.1362
HB (g/dL) 0.66 (0.42-1.03) 0.0718
Log 2~ delta pre—miR—125b 0.52 (0.25-1.06) 0.0727
A Log 2~ delta miRNA 125b 0.34 (0.13-0.88) 0.0268 * 0.22 (0.06-0.75) 0.0157 *
Comorbidities
Diabetes mellitus 1.38 (0.30-6.36) 0.6756
Hypertension 2.00 (0.48-8.30) 0.3400
Alcohol use 1.27 (0.33-4.95) 0.7314
BMI, body mass index; BH, body height; BW, body weight; WBC, white blood cell count; PLT, platelet count; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; Cr, creatinine; HB, hemoglobin level; delta miRNA
125b represents Ct mir—1256-Ct cel—30; A LOg 9 —delta post—miR—125b __ LOg 9 —delta pre—miR—125b » _ p< 0.05.
Table 4. Baseline vs. 12M FIB-4 index analysis in LAM (n = 53).
Univariate Analyses Multivariate Analyses
Variable OR (95%CI) p Value OR (95%CI) p Value
Age 1.18 (1.06-1.32) 0.0030 * 1.22 (1.06-1.41) 0.0068 *
Gender (male/female) 0.22 (0.04-1.05) 0.0579
HBV DNA > 2000 IU/mL 1.22 (0.22-6.84) 0.8222
HBeAg(+) 0.82 (0.17-3.86) 0.8030
Lab data
WBCs 1.00 (1.00-1.00) 0.0503
Platelet 0.97 (0.95-0.99) 0.0094 * 0.95 (0.90-1.00) 0.0314 *
AST 1.00 (1.00-1.00) 0.9120
ALT 1.00 (1.00-1.00) 0.1204
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Table 4. Cont.

Univariate Analyses Multivariate Analyses

Variable OR (95%CI) p Value OR (95%CI) p Value

Creatinine 0.59 (0.03-13.72) 0.7413

Bilirubin 1.17 (0.82-0.12) 0.3856

Albumin (gm/dL) 0.48 (0.12-1.93) 0.3026

HB (g/dL) 0.74 (0.46-1.19) 0.2139

Log 2~ delta pre-miR-125b 0.82 (0.34-1.97) 0.6508

A Log 2~ delta miRNA 125b 1.10 (0.45-2.71) 0.8338
Comorbidities

Diabetes mellitus 1.10 (0.30-6.36) 0.9945

Hypertension 0.90 (0.08-9.97) 0.9316
Alcohol use 1.50 (0.33-4.95) 0.9980

BMI, body mass index; BH, body height; BW, body weight; WBC, white blood cell count; PLT, platelet count; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; Cr, creatinine; HB, hemoglobin level; delta miRNA
125b represents Ct mir—1256-Ct cel_30; A LOg 2 —delta post—miR—125b __ LOg 2 —delta pre—miR—125b x _ p< 0.05.

4. Discussion

The micro-RNA cluster, miR-125b, is a potential noninvasive biomarker for chronic
hepatitis, liver fibrosis, and HCC. In this 1-year retrospective cohort study, we investigated
the association between circulating miR-125b levels and liver fibrosis progression in HBV-
infected patients treated with oral antiviral medications. We found no significant difference
between the miR-125b levels at the baseline and those at the end of the 12th month after
initial treatment. Neither the baseline miR-125b level nor miR-125b variation during the 12-
month treatment period was associated with a higher FIB-4 index (>2.9). However, baseline
miR-125b levels remained significantly and inversely correlated with the FIB-4 index after
12 months of treatment in the overall cohort. The miR-125b variation in 59 patients treated
with lamivudine for 12 months was independently associated with a high FIB-4 index (>2.9)
risk through univariate and multivariate logistic regression analyses. These real-world
findings implicate an association between the alteration of miR-125b levels during certain
anti-HBV treatments and possible changes in liver fibrosis.

Different potential noninvasive biomarkers have been investigated for HCC, but they
poorly detect early HCC and liver fibrosis. Currently, alpha-fetoprotein is the only reliable
marker for diagnosing HCC. Yet, its low specificity, especially in chronic liver disease, limits
its application in real-world settings [25]. Given the high correlation between liver cirrhosis
and HBV-related HCC, early prediction of liver fibrosis occurrence in HBV patients is an
efficient strategy to prevent HBV-related HCC.

Previous studies have shown that the expression levels of miR-125b are serum miRNAs
that represent potential biomarkers for hepatocellular carcinoma in patients with chronic
hepatitis B virus infection [16,26-29]. In contrast, the association between miR-125b and
early fibrosis has not yet been fully investigated. There is also no evidence demonstrating a
correlation between direct-acting HBV treatment and alteration of miR-125b. Giray et al.
carried out a study to investigate 24 miRNAs as a potential biomarker for the diagnosis
of early liver fibrosis. The study was performed in three patient groups: CHB (n = 24),
HBV-positive cirrhosis (n = 22), and HBV-positive HCC (n = 20), along with one control
group (n = 28). In all these three patient groups, the expression level of miR-125b-5p was
reported to be significantly upregulated (1.904-2.854-fold changes) compared to the control
group by the Mann-Whitney U test.

Nevertheless, when all groups were compared with the control group using a one-way
ANOVA test, the expression levels of miR-125b only showed an upregulated tendency
without a statistically significant difference (p = 0.07192) [16]. Intriguingly, in our study,
although the FIB-4 index showed a substantial decrease after 12 months of HBV treatment,
the alteration in miR-125b was not significant. Between the two subgroups, divided by a
post-treatment FIB-4 index of 2.9, neither the baseline miR-125b level nor the alternation
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showed significant differences. Our findings indicate that NA therapy for CHB might
prevent the progression of liver fibrosis by counteracting upregulated miR-125b levels.

In line with our hypothesis, Yeh et al. carried out a prospective single-center study
to investigate the outcomes of HBV infection in 79 HBV /HCV-coinfected patients after
1 year of DAA therapy [18]. This study reported reduced serum levels of miR-125b in
HBV /hepatitis C virus (HCV)-coinfected patients after direct antiviral agents (DAAs) were
administered for HCV infection and a continuous decline in miR-125b levels after stopping
DAAs in patients with HBV reactivation, compared with no change in miR-125b levels in
patients without HBV reactivation. This partially explains the miR125b alternation in our
study as not only related to the progression of liver fibrosis but also to viral replication and
involving more complex virus-host interactions, which require further investigation.

Zhou et al. conducted a retrospective cohort study to investigate the predictive value of
baseline miR-125b levels for NA therapy in patients with CHB. A total of 66 HBeAg-positive
CHB patients who had received LDT-optimized therapy (n = 39) or TDF monotherapy (1 = 27)
for 144 weeks were analyzed. Their results indicated that the baseline serum miR-125b level is
an independent predictor of a complete response (defined as HBV DNA < 500 IU/mL and
HBeAg seroconversion). This finding suggests that baseline miRNA-125b is a satisfying
biomarker for HBeAg seroconversion following 144-week NA treatment [14].

In the present study, although baseline miR-125b was not an independent predictor for
a FIB-4 index higher than 2.9 after 12 months of NA treatment in the overall HBV-positive
cohort, there was a significant inverse correlation between the baseline serum miR-125b
and post-treatment FIB-4 index. After we further analyzed 59 patients treated with LAM
monotherapy for 12 months, the multivariate logistic regression model confirmed the
substantial association between serum miR-125b alteration (OR = 0.22, p = 0.0157) and the
risk of a higher FIB-4 index. In the same analysis, the baseline miR-125b level showed
borderline significance (p = 0.0727) in univariate analyses. The major difference between
our study and that of Zhou et al. is the duration of NA treatment. With a one-year therapy
shorter than the duration of Zhou et al.’s study, the association between serum miR-125b
alteration and fibrosis has been elucidated. Further studies are needed to validate the
findings concerning long-term NA therapy.

After further interpretation of the comparison between 59 patients receiving ETV
and 53 patients receiving LAM, we found that older age was a common independent
predictor of a higher post-treatment FIB-4 index in both treatment groups and all cohorts.
In all 124 patients, lower baseline platelet levels and higher baseline ALT levels were
also significantly associated with the risk of a higher post-treatment FIB-4 index in both
univariate and multivariate analyses.

However, the baseline serum ALT level was no longer a significant predictor in either
the ETV or LAM group. The baseline platelet level remained an independent risk factor in
the LAM group for a higher FIB-4 index after 12 months of treatment. Instead of platelet
levels, the alteration of miR-125b during 12-month treatment can substantially and inde-
pendently predict a higher post-treatment FIB-4 index, as discussed above. These findings
suggest that the risk factors for liver fibrosis progression may differ between different NA
treatment groups. Circulating miR-125b, a noninvasive and an easily accessible molecule,
can be a reliable biomarker for predicting early liver fibrosis in HBV-positive patients,
particularly those receiving specific NA treatment, such as ETV. Further large-scale studies
with longer follow-up periods are needed to validate this finding.

This study had some limitations. First, it was a retrospective study conducted in a
single center, although there has been no previous retrospective or prospective multicenter
study with the same study design. Second, we did not generally define liver cirrhosis
with a liver biopsy, given the standardized strategies that aim to prevent unnecessary
healthcare-associated risks. Instead, we analyzed the FIB-4 index, validated in various
patient settings with patient age and laboratory profiles [22,30-33]. Third, our analysis did
not include some liver-disease-relevant data, such as INR, due to incomplete collection.
However, data analyzed in a real clinical setting remain crucial in CHB and liver fibrosis.
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In conclusion, the baseline serum miR-125b level was significantly and inversely
correlated with the post-treatment FIB-4 index. Furthermore, the alteration in miR-125b
levels during specific NA therapy, such as ETV, may be associated with the FIB-4 index
after 12-month treatment. These findings are fundamental in recognizing miR-125b as a
biomarker for the early progression of liver fibrosis during HBV treatment, especially the
widely adopted ETV. Additionally, given that the long-term goal of surveillance for liver
cirrhosis and HCC is to prevent the occurrence of early liver fibrosis, instead of monitoring
miR-125b alone, our findings merit further studies to validate the role of different NA
treatments in affecting serum miR-125b levels and their relationship to liver fibrosis.
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N o G ke W N

Abstract: People who inject drugs (PWID) are a population exposed to many genotoxicants and with
a high prevalence of HCV infection. Direct-acting antiviral (DAA) regimens are now widely used
to treat chronic HCV infection. Although side effects to treatment are currently rare, the long-term
effects such as suspicions of de novo hepatocellular carcinoma (HCC) occurrence or HCC recurrence
and cardiac defects are still up for debate. Given the structure of DA As, the molecules have a potential
mitochondrial DNA (mtDNA) genotoxicity. We have previously reported acute mtDNA toxicity of
three DAA regimens among PWID with a strong impact on the rate of mtDNA deletion, less on the
quantity of mtDNA copy per cell at sustained viral response at 12 weeks (SVR12). Herein, we report
the mtDNA parameters nine months after drug discontinuation. We observed that the percentage of
the deleted mtDNA genome increased over time. No exposure to any other genotoxicants during this
period was associated with a high deletion percentage, suggesting that the replicative advantage of
the deleted molecules outweighed their elimination processes. Such observation calls for longer-term
follow-up and may contribute to the molecular basis of subclinical side effects of DAA treatments.

Keywords: HCV; DAA; mitochondria; genotoxicity; side effect

1. Introduction

The availability of direct-acting antivirals (DAA) has revolutionized HCV therapy.
Even though we lack sufficient hindsight on their long-term side effects, there are still
controversial data on adverse cardiac side effects, higher extrahepatic and intrahepatic
malignancies, accelerated hepatocellular carcinoma (HCC) recurrence and aggressiveness,
as well as doubts of genotoxicity [1-3]. The molecular basis of these side effects has not
been elucidated, however, DA As that are nucleoside analogues could act as substrates for
human polymerases, including mitochondrial RNA and DNA polymerases [4,5]. Unlike
nuclear polymerases, mitochondrial DNA (mtDNA) polymerases are more sensitive to
genotoxicants due to their lack of editing functions. Recent in vitro models showed that
sofosbuvir (SOF) and daclatasvir (DCV) drugs impaired mitochondrial morphologies and
lowered the mtDNA copy number in yeast [3]. Furthermore, the association of sofosbuvir
and ribavirin (RBV) increased cytotoxicity in HepG2 cells [6]. We recently investigated
mitochondrial genotoxicity among people who inject drugs (PWID) who were treated
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with a combination of SOF, DCV, and RBV drugs. This population is well known for its
characteristically high prevalence of HCV infection and constitutes one of the key target
populations to achieve HCV elimination, as stipulated by the World Health Assembly in
the first Global Health Sector Strategy on Viral Hepatitis 20162021 [7]. Moreover, this
population is continuously exposed to several other genotoxicants that might increase the
risk of genetic instability [8]. Overall, we found that the variation in mtDNA copy per
cell (MCN) did not differ significantly before and after treatment, while the proportion of
detectable mtDNA deletions (MDD) increased after treatment. Combined exposition of
DAA with other illicit drugs may explain some of these variations [8].

If mtDNA copy number can fluctuate with time, elimination of deleted DNA molecules
or defective mitochondria is a complex process and could instead tend towards an accumu-
lation over time, leading to bioenergetic defects, mito-ageing processes, and, possibly, to
cell transformation [9]. Herein, we conducted an observational study by measuring the
mitochondrial parameters nine months after the end of treatment among HCV-cured PWID.
We then tested whether these parameters were similar to those of an HCV-seronegative
PWID population.

2. Materials and Methods
2.1. Study Design and Study Population

The design of the study is a prospective cohort study. The study population was
made up of HCV RNA-positive PWID who were successfully treated with combina-
tions of sofosbuvir, daclatasvir, and/or ribavirin for 12 weeks (negative sustained viral
response at 12 weeks, known as the SVR12 HCV viral load) from the DRIVE-C study
(NCT03537196) [10]. An HCV-seronegative PWID control population was obtained from
the initial HCV screening phase of the previously mentioned study. PWID were recruited
during a respondent-driven sampling survey (RDSS) conducted by community workers in
Hai Phong, Vietnam, in 2018. This RDSS enrolled a total of 1444 PWID [10].

2.2. MtDNA Genotoxicity Assays

A detailed description of the assays has previously been published [8]. Succinctly,
blood samples were collected on dried blood spot cards (DBS, WhatmanTM 903, GE
Healthcare Bio-Sciences Corp.) and DNA was extracted using QIAamp DNA Mini kit
(Qiagen, Courtaboeuf, France). Mitochondrial copy number (MCN) was assessed by
real-time quantitative PCR using QuickScanTM Mitox kit (Primagen®©, Amsterdam, The
Netherlands). The MCN is expressed as the number of mtDNA cp/cell. The percentage of
MDD was obtained by relative quantification of two gPCRs (2" method), one targeting
the region which encompasses more than 85% of the known mtDNA deletions and one
targeting a very constant region, using DNA extracted from plasma-rich platelets as a
calibrator. The MDD rate is the ratio of mutated mtDNA to total mtDNA and is expressed
as a percentage [8].

2.3. Statistical Analysis

Baseline characteristics are described as frequencies with percentages for categorical
variables, or as means with their standard deviation for continuous variables. MtDNA
parameters are expressed as raw values for MCN or as percentages of MDD, with their
95% confidence interval. Median MCN was calculated for each of the three time points and
subsequently compared between time points, as well as median MCN of PWID with an
initial HCV negative serology (n = 260). The threshold for statistical significance was set for
a p value < 0.05.

For the risk factor analyses, variations in MCN and MDD for each PWID were calcu-
lated between the end of treatment and 36-weeks post treatment discontinuation. PWID
were next stratified into two classes depending on their AMCN and their AMDD results,
using a threshold set at the first tercile value of the pooled data, equivalent to < —76.5%
for AMCN and to < —32% for AMDD. To construct multivariate models, we selected
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variables with a p < 0.20 in univariate analyses among demographic, drug consumption
use, co-infections, and co-medication data. The final model was constructed in a stepwise
manner and validated by considering the smallest AIC (Akaike information criteria). The
threshold for statistical significance was set for a p value < 0.05. Statistical analyses were
performed on SAS® studio (Copyright © 2012-2020, SAS Institute Inc., Cary, NC, USA).

2.4. Ethics Approvals

Participants signed an informed consent form at enrolment that included the use of
their samples in ancillary studies related to HCV infection among PWID. The present study
complies with the Declaration of Helsinki and Good Clinical Practice, was approved by the
Scientific Advisory Board of DRIVE-C, and subsequently by the Institutional Review Board
of the Haiphong University of Medicine and Pharmacy, Vietnam (#01/HPUMPRB).

3. Results
3.1. Study Population

Out of the 332 PWID with mitochondrial data at the end of treatment, 297 attended
the 9-month follow-up visit and 295 had a full set of paired data (Supplementary Figure S1).
Reasons for not attending the 9-month follow-up visit were primarily “being incarcerated”.
HCV-treated PWID included in these analyses (n = 295) differed from those not included
(n =37), with less frequent HIV-positive infection statuses and being less frequently en-
gaged in a methadone program (data not shown). PWID were almost exclusively men
(97.6%), with a mean age of 42.0 years, and were administered SOF400/DCV60 (n = 149),
SOF400/DCV90 (n = 119), or SOF400/DCV /RBV (n = 27) (Table 1). At the end of the study,
121 (41.0%) PWID reported still injecting heroin, 243 (82.4%) being under methadone ther-
apy, and 33 (11.2%) smoking methamphetamine. All HIV-infected PWID had received ARV
treatment, and none had previously been treated for HCV infection. The HCV-seronegative
PWID group was characterized by less HIV infection (2.3% vs. 46.4%), a more recent history
of injection (injecting for less than 5 years: 22.3 % versus 4.4%), and a greater consumption
of methamphetamine (72.7% vs. 64.6%) (Table 1).

Table 1. Baseline characteristics of PWID included in the analysis and compared to HCV- seronega-
tive PWID.

HCV-Cured PWID N= 295 HCV-Seronegative PWID N= 260 p-Values

DEMOGRAPHIC DATA
Sex, Male or transgender, n (%) 288 (97.6) 246 (94.6) 0.06 *
Age, years, mean (SD) 42.0 (7.4) 41.7 (10.1) 0.74 #
VIRAL INFECTIONS, n (%)
HIV coinfection 137 (46.4) 6(2.3) <0.001 *
HBV coinfection 18 (6.1) N.A. -
TREATMENTS DAA, n (%)
SOF400/DCV60 149 (50.5) N.A.
SOF400/DCV90 119 (40.3) N.A.
SOF400/DCV /RBV 27 (9.1) N.A. -
ARV
Receiving ARV treatment 137 (46.4) 3(1.2) <0.001 *
SUBSTANCE USE—Heroin, n (%)
Number of years of injection
Less than 5 years 13 (4.4) 58 (22.3)
5 to 10 years 57 (19.3) 80 (30.8)
10 to 15 years 78 (26.4) 63 (24.2)
Over 15 years 147 (49.8) 59 (22.7) <0.001 *
Frequency of injection per month
Less than once a day 88 (29.8) 90 (34.6)
Daily 207 (70.2) 170 (65.4) 0.23*
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Table 1. Cont.

HCV-Cured PWID N= 295 HCV-Seronegative PWID N= 260 p-Values

Methamphetamine
Urinary test positive at baseline 79 (26.8) 93 (35.8) 0.02 %
Declaration of consumption 190 (64.4) 189 (72.7) 0.04 %
Frequency of consumption per month
<4 times per month 142 (48.1) 121 (46.5)
>4 times per month 48 (16.3) 68 (26.1) 0.008 *
Tobacco smoking 286 (96.9) N.A. -

Hazardous drinking £

75 (25.4) 84 (32.3) 0.07*

*: Chi-squared test; #: t-test; £: score above 4 for men or 3 for women on the AUDIT-C scale; N.A.: not available.

3.2. Long-Term Dynamics of the mtDNA Parameters

Nine months after the end of treatment, median MCN dropped from 568.7 copies/cell
(95%CI: 494.5; 647.7) to 184.0 (95%CI: 168.6; 198.9), and median MDD increased from
0.35 (95%CI: 0.32; 0.39) to 0.49 (95%CI: 0.45; 0.52). These values were statistically different
from both the baseline values of HCV-infected PWID and the baseline values of control
HCV-seronegative PWID (Table 2).

Table 2. MtDNA parameters among HCV-treated PWID and control PWID.

Mitochondrial HCV-Treated PWID (n = 295) Control PWID
Outcomes Baseline End of Treatment 9-Month Follow-Up (n = 260)
MCN (c/cell) 481.2 (448.6; 524.6) 568.7 (494.5; 647.7) 184.0 (168.6; 198.9) 439.1 (405.9; 466.8)
MDD 0.26 (0.23; 0.29) 0.35(0.32; 0.39) 0.49 (0.45; 0.52) 0.31 (0.24; 0.34)

Values are medians with 95% confidence interval; MCN: mitochondrial DNA copy number; MDD: mitochondrial
DNA deletion rate.

3.3. Determinants of Altered mtDNA Parameters

People who inject drugs were next stratified by those being in the highest tercile of
MCN loss (with a threshold set at 76.5% loss or more) or those in the highest tercile of
increase in MDD rate (with a threshold set a 32% loss or more) versus all those remaining.
Multivariate analysis showed that none of the current exposure factors including medi-
cations, drug consumption, or viral co-infections are associated with an increased risk of
being “PWID with high loss of MCN” or being “PWID with a high accumulation of MDD”,
in the 9-month period following the end of treatment. Furthermore, having been exposed
to one DAA regimen compared to another was not associated with mitochondrial genomic
instability (Supplementary Tables S1 and S2).

4. Discussion

A 9-month follow-up of DAA-treated PWID revealed that mitochondrial parameters
are not yet stable; the percentage of mtDNA molecules with deletion increased, while
the number of copies per cell dropped drastically. We recently reported an increased rate
of MDD upon completion of DAA treatment, while remaining subclinical. The present
data supported the long-term persistence of MDD, which even worsened, while once
again remained below the clinical level. Even among infected PWID that were treated and
cured from the HCV infection, nine months after DAA treatment discontinuation these
parameters did not revert back to levels observed among uninfected individuals.

MtDNA mutations and deletions lead to mitochondrial dysfunctions. These processes
participate in biological ageing and age-related diseases (such as neurodegenerative and
cardiovascular pathologies and cancers [11,12]). They have already been well illustrated
among people living with HIV (PLHIV) undergoing antiretroviral therapy. In fact, PLHIV
have a shorter life expectancy than the general population and are more prone to age-
related diseases [9]. Cellular processes exist to eliminate defective mitochondria [11,12].
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Beyond a threshold which is not yet defined, and which may vary from one cell type to
another, and most likely with age, the cells undergo cell death. The direct role of ARV in
this toxicity has recently been demonstrated. Persons initiating post-exposure prophylaxis
after a non-occupational sexual exposure to HIV showed mitochondrial toxicity, which was
worsened for those having received one-month regimens containing zidovudine (AZT)
molecules [13]. The clearance rate for these alterations has not yet been defined, but initial
arguments suggest that it may be very slow. Exposure to ARV drugs during pregnancy
was assessed in terms of mitochondrial toxicity in Patas monkey pups at specific time
points from birth. Noticeably, mitochondrial toxicity was still detectable at three years of
age, which corresponds to approximately 15 years of age in humans [14,15]. The same
observation was conducted for the number of mtDNA copies in HIV-uninfected infants
born to HIV-positive mothers undergoing ARV treatment. Aldrovrandi et al. showed that
the mtDNA copy number was only able to return to baseline values at five years of age [16].
Given that DAAs are of the same class of polymerase inhibitors as ARVs, the mitochondrial
genotoxicity reported herein could follow these same mechanisms.

It is noteworthy that slow cycling cells are known to accumulate more deleted mtDNA
molecules than rapid cycling cells, such as blood cells, suggesting that the MDD rate in
other cell types in DAA-treated patients may be even higher [11,17,18]. Given that we were
not able to identify other exposures as risk factors for the observed mtDNA instability
during the follow-up period, DAA treatments may have primed the acquisition of MDD,
which then persists and continues to replicate.

MtDNA instability has been previously associated with HCC, but its role in the
pathophysiology has not yet been established [19]. Reported side effects of DAA treatments
are minimal so far, but HCC recurrence is currently under scrutiny. Further investigation is
required regarding the level of MDD accumulation after DAA treatment compatible with
HCC development.

This study has several limitations. First, it is a monocentric study. Secondly, the
before-after study design allowed us to report observational data only. Analyses were
conducted at the participant level, so that each participant was its own control. The risk
factor analyses cannot be used to decipher the mechanism underlying the mitochondrial
genotoxicity but rather addressed putative concomitant exposures. Thirdly, the PWID
population analysed herein is almost exclusively men. Given the number of women, we
were not able to conduct a stratified analysis to observe these effects specifically in women.
In addition, our conclusions should only be applied to PWID. To increase the scope of
our findings and be able to observe gender-specific effects, the present study deserves
to be reproduced among non-drug users of both sexes. Fourthly, the integrity of the
mtDNA molecules was only investigated through the search of their common deletion
and not in terms of point mutation. Other regions of the mtDNA may also be targeted
for deletions, given that the drug exposures were particular. The latter two aspects would
require sequencing approaches.

Altogether, these findings strongly suggest the persistence of mitochondrial dysbio-
genesis after HCV treatments among male PWID, which remained subclinical over the
course of the 9-month follow-up. The presented data call for a longer follow-up of this
mtDNA instability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines10102541/s1, Figure S1: Flowchart of the study
population; Table S1: Baseline characteristics of PWID included in the analysis and compared to
HCV-negative PWID; Table S2: Factors associated with high MCN loss; Table S3: Factors associated
with high MDD accumulation.

Author Contributions: Conceptualization, N.N., PV.P,, D.L. and J.-P.M.; methodology, N.N. and
K.PM,; validation, M.D., Q.B.T.N., LL.T.T,, R.V. and J.-P.M,; investigation, H.T.D., A.V,, BN.T,, D.R.,
C.Q., HT.T. and TN.T.T; data curation, M.D. and J.-P.M.; writing—original draft preparation, M.D.
and J.-P.M.; writing—review and editing, N.N., LM., VVH,, ].E, PVP, D.D.J. and D.R;; funding

167



Biomedicines 2022, 10, 2541

acquisition, H.T.D., O.K.T.H., D.D.J.,, N.N. and D.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the National Institute on Drug Abuse at the National
Institutes of Health (Grant number R0O1DA041978) and France National Agency for Research on AIDS
and hepatitis (Grant numbers ANRS 12353, ANRS 12380).

Institutional Review Board Statement: The present study complies with the Declaration of Helsinki
and Good Clinical Practice, was approved by the Scientific Advisory Board of DRIVE-C, and sub-
sequently by the Institutional Review Board of Haiphong University of Medicine and Pharmacy,
Vietnam (#01/HPUMPRB).

Informed Consent Statement: All participants signed an informed consent form at enrolment that
includes the use of their samples in ancillary studies related to HCV infection among PWID.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are grateful to all the participants and the peers of the DRIVE and DRIVE-
C studies.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.
12.

13.

Kamal, A.; Elsheaita, A.; Abdelnabi, M. Association between Direct-Acting Antiviral Agents in Hepatitis C Virus Treatment and
Hepatocellular Carcinoma Occurrence and Recurrence: The Endless Debate. World J. Clin. Cases 2022, 10, 1764-1774. [CrossRef]
[PubMed]

Hayes, K.N.; Burkard, T.; Weiler, S.; Tadrous, M.; Burden, A.M. Global Adverse Events Reported for Direct-Acting Antiviral
Therapies for the Treatment of Hepatitis C: An Analysis of the World Health Organization VigiBase. Eur. ]. Gastroenterol. Hepatol.
2021, 33, e1017—e1021. [CrossRef] [PubMed]

Yahya, G.; Hashem Mohamed, N.; Pijuan, J.; Seleem, N.M.; Mosbah, R.; Hess, S.; Abdelmoaty, A.A.; Almeer, R.; Abdel-Daim,
M.M.; Shulaywih Alshaman, H.; et al. Profiling the Physiological Pitfalls of Anti-Hepatitis C Direct-Acting Agents in Budding
Yeast. Microb. Biotechnol. 2021, 14, 2199-2213. [CrossRef] [PubMed]

Ehteshami, M.; Zhou, L.; Amiralaei, S.; Shelton, J.R.; Cho, ]. H.; Zhang, H.; Li, H,; Lu, X; Ozturk, T.; Stanton, R.; et al. Nucleotide
Substrate Specificity of Anti-Hepatitis C Virus Nucleoside Analogs for Human Mitochondrial RNA Polymerase. Antimicrob.
Agents Chemother. 2017, 61, e00492-17. [CrossRef]

Jin, Z.; Kinkade, A.; Behera, I.; Chaudhuri, S.; Tucker, K.; Dyatkina, N.; Rajwanshi, V.K.; Wang, G.; Jekle, A.; Smith, D.B.; et al.
Structure-Activity Relationship Analysis of Mitochondrial Toxicity Caused by Antiviral Ribonucleoside Analogs. Antiviral. Res.
2017, 143, 151-161. [CrossRef] [PubMed]

Librelotto, C.S.; DE SOUZA, A.P,; Alvares-Da-silva, M.R.; Simon, D.; Dihl, R.R. Evaluation of the Genetic Toxicity of Sofosbuvir
and Simeprevir with and without Ribavirin in a Human-Derived Liver Cell Line. An. Acad. Bras. Cienc. 2021, 93. [CrossRef]
[PubMed]

Pedrana, A.; Munari, S.; Stoové, M.; Doyle, ].; Hellard, M. The Phases of Hepatitis C Elimination: Achieving WHO Elimination
Targets. Lancet Gastroenterol. Hepatol. 2021, 6, 6-8. [CrossRef]

Durand, M.; Nagot, N.; Nhu, Q.B.T,; Vallo, R.; Thuy, L.L.T.; Duong, H.T.; Thanh, B.N.; Rapoud, D.; Quillet, C.; Tran, H.T.; et al.
Mitochondrial Genotoxicity of Hepatitis ¢ Treatment among People Who Inject Drugs. J. Clin. Med. 2021, 10, 4824. [CrossRef]
[PubMed]

Schank, M.; Zhao, J.; Moorman, J.P.; Yao, Z.Q. The Impact of HIV-and ART-Induced Mitochondrial Dysfunction in Cellular
Senescence and Aging. Cells 2021, 10, 174. [CrossRef]

Rapoud, D.; Quillet, C.; Pham Minh, K.; Vu Hai, V.; Nguyen Thanh, B.; Nham Thi Tuyet, T.; Tran Thi, H.; Moleés, J.P,; Vallo,
R.; Michel, L.; et al. Towards HCV Elimination among People Who Inject Drugs in Hai Phong, Vietnam: Study Protocol for
an Effectiveness-Implementation Trial Evaluating an Integrated Model of HCV Care (DRIVE-C: DRug Use & Infections in
ViEtnam-Hepatitis C). BM] Open 2020, 10, e039234. [CrossRef]

Jang, J.Y.; Blum, A ; Liu, J.; Finkel, T. The Role of Mitochondria in Aging. J. Clin. Invest. 2018, 128, 3662-3670. [CrossRef] [PubMed]
Fontana, G.A.; Gahlon, H.L. Mechanisms of Replication and Repair in Mitochondrial DNA Deletion Formation. Nucleic Acids Res.
2020, 48, 11244-11258. [CrossRef] [PubMed]

Bafio, M.; Morén, C.; Barroso, S.; Juarez, D.L.; Guitart-Mampel, M.; Gonzélez-Casacuberta, I.; Canto-Santos, J.; Lozano, E.; Ledn,
A.; Pedrol, E.; et al. Mitochondrial Toxicogenomics for Antiretroviral Management: HIV Post-Exposure Prophylaxis in Uninfected
Patients. Front. Genet 2020, 11, 497. [CrossRef]

168



Biomedicines 2022, 10, 2541

14.

15.

16.

17.

18.

19.

Divi, R.L.; Einem, T.L.; Fletcher, S.L.L.; Shockley, M.E.; Kuo, M.M,; St Claire, M.C.; Cook, A.; Nagashima, K.; Harbaugh, SSW.,;
Harbaugh, ].W,; et al. Progressive Mitochondrial Compromise in Brains and Livers of Primates Exposed in Utero to Nucleoside
Reverse Transcriptase Inhibitors (NRTIs). Toxicol. Sci. 2010, 118, 191-201. [CrossRef] [PubMed]

Liu, Y.; Shim Park, E.; Gibbons, A.T.; Shide, E.D.; Divi, R.L.; Woodward, R.A.; Poirier, M.C. Mitochondrial Compromise in 3-Year
Old Patas Monkeys Exposed in Utero to Human-Equivalent Antiretroviral Therapies. Environ. Mol. Mutagen 2016, 57, 526-534.
[CrossRef] [PubMed]

Aldrovandi, G.M.; Chu, C.; Shearer, W.T; Li, D.; Walter, J.; Thompson, B.; McIntosh, K.; Foca, M.; Meyer, W.A.; Ha, B.F; et al.
Antiretroviral Exposure and Lymphocyte MtDNA Content Among Uninfected Infants of HIV-1-Infected Women. Pediatrics 2009,
124, €1189-1197. [CrossRef]

Picard, M.; Vincent, A.E.; Turnbull, D.M. Expanding Our Understanding of MtDNA Deletions. Cell Metab. 2016, 24, 3-4.
[CrossRef]

Lawless, C.; Greaves, L.; Reeve, A.K.; Turnbull, D.M.; Vincent, A.E. The Rise and Rise of Mitochondrial DNA Mutations. Open
Biol. 2020, 10, 200061. [CrossRef]

Zekri, ARN.; Salama, H.; Medhat, E.; Hamdy, S.; Hassan, Z.K.; Bakr, Y.M.; Youssef, A.S.E.-D.; Saleh, D.; Saeed, R.; Omran,
D. Potential Diagnostic and Prognostic Value of Lymphocytic Mitochondrial DNA Deletion in Relation to Folic Acid Status in
HCV-Related Hepatocellular Carcinoma. Asian Pac. ]. Cancer Prev. 2017, 18, 2451-2457. [CrossRef]

169






b

i

omedicines

Article

Comparable Outcomes in Early Hepatocellular Carcinomas
Treated with Trans-Arterial Chemoembolization and
Radiofrequency Ablation

Benjamin Wei Rong Tay

, Daniel Q. Huang 1.2, Muthiah Mark 102, Neo Wee Thong 3 Lee Guan Huei 120,

Lim Seng Gee 1.2 1ow How Cheng 1 Lee Yin Mei !, Prem Thurairajah 1, Lim Jia Chen, Cheng Han Ng 2
Wen Hui Lim 2, Darren Jun Hao Tan 2, Da Costa Maureen %, Kow Wei Chieh Alfred *, Iyer Shridar Ganpathi 4,

Tan Poh Seng ! and Dan Yock Young

Citation: Tay, BW.R.; Huang, D.Q,;

Mark, M.; Thong, N.W.; Guan Huei,

L.; Gee, LS.; Cheng, L.H.; Mei, L.Y.;
Thurairajah, P.; Chen, L.].; et al.
Comparable Outcomes in Early
Hepatocellular Carcinomas Treated
with Trans-Arterial
Chemoembolization and
Radiofrequency Ablation.
Biomedicines 2022, 10, 2361.
https://doi.org/10.3390/
biomedicines10102361

Academic Editor: Jinghua Wang

Received: 1 August 2022
Accepted: 18 September 2022
Published: 22 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

1,2,%

Division of Gastroenterology and Hepatology, National University Health System,

Singapore 119228, Singapore

Department of Medicine, Yong Loo Yin School of Medicine, National University of Singapore,
Singapore 119077, Singapore

Department of Diagnostic Imaging, National University Health System, Singapore 119228, Singapore
Division of Hepatobiliary Surgery, National University Health System, Singapore 119228, Singapore
Correspondence: mdedyy@nus.edu.sg

t These authors contributed equally to the work.

Abstract: The guidelines recommend radiofrequency ablation (RFA) for early hepatocellular carci-
nomas that are less than 3 cm and trans-arterial chemoembolization (TACE) for intermediate-stage
tumors. Real-world patient and tumor factors commonly limit strict adherence to the guidelines. We
aimed to compare the clinical outcomes for TACE and RFA in early HCC. All consecutive patients
from 2010 to 2014 that were treated with locoregional therapy at our institution were enrolled. The
decision for TACE or RFA was based on tumor location, stage and technical accessibility for ablation.
A subgroup analysis was performed for patients with tumors less than 3 cm. A total of 168 patients
underwent TACE while 56 patients underwent RFA. Patients treated with TACE and RFA had 1- and
5-year survival rates of 84.7% and 39.8% versus 91.5% and 51.5%, respectively (p = 0.28). In tumors
less than 3 cm, there was no significant difference in overall survival (p = 0.69), time to progression
(p = 0.55), or number of treatment sessions required (p = 0.12). Radiofrequency ablation had a sig-
nificantly higher chance of a complete response (p = 0.004). In conclusion, TACE may be selectively
considered for early-stage hepatocellular carcinoma in patients unsuitable for other modalities.

Keywords: transarterial chemoembolization; radiofrequency ablation; hepatocellular carcinoma

1. Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death world-
wide [1,2]. The optimal treatment for HCC is oncologic resection or liver transplant [3-6].
Unfortunately, this is often limited by poor liver function precluding a safe resection and a
shortage of donor livers. In situations when a resection or transplant is not possible and the
disease is confined to the liver, locoregional therapies for HCC are recommended, including
radiofrequency ablation (RFA) and transarterial chemoembolization (TACE) [7,8].

RFA delivers a high-frequency alternating current via a catheter tip, producing thermal-
energy-induced area necrosis to tissue within a 1.5 cm radius. RFA is best used in tumors
with a diameter of less than 3 cm and can provide sustained recurrence-free survival in
these patients. In major society guidelines, RFA is recommended for small HCCs less than
3 cm in size, especially if resection is not feasible [7-9]. RFA is generally avoided in tumors
that are near the dome of the diaphragm or next to bowel lumen, for fear of diaphragmatic
injury or bowel perforation [10,11].
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TACE delivers chemotherapy-infused particles via the hepatic artery, inducing is-
chemia in the tumor and delivering the local chemotherapeutic agent. Previously, a Tai-
wanese study showed that TACE and RFA resulted in similar overall survival for HCC
patients within the Milan criteria, although RFA still showed significantly better survival
in small tumors with a total tumor volume < 11 cm? [12]. However, Kim et al. compared
TACE and RFA for small tumors less than 2 cm and showed a similar overall survival in
both groups, and another study comparing single small tumors less than 3 cm showed a
similar tumor response and recurrence [13,14]. The current practice guidelines recommend
ablation in HCCs less than 3 cm. Considering the conflicting literature with regards to the
use of TACE in small tumors, and the current clinical practice guidelines recommending
ablation in HCCs less than 3 cm, we aimed to compare the outcomes of TACE and RFA in
patients with HCCs less than 3 cm.

2. Materials and Methods
2.1. Patients

This was a single-center retrospective cohort study. We enrolled all consecutive
patients between 1 January 2010 to 31 December 2014 treated with either TACE or RFA
as the first line monotherapy for Barcelona Clinic Liver Cancer (BCLC) stage 0, A or B
HCC. Patients with evidence of vascular invasion or metastatic disease were excluded. This
study was approved by the Investigation and Ethics Committee of the National University
Hospital (Singapore), according to the standards of the Declaration of Helsinki. Written
informed consent was obtained from each patient before treatment.

2.2. Selection of Primary Treatment Modality

The diagnosis of HCC was in accordance with major society guidelines [7,8,15]. The
selection of the locoregional modality was made by a multidisciplinary hepatobiliary tu-
mor board consisting of hepatobiliary surgeons, hepatologists, interventional radiologists,
medical/radiation oncologists and pathologists. Locoregional therapy was offered to pa-
tients who were not surgical candidates due to a combination of poor liver function, poor
functional status and/or multiple comorbidities. The decision between RFA and TACE de-
pended on factors such as tumor location, size, number of nodules and technical feasibility.

2.3. Trans-Arterial Chemoembolization

Dynamic multiphasic cross-sectional imaging of the liver via magnetic resonance
imaging (MRI) or computed tomography (CT) was performed prior to the procedure to
guide the approach to the tumor. Catheterization of the hepatic artery and identification
of the tumor feeding vessel was performed, followed by administration of Cisplatin,
Doxorubicin or Adriamycin.

2.4. Radiofrequency Ablation

A triphasic CT scan was performed prior to the procedure to guide the approach to
the tumor. An ultrasound-guided percutaneous approach was used for the placement of a
14-gauge needle electrode into the target area. Radiofrequency current was then emitted
for 12 to 15 min by a 200 W generator.

2.5. Patient Follow-Up

A CT or MRI scan was obtained from all patients one month following the procedure to
document treatment response. Treatment response was assessed using the modified RECIST
criteria [16]. Clinical evaluation, surveillance liver scans, and laboratory investigations
were subsequently performed every 3—6 months to monitor for progressive disease or
recurrence. Repeat treatment was performed for patients with an inadequate response to
the initial therapy and for those with recurrence or a progressive disease.

172



Biomedicines 2022, 10, 2361

2.6. Evaluation of Data

The primary outcome evaluated was overall survival, which was defined as the time
between HCC diagnosis and death. Secondary endpoints included treatment response
in accordance with the modified RECIST criteria, recurrence, and time to progression
(TTP). Recurrence was defined as any new onset lesion or progression of lesions originally
considered suspicious or metastasis in patients who had demonstrated a complete response
at any time during the follow-up. TTP was defined as the time between primary treatment
and the first evidence of radiological progression as defined by the modified RECIST
criteria. Outcome measures were evaluated for the whole study population followed by
subgroup analysis on tumors less than 3 cm. Adverse effects of treatment were monitored
throughout the period of admission and recorded.

2.7. Statistical Analysis

All statistical analysis was performed using the Statistical Packages for Social Sciences
version 25.0 (SPSS Inc., Chicago, IL, USA). A two-sided p-value of <0.05 was considered to
be statistically significant. The chi-squared test was used for categorical data comparison
and the Mann-Whitney test was used for continuous data. The Kaplan-Meier method with
log-rank testing was used for the analysis of survival and time to progression.

3. Results
3.1. Baseline Charateristics

Between March 1989 and September 2013, 224 patients met the inclusion criteria and
were entered in the study. TACE was performed for 168 patients while RFA was performed
for 56 patients. Patients were predominantly male and Chinese, with a median age of
65 years at the point of diagnosis. About 86% of patients were cirrhotic with the majority
being Child-Pugh A. The main etiology of the underlying liver disease was hepatitis B for
both groups. Multiple etiologies of chronic liver disease were noted in 11 patients. No
significant differences were noted in the background hepatic function or alpha-fetoprotein
levels between both cohorts.

The size of tumor was significantly larger (p < 0.001) in the cases treated with TACE
compared to RFA. The median size of the primary tumor nodule in the cases treated with
TACE was 3.8 cm (interquartile range (IQR) 2.2-6.2 cm) while the median size of the primary
nodule in cases treated with RFA was 2.1 cm (IQR 1.5-2.7 cm). The baseline characteristics
of all the patients treated with TACE and RFA are shown in Table 1.

There were significant differences between the TACE and RFA subpopulations with
regard to ethnicity (“Chinese” and “Others”) and primary diagnosis (“Non-Alcoholic Fatty
Liver Disease (NAFLD)”). All differences in sociodemographics and baseline hepatic and
clinical factors were resolved by the stratification to a tumor size less than 3 cm, as shown
in Table 2.

Table 1. Baseline characteristics of all 224 study subjects.

TACE RFA p Value

Number of patients 168 56
Age, median (IQR) 68 (57-75) 65 (59-70) 0.173

Gender (%)
Male 123 (73.2%) 43 (76.8%) 0.597
Female 45 (26.8%) 13 (23.2%)

Ethnicity (%)
Chinese 95 (56.5%) 45 (80.4%)
Malay 9 (5.4%) 2 (3.5%) 0.012
Indian 6 (3.6%) 0 - )
Others 58 (34.5%) 9 (16.1%)
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Table 1. Cont.

TACE RFA p Value
Cirrhosis (%)
Yes 167 (86.8%) 47 (83.9%)
No 22 (13.1%) 8 (14.3%) 0.564
Unknown 1 (0.6%) 1 (1.8%)
Etiology of underlying liver disease (% of total etiologies)
213 cases have a single etiology while 11 cases have multiple etiologies.
Hepatitis B 78 23
Hepatitis C 34 13
Alcoholic Cirrhosis 11 12
NAFLD 12 8 0.002
Autoimmune Hepatitis 1 1 :
Wilson’s disease 2 0
Primary Biliary Cirrhosis 0 2
Etiology not known 35 4
Biochemistry
Alpha-fetoprotein (ng/mL) 18.0 (5.0-122.0) 125 (7.0-58.0) 0.460
Prothrombin Time (s) 14.0 (13.0-16.0) 15.0 (14.0-16.0) 0.193
Platelet x 10°/L 128.0 (91.0-211.0) 1325 (82.5-171.3) 0.339
Total Bilirubin (umol/L) 16.0 (10.0-26.25) 17.0 (11.0-33.75) 0.283
Albumin (g/L) 36.0 (31.0-40.0) 36.0 (31.0-40.0) 0.870
Child-Pugh Score (%)
A 124 (73.8%) 41 (73.2%) 0.930
B 44 (26.2%) 15 (26.8%) :
Tumor Nodularity
Uninodular 95 (56.5%) 34 (60.7%) 0.748
Multinodular 71 (43.5%) 22 (39.3%) :
Diffuse 2 (1.2%) 0 -
Primary nodule characteristics
Median Size (cm) 3.8 (2.2-6.2) 2.10 (1.5-2.7) <0.001
Continuous variables are presented as median (IQR) and categorical variables as n (%).
Table 2. Baseline characteristics of patients with primary HCC tumor <3 cm.
TACE RFA p Value
Number of patients 62 45 0.100
Age 64 (57-72) 65 (59-70) 0.880
Gender (%)
Male 40 (64.5%) 34 (75.6%) 0222
Female 2 (35.5%) 11 (24.4%) :
Ethnicity (%)
Chinese 34 (54.8%) 37 (82.2%)
Malay 3 (4.8%) 2 (4.4%) 0018
Indian 3 (4.8%) 0 - ’
Others 22 (35.5%) 6 (13.3%)
Eti010§y of underlying liver disease (% of total etiologies)
101 cases had single etiology while 6 cases had multiple etiologies
Hepatitis B 24 19
Hepatitis C 18 10
Alcoholic Cirrhosis 7 10
NAFLD 6 6 0.2184
Autoimmune Hepatitis 0 1 :
Wilson’s disease 1 0
Primary Biliary Cirrhosis 0 2
Etiology not known 6 1
Biochemistry
Alpha-fetoprotein (ng/mL) 16.5 (5.8-99.0) 12.0 (7.0-46.0) 0.781
Prothrombin Time (s) 14.0 (13.0-15.0) 15.0 (14.0-15.0) 0.229
Platelet x 10°/L 108.0 (73.5-160.5) 137.0 (91.0-169.5) 0.100
Total Bilirubin (umol/L) 15.0 (11.75-27.0) 15.0 (10.0-27.0) 0.865
Albumin (g/L) 37.0 (31.5-40.5) 36.4 (32.5-40.0) 0.597
Tumor Nodularity
Uninodular 34 (54.8%) 26 (57.8%) 0.762
Multinodular 28 (45.2%) 19 (42.2%) :

Continuous variables are presented as median (IQR) and categorical variables as n (% of total population).
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3.2. Survival

Overall survival rates at 1, 3 and 5 years in the RFA and TACE groups were 91.5%,
72.8%, 51.5% and 84.7%, 57.6%, 39.8%, respectively. There was no statistical significance
between the two groups (Figure 1, p = 0.28). When overall survival was stratified by a size
of the HCC of less than 3 cm, the median survival for TACE and RFA groups was 48.0
(IQR 21.0-75.0) and 54.0 (IQR 42.0-67.0) months, respectively, with no significant difference
between the groups (Figure 2, p = 0.69). The main cause of death was due to hepatic failure
from the progression of hepatocellular carcinoma.
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Figure 1. Overall survival in unstratified cohort.
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Figure 2. Survival duration stratified for HCC < 3 ecm.

3.3. Time to Progression

Patients treated with RFA had a significantly longer TTP than those treated with TACE,
with a median TTP of 9.0 months (IQR 4.0-19.0) and 13.0 months (IQR 8.0-29.0) (p = 0.02),
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respectively (Figure 3). However, in a subgroup of patients with HCCs less than 3 cm,
there was no significant difference in TTP between the TACE (median TTP 13.0 months;
IOR 4.0-28.0 months) and RFA groups (median TTP 13.0 months; IQR 9.0-22.0 months)

(p = 0.55, Figure 4).
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3.4. Chance of Complete Response

-

HCC treated with RFA was associated with a significantly higher chance of complete
response (CR) compared to TACE (83.9% vs. 32.7%, p < 0.001). When stratified by size,
RFA-treated HCCs again had a significantly higher CR rate for lesions less than 3 cm

compared to TACE (82.2% vs. 55.7%, p = 0.004).
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3.5. Recurrence

Recurrence rates were similar between the TACE- and RFA-treated cases in the overall
cohort including both large and small hepatomas (40.3% vs. 58.2%, p = 0.21). When
stratified to HCCs less than 3 cm, there was a significantly lower recurrence rate in patients
that were treated by TACE compared to RFA (39.7% vs. 61.3%, p = 0.03).

3.6. Number of Treatments

The total number of treatment sessions did not differ significantly (p = 0.22) between
TACE (median = 2.0, IQR 1.0-3.0) and RFA (median = 2.0, IQR 1.0-3.0). Among hepatomas
less than 3 cm, the total number of treatment sessions likewise did not differ significantly
(p = 0.12), with a median of 2 sessions for TACE (IQR 1.0-2.0) and RFA (IQR 1.0-2.0).

3.7. Adverse Events

TACE resulted in an adverse event rate of 37% with 7.4% of TACE patients having a
greater number of multiple complications. RFA resulted in single adverse events in 16.1%
of patients. Of these, the majority were minor adverse events such as pyrexia, nausea, vom-
iting, abdominal discomfort and elevated transaminases. For tumors <3 cm, adverse events
occurred in 17.7% of TACE patients while RFA patients had adverse events 13.3% of the
time. Three episodes of major adverse events were associated with TACE of tumors >3 cm,
namely one case of hepatorenal syndrome and two cases tumor rupture. RFA resulted in
one major adverse event of pneumothorax in a patient with an HCC <3 cm. Three patients
died soon after receiving TACE (1.6%), while no patients died after receiving RFA.

4. Discussion

A substantial proportion of HCC patients presenting to tertiary hospitals require
loco-regional therapy. Our study shows that treatment with either TACE or RFA for tumors
less than 3 cm did not result in a significant difference in overall survival. This is despite a
significantly favorable chance of a complete response following RFA therapy.

In accordance with guidelines, patients in our center with larger tumors and a more
advanced BCLC stage tend to be treated with chemoembolization while the smaller tumors
are primarily managed with RFA. Even so, there exist factors limiting the use of RFA in
these patients: central tumors close to the hepatic hilum are at an increased risk of damage
to major biliary structures while those peripherally situated adjacent to extrahepatic organs
are liable to heat injuries, such as pleural effusion and intestinal perforation [17]. Incomplete
ablation may occur in tumors contiguous to large vessels due to tissue cooling caused
by increased circulation [18]. Needle-track seeding is a further consideration that has
yet to be addressed convincingly [19]. In these cases, patients were treated with TACE.
This trend is especially relevant in Asia where TACE has traditionally been favored as
the primary anticancer therapy, and hence is even utilized in treating lesions outside the
current guidelines [19].

The outcomes at our center were comparable to published studies [20,21]. Our 3-year
overall survival rate of 72.8% for RFA and 57.6% for TACE is in line with the pooled 3-year
survival rate of 50.8% described in a systematic review by Singal et al. [20]. TACE was used
for patients with a larger tumor load, which could explain the difference in overall survival
between TACE and RFA. After stratification for smaller tumors less than 3 cm there was
resolution of the survival disparity, with no significant difference seen in median survival
between patients treated with TACE and RFA.

The examination of secondary clinical outcomes in the subgroup analysis of hepatomas
less than 3 cm provides a possible explanation for the comparable survival between RFA
and TACE in small tumors. RFA in small tumors has a higher chance of a complete response
compared to TACE, though patients who respond to TACE benefit from a lower recurrence.
RFA offers a high chance of a complete response in small tumors due to the ability to
completely ablate liver tissue and all tumoral residues in the area of the burn. There are,
however, risks of tumor seeding, which may increase recurrence [19]. In contrast, the

177



Biomedicines 2022, 10, 2361

efficacy of TACE depends on arterial supply, and incomplete response may occur if there is
more than a single supply and incomplete embolization. This effect is higher in larger and
multinodular tumors. There have been concerns that the hypoxia induced by TACE induces
vascular endothelial growth factor (VEGF) expression, promoting neovascularization and
tumor recurrence in patients incompletely treated by TACE [22]. However, in patients
who do respond to TACE, the lower recurrence rates in patients could be due to several
reasons: (1) Early recurrence would primarily come from microsatellite and microvascular
invasion before treatment [23,24]. Many of these are too small to be identified even with
high-resolution imaging and may extend past the safety margin of ablation [25,26]. In
such a setting, TACE is able to control these micro-metastases missed by radiofrequency
ablation; (2) De novo tumors do arise in cirrhotic livers and may occur in the vicinity of
previously treated areas, reflecting a milieu that is favorable for carcinogenesis [24,27-29].
The inadvertent spill-over treatment of these high-risk regions with a field change effect
downstream of the intended TACE-targeted area may decrease the chance of de novo
tumorigenesis and thus explain the longer TTP.

In the era of individualized HCC therapy, there are implications for our results on
the treatment of early-stage HCC. The current guidelines advocate for RFA over TACE for
the management of HCCs smaller than 3 cm [7,8]. Our study showed that for HCCs less
than 3 cm, TACE could lead to a comparable overall survival and TTP compared to RFA.
There have been three other retrospective comparative studies of RFA and TACE in small
tumors <3 cm or within the Milan criteria, which showed similar overall survival in both
groups [12-14]. However, the study by Hsu et al. reported a poorer long-term survival
in the subgroup undergoing TACE with a total tumor volume <11 cm? [12]. In this study,
the patients who underwent TACE had a very high mean AFP of 3175 (ng/mL) compared
to 320 in the RFA group. Therefore, the TACE group in the study by Hu et al. may have
included tumors with a more aggressive biology.

We acknowledge that limitations exist in this study. All the patients in our study had
low AFP, which may suggest favorable biology and impact tumor response. This could also
explain the differing findings from Hsu et al. and our results have to be cautiously applied
to patients with significantly elevated AFP [12]. Due to its retrospective nature and lack
of randomization, our study is unable to provide as strong a conclusion as a randomized
controlled trial. Our study is also limited by the small numbers in the subgroup analysis.
Even so, a direct comparison between TACE and RFA through a randomized trial has been
difficult due to the ethical implications imposed by the present treatment guidelines. We
hence hope that our study adds to the body of literature supporting the feasibility of TACE
in small HCCs less than 3 cm, especially when other options are unfeasible.

5. Conclusions

In summary, we found that in patients with early-stage HCC, both TACE and RFA led
to similar overall survival and recurrence rates. This suggests that TACE may be considered
as an alternative treatment option in patients unsuitable for surgery and/or RFA.
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