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Preface

Dear Colleagues,

Liver diseases represent one of the greatest health problems worldwide and are one of the

leading causes of death. Acute and chronic liver diseases and their consequences are the second

most common medical care problem. The importance of the early detection and timely treatment of

various liver diseases and their primary and secondary prevention should therefore be of the highest

priority worldwide.

Particularly in the last three decades, groundbreaking developments in the diagnosis and

therapy of liver diseases have been made thanks to scientific advancements. In this Special Issue,

research topics range from viral diseases and autoimmune, vascular, metabolic, and genetic diseases

to liver cirrhosis and its subsequent complications, acute chronic liver failure, and the development

of primary liver cell carcinomas. Topics such as therapeutic immunization, cell-based tumor therapy,

liver–gut interaction based on the microbiome, and precision medicine using the example of the

molecular profiling of tumors are also covered herewith.

Guido Gerken

Editor
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Liver Diseases: Science, Fiction and the Foreseeable Future
Robert K. Gieseler * , Theodor Baars , Mustafa K. Özçürümez and Ali Canbay *

Department of Medicine, University Hospital Knappschaftskrankenhaus, Ruhr University Bochum,
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* Correspondence: rk.gieseler@gmx.de (R.K.G.); ali.canbay@rub.de (A.C.); Tel.: +49-234-299-3401

Abstract: This Editorial precedes the Special Issue entitled “Novel Challenges and Therapeutic
Options for Liver Diseases”. Following a historical outline of the roots of hepatology, we provide
a brief insight into our colleagues’ contributions in this issue on the current developments in this
discipline related to the prevention of liver diseases, the metabolic dysfunction-associated steatotic
liver disease (or non-alcoholic fatty liver disease, respectively), liver cirrhosis, chronic viral hepatitides,
acute-on-chronic liver failure, liver transplantation, the liver–microbiome axis and microbiome
transplantation, and telemedicine. We further add some topics not covered by the contributions
herein that will likely impact future hepatology. Clinically, these comprise the predictive potential of
organokine crosstalk and treatment options for liver fibrosis. With regard to promising developments
in basic research, some current findings on the genetic basis of metabolism-associated chronic
liver diseases, chronobiology, metabolic zonation of the liver, aspects of the aging liver against the
background of demography, and liver regeneration will be presented. We expect machine learning to
thrive as an overarching topic throughout hepatology. The largest study to date on the early detection
of liver damage—which has been kicked off on 1 March 2024—is highlighted, too.

Keywords: history of hepatology; MASLD/NAFLD; liver fibrosis/cirrhosis; chronic viral hepatitides;
liver transplantation; liver–microbiome axis; organokine crosstalk; chronobiology; liver aging

1. Memorable Origins

Allow us to begin with a brief yet meaningful journey into the past before we embark
on a voyage towards the future of personalized hepatology with this Special Issue. As a
humble remark in advance, however, the space available here only allows for a few select
brushstrokes taken from several wall-filling paintings of life.

Knowing our past is the prerequisite for being able to shape the future based on a well-
aligned inner compass and a clear vision. So, who were the forefathers and foremothers of
our discipline? While many faces and names may come to mind, five of them stand out
clearly—and regrettably, it seems as if each new generation needs to be reminded time
and again of the first and perhaps most trailblazing among them. There is an extremely
malevolent reason behind this, which is must-tell history: just like so many other Jews,
Ismar Isidor Boas (1858–1938) was inevitably exposed to the maelstrom of Nazi racial
fanatism in 1930s’ Germany. If they had had their way, both he as a human being and
his seminal œuvre should have been erased from the face of the earth. And, they almost
succeeded: already in his seventies, Boas fled from Berlin to Vienna in 1936 in the wake
of the ‘Nuremberg (Racial) Laws’, only to find himself exposed again to the threat of
persecution after the Austrian Anschluss (annexation) to the so-called ‘Third Reich’. Three
days after the Nazis entered Vienna in 1938, he took his own life [1]. The legacy of his
work had already been taken away from Professor Boas by the professional society he
had helped to shape so much: the Deutsche Gesellschaft für Gastroenterologie, Verdauungs-
und Stoffwechselkrankheiten (i.e., the German Society for Gastroenterology, Digestive and
Metabolic Diseases) (DGVS). Or so it seemed—but a crucial document had been preserved.
As it says on the DGVS website, “While doing research for the commemorative publication
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“100 Years DGVS” in 2013, the transcript of proceedings of the then Secretary General was
discovered. It contained the society’s 1932/33 membership list” [2]. There it was, a record
revealing the names of its former Jewish members crossed out in red pencil and expelled—
a third of all colleagues. Following this discovery, the DGVS initiated the project “Gegen
das Vergessen” (literally “Against Forgetting”), entitled “We Remember” in its English-
language version. It can be found on the society’s website and commemorates all of
those “Jewish physicians who were excluded from the specialist society, who were disenfranchised,
persecuted, forced to flee Germany, or deported to concentration camps (. . .)” [2]. With reference
to Hoenig and Boyle, we would like to invite you to take a closer look at the fate of Ismar
Boas: as early as 1988, they delved into his life, his work, and the circumstances that drove
him to his death [1]. As far as our topic is concerned, Boas, at an age of less than thirty,
founded the field of gastroenterology in 1886, which he shaped for over half a decade, in
addition to numerous other achievements. Separating the field of gastroenterology from
internal medicine—which he had to defend against considerable opposition—can in fact
be considered a key prerequisite for the subsequent establishment of hepatology as yet
another distinct discipline [1,2].

However, we can go back even further to the period from 1858 to 1861 when Friedrich
Theodor Frerichs (1819–1885) laid the foundation for science-based hepatology with his
two-volume opus ‘Clinic of Liver Diseases’ [3–5]. Accordingly, his successor Ernst von
Leyden stated that Frerichs had transferred medicine to the ranks of the exact natural
sciences [6]. Still, Frerichs was committed to maintaining the unity of internal medicine [5],
and it took several more decades for hepatology to blossom as a separate field. In this
respect, Hans Philipp Popper (1903–1988) [7,8] and Dame Sheila Patricia Violet Sherlock
(1918–2001) [9,10] are reasonably assumed to be household names to the hepatological
community as they were the ones who, in the 1940s, ‘surgically resected’ the new discipline
of hepatology from the corpus of gastroenterology [7–10].

Finally, one might arguably include Nancy Leslie Rutherford Bucher (1913–2017) as
another founding mother in this illustrious circle [11]. In 1964, she was the first to show
that the most striking effect of aging on the liver is the decline of the organ’s remarkable
capacity to ‘regenerate’ (a process correctly termed ‘compensatory hyperplasia’) in the
event of tissue loss [12]. Not only epistemologically, but also in terms of practical medical
relevance, this decline must be viewed against an evolutionary background spanning eons
that helps to explain aging-related hepatic and systemic pathological effects, which may
lead to novel options for their antagonization [11,13].

Mirroring the progress of knowledge, hepatology has thus repeatedly shed its skin.
In more recent times, the liver has increasingly been shown to intersect with other organs
and systems, typically manifesting as “axes”—such as the gut–liver axis, the brain–liver
axis, the gut–brain–liver axis, and the liver–microbiome axis—or, for example, reflected
in the form of organokine crosstalk. Still, hepatology has not continued to divide into
further sub-disciplines, but today consists of various subspecialties, some of which are
featured in this Special Issue. It is probably correct to say that hepatology would not be
what it is today had it not been for the luminaries briefly sketched above. They created
the discipline’s cornerstones. Let us try to prove ourselves worthy successors to these
pre-eminent colleagues and their groundbreaking achievements with the perspectives
presented in this Special Issue and with our future endeavors in hepatology.

2. Back to the Future: Forward-Looking Topics in This Special Issue

We will now briefly outline the contributions to this Special Issue and discuss some
previous publications in the respective contexts.

2.1. Prevention of Liver Diseases

In this Special Issue, Muñoz-Restrepo et al. highlight successfully implemented mea-
sures for preventing liver diseases, such as vaccination strategies, novel medications, lifestyle
changes, and preventive surgeries. However, they also point to the parallel worldwide in-
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crease in chronic liver diseases—prominently including metabolic dysfunction-associated
steatotic liver disease (or non-alcoholic fatty liver disease, respectively) (MASLD/NAFLD)
(cf. Section 2.2.) as well as chronic hepatitis B and hepatitis C (cf. Section 2.4.)—which col-
lectively call for better prevention strategies that may also result from big-data analyses [14].
This will likely create options for personalized medicine.

2.2. MASLD/NAFLD

The MASLD/NAFLD pandemic, which affects >25% of humanity, is the greatest
hepatological challenge. It can still only be treated inadequately, so dietary and behavioral
measures are currently the best options available [15]. Following the initial suggestion
by Eslam and colleagues on renaming NAFLD to MAFLD [16,17], we are now trending
towards the term (see above) and acronym MASLD. Ultimately, this renaming will re-
sult in the review and update of the nomenclature and subphenotypes of this condition,
which could impact personalized medicine interventions for patients suffering from this
disease entity.

In this Special Issue, Kreimeyer et al. show that the treatment of patients with the
severe inflammatory form of MASLD/NAFLD (i.e., NASH) with bile acid transporter
(BAT) gene polymorphisms in ABCB4 or ABCB11 with ursodeoxycholic acid for 12 months
significantly reduced GGT (all patients) and ALT (homozygous patients). Patients with
the TM6SF2 polymorphism showed a significant reduction in both GGT and ALT. Thus,
NASH patients with elevated GGT should be screened for BAT gene polymorphisms prior
to treatment [18].

Also, in this Special Issue, Schwertheim et al. examined selected protein expressions
in liver tissue from MASLD/NAFLD patients to clarify their potential alteration in the
progression from simple steatosis to NASH. The expression of pNRF2, SOCS3, and RIG1
(hepatocytes), and (bile ducts) was significantly higher in NASH than in steatosis; thus,
these proteins might be assessed as potential therapeutic targets [19].

2.3. Liver Cirrhosis

Rotational thromboelastometry is a viscoelastic method that allows to quickly assess
the state of induced hemostasis in whole blood samples and to effectively reduce the
number of transfusions, healthcare costs, and complications [20]. The pressure of blood
flowing through a cirrhotic liver can be reduced via the placement of a transjugular intra-
hepatic portosystemic shunt (TIPS) and is employed for treating refractory ascites and/or
variceal bleeding [21].

In this Special Issue, Bedreli et al. evaluated alterations and differences in coagulation
in the portal and peripheral circulation (PORC; PERC) via rotational thromboelastometry
during TIPS. In blood samples from a cohort of cirrhotic patients (MELD Score: 12; median
age: 60 years) undergoing TIPS, the authors detected no coagulation differences between
PERC and PORC, which contrasts previous reports that suggested increased clotting activity
in PORC vs. PERC in patients with liver cirrhosis [22].

2.4. Chronic Viral Hepatitides

The viral hepatitides remain a major public health problem, with five biologically
unrelated hepatotropic viruses responsible for the majority of the global burden. The
highest numbers of chronic infections and deaths alike are due to the hepatitis B and
hepatitis C viruses (HBV; HCV), with approximately 257 million or 71 million infected
people, respectively [23]. However, infection with the hepatitis D virus (HDV)—which
occurs in association with HBV—also affects between 12 and 72 million people worldwide,
and it is associated with a more rapid progression to cirrhosis and liver failure as well as
higher rates of hepatocellular carcinoma than infections with HBV or HCV alone [24].

In this Special Issue, Schlaak gives an overview of the current treatments and develop-
ments, stating that (i) the introduction of direct-acting antivirals for treating HCV has been
a boon by all accounts (at least, one might add, for those patients living in countries where

3



J. Pers. Med. 2024, 14, 492

these drugs are available); (ii) nowadays, HBV is generally well controllable, although a
“functional cure” has not yet been achieved, which calls for novel therapeutic strategies
that are currently being developed; and (iii) HDV remains the most challenging type of
chronic viral hepatitis, for which therapeutic approaches with better response rates must
be conceived [25].

2.5. Acute-on-Chronic Liver Failure

Acute-on-chronic liver failure (ACLF) is a condition in patients with known chronic
liver disease and acute decompensation (AD) of liver cirrhosis. This syndrome is character-
ized by severe systemic inflammation and proinflammatory precipitating events (such as
infections), and it is associated with single or multiple organ failure. Therefore, patients
with ACLF are at a high risk of death within 28 days after hospital admission [26].

In this Special Issue, Kimmann et al. present the pathophysiological and clinical
background to AD and ACLF as well as the current interventional treatment options—with
liver transplantation (LTx) as the only curative treatment option currently available—and
they further expand on future therapeutic options for ACLF management of AD as well as
of ACLF [27].

2.6. Liver Transplantation

Apart from ACLF (cf. Section 2.5), another indication for LTx comprises neuroen-
docrine tumors (NETs) with liver metastases, although this rare indication consists of only
<1% of all LTx activity. Specifically, favorable and acceptable transplant candidates are NET
patients with metastases that are confined to the liver, are not poorly differentiated, are
non-resectable, and are treatment-resistant [28].

In their narrative systematic review on this therapeutic approach, which is still con-
troversially debated, Palaniappan et al. critically appraise the existing literature regard-
ing this modality and thus provide an important basis for further discussing the role of
LTx in the setting of patients suffering from NETs with liver metastases that meet the
required criteria [29].

2.7. Liver–Microbiome Axis and Gut Microbiome Transplantation

An ever-increasing body of knowledge clearly shows that the gut microbiome, dietary
habits, and metabolic health (or, conversely, metabolic diseases) form closely associated
functionally interactive intersections. More recently, it has become apparent that the gut
microbiota functions as a mediator of the dietary impact on the metabolic status. Against
this background, causal relationships are increasingly being elucidated, which may let us
therapeutically address metabolic diseases by personalized nutrition in the future [30].

Another approach for treating metabolic diseases is fecal microbiome transplantation
(FMT), which is dealt with by Stadlbauer in this Special Issue. Although differing from
the approach of personalized nutrition, its intention is identical in that it aims at altering
a patient’s microbiome composition. However, FMT is presently approved for proof-of-
concept studies only and is not yet ready for a broad application. Against this background,
Stadlbauer presents an overview of the current knowledge and describes the tasks ahead
to be tackled for making FMT available to larger patient populations [31]. In this regard,
methodological advances and standardization approaches, such as the one just published
by Lederer and colleagues, will certainly be instrumental [32].

2.8. Telemedicine for Remote Monitoring

Telehealth or telemedicine—i.e., remote electronic patient monitoring as well as the
provision of medical information and services via telecommunication—has considerably
increased during the SARS-CoV-2 pandemic [33].

Accordingly, Akbar et al., in this Special Issue, assess the role of telemedicine in moni-
toring MASLD/NAFLD during the pandemic. Their systematic review and meta-analysis

4



J. Pers. Med. 2024, 14, 492

demonstrate that telemedicine via mobile applications during the SARS-CoV-2 pandemic
proved to be an option for monitoring lifestyle modifications in MASLD/NAFLD patients [34].

In 2022, Greiwe surmised that telemedicine will remain an effective tool in the fu-
ture, regardless of its use during the pandemic [33]. This assumption is, for instance,
confirmed by the situation in Germany, where telemedicine networks are currently being
expanded in all federal states against the backdrop of the country’s continuously increasing
demographic challenges with rising care and treatment needs, while the staffing levels are
chronically low [35].

3. Further Forward-Looking Topics

We will now provide a brief overview of some other future-oriented topics in hepatol-
ogy not covered by articles featured in this Special Issue. This subjective non-exhaustive
selection reflects some of the aspects that we believe may become increasingly important
with respect to clinical applications, clinical trials, and clinically oriented basic research.

3.1. Clinical Opportunities: The Foreseeable Future
3.1.1. Predictive Potential: Organokine Crosstalk

MASLD/NAFLD increases the risk for cardiovascular disease (CVD) [36]. However,
despite the high numbers of MASLD/NAFLD cases, the medical need for a reliable scoring
system to predict the CVD risk remains unmet. We recently presented cumulative evi-
dence supporting the assumption that this may be achieved by establishing an algorithm
based on the systemic release of organokines, whose healthy pattern changes in disease.
Specifically focusing on adipokines, hepatokines, and cardiokines, we thus hypothesized
that an algorithm predictive of the CVD risk in patients with MASLD/NAFLD can be
established and improved continuously via machine learning. Once implemented, such a
score might be used to estimate the risk for CVD for prevention and early stage life-saving
interventions [15]. In general, we venture that computing the diverse and complex data
through machine learning will ultimately yield excellent applications for personalized
medicine, which will likely extend even beyond the fields of hepatology and cardiology.

3.1.2. Therapeutic Potential: Vitamin D in Liver Fibrosis

We previously showed that vitamin D (VD) may be a treatment option early in the
onset of liver fibrosis in patients with certain VD receptor (VDR) genotypes or VDR poly-
morphisms. Specifically, targets within the TGF-β pathway might provide opportunities
for patients with detrimental VDR single-nucleotide polymorphisms [37]. In a systematic
review on the benefit of VD supplementation, Sharifi and Amani highlighted partly contra-
dictory findings between different clinical trials and pointed out that influencing factors,
such as gender, VD co-supplementation with calcium, and gene polymorphisms, should be
considered in future clinical studies [38]. The clear VDR genotype dependencies we already
emphasized [37] may explain some of those contradictory clinical trial results. We therefore
maintain our view that VD supplementation could be a future treatment option early in the
onset of liver fibrosis, provided that the treated patient cohort is strictly defined.

3.2. Basic Research: What Is on the Horizon?
3.2.1. Predictive Potential: Genetic Underpinnings of Major Liver Diseases

Only very few studies into the genetic underpinnings of major liver diseases go
back in time as far as a most recently published evolutionary investigation. Herein, a
common variant—i.e., the risk allele PNPLA3 p.I148M (rs738409)—of the gene for patatin-
like phospholipase domain-containing 3 (PNPLA3), which is prominently associated with
an increased risk to develop steatotic liver disease, MASLD/NAFLD (including progressive
inflammation), liver cirrhosis, and hepatocellular carcinoma [39], was studied. Contrary to
non-human primates, this risk allele was identified in all Neanderthals and Denisovans,
which indicates that the risk allele emerged prior to the split between the Neanderthals and
modern humans. Interestingly, however, present-day humans exhibit a wide range (i.e., 8%
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to 72%) of the presence of PNPLA3 p.I148M, depending on their ethnicity [40]. The authors
may thus have identified the earliest evolutionarily known risk gene for developing certain
severe liver diseases, but it is too early to assess whether and how this knowledge may be
used in the future.

3.2.2. Predictive Potential: Early Detection of Liver Damage

Particularly in this Special Issue, which has a focus on future hepatology, we should
not forget to mention that the project “A Biomarker-Based Platform for Early Diagnosis of
Chronic Liver Disease to Enable Personalized Therapy”, funded by the European Commis-
sion with a volume of EUR 15 million and designed for five years, was launched on 1 March
2024 [41]. This consortium involves 23 academic and industrial partners from 11 European
countries, including Croatia (1), Denmark (3), France (1), Germany (6), Ireland (1), Italy
(2), Slovakia (1), Spain (4), Sweden (1), and Switzerland (1), as well as the transnational
European Liver Patients’ Association (ELPA) located in Brussels, Belgium, with overarching
support from Innovation Acta headquartered in Rome, Italy. This is the world’s largest
study to date on the early detection of liver damage—an immensely important field of
research, particularly in view of the fact that, unlike other organs, the damaged liver often
“complains” about its deplorable condition too late. This program is designed to detect
liver fibrosis at an early stage to prevent the development of cirrhosis and liver cancer. We
believe that medicine, science, and, first and foremost, the patients can look forward to the
results of this project.

3.2.3. Therapeutic Potential: Metabolic Syndrome and MASLD/NAFLD

As mentioned, treatment options for metabolic diseases—and MASLD/NAFLD in
particular—are extremely limited. Therefore, this topic is being intensively researched.
We recently presented a study on the application of L-ornithine–L-aspartate (LOLA) (the
stable salt of L-ornithine and L-aspartic acid) in human in vitro models of steatosis, insulin
resistance and metabolic syndrome [42]. In addition to the known effects of LOLA on NH3
detoxification (e.g., [43]), this agent normalized fatty acid transport regulation, branched-
chain amino acid catabolism, energy consumption, and mitochondrial energy balance.
We thus suggested that this relatively inexpensive active agent may significantly con-
tribute to a safer, more effective, and gentler management of metabolic diseases, including
MASLD/NAFLD [42].

3.2.4. Hepatic Chronobiology

To our knowledge, the first paper on a chronobiological aspect of the liver was pub-
lished in 1981 [44]. Yet, this comparatively young sub-discipline has great future potential.
Regarding the role of chronobiology in metabolic disease, Amatobi and colleagues have
summed up a piece of fundamental insight in a wonderful sentence: “Modern lifestyle is often
at odds with endogenously driven rhythmicity, which can lead to circadian disruption and metabolic
syndrome”. In a trailblazing study performed in Drosophila melanogaster (a well-established
model in chronobiology), the authors elucidated several important relationships between
metabolite cycling and the metabolic status, the disruption of circadian rhythmicity, and
the propensity for metabolic disease [45]. Thus, while fruit flies and humans admittedly
are separated by a large evolutionary gap, such relationships have long been established
in the living world, allowing us to learn more regarding hepatic metabolic diseases in
humans. Although not immediately implementable in the clinic, studies like this one
showcase the great potential of basic research for yielding new medical approaches in the
more distant future.

3.2.5. Metabolic Zonation of the Liver

More than 45 years ago, Jungermann and Sasse introduced the model of metabolic
zonation of the liver, on which today’s understanding of a dynamically organized organ
with functionally specialized hepatocyte variants is based [46]. With his integrative view,
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Jungermann was also among the first to recognize the important role of neuronal and
inflammatory signaling in the regulation of the liver’s metabolic functions [47]. We pre-
sume that the spectrum of implications of these important aspects of hepatic versatility
is far from being fully explored. For example, the integration of metabolic zonation with
chronobiological, age-related, and pharmacogenomic aspects will add new dimensions of
complexity that should best be analyzed by intelligently programmed machine learning to
improve disease prevention measures and optimize the treatment of chronic and malignant
liver diseases.

3.2.6. Liver Aging and the Aging Societies

As early as 1985, Hans Popper (see above) farsightedly predicted that “the effect of age
on the liver and of the liver on aging is full of promise if available methodologies are rigorously
applied” [48]. Such promise meets urgent societal demand: already covering an extended
period of time and clearly extrapolated into the future, demographics show an increasing
trend towards population aging, which is not limited to the Western societies’ Baby-Boomer
issue [49]. In fact, the World Health Organization has predicted that the global proportion
of people >60 years of age will increase from 12% to 22% between 2015 and 2050 [50].
Therefore, as the body of knowledge about the liver and aging, as well as the available
methodologies, have increased considerably in recent decades, they can—and definitely
should—now be applied rigorously to minimize the negative health effects and their
social and economic implications. This includes all hepatic aspects of aging covering
genomics and epigenomics [48], age-related changes of the hepatic transcriptome [51],
dietary habits in conjunction with medically based guidelines for the food industry vis-à-
vis the continuous increase in metabolic disorders [52], and, last but not least, important
evolutionary underpinnings of hepatic biology that go along with an increased likelihood
for developing certain chronic diseases, while chronic diseases in turn accelerate biological
aging [11]. We therefore have an impressive “toolbox” at our disposal. It is now up to
healthcare policies to set the necessary course: given our immense challenges, it would be
inexcusable to shirk this responsibility.

3.2.7. Liver Regeneration

The liver’s ability to regenerate after tissue loss [11,13] will always remain a central
topic in many hepatological contexts. We can expect further fascinating findings in this
area that will help expand our medical use of this capacity. Here is a prime example:
hepatocyte membrane-specific phospholipids (i.e., short-chain fatty acids) synthesized by
gut microbiota and delivered via the gut–liver axis have been demonstrated to promote liver
regeneration. The authors concluded that this process is pivotal for hepatic compensatory
hyperplasia [53]—and in their Editorial Commentary on this article, Jian et al. stated that
“the revolutionary clinical value of postoperative interventions based on gut microbiota in patients
undergoing liver surgery will undoubtedly propel gut microbial interventions to become a standard
of care in the future” [54].

3.3. Machine Learning—An Overarching Aspect in Hepatology (and Beyond)

We already repeatedly mentioned the use of machine learning (ML) in various hep-
atological contexts. ML [55] is defined as a subset of artificial intelligence [56]. It has
experienced rapid growth in all fields of research and application, including the medi-
cal area, where speed, accuracy, and efficiency have steadily improved. Therefore, as a
result of data collection, analysis, and classification, ML has continuously enhanced the
prediction of various diseases [55]. Our own experience with the application of ML has
been very encouraging [57–60]. We further believe that computation using suitable ML
techniques will enable us to establish algorithms that will permanently learn from the
acquired data via probabilistic modeling [61]. All of those interested may find an excellent
review and critical appraisal on the application of ML in hepatology by Spann et al. to be
instructive [62]. Overall, while some desirable applications may remain a fiction in the near
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future, ML will undoubtedly play a very important role in hepatology—not to mention its
hard-to-overestimate potential for personalized medicine as a whole.

4. Epilogue

Working tirelessly and altruistically in the organism’s engine room, the liver is con-
stantly exposed to all our impositions—be it gluttony, the abuse of alcohol, illegal drugs
or medications, and the challenge of polypharmacy. Trying to protect us from mischief, it
stands solid as a rock. However, nobody takes notice—this organ does not complain; the
liver just perishes quietly when it can take no more. Similar thoughts might have crossed
the mind of Dr. Xaime Quintanilla Ulla, who, as a physician and mayor of the Spanish
municipality of Ferrol, declared to the local council in 1987, “Al hígado habría que hacerle un
monumento” (“The liver should be given a monument”). So, in the same year, a monolith
was erected in honor of this organ (Figure 1); it remains the only liver monument in the
world to this day [63].

1 
 

 

Figure 1. Xaime Quintanilla Ulla, M.D., dedicates the liver monument in 1987. The translated
inscription reads “The liver gives life” (photo credit: Rodrigo R. Arda [63]).

This man had definitely recognized the preciousness of this remarkable organ. Given
his medical background, this project was a matter close to his heart—and the liver truly
deserves its monument. Not only may the rapidly increasing options of personalized
medicine enable us to improve the management of chronic liver diseases, but with the
liver’s central role being closely intertwined with all bodily aspects, it eventually could
also be key to the implementation of life-prolonging measures.

We hope you find this Special Issue a pleasant and insightful read.
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Abstract: The majority of chronic viral hepatitis cases are induced via infection with the hepatitis
B virus (HBV), hepatitis C virus (HCV), or hepatitis D virus (HDV). These patients are at increased
risk for progressive liver disease leading to cirrhosis as well as hepatocellular carcinoma (HCC).
HBV infection is well controlled by the currently available nucleosides as well as nucleotides, and
the development of cirrhosis can be prevented. Additionally, it has been shown that HBV-induced
liver fibrosis can regress during successful antiviral treatment; however, a “functional cure”, i.e.,
loss of HBsAg, is a rare event when these drugs are used. Therefore, novel therapeutic strategies
are aiming at the selective suppression of HBsAg levels in combination with immunostimulation.
The development of directly acting antivirals (DAAs) has revolutionized HCV therapy, as almost
all patients can be cured via this treatment. Additionally, DAA therapy has few, if any, side effects,
and is generally well tolerated by patients. HDV remains the most challenging type of chronic viral
hepatitis. Although novel therapeutic options have recently been approved, response rates are still
less favorable compared to HBV and HCV. This review discusses current and future options for the
treatment of chronic HBV, HCV, and HDV infection.

Keywords: chronic hepatitis B; chronic hepatitis C; chronic hepatitis D; antiviral therapy; liver
cirrhosis; DAA therapy; functional cure; HBsAg loss

1. Introduction

Chronic viral hepatitis induced via infection with the hepatitis B virus (HBV), hepatitis
C virus (HCV), or hepatitis D virus (HDV) is still a major cause for morbidity and mortality
worldwide; HBV and HCV are among the 10 major causes of global mortality [1]. It is
estimated that 300 million people are chronically infected with HBV, while 58 million are
infected with HCV [2] and 20 million are infected with HDV [1,2]. These patients are at
increased risk for progressive liver disease leading to cirrhosis as well as hepatocellular
carcinoma (HCC).

HBV. In general, chronic HBV infection is well controlled by the currently available
drugs, and the development of cirrhosis can be prevented. Additionally, it has been shown
that HBV-induced liver fibrosis can regress during successful antiviral treatment [3,4]. This
requires the careful selection of an antiviral drug (low resistance rate, etc.) and the adequate
drug adherence of a patient. In some HBeAg (HBV envelope antigen)-positive patients,
antiviral therapy can cause seroconversion into anti-HBe. The elimination of HBsAg (HBV
surface antigen), with or without seroconversion into anti-HBs, however, occurs in only a
small proportion of patients. Over a period of 5 years of therapy, only 10% of patients may
experience HBsAg loss and seroconversion. This so-called “functional healing”, however,
is the goal of future treatment strategies against HBV as it leads to a significantly reduced
induced risk of HCC and other complications of liver fibrosis.

HCV. Similarly to HBV, infection with HCV can lead to serious and potentially life-
threatening complications, such as liver cirrhosis or HCC. In the past it was treated with
type I interferons (IFNs), which was complicated by numerous side effects and was only
effective in a small proportion of patients, largely depending upon the HCV genotype and
underlying stage of liver disease. The development of directly acting antivirals (DAAs)
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has revolutionized HCV therapy, as almost all patients can be cured via this treatment
independent of genotype, fibrosis stage, and other risk factors. In addition, DAA therapy
has few, if any, side effects, and is generally well tolerated by patients.

HDV. HDV remains the most challenging type of chronic viral hepatitis when
therapy options are considered [5]. An HDV prevalence of up to 1% of the world
population has been suggested, although reliable data on the global HDV prevalence are
still missing [6]. It can be assumed that HDV prevalence is even higher in different risk
groups, such as patients infected with human immune deficiency virus (HIV), where
it is a major cause of liver-related morbidity [7]. Early studies have demonstrated that
HDV coinfection leads to liver cirrhosis, liver decompensation, and HCC in a significant
proportion of patients [8,9], which could be confirmed in more recent monocentric
series [10,11]. Although novel therapeutic options have recently been approved, response
rates are still less favorable compared to those seen in the treatment of chronic HBV and
HCV infection.

2. Current Therapy of Chronic Hepatitis B
2.1. Indication for Antiviral Therapy

The suppression of viral load as well as normalization of liver function tests define
the indication for the antiviral therapy of chronic HBV infection. Treatment is clearly
indicated when transaminases are elevated and the viral load exceeds 2000 IU/mL. Other
causes of liver disease, such as nonalcoholic steatohepatitis (NASH), alcohol abuse, etc.,
or a coinfection with HDV should be excluded, however. Another clear indication for
therapy is given in HBV patients with advanced liver disease (F3 fibrosis or liver cirrhosis).
Here, treatment should be initiated in all individuals that tested positive for HBV DNA via
PCR regardless of transaminase levels or viral load [12–14]. This is also true for patients
with HBV-related HCC and positive HBV PCR, as the risk of tumor recurrence or progress
can be reduced [15–17]. Further therapy indications include a reduction in maternal
transmission in pregnancy, professional (e.g., medical staff) or social reasons to reduce the
risk of transmission, extrahepatic manifestations of HBV infection, and the prevention of
HBV reactivation via immunosuppression.

The constellation that was earlier described as being an “asymptomatic HBsAg carrier”
(normal transaminase levels and an HBV viral load < 2000 IU/mL) is usually no indication
for therapy as the risk of liver disease progression and HCC development risk, as well as
infectivity, are very low in these patients. The indication for therapy in patients with normal
transaminase levels and a very high viral load (earlier named as the “immunotolerant
stage”) is still controversial. It has been suggested that antiviral therapy should be initiated
in patients >30 years or in individuals with transaminases in the upper range of normal [12]
(Figure 1).

2.2. Therapeutic Options for the Treatment of Chronic Hepatitis B Infection

Currently, there are two therapeutic strategies available for the treatment of chronic
HBV infection: pegylated interferon alpha (Peg-IFN) and nucleoside or nucleotide ana-
logues (NUCs). Peg-IFN is given once a week subcutaneously for 48 weeks and leads to
long-term clinical responses (reduction in viral load and normalization of liver function
tests) in about one-third of patients. Due to the relatively low response rates that are
accompanied by relevant side effects, this therapy regimen is used in only a few patients.
Most patients are treated with NUCs such as tenofovir (TDF) or entecavir (ETV), as this is
well tolerated and leads to the reliable suppression of viral load as well as the normalization
of transaminases. The downside of this approach is that a viral rebound may occur once
NUC therapy has been stopped; thus, NUCs have to be given permanently.
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a. PEG-IFN. IFN treatment may be considered in the presence of favorable baseline
predictors, such as the absence of a high viral load (e.g., <1 million IU/mL), significantly
increased transaminases, and HBV genotype A [12,13]. In Asian patients, genotype B/C
age < 40 yrs., female gender, alanine aminotransferases (ALT) > 4× ULN, HBsAg lev-
els < 25,000 U/mL and HBV DNA < 6 logIU/mL are predictive for a favorable response to
PEG-IFN therapy [19]. Contraindications of PEG-IFN (e.g., previous psychiatric illnesses,
Child cirrhosis stage B/C, autoimmune diseases, etc.) should be excluded before treatment
is initiated. Successful IFN therapy is associated with a drop in HBsAg serum levels at
therapy week 12 of more than 20% and below 20,000 IU/mL [18]. If this is not achieved,
Peg-IFN therapy should be stopped and the patient should be switched to an NUC-based
regimen. A de novo combination therapy with NUCs, an “add-on” of PEG-IFN to NUC
therapy, or a switch from NUC- to PEG-IFN treatment is not recommended [18].

b. NUCs. Today, the most commonly used NUCs are tenofovir disoproxil (TDF;
245 mg/day) and entecavir (ETV; 0.5–1 mg/day). Lamivudine (LAM), adefovir (ADF),
and telbivudine (TVD) are also licensed but are used less often, as high resistance rates
have been observed. TDF and ETV are well tolerated, and resistance is only rarely seen.
In the large majority of patients they lead to the suppression of the HBV viral load below
the limit of detection and to the normalization of transaminases. If this is not achieved, a
lack of compliance or therapy adherence of the patient should be considered. Long-term
side effects include a slowly progressive reduction in bone density and the deterioration
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of renal function. Both side effects are more common under TDF as compared to ETV
therapy. Therefore, a TDF analogue (tenofovir alafenamid (TAF)) has been developed
with higher liver specificity that can be given at a lower dose (25 mg/day), therefore with
fewer side effects [20,21]. It has been shown that long-term (5 years and more [22]) NUC
therapy can lead to the regression of fibrosis or cirrhosis and may reduce the risk of HCC
development. It is still a matter of debate, however, if TDF has stronger effects on the risk
of HCC development than ETV [23–25].

c. Duration of NUC therapy. In (wild-type) HBeAg-positive patients, NUC therapy can
be terminated 12 months after seroconversion into anti-HBe, with persistently negative
HBV DNA thereafter. In (mutant) HBeAg-negative patients with detectable HBV DNA
before therapy, the only definitive end point of NUC therapy is the loss of HBsAg with or
without the detection of anti-HB antibodies. In patients with liver cirrhosis, a more cautious
approach should be taken as it is recommended to prolong NUC therapy until anti-HB
antibodies can be detected. This, however, is a rare event. Therefore, several studies have
addressed the question as to whether it is possible to stop NUC therapy in the absence
of these clear end points [26–28]. The current German and European guidelines consider
ending therapy if HBV DNA has been undetectable for at least 3 years, advanced fibrosis is
absent, and a close follow-up is guaranteed [12,18]. Further criteria include low HBsAg
levels (<100 IU/mL) that have been shown to predict HBsAg loss in Asian patients [29].
Individual studies have identified further parameters, such as a low viral load before
therapy (<200,000 IU/mL), low ALT, age < 40 yrs., female gender, and the absence of liver
cirrhosis as favorable predictive parameters [30,31]. A relapse usually occurs 1–12 months
after the cessation of NUC therapy. Therefore, liver function tests and HBV DNA should
be controlled every 4 weeks in the first 6 months and every 12 weeks thereafter. In the
case of a relapse, a rise in HBV DNA is initially observed, followed by an elevation in ALT
elevation [30,31].

d. HBV and pregnancy. In rare cases, the activation of an HBV infection has been
observed during pregnancy that can also lead to acute liver failure. In most patients,
however, the attenuation of inflammatory activity is seen. After pregnancy, ALT flares
can occur in the first 3–6 months after birth. Therefore, ALT and HBV DNA levels should
be controlled in HBsAg-positive pregnant women every 3 months until 6 months after
birth [18]. In the case of a patient becoming pregnant during antiviral treatment with an
NUC or PEG-IFN, therapy with LAM, TVD, and TDF can be continued while PEG-IFN
should be stopped, and ETV or ADF should be switched to TDF [18]. In therapy, naïve
women initiation of antiviral treatment should be considered when active hepatitis has been
diagnosed or HBV DNA > 200,000 IU/mL has been detected. It has been demonstrated
that a high viral load increases the vertical mother-to-child transmission of HBV by up to
32%, while this risk is minimized when HBV DNA is suppressed < 200,000 IU/mL [32].
Therefore, antiviral treatment should not be initiated when HBV DNA is below this level.
De novo antiviral treatment should be started as early as possible after the first trimester,
preferably using TDF, and the patient should be informed about the possible risks and
benefits [33]. NUC therapy can be stopped after birth in the absence of a medical indication
(e.g., inactive hepatitis) or to prevent the transfer of toxic metabolites during breast feeding;
however, it has been demonstrated that breast feeding is safe when TDF is used as an
antiviral agent [34,35].

e. Prevention of HBV reactivation during immunosuppression. The reactivation of an
inactive HBV infection is a potentially life-threatening complication of chemotherapy
or immunosuppression. Therefore, HBsAg and anti-HBc should be tested before the
initiation of chemotherapy or an immunosuppressive treatment [12,36,37]. In HBsAg-
positive carriers, the reactivation of active hepatitis occurs in 15–50% patients after the
start of chemotherapy, while this rate reaches 75% after bone marrow transplantation and
fulminant hepatitis; fatal outcomes have also occurred. In HBsAg-negative/anti-HBc-
positive individuals, the reactivation rate can reach 10%. As a result, it is recommended
that HBsAg-positive patients with a high (>10%) risk of reactivation must be treated with
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NUCs, while patients with a moderate (1–10%) risk should be treated with NUCs. HBsAg-
positive patients with a low (<1%) risk of reactivation should be controlled every 8 weeks
(Table 1). As mentioned, the reactivation risk in HBsAg-negative/anti-HBc-positive patients
is much lower. Here, only patients with a high risk should be treated (Table 2). The risk of
reactivation depends on the type of drug or immunosuppression used (Tables 1 and 2) [18].
For prophylaxis and preemptive therapy, highly potent NUCs (TDF and ETV) should be
used [38,39] for 6–12 months [12,36]. After B-cell-depleting chemotherapy and high-risk
constellations, prophylactic NUC therapy should be given for 18 months [40].

Table 1. Risk of HBV reactivation in HBsAg-positive, anti-HBc-positive patients (modified from [18]).

High risk (>10%)
B-cell depletion, anthracyclins, corticosteroids (>4 w, >10 mg/d),
cyclophosphamide, stem cell transplantation, high-dose
chemotherapy, and TACE/resection in HCC patients

Moderate risk (1–10%)
TNF inhibitors, cytokine/integrin inhibitors, tyrosine kinase
inhibitors, mTOR inhibitors, JAK1/2 inhibitors, DAA therapy for
HCV infection, and corticosteroids (>4 w, <10 mg/d)

Low risk (<1%) Azathioprine, 6-mercaptopurine, methotrexate, intra-articular
steroids, and corticosteroids < 1 w

Table 2. Risk of HBV reactivation in HBsAg-negative, anti-HBc-positive patients (modified from [18]).

High risk (>10%) B-cell depletion, stem cell transplantation, and TACE/resection in
HCC patients

Moderate to low risk (<10%)

Anthracyclins, corticosteroids (>4 w, >10 mg/d), TNF inhibitors,
cytokine/integrin inhibitors, tyrosine kinase inhibitors, mTOR
inhibitors, JAK1/2 inhibitors, corticosteroids (>4 w, <10 mg/d),
DAA therapy for HCV infection, sorafenib for HCC, azathioprine,
6-mercaptopurine methotrexate, and intra-articular steroids

2.3. Future Options in the Treatment of Chronic Hepatitis B Infection

While viral replication can be controlled and the progression of liver disease can be
prevented in most patients that are treated with the currently licensed antiviral drugs
against HBV, the long-term control of an infection (“functional cure”) is rarely seen, as
HBsAg levels remain mostly elevated despite effective antiviral therapy. It has been
demonstrated that HBsAg itself may suppress innate immune responses against HBV
in particular, and thus promote the chronicity of an infection [41–44]. Therefore, several
approaches are being developed that are aiming at HBsAg elimination. These can be
divided into two groups that are acting directly on the virus (DAA) or that are aiming to
improve the antiviral innate and/or adaptive immune response (IAS), respectively (Table 3,
from [45]).
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Table 3. Novel therapeutic strategies against chronic HBV infection (modified from [45]).

Mechanism of Action Example Compounds

a. Directly Acting Antivirals (DAAs)

Entry inhibitors Bulevirtide

Capsid assembly inhibitors JNJ-6379

HBsAg secretion inhibitors REP-2139, REP-2165

Polymerase inhibitors

Small interfering RNA (siRNA) JNJ-3989

Antisense oligonucleotides (AO)

b. Activation of Innate Immunity

TLR-8 agonists GS-9688

c. Activation of Adaptive Immunity

Checkpoint inhibitors ASC22

Therapeutic vaccination GS-4774, TG-1050

a. Directly acting antivirals (DAAs). Bulevirtide (BLV) is an inhibitor of HBV entry
and targets NTCP (sodium taurocholate cotransporting polypeptide), which functions as
a receptor for HBV into a host cell. It is already licensed for the treatment of HBV/HDV
coinfection (see below). Here, it has been shown to lead to HBsAg elimination in some
cases when combined with PEG-IFN.

Capsid assembly modulators (CAMs) lead to the reduced formation of cccDNA and
the introduction of HBV DNA into the nucleus by inhibiting the assembly of the HBV core
protein. In clinical studies this has led to the suppression of HBV DNA without affecting
HBsAg levels [46].

Very promising clinical results have been generated with HBsAg secretion inhibitors,
such as REP-2139 or REP-2165, which are nucleic acid polymers (NAPs). In combination
with PEG-IFN, they have demonstrated a high rate of a functional cure (e.g., sustained
suppression of HBsAg after therapy) [47]. During therapy, ALT flares have been observed,
suggesting the activation of the immune system.

Several small interfering RNAs (siRNAs) and antisense oligonucleotides (Aos) are
currently in clinical development that are targeting the production of HbsAg and other
viral proteins. In some studies a marked reduction in HbsAg levels was observed [48].

The data so far suggest that a combination of DAAs that lower HbsAg levels with
IASs, such as PEG-IFN, may lead to a functional cure in a substantial proportion of patients.
It will be of interest to see whether a combination of several DAAs may further enhance
this effect.

b. Immune-activating strategies (IASs). Our own in vitro and in vivo data have suggested
that the activation of the innate immune system may efficiently suppress HBV replication,
while high levels of HBsAg may attenuate this immune activation [41–44]. Human data
also suggest that HCV, which activates the innate immune system, can suppress HBV
replication in HCV/HBV-coinfected patients. Therefore, toll-like receptor (TLR) agonists
were developed to activate the innate immune system. Here, GS-9688, which activates TLR8,
has shown some promising first clinical results in human studies and animal models [49,50].

Therapeutic vaccination may represent another approach that is aimed at activating the
adaptive immune system. Vaccination with GS-4774 has been shown to induce HBV-specific
T cells but lack the suppression HBsAg levels [51]. Similar results were obtained with
TG-1050, which is based on an adenoviral system that encodes several HBV proteins [52].

Taken together, it is most likely that a “functional cure” will only be reached when
the antiviral immune response against HBV is boosted via the activation of the innate
and/or adaptive immune system. This immune activation in turn will only be achievable
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when HBsAg levels are suppressed by DAAs, as HBsAg may directly suppress the innate
immune system [41].

3. Current Therapy of Chronic Hepatitis C
3.1. Indication for Antiviral Therapy

The therapeutic goal of antiviral therapy for chronic HCV infection is persistent
virus suppression (SVR = “sustained virologic response”), which is defined by a lack of
HCV RNA detection 12 weeks after the end of therapy. As the eradication of the virus
does not lead to protective immunity, new infections are possible. Thus, a reinfection
incidence of 6.4 per 100 patient years in patients with active intravenous drug use has been
described [53]. Achieving an SVR is associated with a significant reduction in mortality,
HCC development, and the need for a liver transplant [54,55]. While these positive effects
are most obvious in patients with advanced fibrosis or compensated liver cirrhosis, they
are less prevalent in patients with decompensated liver cirrhosis [56,57].

Every patient with a replicative HCV infection should be treated with antiviral therapy,
provided that she or he will benefit from this treatment with respect to morbidity or
mortality; when life expectancy is very limited, de novo therapy makes little, if any, sense,
however. In the case of an initial diagnosis of HCV infection with the typical constellation
of a chronic infection, antiviral therapy can be started immediately. Elevated transaminases
and/or evidence of fibrosis are not necessary conditions. For patients with advanced
fibrosis or cirrhosis, there is an urgent indication for treatment. Extrahepatic manifestations,
professional reasons, the elimination of the risk of transmission, coinfections with HBV or
HIV, and a patient’s desire for treatment are also indications for treatment.

3.2. Therapeutic Options for the Treatment of Chronic Hepatitis C Infection

For different groups of patients, several interferon-free therapy options are available
on the basis of HCV geno- and subtype, possible previous therapies, the presence as well as
stage of liver cirrhosis, and kidney function. When choosing among the therapy options, the
effectiveness in achieving an SVR, possible side effects or contraindications, concomitant
diseases, drug interactions, the duration of therapy, and, if applicable, economic factors
must be taken into account [58].

HCV therapy should be carried out with an interferon-free therapy regimen. In the
case of known or foreseeable ribavirin side effects, a ribavirin-free therapy should preferably
be used. Patients coinfected with the hepatitis B virus or HIV can be treated in a similar
manner to HCV monoinfected patients. It should be noted that DAA therapy can rarely
lead to HBV reactivation, as HCV activates the innate immune system, which in turn can
suppress HBV replication [42,59,60].

1. Pangenotypic Regimes in DAA-Naïve Patients

a. Glecaprevir/pibrentasvir.
aa. DAA-naïve patients without cirrhosis. In patients without cirrhosis, the adminis-

tration of glecaprevir (GPR) and pibrentasvir (PBR) leads to high SVR rates (8 weeks:
98%; 12 weeks: 99%) independent of numerous predictors, including HCV genotype, HIV
coinfection, and non-DAA-based prior therapy [61–65]. Therefore, for all patients without
cirrhosis, therapy with GPR and PBR for 8 weeks is recommended. For patients with HCV
genotype 3 infection, this only applies to therapy-naïve patients, while therapy-experienced
patients should be treated for 16 weeks.

ab. DAA-naïve patients with compensated cirrhosis. In patients with compensated cirrho-
sis, 8 (97.7% [66]) or 12 weeks (99% [67]) of therapy also lead to high SVR rates, independent
of predictive factors. Therefore, treatment with GPR and PBR for all treatment-naïve pa-
tients with compensated cirrhosis is recommended for 8 weeks. For the retreatment of
patients with HCV genotype 1, 2, and 4–6 infection, the duration of therapy is 12 weeks,
whilst it is 16 weeks for previously treated patients with HCV genotype 3 infection.

b. Sofosbuvir/velpatasvir.
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A large phase 3 study was performed in patients with HCV genotype non-3 infection
using velpatasvir (VEL) in combination with sofosbuvir (SOF) for 12 weeks regardless of
previous therapy, the presence of compensated cirrhosis, and numerous other predictors.
In this study, an SVR rate of 99% was achieved [68]. In another phase 3 study, patients
with HCV genotype 2 and 3 infection were included. Here, a 12-week therapy with
VEL/SOF also led to an SVR rate of 99% [69]. As in a phase 2 study on patients with
HCV genotype 1 or 2 infection, significantly lower SVR rates (77–90%) were observed
when therapy was given for only 8 weeks [70]; VEL/SOF should be given to patients
with HCV genotype 1, 2, and 4–6 infection for 12 weeks regardless of previous therapy
and the presence of compensated cirrhosis. In HCV-genotype-3-infected patients without
cirrhosis, the administration of VEL/SOF is recommended for 12 weeks. In patients with
compensated cirrhosis, ribavirin can be added (Table 4).

Table 4. Pangenotypic regimens for DAA-naive patients without decompensated cirrhosis or ad-
vanced renal failure (modified from [58]).

Therapeutic Regimen Duration
(Weeks)

Patients without Cirrhosis Patients with Compensated Cirrhosis

TN/TE GT3 and TE TN TE GT3 and TE

GPR/PBR 8 x x

GPR/PBR 12 x

GPR/PBR 16 x x

VEL/SOF 12 x x x x x

2. Genotype-Specific Regimens in DAA-Naïve Patients

Sofosbuvir/ledipasvir. The combination of sofosbuvir (SOF) with the NS5A inhibitor
ledipasvir (LDV) was the first approved interferon-free, fixed coformulated regime. It
is approved for the antiviral treatment of patients with HCV genotype 1, 4, or 6 with or
without liver cirrhosis. The standard duration of therapy is 12 weeks and can be shortened
to 8 weeks in therapy-naïve, noncirrhotic patients with HCV genotype 1 infection and a
viral load of <6 million IU/mL HCV RNA. In patients with liver cirrhosis and/or negative
predictors (e.g., failure of prior therapy, platelet counts of <75,000/nL), ribavirin can be
added. In clinical practice, however, SOF/LDV is only rarely used due to the approval of
pangenotypic regimens [58].

Grazoprevir/elbasvir. In this regimen, the NS3/4A protease inhibitor grazoprevir (GZR)
is combined with the NS5A inhibitor elbasvir (EBR). It is licensed for the treatment of
genotype 1 and 4 infections. Independent of the presence of compensated liver cirrhosis,
the standard duration of therapy is 12 weeks. In patients infected with HCV genotype 1a,
an extension of therapy to 16 weeks as well as the addition of ribavirin in patients with an
initial viral load of over 800,000 IU/mL should be considered to reduce the risk of treatment
failure. An extension of therapy to 16 weeks should also be considered in the presence
of HCV genotype 4 with an initial HCV RNA of >800,000 IU/mL. Both SOF/LDV and
GZR/EBR are only rarely used due to the approval of pangenotypic regimens, however [58].

3. Retherapy of DAA Failures

Patients that have failed therapy with an IFN-free DAA regimen should be retreated
with a combination of voxilaprevir (VOX), VEL, and SOF for 12 weeks. This includes
patients who have failed combination therapies consisting of SOF plus one NS3 protease
inhibitor (e.g., simeprevir) or NS5A inhibitor (e.g., daclatasvir, ledipasvir, and velpatasvir)
as well as nucleoside-free first-generation therapies (e.g., grazoprevir plus elbasvir or pari-
taprevir plus ombitasvir, with or without dasabuvir), each with or without the additional
administration of ribavirin. This recommendation is based on two phase 3 studies that
included patients with all HCV genotypes, various previous therapies, and patients with
cirrhosis. The SVR rates ranged between 96% and 98% [71].

19



J. Pers. Med. 2023, 13, 964

4. Treatment of Special Patient Populations

a. Patients with decompensated cirrhosis. Due to possible liver toxicity, NS3/4A protease
inhibitors such as GZR, glecaprevir, and VOX are contraindicated in patients with decom-
pensated cirrhosis. Consequently, therapy is limited to SOF in combination with NS5A
inhibitors such as VEL and LDV in this population. The indication for antiviral therapy
is given for all patients in whom a liver transplant can be avoided in the medium or long
term, usually in patients with a MELD (model of end-stage liver disease) score of <20. In
patients with a short-term need for a liver transplant, the indication for an antiviral therapy
is much more difficult. The advantages of viral eradication before transplantation need to
be weighed against serious potential side effects of the antiviral drugs in already very sick
patients. Therefore, each case should be discussed with a liver transplantation center.

b. Patients with renal insufficiency. Patients with severe renal impairment
(GFR < 30 mL/min or dialysis) should be treated in an equivalent manner to patients
without renal insufficiency, with the following therapy options: GPR/PBR for 8, 12, or
16 weeks or GZR/EBR for HCV genotype 1 or 4 for 12 or 16 weeks. Here, previous therapies,
comedications, and any comorbidities should be taken into account. Studies show high SVR
rates of 98% across all HCV genotypes for GPR/PBR [64] and 99% in patients with HCV
genotype 1 infection for GZR/EBR [72]. The additional administration of ribavirin should
be avoided. Regimens including SOF should not be given in severe renal impairment.

4. Current Therapy of Chronic Hepatitis D
4.1. Indication for Antiviral Therapy

HDV/HBV-coinfected patients are at higher risk for the development of liver cirrhosis
compared to HBV-monoinfected individuals [2,8,9,73]. Thus, about 20% of all cases of liver
cirrhosis in HBsAg-positive patients are due to HDV coinfection, which is associated with
significantly increased mortality [2,8,9]. HDV infection is also an independent risk factor for
the development of hepatocellular carcinoma, with a relative risk of 1.3 in HBV/HDV- and
7.1 in HBV/HDV/HIV-coinfected patients compared to HBV-monoinfected patients [74].
Therefore, all HDV patients should be evaluated as possible candidates for antiviral therapy.

4.2. Therapeutic Options for the Treatment of Chronic Hepatitis D Infection

Pegylated IFN. PEG-IFN is approved for the treatment of hepatitis B and is also effective
against HDV [75]. HDV RNA levels can be suppressed by up to 47% via standard IFN or
PEG-IFN therapy. In the two large, controlled, and prospective HIDIT studies, the response
rate at the end of therapy was 23–48%. Twenty-four weeks after the end of therapy, only
about 25% of patients had negative HDV RNA [76,77]. During the long-term follow-up,
however, about 50% of the patients had a late HDV RNA relapse [78]. Successful IFN
therapy is associated with a more favorable long-term course, as the risk of developing
clinical complications of liver cirrhosis was lower in these patients [11,79–81]. When a loss
in HBsAg was achieved, a very favorable long-term course could be observed [79,82].

Nucleoside/nucleotide analogues. NUCs against HBV have no direct antiviral activity
against HDV. There are negative studies for famciclovir [83], lamivudine [84], entecavir [85],
and adefovir [76]. Likewise, TDF in combination with PEG-IFN showed no additional
effect compared to PEG-IFN alone [77]. Nevertheless, it can be assumed that the therapy
principles recommended for HBV monoinfection are also applicable for HDV/HBV coin-
fection. In the majority of cases, however, patients with hepatitis D have low HBV DNA
levels [86,87], and will not benefit from HBV DNA suppression.

Bulevirtide. BLV is an entry inhibitor at the sodium taurocholate cotransporting
polypeptide (NTCP) receptor, and has recently been approved for the treatment of HBV/
HDV coinfection. HBV and HDV use NTCP as a receptor for virus entry [88]. BLV has
been tested in several phase 2 studies. The results showed that monotherapy with this
compound resulted in a dose-dependent decrease in HDV RNA levels; however, the studies
also found evidence that combination therapy with PEG-IFN may be more effective than
BLV monotherapy [89]. In a phase 2b dose-ranging study, patients received one dose of
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BLV of 2 mg, 5 mg, or 10 mg in combination with TDF for 24 weeks. One patient group was
treated exclusively with TDF monotherapy. At the end of the therapy, 46%, 47%, and 77%
of patients, respectively, had a drop in HDV RNA of more than 2 logs compared to 3% in
TDF monotherapy. While ALT levels also dropped, BLV had no effect on HBsAg levels [90].

BLV/PEG-IFN combination therapy for 48 weeks was also studied [91]. The median
drop in HDV RNA was greater in the BLV/PEG-IFN group (−4.81 and −5.59 log for the
combinations with 2 mg and 5 mg of BLV, respectively) compared to the PEG-IFN or BLV
group (−1.30 and −2.84). A total of 53.3% of patients in the BLV 2 mg/PEG-IFN group and
26.7% of patients in the BLV 5 mg/PEG-IFN group were HDV-RNA-negative 24 weeks
after the end of therapy. Additional data from a study with 10 mg BLV/PEG-IFNα-2a or
10 mg BLV/TDF for 48 weeks [91] showed that 86.7% of patients in the BLV/PEG-IFN
group had undetectable HDV RNA at the end of therapy compared to 40% in the BLV/TDF
group. Only combination therapy with PEG-IFN led to a decrease in HBsAg levels, while
monotherapy with bulevirtide had no such effect. After the cessation of antiviral therapy, a
rebound of HDV RNA was found in the majority of patients.

4.3. Future Options in the Treatment of Chronic Hepatitis D

Pegylated interferon λ. Pegylated interferon λ (PEG-IFNλ) is a type III interferon that
stimulates cell-mediated immune responses through type III IFN receptors. In HDV patients
treated with PEG-IFNλ, it was found that it is better tolerated than PEG-IFNα [92]. An
SVR, as defined by a drop in HDV RNA levels by 2 logs 24 weeks after the cessation of
antiviral therapy, was found in 36% of patients [93]. Further studies investigating IFNλ in
patients with chronic hepatitis D are currently under way.

Lonafarnib. Lonafarnib is an orally active prenylation inhibitor that has demonstrated
antiviral activity against HDV. Initial studies showed a significantly greater drop in HDV
RNA levels when compared to a placebo, while no effects on HBsAg levels were seen. In
phase II studies, lonafarnib was tested as a monotherapy, in combination with ritonavir, or
in combination with PEG-IFN. The results showed that a combination therapy of low-dose
lonafarnib with ritonavir or PEG-IFN was superior to a high-dose lonafarnib monotherapy
with regard to antiviral activity and tolerability [94]. The LOWR-HDV-2 study [95] studied
a triple regimen of 50 mg lonafarnib with ritonavir and PEG-IFN. A total of 63% of the
patients in this study achieved the composite end point of a decline in HDV RNA of ≥2 logs
and the normalization of ALT.

Nucleic acid polymers. Nucleic acid polymers (NAPs) have demonstrated very promis-
ing results when used for the treatment of HBV/HDV coinfection. In a phase 2 study,
12 patients with chronic hepatitis D and compensated liver disease received REP-2139
as an intravenous infusion once weekly, and after 15 weeks PEG-IFN was added for an
additional 15 weeks. This was followed by PEG-IFN monotherapy for 33 weeks. HBsAg
levels dropped in all patients during therapy, and 5 of 12 patients were negative for HBsAg
at the end of therapy as well as positive for anti-HBs [96]. HDV RNA remained negative
18 months after the end of therapy in seven patients, and five patients were HBsAg-negative.
During the long-term follow up, 7 of 11 patients were still HDV-RNA-negative 3.5 years
after therapy [97].

5. Conclusions

In general, therapy for chronic viral hepatitis has improved significantly in the last two
decades. The introduction of DAAs has revolutionized the treatment of chronic hepatitis
C, as almost every patients can be cured from this infection with few, if any, side effects.
Therefore, it is highly unlikely that new therapeutic developments will be seen for this
entity in the future. The situation in hepatitis B is more complex, as chronic infection
and disease progression can be controlled in most patients via the use of antivirals. A
“functional cure”, however, is achievable in only a minority of treated individuals with the
currently licensed drugs. In this case, a number of promising new therapeutic approaches
are currently under investigation that are aiming to reach this goal. Finally, chronic hepatitis
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D remains the most challenging type of chronic viral hepatitis. While a novel compound
has recently been licensed for the treatment of this disease, the overall results to control this
infection and prevent disease progression are still not satisfactory. Here, further therapeutic
approaches are desperately needed in the future.
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Abstract: Background and Aims: Chronic hepatitis B virus (HBV) infection is a global public health
challenge since more than 250 million individuals are affected worldwide. Since different treatment
modalities are available and not all patients are candidates for antiviral treatment, biomarkers that
potentially predict the possibility of HBsAg clearance and seroconversion may be useful in clinical
practice. Patients and methods: In this retrospective study, we aimed to identify factors positively
correlated with HBsAg seroconversion in a large cohort of 371 chronic hepatitis B patients treated
at a German tertial center between 2005 and 2020. Results: Seroconversion occurred in 25/371
(6.7%) and HBsAg loss in 29/371 patients (7.8%) with chronic HBV infection. Antiviral therapy was
associated with a lower chance of seroconversion (seroconversion antiviral therapy 14/260 (5.4%)
vs. therapy-naïve patients 11/111 (9.9%), p = 0.027). Seroconversion rates were higher in patients
with (very) low titers of HBV DNA (best cut-off value 357 IU/mL) and quantitative HBsAg. The
best cut-off value with regard to seroconversion was 357 IU/mL for HBV DNA (AUC 0.693 (95%-CI
0.063–0.422), sensitivity 0.714, specificity 0.729; p < 0.0005) and 33,55 IU/mL for HBsAg (AUC 0.794
(95%-CI 0.651–0.937), sensitivity 0.714, specificity 0.949; p < 0.0005). However, male gender was
positively associated with seroconversion (seroconversion: males 7.6% vs. females 2.7%, p = 0.036).
Conclusions: Treatment-naïve male chronic HBV patients with low viral load and inflammatory
activity have the best chance to achieve seroconversion. In the absence of cirrhosis, antiviral therapy
should therefore not be performed in this patient collective.

Keywords: chronic hepatitis b; HBsAg seroconversion; seroclearance; hepatocellular carcinoma

1. Introduction

Chronic hepatitis B virus (HBV) infection is a global public health challenge since more
than 250 million individuals are affected worldwide. Approximately 45% of the world
population lives in areas of high endemicity, including many African and Asian countries.
Patients who are infected with HBV have an enhanced risk of complications such as the
development of liver cirrhosis, liver decompensation and hepatocellular carcinoma (HCC),
increasing morbidity and mortality dramatically. Although the majority of patients do not
develop complications, it is estimated that during their lifetimes, 15–40% may develop
serious sequelae of infection [1–4].

After exposure to HBV infection, proper management is necessary. With clinical
outcomes from inactive carrier state to end-stage liver disease, close monitoring with
periodic evaluation is required to prevent future complications.
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Hepatitis B surface antigen (HBsAg) loss (seroclearance) or seroconversion is the
ideal endpoint of antiviral therapy since this state implies functional cure. A negativation
of HBsAg during the course of HBV infection usually confers an excellent long-term
prognosis in the absence of cirrhosis or concurrent infections with hepatitis C or D. Thus,
different treatment strategies have been explored to improve patients’ outcomes [5,6].
Nucleos(t)ide analogs (NAs), which suppress HBV DNA replication via inhibiting the
reverse transcription of pregenomic RNA into HBV DNA, are considered the first-line
treatment option. However, NAs fail to clear the HBV covalently closed circular DNA
(cccDNA) and RNA replication intermediates. Thus, long-term treatment is needed for
sustained viral suppression in chronic HBV patients. Although the new NAs are supposed
to be drugs with a high genetic barrier to resistance and therefore reliably facilitate sustained
viral suppression, functional cure (e.g., HBsAg loss or seroconversion) is rare due to the
long-term persistence of viral DNA in the hepatocytes of treated patients [7–9]. The
other cornerstone in hepatitis B treatment is interferon and its pegylated form, pegylated
interferon α (PEG IFN α). PEG IFN α consists of a group of cytokines with antiviral activity;
it mainly acts as an immunomodulator and enhances the host cell-mediated immune
response. Although PEG IFN α has restricted efficacy in only a proportion of patients,
responders to therapy may maintain a virologic response after drug withdrawal, and
permanent HBeAg or even HBsAg clearance can be achieved. In contrast to NAs, the
finite treatment duration (e.g., 6–12 months) offers an advantage to patients. However, its
efficacy with regard to functional cure is still not satisfactory (seroclearance rates < 10%).
In addition, multiple side-effects limit the use of PEG IFN α and lead to the frequent
discontinuation of therapy in a substantial proportion of patients [10–12].

Both radiologic and serum biomarkers may yield valuable information on how to
assess clinical disease evolution and associate available therapies. Viral markers such as
HBV DNA, HBV RNA, quantitative HBsAg, and HBeAg are currently used to predict
therapeutic response for chronic HBV patients undergoing NA therapy [5,7,9]. However,
since different treatment modalities are available and not all patients are candidates for
antiviral treatment, biomarkers that potentially predict the possibility of HBsAg clearance
and seroconversion may be useful in clinical practice. In this retrospective study, we aimed
to identify factors positively correlated with HBsAg seroconversion in a large cohort of
chronic hepatitis B patients treated at a German tertial center between 2005 and 2020.

2. Patients and Methods
2.1. Patient Information and Ethical Considerations

In this retrospective study between 06/2005 and 02/2020, a total of 371 consecutive
patients with chronic HBV infection were included. Chronic hepatitis B was defined
as the persistence of hepatitis b surface antigen (HBsAg) for 6 months or more after
acute infection with hepatitis B virus [13,14]. Study inclusion therefore necessitated two
positive HBsAg results at an interval of at least 6 months. The second positive HBsAg
verification was defined as the baseline date for study inclusion, data collection and follow-
up. Consequently, patients without evidence for HBsAg persistence > 6 months were
excluded from the study. The University Clinic of Essen ethics committee approved the
retrospective, anonymous analysis of the data (17-7655-BO), and the study was conducted
according to the principles expressed in the Declaration of Helsinki. All patients gave their
written informed consent prior to study inclusion.

2.2. Data Collection, Laboratory Parameters, Antiviral Therapy and Definition of Seroconversion

The following epidemiological and laboratory parameters were recorded: age, body
mass index (BMI, kg/m2), existence or occurrence of hepatocellular carcinoma (HCC), HBV-
DNA (IU/mL), HBV genotype, HBsAg (IU/mL), anti-HBs (IU/mL), HBeAg (IU/mL), anti-
HBe, gamma-GT (U/L), aspartate aminotransferase (AST; U/L), alanine aminotransferase
(ALT; U/L), total bilirubin (mg/dL), cholesterol (mg/dL), high-density lipoprotein (HDL;

28



J. Pers. Med. 2024, 14, 390

mg/dL), low-density lipoprotein (LDL; mg/dL), triglyceride (mg/dL), plasma glucose
(mg/dL) and glycated hemoglobin (HbA1c; %).

Structural changes in the liver parenchyma (fibrosis and steatosis) were assessed by
transient elastography (TE). The measurement of liver stiffness (LSM, kPa) and controlled
attenuation parameter (CAP, dB/m) was performed by Fibroscan (Echosens, Paris, France)
according to the manufacturer’s recommendations. TE was performed with the patient in
the supine position with the right arm in maximal abduction. The TE probe was used via
the intercostal spaces with the probe on the right lobe of the liver. Each set of examinations
was assisted by B-mode ultrasound (APLIO 500, Toshiba, Tokio, Japan) for the identification
of a feasible probe position and the exclusion of perihepatic ascites. The median of at least
10 LSM values expressed in kPa was used as the representative measurement. The success
rate was calculated as the number of valid measurements divided by the number of total
measurements. According to the manufacturer’s recommendations, only patients with an
interquartile range (IQR) < 30% of the median value and a success rate >60% were included
in the analysis. According to the actual literature, significant fibrosis and liver cirrhosis were
defined as LSM > 8 kPa and > 15 kPa, respectively. In addition, a CAP value > 222 dB/m
was defined as significant steatosis [15–24].

Histology was obtained either percutaneously or via mini-laparoscopy-guided liver
biopsy in some patients with, for example, overlap with metabolic dysfunction-associated
steatotic liver disease (MASLD; diabetics with obesity) or possible overlap with autoim-
mune hepatitis, since hepatitis B sometimes triggers autoimmune phenomena (LKM posi-
tivity). However, liver biopsy was not routinely performed in our department.

Antiviral treatment was performed according to the German guideline recommendations
(“Deutsche Gesellschaft für Gastroenterologie, Verdauungs- und Stoffwechselkrankheiten”;
DGVS) and required HBV DNA > 2000 IU/mL, elevated ALT and/or at least moderate
histological lesions, while all cirrhotic patients with detectable HBV DNA were treated.
Antiviral therapy was performed by the use of either nucleos(t)ide analog (NA) to suppress
HBV replication to induce the stabilization of HBV-induced liver disease and to prevent
disease progression and HCC development or pegylated interferon-α to induce long-term
immunological control with a finite duration treatment. However, drug treatment selection
was based on individual parameters such as the severity of liver disease, pretreatment,
co-morbidities, response probability, patients’ will, contraindications and local expertise
according to published DGVS guidelines. Besides interferon-α, the following NAs were
used: lamivudine, telbivudine, adefovir, entecavir, and tenofovir. First-line treatment
was usually performed with drugs with good potency and high genetic barriers to drug
treatment (e.g., tenofovir, entecavir). Patient monitoring followed DGVS recommendations
for chronic HBV infection (determination of ALT, HBV DNA, HBeAg (if initially positive),
HBsAg; sonography for HCC screening every 6 months). The general goal of antiviral HBV
drug treatment was to suppress HBV DNA (below the detectable limit) and normalize
ALT. In the case of an insufficient response, resistant variants were tested. Seroconversion
was defined as the loss of HBsAg and the development of anti-HBsAg antibodies during
follow-up [13,14,25,26].

2.3. Statistical Analysis

Statistical analysis was performed using SPSS (IBM, Chicago, IL, USA). For descrip-
tive statistics, medians and IQRs were determined. All variables were tested for normal
distribution with the Kolmogorov–Smirnov test, the Shapiro–Wilk test, and calculation
of skew and kurtosis. The Mann–Whitney U test was used to compare differences be-
tween independent groups. Categorical data were tested with the chi-square test, and the
Kruskal–Wallis test was used for multiple comparisons. To adjust for several risk factors,
the multivariate logistic analysis was performed with all the variables found significant in
univariate analysis in a single step. A p value < 0.05 was considered statistically significant.
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3. Results
3.1. Demographic and Laboratory Data

Between 2005 and 2020, a total of 371 patients with chronic HBV infection and a well-
documented long-term course were included in this retrospective study. The majority of the
study population was male (n = 224, 60.4%), the mean age at initial diagnosis 48.08 ± 13.41
[23–84] years and the mean observation period 175.94 months. In addition, 10/371 patients
(2.7%) were co-infected with hepatitis delta virus. Laboratory data on initial diagnosis are
presented in Table 1, and the frequency of HBV genotypes is presented in Table 2.

Table 1. Laboratory data on initial diagnosis.

Parameter Value (Median; IQR) Reference Value

HBV DNA [IU/mL] 3329 (356; 759626) <10 IU/mL

HBsAg [IU/mL] 3823 (729; 12502) <5 IU/mL
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HbA1c [%] 5.5 (5.2; 5.8) <5.7%

Table 2. Distribution of HBV genotypes among the study population.

Genotype Frequency (n) Proportion (%)

A 43 11.6

B 9 2.4

C 4 1.1

D 110 29.6

E 9 2.4

F 1 0.3

G 1 0.3

H 1 0.3

Unknown 193 52.0

Total 371 100.0

3.2. HCC Incidence, Liver Elastography and CAP

Liver stiffness measurement (LSM) was available in 337/371 patients (90.8%). In total,
37/337 patients (11.0%) had liver cirrhosis (LSM > 15 kPa) and 85/337 patients (25.2%) had
significant fibrosis (LSM > 8 kPa). CAP measurement was available in 256/371 patients
(69.0%). Significant steatosis (CAP > 222 dB/m) was present in 103/256 patients (40.2%).
Hepatocellular carcinoma (HCC) occurred in 8/371 cases (2.2%). LSM was available in six
out of eight patients (cirrhosis: n = 1 (LSM 32.0 kPa), significant fibrosis n = 2 (LSM 11.6 kPa
and 13.4 kPa), below cut-off n = 3 (LSM 4.4 kPa, 6.6 kPa, and 7.7 kPa)).
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3.3. Antiviral Therapy

Antiviral therapy was performed in 260/371 patients (70.1%). In 117 out of 260 patients
(45.0%), more than one antiviral substance was administered. A total of 58 patients (15.6%)
received pegylated interferon for a mean timespan of 12.6 ± 8.6 months. Seroconversion
was achieved in 4/58 of these patients (6.9%). Oral antiviral therapy was conducted by the
use of tenofovir (n = 165), entecavir (n = 93), lamivudine (n = 63), adefovir (n = 55) and
telbivudine (n = 29). Seroconversion was observed in 3.8% of patients (10/260) receiving
oral antiviral therapies.

3.4. Factors Associated with Seroconversion

Seroconversion (the development of anti-HB antibodies) occurred in 25/371 (6.7%)
and HBsAg loss in 29/371 patients (7.8%) with chronic HBV infection. The mean timespan
from first diagnosis to seroconversion was 146 [7–478] months. The age at first diagnosis
was not associated with seroconversion. However, male gender was positively associated
with seroconversion (seroconversion: males 7.6% vs. females 2.7%, p = 0.036).

3.4.1. Antiviral Therapy

Antiviral therapy was associated with a lower chance of seroconversion (seroconver-
sion antiviral therapy 14/260 (5.4%) vs. therapy-naïve patients 11/111 (9.9%), p = 0.027).
Although the rate of seroconversion was higher in the PEG-IFN (n = 4/58, 6.9%) group
than the oral therapy group (n = 10/206, 4.9%), this difference did not reach statistical
significance (p > 0.05). Data regarding seroconversion rates according to the presence or
absence of antiviral therapy are presented in Table 3.

Table 3. Seroconversion rates according to presence or absence of antiviral therapy.

Therapy

Number of
Patients

Achieving
Seroconversion

Number of
Patients under
That Specific

Therapy

Fraction of
Patients

Achieving
Seroconversion

Mean Timespan from
Initial Diagnosis to
Seroconversion in

Months

Standard
Deviation in

Months

No therapy 11 111 (29.9%) 9.9% 167.5 148.2

Interferone 4 58 (15.6%) 6.9% 198 51.2

Telbivudine 2 29 (7.8%) 6.9% 93 48.1

Lamivudine 3 63 (17%) 4.8% 174.3 60.1

Any therapy
(**NRTI+ *NNRTI+

Interferone)
10 260 (70.1%) 3.8% 152.7 78

Adefovir 2 55 (14.8%) 3.6% 140.5 19.1

**NRTI + *NNRTI 8 237 (63.9%) 3.3% 143.3 81.7

Entecavir 3 93 (25.1%) 3.2% 106.3 86.6

Tenofovir 4 165 (44.5%) 2.4% 146.3 77

*NNRTI, non-nucleoside reverse transcriptase inhibitor. **NRTI, nucleoside reverse transcriptase inhibitor.

3.4.2. HBV-Specific and Liver-Specific Laboratory Parameters and Liver Fibrosis Measured
by Transient Elastography (TE)

Seroconversion rates were higher in patients with (very) low titers of HBV DNA
and quantitative HBsAg. The best cut-off value with regard to seroconversion was
357 IU/mL for HBV DNA (AUC 0.693 (95%-CI 0.063–0.422), sensitivity 0.714, specificity
0.729; p < 0.0005) and for HBsAg, 33.55 IU/mL (AUC 0.794 (95%-CI 0.651–0.937), sensitiv-
ity 0.714, specificity 0.949; p < 0.0005). Corresponding ROC curves are demonstrated in
Figures 1 and 2. However, the presence or absence of HBe antigen and anti-HBe antibodies
was not a predictive factor regarding seroconversion.
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0.063–0.422), sensitivity 0.714, specificity 0.729; p < 0.0005).
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Figure 2. Quantitative HBsAg ROC curve according to seroconversion (cut-off 33.55 IU/mL,
AUC 0.794 (95%-CI 0.651–0.937), sensitivity 0.714, specificity 0.949; p < 0.0005).
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Furthermore, γ-glutamyltransferase (GGT) was higher in patients attaining seroconver-
sion. Statistical analysis, however, failed to reach significance, but showed a positive trend
(mean GGT seroconversion 173.20 IU/mL vs. no seroconversion 44.89 IU/mL, p = 0.052).
In addition, level of serum aspartat aminotransferase (AST), alanin aminotransferase (ALT)
and bilirubin was not associated with seroconversion in chronic HBV patients.

Interestingly, statistical analysis revealed a positive correlation between elevated liver
stiffness and subsequent seroconversion (mean LSM seroconversion 8.2 ± 8.4 (3.3–32.4) kPa
vs. mean LSM no seroconversion 5.4 ± 5.5 (3.2–43.5) kPa, p = 0.046) (Figure 3). When ap-
plying the previously cited cut-offs for significant fibrosis (>8 kPa) and cirrhosis (>15 kPa),
subgroup analysis also showed a positive correlation (seroconversion significant fibrosis
11.0% vs. no significant fibrosis 3.4%, p = 0.008; seroconversion cirrhosis 16.2% vs. no
cirrhosis 4.3%, p = 0.011). However, ROC analysis revealed an optimal LSM cut-off value
with regard to seroconversion of 7.65 kPa (AUC 0.664, 95%-CI 0.528–0.800, sensitivity 0.579,
specificity 0.7676, p = 0.016).
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Figure 3. Correlation between liver stiffness measurement (LSM) and subsequent seroconversion
(n = 337).

3.4.3. Steatosis, Lipid Metabolism, Diabetes Mellitus and Obesity Were Not Associated
with Seroconversion

Parameters associated with lipid metabolism disorders, metabolic dysfunction-associated
steatotic liver disease (MASLD) and metabolic dysfunction-associated steatohepatitis
(MASH) did not influence the probability of attaining seroconversion. The following
parameters were analyzed: body mass index (BMI; seroconversion BMI > 25 kg/m2

14/197 patients (7.11%) vs. seroconversion BMI < 25 kg/m2 8/174 patients (4.60%), p = 0.20),
concurrent diabetes mellitus/HbA1c > 5.7% (seroconversion 3/21 patients (14.29%) vs. no
seroconversion 18/350 patients (5.14%), p = 0.095) and controlled attention parameter (CAP;
CAP seroconversion 261,33 dB/m vs. CAP no seroconversion 240,51 dB/m, p = 0.218).
Likewise, lipid metabolism parameters (serum cholesterol, triglycerides, high-density
lipoprotein (HDL) and low-density lipoproteins (LDL)) had no influence on seroconversion
(p > 0.05).

3.4.4. Gender, GGT and Antiviral Therapy Were Independently Associated with Seroconversion

Multivariate logistic regression analysis was used to identify independent predictors
of seroconversion. Significant parameters from the univariate analysis were included
(antiviral therapy, gender, GGT, LSM, HBV-DNA, HBsAg). However, gender (OR: 0.233;
CI: 0.060–0.898; p = 0.034), GGT (OR 0.993; CI: 0.990–0.997; p < 0.001) and antiviral therapy
(OR: 3.97; CI: 1.302–11.722; p = 0.015) were independently associated with seroconversion.
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4. Discussion

Functional cure in terms of HBsAg loss and the development of anti-HB antibodies (se-
roconversion) should be the ultimate goal in the treatment of patients with chronic hepatitis
B with regard to drug withdrawal safety and improvements in prognosis. Although first-
line drug therapy with NAs can suppress virus replication reliably (and thereby reduce the
risk of complications such as the development of HCC and decompensation), lifelong ther-
apy is usually required since the viral cccDNA persists in the nucleus of hepatocytes [27,28].
In selected patients, subcutaneous applied PEG IFN α represents a therapeutic alternative
with the option of temporary limited treatment and the elimination of HBV. However, its
use is often restricted by relevant side effects which leads to drug discontinuation in a
significant proportion of patients [11,29–32].

Various algorithms regarding therapy indication in chronic HBV have been proposed,
such as that by the American Association for the Study of the Liver Diseases (AASLD), the
European Association for the Study of the Liver (EASL) or the Asian Pacific Association for
the Study of the Liver (APASL). Although the recommendations slightly differ, antiviral
treatment is usually indicated when chronic active hepatitis B disease is evident and at
least one of the following criteria is fulfilled: (i) presence of advanced fibrosis or cirrhosis,
(ii) HBV DNA level above at least 2000 IU/mL and (iii) persistently or repeatedly abnormal
ALT/AST levels [13,14,26].

However, since different treatment modalities are available and not all patients are
candidates for antiviral treatment, biomarkers that potentially predict the possibility of
HBsAg clearance and seroconversion may be useful in clinical practice. In this retrospective
study, we aimed to identify factors positively correlated with HBsAg seroconversion in a
large cohort of 371 patients with chronic HBV infection treated at the University Hospital
Essen between 2005 and 2020. In contrast to other studies, which were conducted in regions
where HBV infection is endemic and usually acquired during the perinatal period or early
infancy, Germany has low or intermediate patterns of endemicity. In population-based
studies, approximately 0.3% of adults and 0.2% of infants were infected with HBV (HBsAg
positive). In these studies, anti-HBc prevalence was 5.1% for adults and 0.5% for infants [1].

The overall HBsAg seroconversion rate in the mean observation time of approximately
176 months was relatively low, being 6.7% (25/371) of patients. However, these data match
with data from the actual literature, in which short- and long-term HBsAg seroclearance
and seroconversion rates are stated to be between 4.2% and 20.6% [33–37]. Interestingly,
HBsAg seroconversion was significantly higher in therapy-naïve patients than in patients
treated with antiviral drugs (11/111 patients (9.9%) vs. 14/260 patients (5.4%), p = 0.027).
Subgroup analysis revealed that the seroconversion rate was higher in the PEG-IFN group
(n = 4/58, 6.9%) than in the oral therapy group (n = 10/206, 4.9%), although this difference
did not reach statistical significance (p > 0.05). However, antiviral therapy with NAs is
very potent and usually leads to a rapid reduction in viral load and thereby in (systemic)
inflammation. The consequently reduced confrontation/interaction between the virus
and the host’s immune system might be an explanation for these findings with regard
to pathogenesis.

Several studies have shown that serum HBV-DNA and quantitative HBsAg levels
were the most significant indicators of seroclearance or seroconversion [34,38–42]. Similarly,
in the present study, we observed that low HBV-DNA and quantitative HBsAg levels
were associated with seroconversion, while the best cut-off values were 357 IU/mL and
34 IU/mL, respectively. Consequently, in selected patients with low HBsAg and HBV-
DNA levels without cirrhosis, it might be useful to discontinue antiviral therapy with
NAs to achieve spontaneous seroconversion. Fang et al. found that HBeAg-negative
patients without cirrhosis and low HBsAg levels at the end of treatment who previously
received entecavir or tenofovir had a high HBsAg loss rate after the discontinuation of
treatment [43]. In addition, Choi and colleagues demonstrated that HBsAg loss occurred in
6.8% of HBeAg-negative HBV patients following NAs cessation [44]. Similarly, in the so-
called “STOP-NUC trial”, a multicenter randomized-controlled trial, the research group of
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Thomas Berg and colleagues could demonstrate that stopping long-term NA treatment can
induce a functional cure in HBeAg-negative patients with low HBsAg levels < 1000 IU/mL
at the time point of NA treatment cessation [45]. The authors therefore conclude that
finite therapy can be considered for chronic HBV patients on NA therapy. However,
our data support the idea that a low viral load is an important factor for HBV cure and
therapy decisions.

Some reports have demonstrated that males with chronic HBV infection seem to be
more likely than females to experience seroclearance or seroconversion [34,39,46]. Likewise,
male gender was associated with seroconversion in our cohort (seroconversion: males 7.6%
vs. females 2.7%, p = 0.036).

Multivariate analysis showed statistically significant results with regard to gender (OR:
0.233; CI: 0.060–0.898; p = 0.034), GGT (OR 0.993; CI: 0.990–0.997; p < 0.001) and antiviral
therapy (OR: 3.97; CI: 1.302–11.722; p = 0.015), which were independently associated
with seroconversion.

Our data clearly indicate that treatment-naïve male chronic HBV patients with low
viral load and inflammatory activity (elevated liver enzymes) should not receive antivi-
ral therapy in the absence of liver cirrhosis, since they have a high chance of achieving
spontaneous HBV seroclearance and seroconversion. As a future perspective, an increased
understanding of trained immunity and how HBV establishes a permissive state in the
host that bears no characteristics of immunologic tolerance may allow for the development
of therapies targeted towards patients not currently indicated for treatment affecting both
therapy initiation and termination [47].

Interestingly, a great proportion of individuals with chronic HBV infection showed
signs of significant hepatic steatosis (CAP measurement > 222 dB/m; n = 103/256 (40.2%))
in terms of overlap with MASLD. Huang and colleagues investigated a great cohort of 4084
chronic HBV patients and found that in untreated HBeAg-negative patients, concurrent
MASLD is associated with higher rates of seroclearance and seroconversion. Likewise, Li
et al. retrospectively studied 6786 patients and identified that fatty liver was significantly
and independently associated with a greater chance of achieving HBsAg seroclearance.
The authors therefore conclude that metabolic dysfunctions have additive effects on the
functional cure of chronic hepatitis B [48,49]. However, steatosis or related metabolic
disorders were not associated with seroconversion in our cohort.

Chronic hepatitis B patients are at increased risk for hepatocellular carcinoma (HCC),
especially when an advanced stage of liver fibrosis or cirrhosis is present. The risk for
developing HCC increases from 6 to 37 times compared to control subjects. According to the
actual literature, HCC incidence rates in chronic HBV subjects vary between 2 and 37% for
overall incidence and 0.4 and 3% for annual incidence depending on the presence or absence
of liver cirrhosis. There is solid evidence supporting the fact that, in addition to cirrhosis,
the viral load reflected by HBV DNA and quantitative HBsAg levels is a strong risk factor
for HCC development. Therefore, NA treatment can significantly reduce the incidence of
HCC, though it does not completely eliminate the risk of HCC [50–55]. EASL and DGVS
guidelines for HBV and HCC recommend HCC screening by abdominal ultrasound every
six months with the optional determination of alpha-fetoprotein in chronic HBV patients
with enhanced HCC risk (patients with advanced fibrosis or cirrhosis) [13,25]. Among
our cohort, HCC development during a mean observation time of >175 months was rare
(overall HCC incidence 2.2%) in chronic HBV patients, although a significant proportion
had advanced fibrosis (25.2%) or cirrhosis (11.0%). The pathogenesis of HBV-induced HCC
is thought to be multifactorial with both direct and indirect mechanisms. HBV-related
HCC can also arise in non-cirrhotic livers, supporting the notion that HBV plays a direct
role in liver transformation by triggering both common and etiology-specific oncogenic
pathways in addition to stimulating the host immune response and driving liver chronic
necroinflammation [2]. In any case, among our patient collective, 3/8 patients (37.5%)
developed HCC without having cirrhosis. In our opinion, it is therefore reasonable to
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perform HCC screening in chronic HBV patients irrespective of whether fibrosis or cirrhosis
is present.

Another interesting aspect of our study was the positive correlation between elevated
liver stiffness and subsequent seroconversion (LSM seroconversion 8.2 ± 8.4 (3.3–32.4) kPa
vs. LSM no seroconversion 5.4 ± 5.5 (3.2–43.5) kPa, p = 0.046 (Figure 3)), which applied
to both significant fibrosis (seroconversion significant fibrosis 11.0% vs. no significant
fibrosis 3.4%, p = 0.008) and cirrhosis (seroconversion cirrhosis 16.2% vs. no cirrhosis
4.3%, p = 0.011). The actual literature hardly offers any scientific data with regard to this
consideration. Ming-Lun and colleagues, who investigated 81 patients dually infected with
hepatitis B and C, found that baseline cirrhosis was a significant factor associated with
HBsAg seroclearance [56]. However, the role of liver fibrosis in chronic HBV with regard to
seroconversion still remains unknown.

We are aware of the limitations of our study, the most important of them being that it
was a retrospectively performed single-center study.

In summary, we could demonstrate that treatment-naïve male chronic HBV patients
with low viral loads and inflammatory activity (elevated liver enzymes) have the best
chance of achieving seroconversion. The indication for antiviral therapy should therefore
be provided carefully under these circumstances. When treated and surveilled at an expert
center for liver diseases and according to the actual guidelines, HCC development seems
to be relatively low though advanced fibrosis or cirrhosis is present.
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Abstract: The prevention of liver disease has improved significantly in the last few decades, to
the point that it can now be considered a true success story. The wide variety of interventions,
including comprehensive vaccination strategies, novel medications, lifestyle changes, and even
preventive surgeries, have reduced the morbidity and mortality of chronic liver diseases. However,
the prevalence of chronic liver diseases is increasing worldwide. Currently, fatty liver disease alone
is estimated to be present in as much as 30% of the adult population. Furthermore, there is a trend
towards increasing incidences of chronic hepatitis B, and a global lack of success in efforts to eliminate
chronic hepatitis C. Thus, improving and efficiently rolling out existing and successful prevention
strategies for chronic liver diseases will play an essential role in healthcare throughout the upcoming
decades. In this review, we summarize the current options and concepts for preventing chronic liver
diseases, highlight their limitations, and provide an outlook on probable future developments to
improve awareness, integrated care, and the analysis of big data.

Keywords: liver disease; hepatology; prevention; management

1. Background

Globally, chronic liver disease (CLD) imposes a substantial health burden, resulting in
approximately two million deaths yearly (accounting for 3.5% of global mortality). Half
of these deaths are attributed to Hepatocellular Carcinoma (HCC), and the other half to
complications of cirrhosis [1]. A major issue is that cirrhosis often goes undetected in many
patients until complications and liver cancer develop, making it the eleventh leading cause
of death. Furthermore, the global health burden of CLD is expected to continue to increase,
with a consistent 5% rise observed since 2000 [2].

Cirrhosis also ranks among the leading causes of disability-associated life years
(DALYs) among individuals aged 50 to 74 years old [3]. The economic burden of chronic
liver diseases (CLDs) is often underestimated, though some studies have tried to estimate
these costs. For instance, in the case of HCC, the annual cost per patient in the United
States increased in 2010, ranging from USD 133,000 for stage zero to USD 467,000 for stage
D based on the Barcelona Clinic Liver Cancer Criteria (BCLC) [4].

As for the underlying causes, the estimated total cost for chronic hepatitis C (CHC)
before the introduction of direct-acting antivirals (DAAs) was USD 10.6 billion, while non-
alcoholic steatohepatitis (NASH) incurred a cost of USD 103 billion annually. Furthermore,
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the estimated 3-year healthcare cost per patient who underwent liver transplantation (LT)
was USD 539,955 [5] and costs were constantly rising over the years [6].

Hence, the prevention of liver disease and its complications holds paramount impor-
tance both from a medical and economic perspective, benefiting not only patients, but also
society at large.

2. Diverse Etiologies, Common End Stage

All liver diseases share a common end-stage outcome: fibrosis and cirrhosis, which
can lead to various complications, including liver failure, hepatocellular carcinoma (HCC),
and esophageal variceal bleeding, among others. Inflammation is the primary mecha-
nism driving this progression, followed by parenchymal necrosis, activated fibrogenesis,
angiogenesis, and profound vascular changes [7].

An imbalance between pro-fibrogenic and anti-fibrogenic mechanisms in the liver can
result in excessive extracellular matrix production and alterations in the hepatic angioar-
chitecture [8]. The risk of developing these complications is influenced by several factors,
including lifestyle modifications such as alcohol cessation, weight loss, and the manage-
ment of infections (e.g., through hepatitis B vaccination and inflammation control) [2].

While the prevalence and incidence of common liver diseases vary significantly across
the globe, the most widespread causes of cirrhosis worldwide include chronic alcohol
consumption, metabolic-associated fatty liver disease (the revised term for non-alcoholic
fatty liver disease), chronic viral hepatitis (with a particular emphasis on B and C), and
autoimmune factors. It is important to note that a single patient may have more than one
contributing cause, potentially accelerating the progression of the disease, even beyond
what the presence of individual diseases and comorbidities would suggest [2].

Over the past two decades, efforts to assess chronic liver diseases (CLDs) have often
concentrated on their consequences, particularly fibrosis, rather than their root causes.
Thus, the need to raise public awareness of the different causes of fibrosis and cirrhosis—
including fatty liver disease and alcohol consumption—and a shift of the management
strategies towards preventive medicine as opposed to merely treating the complications are
long overdue, especially considering that plenty of evidence suggests that early detection
and preventive care could alter the future of the over two million patients who succumb
annually to chronic liver diseases [9–11].

3. Hepatitis B Virus (HBV)

Among the causes of cirrhosis, hepatitis B is a life-threatening liver infection and a
major global health problem caused by the hepatitis B virus (HBV). It can lead to chronic
infection, primarily associated with vertical transmission in African countries and sexual
transmission in Western countries [12,13]. In 2015, 3.5% of the world’s population was
living with this chronic infection, with 68% in the Western Pacific and African regions.
In Europe, chronic hepatitis B (CHB) affects 15 million people and leads to 56,000 deaths
annually [14].

The primary goal of HBV infection treatment is to achieve a functional cure, measured
by the long-term loss of hepatitis B surface antigen (HBsAg) with or without serocoversion
and undetectable HBV DNA after therapy interruption. However, despite the availability
of various treatments and prolonged patient care, less than 5% of individuals were HBsAg
negative after 12 months of treatment [14]. The risk of up to 40% cirrhosis development
in untreated patients underscores the need to promote and extend prevention programs,
particularly through vaccination [2].

Several risk factors contribute to the progression of HBV infection into HCC. Vi-
ral factors such as persistent positive serum HBsAg are highly significant, as shown by
a prospective study conducted in Taiwan involving 22,707 individuals, which demon-
strated a relative risk of 0.66 among HBsAg+ [15–17]. Another study reported that, in
HBsAg−-positive individuals, the joint presence of HBeAg—a marker for high HBV repli-
cation levels—increased the risk of HCC three- to sixfold compared to the HBeAg-negative
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population [18]. Additionally, in individuals with CHB, serum HBV DNA levels seem
to predict higher rates of HCC, as patients with high counts (>104 copies/mL) face an
increased risk of HCC in the long-term follow-up [19]. Moreover, factors such as lifestyle
are also important to consider, as chronic alcohol consumption, exposure to aflatoxin and
smoking have also shown an increase in HCC risk [15–17].

The risk of developing chronic HBV infection in susceptible individuals depends
mainly on the age of acquisition, with a decreasing tendency as the age of infection in-
creases [20]. Among the crucial risk factors to evaluate in primary prevention, the maternal
effect stands out. Neonates born to HBsAg+ mothers have a 30-fold higher risk of develop-
ing HCC compared to those born to HBsAg− mothers [21]. Hence, practical strategies for
hepatitis B infection control and prevention are crucial from an early age. Infant vaccination
stands out as the most effective strategy to achieve the goal of the ‘Elimination of viral
hepatitis by 2030,’ which is one of the international Sustainable Development Goals.

Since 1991, the WHO has recommended the inclusion of HBV vaccination in national
immunization programs [22]. By the end of 2019, the HBV vaccine had been introduced
nationwide in 189 (97%) countries. However, vaccination coverage varies significantly
across WHO regions. The regions of the Western Pacific, the Americas, and Southeast Asia
exceed the global average, while the European, Eastern Mediterranean, and African regions
fall below it [23].

In Western countries endemic for hepatitis B, the typical schedule for the HBV vaccine
includes a monovalent birth dose administered within 24 h of birth to all newborns,
effectively preventing perinatal transmission. This is followed by three doses of an HBV
vaccine at 2, 4, and 6 months [2]. While immunization schedules may vary globally, all
have demonstrated the ability to induce seroprotection levels exceeding 95% in healthy
infants, children, and young adults [23].

Universal vaccination programs have effectively reduced the global rate of chronic
HBV infection to one-tenth of the pre-vaccination era. In Taiwan, for example, several
epidemiologic surveys of serum HBV markers showed a significant decrease in HBsAg
positivity, dropping from 10% to 0.6–0.7% after the introduction of vaccination [15–17] and
even 0% in 3203 children aged 5–10 years in a recently study carried out in Colombia [24].

Similar patterns have been observed in Gambia and Korea. In Western countries, the
incidence of HCC related to CHB has also declined since the 2000s, thanks to national vac-
cination programs and recommendations [25]. As a result, the incidence of CHB infection
among children under five years old is now low, primarily attributed to the implementation
of universal neonatal HBV vaccination programs.

One of the primary etiologic factors leading to HCC is HBV, highlighting the significant
role of primary prevention from childhood to early adulthood. A 20-year follow-up study
in Taiwan demonstrated that the HCC incidence was markedly lower among vaccinated
children compared to those in unvaccinated birth cohorts (35.9%). Furthermore, among
those who were vaccinated, the development of HCC was statistically associated with an
incomplete HBV vaccination schedule [21].

However, while the aforementioned strategy for assessing HCC related to HBV is
crucial, a population-level HBV vaccination program is expected to have a limited impact
over the next two or three decades. Thus, a significant risk persists among those born before
the vaccine became available. In these cases, secondary prevention through antiviral agents
has emerged as a vital approach to reducing the short-term incidence of HCC. Currently,
approved treatments include nucleos(t)ide analogs and interferons [26].

Some current practice guidelines fall short of addressing HCC prevention in cases with-
out inflammation or liver fibrosis. This underscores the importance of increasing awareness
among healthcare providers regarding the risk of HBV-associated hepatocarcinogenesis,
which can occur independently of fibrosis [26].

In the case of nucleos(t)ide analogs, both Entecavir and Tenofovir Disoproxil Fumarate
(TDF) have demonstrated similar efficacy in reducing HCC rates related to HBV, as shown
in historical cohort studies. However, a recent meta-analysis involving 42,939 patients from
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Korea, Taiwan, and Hong Kong, alongside several smaller meeting reports, has sparked a
debate on differing HCC rates under Entecavir (ETV) and Tenofovir Disoproxil Fumarate
(TDF) treatment by favoring the latter, as TDF-treated patients had a significantly lower
risk of developing HCC compared to ETV-treated patients [27]. Tenofovir Alafenamide
(TAF), a more recent introduction, has also shown promising results. However, it requires
further investigation due to the absence of long follow-up data [1].

Another preventive measure includes nucleos(t)ide treatment for highly viremic moth-
ers during pregnancy. Tenofovir is preferred for its efficacy, safety in pregnant women, and
low resistance rates. In a well-controlled prospective trial involving pregnant women in
Taiwan, Tenofovir treatment reduced HBsAg positivity in infants, decreasing the prevalence
from 10.71% to 1.54% [28].

In the case of HBV, liver cancer prevention can be categorized into three levels: primary,
secondary, and tertiary [15]. Primary prevention is performed through universal HBV
vaccine programs, aiming to prevent both the mother-to-child and horizontal transmission
of HBV infection and representing the safest and most effective approach to preventing
liver cancer [15–17]. Secondary prevention centers on patients with chronic hepatitis B by
using antiviral agents to reduce viral load and then liver injury and fibrosis, as indicated by
markers such as the normalization of transaminases [15–17]. Finally, tertiary prevention
includes patients who have successfully undergone HCC treatment for whom antiviral
agents are used to prevent HCC recurrence [15–17]. However, there remains a need to
further reduce the risk of HCC by managing modifiable factors, including metabolic
syndrome, aflatoxin exposure, heavy drinking, smoking, and other comorbidities that can
contribute to liver inflammation. Equally crucial is the emphasis on minimizing high-risk
behaviors related to blood and injection safety, not only because of their added risk to CHB,
but also because they can independently lead to end-stage liver disease.

4. Hepatitis C Virus (HCV)

Another significant contributor to liver disease is hepatitis C. According to the Polaris
Observatory Collaborators, over 56.8 million people worldwide are living with chronic
hepatitis C, resulting in more than 400,000 deaths each year [29,30].

The prevalence of hepatitis C varies significantly by geographic location. The highest
rates of infection are observed in low- and middle-income countries in Africa and Asia.
Mongolia, for example, has a prevalence of over 4%, while in the Eastern Mediterranean
region, it is close to 2%; in Europe, nearly 1.5%; and in the Western Pacific region and the
Americas, the estimated prevalence is less than 1% [29].

The modes of HCV transmission vary based on regional factors and risk profiles. In
high-income countries, the primary route is through injecting drug use, whereas in low-
income countries, transmission often occurs through contaminated medical procedures and
blood transfusions. Other potential avenues of transmission include unprotected sexual
contact and mother-to-child transmission during childbirth [31].

As with HBV, it is imperative to implement effective preventive measures for HCV,
not only due to the possibility of chronic infection, but also of the risk of developing liver
tumors. In HCV patients, the incidence of HCC can increase by 10–20-fold [32], being
responsible for approximately 30–50% of HCC cases worldwide [33]. Moreover, despite
the changes in the epidemiology of HCC over the years, with metabolic-associated fatty
liver disease gaining prominence, chronic hepatitis C remained the second leading cause
of liver transplantation in the United States for men in 2019 and the third leading cause
for women [34].

According to the natural history of HCV infection, up to 80% of individuals do not
achieve spontaneous viral clearance, and in 20% of those patients, it progresses to cir-
rhosis [35]. Chronic hepatitis C often remains asymptomatic for several years, leading
to a delay in diagnosis and treatment. Patients typically seek clinical care when symp-
toms related to complications of cirrhosis or HCC itself become evident, accounting for
approximately 15% of cases [36].
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Direct acting antiviral (DAA) therapy has revolutionized the treatment of HCV in-
fection, offering a cure for most patients. Combinations of two (Sofosbuvir/Velpatasvir,
Glecaprevir/Pibrentasvir) or three (Sofosbuvir/Velpatasvir/Voxilaprevir, used in treat-
ment failure) DAAs have consistently achieved an overall SVR rate exceeding 95%. These
treatments offer excellent tolerability and safety, which previous therapies did not, irre-
spective of factors such as genotype, fibrosis stage, intravenous drug abuse, or psychiatric
comorbidities [32].

Attaining SVR through DAA therapy is strongly associated with a reduced risk of
developing HCC, making SVR a pivotal factor in decreasing HCC incidence. Some meta-
analyses of DAAs, especially pan-genotypic ones, have shown that achieving SVR can
reduce the HCC risk by 50–80% [37]. It is essential to recognize that the risk of HCC
does not return to baseline levels, particularly for patients with characteristics that are less
favorable for achieving SVR [38].

As a result, international guidelines recommend post-SVR surveillance, including
liver imaging and alpha-fetoprotein (AFP) tests every six months for cirrhotic patients.
EASL guidelines extend this recommendation to individuals with advanced fibrosis (F3).
The risk factors for post-SVR HCC development include age, male gender, lower baseline
albumin, higher bilirubin levels, an FIB-4 score > 3.25, hepatitis B coinfection, and liver
stiffness post-SVR ≥ 20 kPa [39].

Some studies have examined the impact of SVR achieved with DAAs on hepatic
fibrosis in patients with chronic hepatitis C. These studies found that fibrosis improved
by at least one stage in 56% of patients after a 15-month follow-up, and, notably, cirrhosis
reversed in 29% of patients [40].

Another crucial consideration is the identification of surrogate markers predictive
of fibrosis. For instance, splenomegaly was found to be a negative predictor of fibrotic
improvement in cirrhotic patients who achieved SVR, in contrast to a platelet count greater
than 152 × 109/L, which served as a sensitive and specific marker for fibrosis regression [39].
It is essential to recognize the potential for fibrosis reversal, particularly in high-risk patients
(those with advanced liver fibrosis—F3 or cirrhosis—at the time of DAA treatment). Doing
so can lead to improved clinical outcomes, including a reduction in hepatic decompensation
and complications, and a decreased risk of HCC development [40].

Preventive strategies for HCC in patients with HCV also include lifestyle modifications,
such as reducing alcohol consumption and maintaining a healthy weight, which can help
reduce the risk of HCC in these patients. Additionally, the management of comorbidities
such as diabetes can also help reduce the risk of HCC [32].

Screening for HCC in patients with HCV is of utmost importance for early detection
and treatment. Currently, ultrasound (US) serves as the established surveillance modality
and is acknowledged as the most suitable imaging technique for HCC surveillance accord-
ing to all international guidelines [41]. Cost-effectiveness studies have demonstrated that
ultrasound-based surveillance every 6 months enhances quality-adjusted life expectancy at
reasonable costs.

The early detection of HCC allows for curative treatments, such as resection, liver
transplantation, or regional therapies, all of which significantly improve outcomes in
patients with HCV [42].

In conclusion, preventing HCC in patients with HCV infection is crucial for reduc-
ing the global burden of liver cancer and its impact on communities. The effective,
cost-efficient treatment of HCV, increased investment in screening and diagnosis, and
lifestyle modifications all represent powerful strategies for preventing HCC in these pa-
tients. Further research is essential to enhance outcomes and alleviate the HCC burden in
HCV-infected individuals.

5. Prevention of Fatty Liver Disease

The prevalence of fatty liver disease has also increased significantly in recent years.
Most recent meta-analyses estimate the global prevalence for MASLD as being between
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30% and 38% among the adult population [43]. As with any other chronic liver disease,
MASLD, and particularly MASH, may also eventually lead to liver fibrosis in 35% of
patients. Per year, approximately 2–5% of these patients will be diagnosed with liver
cirrhosis [44]. Not surprisingly, MASLD is the fastest rising etiology of cirrhosis associated
with acute-on-chronic liver disease (ACLF) among patients listed for liver transplantation
in the US [45]. Also, of all patients with MASLD-derived cirrhosis every year, 2–3% will
develop liver cancer [44].

However, fatty liver disease not only leads to cirrhosis, ACLF, liver cancer, and other
liver-related complications. The disease is also closely linked to metabolic syndrome, and
patients with fatty liver disease have a high rate of cardiovascular co-morbidities [46]. Most
importantly, cohort studies clearly demonstrated that cardiovascular disease is the most
common cause of death in patients with MASLD [47,48]. Also, in MASLD patients under-
going coronary angiography, the disease was significantly and independently correlated
with the severity of coronary artery disease [49,50]. Furthermore, MASLD was repeatedly
associated with an increased risk of stroke [51].

HCC development is a significant major threat to patients with MASLD. It is essential
to acknowledge that MASLD-associated HCC may develop in patients with or without
cirrhosis and that the rate of HCC in non-cirrhotic patients may be higher compared to
patients with other chronic liver diseases, e.g., chronic viral hepatitis C. As these patients
may not receive a standard surveillance ultrasound very six months, the diagnosis of these
cancers may be significantly delayed, further aggravating the risk of a lethal course of the
disease and considerably impacting the 5-year survival [52].

Generally, a cure for the disease could be fairly easy, as a body weight reduction of
7–10% improved liver fat content, MASH, and fibrosis [53]. Furthermore, intervention
studies repetitively demonstrated the efficacy of weight loss in managing metabolic param-
eters and fatty liver disease [54]: blood pressure, insulin resistance, and muscle strength,
among others, are significantly improved with weight loss, factors that are closely linked to
metabolic syndrome [55].

However, weight loss is challenging for most patients, and long-term weight loss
maintenance remains highly difficult. Some reports have reported most of the weight being
regained after five years by a considerable number of patients [56,57].

At the same time, the medical treatment of MASLD also remains surprisingly chal-
lenging and, currently, no drugs are available or approved for the medical treatment of
the disease. Just recently, a randomized phase III clinical trial of Resmetirom, targeting
the thyroid hormone receptor (THR)-b, demonstrated positive effects on the reduction in
fat content and fibrosis of the liver [58,59]. With these data, it is hoped that this drug will
finally receive FDA approval. A second drug, obeticholic acid—a farnesoid X receptor
(FXR) agonist—did not receive FDA approval despite positive phase III data [60].

With the lack of specific treatment options for MASLD, more unspecific treatment
options primarily aimed at weight loss have become popular among overweight patients
and patients with fatty liver disease. GLP-1 antagonists such as Semaglutide were demon-
strated and approved for weight loss [61]. After FDA approval, the drug gained high
popularity and was even temporarily sold out. Although GLP-1 may aid in weight loss
efforts, it must be stressed that, according to the current data from a randomized phase II
trial in patients with MASH and compensated cirrhosis, Semaglutide did not significantly
improve fibrosis or achieve MASH resolution versus placebo [62].

In the absence of therapeutic drug options, bariatric surgery currently remains one of
the main treatment options. Several surgical strategies were established, of which Roux-Y
Gastric Bypass (RYGB) and Sleeve Gastrectomy are presently the most commonly applied
procedures. No matter what procedure is used, bariatric surgery leads to effective weight
loss in most overweight and fatty liver disease patients, but also reduces the cardiovascular
risk and, ultimately, even patient mortality [63].

Overall, given the high prevalence of patients with MASLD, currently estimated to
affect approximately 30% of the general population around the globe, its considerable
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impact on liver failure and carcinogenesis, improvements in the awareness and prevention
of fatty liver disease have become a key issue in public health in most countries. With the
current lack of available drugs, bariatric surgery should be considered in patients with
advanced MASH and the failure of sufficient weight loss, as, in general, a weight loss of
approximately 10% was demonstrated to be associated with a significant improvement in
fatty liver disease.

6. Secondary Prevention of Esophageal Bleeding in Patients with Liver Cirrhosis

Even after the development of liver cirrhosis, preventative measurements may be of
high clinical benefit for patients. Esophageal variceal bleeding because of portal hyperten-
sion may be prevented, or at least significantly reduced, through non-selective beta-blocker
(NSBB) treatment.

The use of NSBBs in the primary prevention of esophageal bleeding is well established.
By reducing cardiac output and splanchnic vasoconstriction resulting in a decrease in
portal collateral blood flow [64], NSBBs were repetitively shown to be effective in both
the primary and secondary prevention of esophageal bleeding [65–67]. In recent years,
carvedilol was favored over propranolol [68], as an intrinsic anti-a1 adrenergic effect was
demonstrated to cause intrahepatic vasodilatation and an additional decrease in portal
pressure [64]. Thus, the most recent Baveno VII guidelines recommend carvedilol as
the preferred NSBB in compensated cirrhosis, being more effective at reducing HVPG,
providing better tolerability, and improving survival in compensated patients with clinically
significant portal hypertension [69]. The use of NSBB in decompensated cirrhosis remains
controversial. Based on initial data and trials discouraging NSBB use in decompensated
cirrhosis, they are currently not recommended in many guidelines. However, several recent
studies have questioned that dogma and provided evidence that a cautious use of NSBB
may also be feasible and potentially effective in decompensated cirrhosis [70–73].

Alternatively, endoscopic band ligation (EBL) is currently thought to be equally ef-
fective in the primary prevention of first esophageal bleeding in patients with (high-risk)
varices, although the data basis for their evaluation is somewhat heterogeneous. First,
EBL had to be compared against NSBB treatment as they were already established by the
time EBL became available. Several randomized controlled trials have shown a benefit
of EBL in preventing first variceal hemorrhage. However, this effect was not visible in
larger trials with more than 100 patients and longer follow-ups. Summarizing the available
evidence, a Cochrane analysis found a beneficial effect of EBL on the primary prevention of
upper GI bleeding in patients with esophageal varices. However, this effect did not impact
mortality [74]. As it is currently assumed that EBL and NSBBs are equally effective, it is
important to point out that NSBBs, in particular carvedilol, have a lower risk of serious
complications compared to EBL [75,76].

Having established a potential role of EBL in the prevention of variceal bleeding, the
use of both NSBBs and EBL is clinical routine in many hepatological centers around the
globe. This leads to the obvious question of whether a combination of both treatment
options would further increase the efficacy of bleeding prevention. Current data remain
inconclusive, with some studies supporting a reduced probability of first bleeding [77],
others stating a lower recurrence of varices if propranolol is added to EBL [78], and
additional ones with data concluding that a combination does not add any benefit for
the patient [79].

7. Prevention of Liver Cancer—HCC Surveillance

As previously stated, patients with liver cirrhosis have a significantly higher risk of
developing HCC. Depending on the underlying disease, up to 6.5% of patients develop
HCC each year [80]. Other risk constellations associated with an increased HCC rate
are chronic hepatitis B and advanced fibrosis and cirrhosis. This significantly increased
incidence justifies the regular surveillance of these patients using ultrasound or other
imaging such as computed tomography (CT) or magnetic resonance imaging (MRI) [81].

46



J. Pers. Med. 2024, 14, 132

Most recently, a large meta-analysis including almost 150,000 patients showed that patients
who receive regular surveillance (ultrasound every 6 months) have a longer overall survival
period [82]. This is due to the earlier detection of tumors in early tumor stages, among
other factors [82]. Thus, more patients can be referred to curative therapy. An independent
study also recently showed that shortening the surveillance interval to 3 months did not
improve survival in these patients. In terms of the sensitivity and specificity of early
HCC detection, conventional ultrasound and CT were comparable, while MRI performed
better [83]. However, as MRI resources remain limited in many areas and ultrasound is
ubiquitously available, ultrasound currently remains the imaging method of choice. In this
respect, surveillance using ultrasound or other imaging methods has found its way into
the recommendations of various gastroenterology or hepatology societies [81,84].

In contrast, a benefit of biomarkers in the early detection of liver cancer is still highly
controversial. Heterogeneous data and the resulting meta-analyses have so far not shown
an advantage for the use of AFP/AFP-L3 in the early detection of HCC [85,86]. Combina-
tions of several markers including AFP, such as the GALAD (gender, age, AFP-L3, AFP,
des-gamma-carboxy prothrombin) factor, are currently being discussed and undergoing
extended clinical evaluation [85,87]. A combination of imaging with laboratory chemi-
cal markers such as AFP has also not been shown to have an advantage or additional
benefit [88].

8. Preventive Substances—Metformin, Aspirin, Coffee, Statins

Numerous publications have suggested the preventive effects of diverse drugs and
nutrients on the decompensation of liver cirrhosis and the development of HCC. Although
none of these preventive options are clearly recommended in clinical practice guidelines,
cumulating data, mostly from retrospective data analyses, at least warrant further evalua-
tion of their potential use. Among the most prominent examples is metformin, which is
encouraged to be evaluated in patients with liver cirrhosis for HCC prevention by German
HCC guidelines [81]. Also, accumulating evidence on coffee consumption resulted in a
recommendation to encourage patients with chronic liver diseases to drink coffee in order
to decrease liver-related mortality and HCC development by the EASL clinical practice
guideline [84]. Other substances such as statins, acetylsalicylic acid (ASA), or vitamin
D supplementation were also under evaluation and were reported to show efficacy in
larger retrospective analyses. We recently summarized the accumulating evidence else-
where [89]. Finally, decreased anti-oxidant capabilities were repetitively discussed for
chronic liver diseases, and the supplementation of vitamin E has been suggested by some
authors as a possible “scavenger” of oxidative stress products. However, the role of vitamin
E supplementation remains controversial [90], particularly since some reports discussed
an association with an increased risk of prostate cancer [91,92]. However, the successful
implementation of some of these strategies may potentially lead to additional improvement
in the prevention of HCC development in patients with liver cirrhosis.

9. Further Improving Prevention in Hepatology—Awareness, Risk Stratification,
and Big Data

The development of several effective prevention concepts is certainly among the
biggest success stories in hepatology. As previously stated, with effective vaccination strate-
gies, new therapeutic options, nutritional interventions, and even preventative surgical
procedures, chronic progression to liver cirrhosis and its associated complications can be
avoided for many liver diseases. Most importantly, this saves the patient considerable
suffering and also saves society significant costs in the treatment of these liver diseases
and secondary complications or even liver transplantation. Despite the availability of these
effective preventive tools, it is evident and undisputed that there is still significant room
for improvement.

Essential to further improvements in prevention in hepatology must be to increase
awareness of liver diseases, preventive possibilities, and the usefulness of (regular) testing.
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To illustrate this issue, we launched a public website for patients to inquire about their
risk for liver disease. Among more than 117,000 participants, 50.7% were uncertain about
their liver enzyme status. In addition, approx. 30% were unsure about their hepatitis
B vaccination status [93]. Obviously, even for such a potentially essential preventative
intervention like hepatitis B vaccination, awareness could be significantly improved.

Simultaneously, it has recently been shown by the German Hepatitis C Registry and
others that if we are, in fact, to regularly test more patients (i.e., regular follow-ups), we
will indeed improve liver health. In Germany, health insurance companies just recently
agreed that testing for hepatitis B and C would be part of regular check-up tests at the age
of 35. The effectiveness of these measurements was evaluated by the German Hepatitis C
Registry. Out of the 13,000 patients tested, 52 people had previously unknown anti-HCV
antibodies and 8 were even HCV-RNA-positive. Thus, the number of patients that needed
to be screened was 262; narrowing the HCV screening to risk factors such as (previous)
drug abuse, blood transfusion before 1992, immigration to Germany, and elevated ALT
further reduced the number needed to be screened to 111 [94].

Broad screening approaches and the detailed analysis of the resulting Big Data in
healthcare could further improve prevention in hepatology. As an example, we recently
demonstrated that influenza vaccination in patients with alcoholic liver cirrhosis may lead
to a significant improvement in survival using the large public electronic health record
collection of the international OHDSI (Observational Health Data Sciences and Informatics)
consortium [95]. However, we found surprisingly few data available on vaccinations other
than hepatitis A and B. In a similar approach, these methods were also used to further
validate the beneficial effects of metformin and aspirin, but also the link to poorer prognosis
in patients receiving catecholamines in patients with alcoholic liver disease [96]. Given the
rapidly increasing and available health-related data for chronic liver disease, the joint efforts
of clinicians and medical informaticists could unravel multiple further preventive aspects,
particularly for co-medications and co-morbidities in patients with chronic liver disease.

With the increasing identification of patients with elevated liver values at risk for
chronic liver disease, it will be important to refer patients with an elevated risk of chronic
deterioration, a lack of prevention or treatment options in general practice, or an acute
course of the disease to specialized centers. Given the enormous number of patients and
considering that the prevalence of fatty liver disease alone is nearly 30% of the adult
population worldwide, the stratification of patients is becoming increasingly important. In
addition, close networking between general practitioners and specialists will be essential
in order to enable the optimal use of the health system’s limited resources [97].

Since most of the health consequences of liver disease result from progressive chronic
disease and from progressive fibrosis/cirrhosis, determining the degree of fibrosis using
liver biopsy or elastography has emerged as an effective selection criterion. However,
since these are not ubiquitously available and—particularly biopsy—involve considerable
logistical effort, serological markers have increasingly emerged and been validated in recent
years, particularly regarding liver-related events and mortality.

The Fibrosis-4 (FIB-4) Index for Liver Fibrosis is currently preferred in most clinical
evaluations, particularly because of the easy availability of the included parameters (i.e.,
age, platelets, and transaminases) [98]. The further development of integrated care concepts
must now involve the validation of these care concepts by incorporating serological or
elastography markers into the stratified care of liver diseases [97]. If such validation is
successful, it will certainly lead to a much more efficient use of the health system’s available
resources, ultimately also enabling an even broader rollout of the already available, highly
successful tool to prevent and halt the progression of liver disease.

Finally, novel developments in MASLD, hepatitis B, and hepatitis D treatment may, in
the near future, offer even more options for the effective prevention of liver cirrhosis and
its associated complications. Resmetirom has demonstrated positive effects on fat content
and fibrosis in MASLD and may soon become the first FDA-approved drug to treat the
disease and prevent its progression to cirrhosis [58,59]. Furthermore, recent progress in
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early clinical trials and novel approaches for a cure of hepatitis B could eventually translate
into effective treatment strategies and a reduction in the global hepatitis B prevalence [99].
Subsequently, this would lead to a significant reduction in associated liver cirrhosis. Finally,
the successful introduction of Bulevirtide for hepatitis D treatment in some countries may
also help to prevent the development of liver cirrhosis in hepatitis B/D co-infected patients.
A global introduction and approval may further aid in the efforts made towards limiting
disease progression [100].

10. Conclusions

The development of preventive strategies and treatments in hepatology over the past
decades truly is a success story. However, despite this medical progress, the prevalence
of chronic liver diseases is increasing, and currently as much as 30% of the global adult
population is assumed to suffer from elevated liver enzymes and chronic liver disease.
Thus, continuous testing in primary care and awareness campaigns to motivate patients
to be tested are crucial for further improvements in prevention in hepatology. Primary
prevention through universal vaccination was proven highly effective for hepatitis B and is
of high impact, particularly in high-prevalence areas. With the large number of patients
suffering from fatty liver disease, stratification will be necessary for secondary prevention,
as those with viral, metabolic, or autoimmune diseases or with a higher fibrosis grade need
more specialized treatment in order to prevent liver cirrhosis and its complications. In
contrast, patients with low fibrosis and a high likelihood of fatty liver disease may very
well undergo an attempt of weight loss under the guidance of their primary care physician.
Therefore, the FIB-4 was established as a simple marker for estimating fibrosis load. Finally,
HCCs are detected earlier through consistent surveillance using ultrasound and patients
are treated curatively more frequently.

In conclusion, vaccination and the early identification of patients for further surveil-
lance and early treatment, as well as effective patient stratification, may further im-
prove prevention in hepatology, as effective preventive options are already available for
many diseases.
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Abstract: Several antiviral treatment regimens for chronic hepatitis B (CHB) virus infection have been
shown to be effective in suppressing viral load and reducing the risk of hepatocellular injury and its
complications. It has been hypothesized that high levels of circulating HBV surface antigen(s) may
lead to immune tolerance against HBV and contribute to chronic carriership. Conversely, low-level
HBsAg may create a window for the reconstitution of an HBV-specific immune response through
vaccination and control of infection. Previous studies in non-responders to yeast-derived HBV
vaccines, using a third-generation pre-S/S vaccine, have led to up to 95% anti-HBs seroconversion.
This report evaluates the long-term outcome after experimental vaccination with a pre-S/S HBV
vaccine intended as a therapeutic intervention in chronic HBV carriers. Four low-level HBsAg carriers
(<500 IU/mL) were vaccinated three to seven times with 20 µg PreHevbrioR. Three out of four carriers
eliminated HBsAg completely and seroconverted to anti-HBs. One patient seroconverted to anti-HBs
but remained with a borderline HBsAg titer (10 IU/mL). Serum anti-HBs levels following repeated
vaccination varied between 27 and >1000 IU/L, respectively. Long-term observation (>6 years)
showed that after discontinuing NUC treatment for at least two years, HBsAg and HBV DNA
remained negative with anti-HBs positive titers ranging between 80 and >1000 IU/L. Based on
our preliminary observations, there is a rationale to further evaluate the role of this vaccine as a
therapeutic agent.

Keywords: chronic hepatitis B; NUC treatment; low-level HBsAg carriers; therapeutic vaccination;
third generation pre-S/S vaccine; long-term observation

1. Introduction and Rational

Currently, chronic HBV infection affects an estimated 300 million people worldwide,
leading to about 1 million deaths per year caused by complications of liver disease and
hepatocellular carcinoma (HCC) [1]. For more than 30 years, hepatitis B vaccines have
efficiently decreased the incidence worldwide, also in countries known to be heavily
affected (endemic) for HB, such as China [2]. Yet, a large pool of individuals with chronic
infections remain at risk of developing liver cirrhosis and hepatocellular carcinoma. Those
with chronic HBV infections serve as the main reservoir for viral spread. In the United
States, fewer than one-third of individuals with chronic HBV are aware of their infection
status, increasing the likelihood of transmission to susceptible populations and putting
close family members, household contacts, and sexual partners at risk of infection [1].

An effective HBV-specific T-cell response is regarded as a key determinant in resolving
acute infection. The human immune system has the potential to resolve an acute HBV
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infection in about 90% of infected individuals. However, in patients who fail to resolve
acute infection and develop chronic hepatitis B, an effective T-cell response against the
virus is functionally impaired or absent. Furthermore, a humoral anti-HBs immune re-
sponse is required for protection against HBV infection due to exposure or re-exposure in
patients who recover from acute hepatitis B, as well as in patients successfully immunized
against HBV.

Current available therapies for chronic hepatitis B include the short-term administra-
tion of pegylated interferon-alfa (PEG-IFNα) or long-term nucleoside analogues (NUC)
treatment. Fortunately, the current generation of NUCs, such as Entecavir (ETV) and
Tenofovir (TDF), effectively suppress viral replication with a high barrier to resistance in
the majority of patients [3]. However, NUCs cannot reconstitute immunological control
and completely eliminate HBV in patients. The infection of woodchucks with woodchuck
hepatitis virus (WHV) is an important preclinical model for chronic hepatitis B since it has a
very similar pathogenesis as HBV infection in humans. This includes a high rate of chronic
infection in early life, frequent integration in the genome of hepatocytes, cccDNA in the
replication cycle of the virus and development of HCC. Studies in patients and woodchucks
indicate a high frequency of HBV DNA or WHV DNA integration into the host genome
during chronic infection, respectively [4]. Both integrated viral DNA and free episomal are
important sources for the continuous production of large amounts of envelope proteins
(HBsAg or WHsAg), which remain unaffected by NUC therapy [5]. HBsAg, present in high
levels, seems to induce an immune inhibitory effect on both adaptive and innate immune
functions [6,7]. The secretion of the small surface antigen, especially in the early phase
of infection, has been suggested to interfere with the generation of an effective immune
response against HBV through the induction of immune tolerance toward viral antigens [8].

This tolerance can promote an enhanced viral load and paradoxically reduce the
intensity of hepatocellular injury [9].

There are rare cases of chronically HBV-infected patients who spontaneously overcome
HBV-specific immune tolerance and clear HBsAg [10]. Additionally, HBsAg clearance rates
have been reported in the years following the discontinuation of NUC therapy [11,12], with
such cessation proposed as a strategy to induce enhanced immune control. The highest
HBsAg seroclearance rate in this context reached 39%, 4–5 years after discontinuation of
NUC therapy [13]. However, a recent study by Jeng et al. evaluating the cessation of NUC
monotherapy in HBeAg-negative and HBeAg-positive patients determined the annual
HBsAg seroclearance rate to be only 1.78% [14]. A low baseline HBsAg concentration
was the only statistically significant correlate for HBsAg seroclearance, indicating that a
high HBsAg level may be an important factor in maintaining immunotolerance in chronic
hepatitis B carriers.

This immune tolerance may explain, at least in part, why attempts at therapeutic
vaccination with conventional HBsAg vaccines have failed in several clinical trials [15]. In
pre-clinical trials in the mouse model, it has been shown that vaccination of HBV transgenic
mice with a high level of HBsAg are associated with a low level of B- and T-cell response to
HBsAg or the core protein and do not reduce HBsAg or induce anti-HBs [16].

Nevertheless, low-level HBsAg in HBV carriers may create a window to reconsti-
tute an HBV-specific immune response through so-called therapeutic vaccination in a
compassionate access program setting.

It was therefore hypothesized that patients under NUC therapy, who have a low
HBsAg load, may be good candidates for an effective therapeutic intervention through
vaccination against HBV.

1.1. Development of Vaccines for Protection against Hepatitis B Virus Infection

First-generation, plasma-derived hepatitis B vaccines containing HBsAg harvested
from patients with chronic Hepatitis B were developed in the late 1970s. In the mid-
1980s, second-generation recombinant DNA hepatitis B vaccines were constructed in yeast
transfected with HBV-DNA sequences coding for the small hepatitis B virus surface protein
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(SHBs). These vaccines have gradually replaced the first-generation plasma-derived [17]
vaccines and are currently used for universal vaccination of newborns and adults in more
than 170 countries worldwide [18].

According to WHO guidelines, successful seroprotection against HBV infection after
vaccination is defined by an anti-HBs titer of ≥ 10 IU/L (following immunization with
at least three vaccine doses). The same threshold anti-HBs level applies to the definition
of protection against hepatitis B after resolution of “wild-type” HBV infection. While
the majority of vaccinees develop protection against HBV, 5–10% do not respond to the
currently used conventional vaccines. These non-responders have anti-HBs levels < 10 IU/L
after three or more injections with the conventional vaccine and remain susceptible to HBV
infection. Thus, protection of such non-responders to conventional vaccination against
HBV remains an important goal for specific risk groups (e.g., medical personnel involved in
exposure-prone procedures, babies born to HBsAg positive mothers, or spouses of HBsAg
carriers). The recently developed US FDA/EMA approved pre-S1/pre-S2/S HBV vaccine
(PreHevbrioR) has been shown to bypass resistance to vaccination in such non-responders
to conventional vaccines containing only the small surface antigen [17,19–21].

1.2. Development of Therapeutic Vaccines for Control of Chronic Hepatitis B

Therapy with NUCs does not completely eliminate HBV, and there is a need to explore
additional therapeutic regimens. With a few exceptions, vaccines are traditionally used for
prevention of infection and not for treatment of established infections. An early attempt
at therapeutic vaccination with an HBV vaccine containing the small HBsAg was indeed
unsuccessful [15], possibly due to a failure to generate an effective cellular immune response
against HBV.

We hypothesized that a new third-generation highly immunogenic HBV vaccine,
Sci-B-Vac™, recently renamed PreHevbrioR, containing all three envelope proteins, may
harbor a therapeutic potential against HBV, possibly leading to a functional cure of HBV
infection [20,21]. Indeed, restoring an antiviral B-cell and T-cell response not only in non-
responders to the vaccine but also in patients with persistent HBV infection, remains a
major challenge.

Consequently, starting in 2010, we initiated an experimental “Compassionate Access
Program” in patients with chronic hepatitis B (CHB) with low-level HBsAg (<500 IU/mL) to
assess the safety and efficacy of pre-S/S (PreHevbrioR) vaccination in chronic carriers [22].
This therapeutic vaccination was not structured as a clinical trial.

Our early results reveal that a functional serologic cure was induced in a small number
of HBsAg-positive patients treated with NUCs and immunized repeatedly with the pre-
S1/pre-S2/S vaccine. We hypothesized that ongoing vaccinations using the pre-S/S vaccine
in combination with NUC may lead to a functional cure of HBV. Consequently, we initiated
a long-term follow-up of such patients.

The desired clinical outcome of our treatment protocol is the loss of HBsAg and
induction of seroconversion to anti-HBs, leading to a putative “functional cure” as a result
of suppression of viral replication with an aim to induce a sterilizing cure [23], eliminating
hepatocytes containing episomal covalently closed circular HBV DNA (cccDNA).

2. Materials and Methods
2.1. Patients

An anonymous data request was sent to two virologic diagnostic laboratories to
determine the frequency of low-level carriers of HBsAg who might be good candidates for
this therapeutic vaccination protocol [22].

Four patients with chronic, low-level HBsAg were included in this pilot “Compas-
sionate Access Program” using the third-generation pre-S/S HBV vaccine (PreHevbrioR).
According to the Declaration of Helsinki § 37: “In the treatment of an individual patient,
where proven interventions do not exist or other known interventions have been ineffective,
the physician, after seeking expert advice, with informed consent from the patient or a
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legally authorised representative, may use an unproven intervention if in the physician’s
judgement it offers hope of saving life, re-establishing health or alleviating suffering. This
intervention should subsequently be made the object of research, designed to evaluate its
safety and efficacy. In all cases, new information must be recorded and, where appropriate,
made publicly available”.

We followed this guideline in our clinical observation. All patients to be vaccinated
with the pre-S/S vaccine (PreHevbrioR) gave written consent to this procedure.

These patients were identified through the surveillance system of the registry at the
University Hospital Essen and the Helios Klinikum Niedernberg. After screening our cohort
of patients, only low-level carriers were chosen to give them this vaccine as compassionate
use. There were no long-term HBsAg measurements prior to start of vaccination and HBV
DNA below detection limit (HBV DNA “negative” as it is written in clinical diagnostic
reports) was a prerequisite prior to vaccination.

Among them, two were females and two were males, with ages ranging between 43
and 68 years. Baseline characteristics (age, gender, HBV-DNA, HbsAg, anti-HBs status,
NUC therapy, e.g., Baraclude, Viread, Entecavir, Tenofovir) of the four vaccinated patients
with low-level HBsAg before and after vaccination are shown in Table 1. All patients were
HBeAg-negative and anti-HBc-positive.

Table 1. Summary of therapeutic vaccination in four patients.

Patient HBV-DNA Quant.
IU/L (CobasX800)

HBs-Ag IU/mL
(CMIA)

Anti-HBs IU/L
(ECLIA)

Patient 1 Male, 46 y
Prior to Vaccination Negative 22 Negative
Number of Vaccinations: 4 with PreHevbrioR (10 µg)
Number of Vaccinations: 3 with PreHevbrioR (20 µg)
Post-Vaccination (48 months) Negative Negative 1000
Termination of NUC Treatment (24 Months after Vaccination): 2021

Patient 2 Male, 68 y
Prior to Vaccination Negative 264 Negative
Number of Vaccinations: 4 with PreHevbrioR (20 µg)
Post-Vaccination (60 months) Negative 10 112
Termination of NUC Treatment (30 Months after Vaccination): 2014

Patient 3 Female, 43 y
Prior to Vaccination Negative 21 Negative
Number of Vaccinations: 5 with PreHevbrioR (20 µg)
Post-vaccination (48 months) Negative Negative 58
Termination of NUC Treatment (24 Months after Vaccination): 2020

Patient 4 Female, 61 y
Prior to Vaccination Negative 350 Negative
Number of Vaccinations: 3 with PreHevbrioR (20 µg)
Post-Vaccination (7 months) Negative Negative 27
NUC Treatment: Ongoing

The following inclusion criteria were used for recruitment: HBsAg-positive carrier
status for more than five years; quantitative HBsAg level currently below 500 IU/mL;
NUC treatment (e.g., Baraclude, Viread, Entecavir, Tenofovir) for at least two years; HBV
DNA-negative; HBeAg-negative; anti-HBs-negative.
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As controls, two high-level carriers of HBsAg (27,000 IU/mL and 8552 IU/mL, re-
spectively) were also vaccinated. These patients were treated with NUCs (Entecavir) and
had HBV-DNA below the detection limit. Baseline characteristics (age, gender, HBV-DNA,
HBsAg, anti-HBs status, NUC therapy: Entecavir, Tenofovir) of these two vaccinated con-
trol patients (C 1, C 2) with high-level HBsAg before and after vaccination are provided in
Table 2.

Table 2. Summary of therapeutic vaccination in two control patients.

Patient HBV-DNA Quant.
IU/L (CobasX800)

HBs-Ag IU/mL
(CMIA)

Anti-HBs IU/L
(ECLIA)

Patient C1 Male, 68 y
Prior to Vaccination Negative 24.000 Negative
Number of Vaccinations: 10 with PreHevbrioR (20 µg)
Post-Vaccination (40 months) negative 24.000 Negative
Termination of NUC Treatment (32 Months after Vaccination): 2019

Patient C2 Female, 65 y
Prior to Vaccination Negative 8442 Negative
Number of Vaccinations: 3 with PreHevbrioR (20 µg)
Post-Vaccination (6 months) Negative 7687 >1.000
NUC Treatment: Ongoing

2.2. Pre-S1/Pre-S2/S HBV Vaccine

The third-generation vaccine pre-S1/pre-S2/S HBV (PreHevbrioR) is an aluminum
hydroxide adjuvanted recombinant hepatitis B vaccine [18], currently manufactured by VBI
Vaccines Ltd., Cambridge, MA, USA. This pre-S1/pre-S2/S vaccine is produced in mam-
malian Chinese hamster ovary (CHO) cells transfected with appropriate HBV sequences
that code for the three HBV envelope proteins: the small S hepatitis B surface antigen
(SHBs), the middle pre-S2 (MHBs), and the large pre-S1 envelope protein (LHBs). The
purified HBsAg particles, secreted by the transfected CHO cells, mainly consist of SHBs
(75–77% p24, gp27), MHBs (17–21% gp33, gp36), and LHBs (3–7% p39, gp42).

This pre-S1/pre-S2/S vaccine was approved by the FDA in November 2021.The
European Medicines Agency (EMA) authorized this vaccine for use in the EU (including
Germany) since 18.5.2022. Authorization details: EMA Product Nr: EMEA/H/C/005466
Reference Number: EMA/129611/2022.

2.3. Vaccination Protocol and Monitoring

In this “Compassionate Access Program,” four patients who met the inclusion criteria
were initially vaccinated according to the protocol on Day 0, Day 30, and Day 90. As there is
no experience at which time intervals and how frequent therapeutic vaccination is needed
to reach functional cure status, we used different schedules and numbers for vaccination.
The numbers of vaccinations for each patient are given in Figures 1 and 2. All patients
were presented individually because they started therapy in different years. In Patient
1, we started with a single dose of 10 µg, but he showed no response in terms of anti-
HBsAg. Therefore, he was vaccinated more frequently and consecutively with 20 µg. After
that, we administered 20 µg of PreHevbrioR initially in the other patients, which showed
better response.
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Figure 1. Kinetics of HBsAg and anti-HBs in vaccinated chronic low-level (HBsAg < 500 IU/mL)
HBV carriers over time. Red arrows indicate the timing of vaccination/re-vaccination. The x-axis
represents the month/year.
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Figure 2. Kinetics of HBsAg and anti-HBs in vaccinated chronic high-level (HBsAg > 5000 IU/mL)
HBV carriers over time. Red arrows represent time of vaccination/re-vaccination. The x-axis
represents the month/year.

Anti-HBs levels (ECLIA) were determined 4 weeks after each vaccination. If a low
immune response was observed after three vaccine doses (defined as an anti-HBs level
< 100 IU/L), additional vaccine shots were administered. HBsAg (CMIA) and HBV DNA
levels (CobasX800) were determined before vaccination. Monitoring of transaminases
(GOT, GPT, GGT) and bilirubin was performed simultaneously (Tables 3 and 4).
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Table 3. Summary of transaminases development in four patients.

Patient GOT/GPT IU/L 10–50 GGT IU/L < 66

Patient 1 Male, 46 y
Prior to Vaccination 41/60 45
Post-Vaccination (48 months) 39/47 43
Termination of NUC Treatment (24 Months after Vaccination): 2021

Patient 2 Male, 68 y
Prior to Vaccination 27/38 24
Post-Vaccination (60 months) 23/28 13
Termination of NUC Treatment (30 Months after Vaccination): 2014

Patient 3 Female, 43 y
Prior to Vaccination 24/16 12
Post-Vaccination (48 months) 21/14 10
Termination of NUC Treatment (24 Months after Vaccination): 2020

Patient 4 Female, 61 y
Prior to Vaccination 18/20 18
Post-Vaccination (7 months) 25/27 22
NUC Treatment: Ongoing

Table 4. Summary of transaminases development in two control patients.

Patient GOT/GPT IU/L 10–50 GGT IU/L < 66

Patient C1 Male, 68 y
Prior to Vaccination 24/18 34
Post-Vaccination (2 months) 28/22 56
Termination of NUC Treatment (32 Months after Vaccination): 2019

Patient C2 Female, 65 y
Prior to Vaccination 23/17 19
Post-Vaccination (1.5 months) 24/12 12
NUC Treatment: Ongoing

3. Results

Four patients, who were low-level carriers of HBsAg with levels less than 500 IU/mL
(ranging from 18 IU/mL to 350 IU/mL), underwent vaccination with the PreHevbrioR

vaccine. They received between three and ten doses of 20 µg each, following pre-treatment
with nucleos(t)ide analogues (NUCs). The inclusion criteria for these patients included:
ongoing antiviral NUC therapy for more than 2 years; undetectable HBV-DNA; negative
HBeAg; HBsAg levels under 500 IU/mL; and normal liver enzymes (GOT/GPT) below
50 U/L.

All four HBV carriers, with undetectable HBV DNA and under NUC treatment, who
received three or more doses of the vaccine, seroconverted to anti-HBs at varying levels, as
detailed in Table 1. The administration of the vaccine was well-tolerated, with no patients
reporting serious adverse events (AEs), either locally or systemically, at any point during
the study.
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Patient 1, a 46-year-old male, was HBsAg-positive (22 IU/mL) prior to vaccination.
After receiving seven doses over two years, he completely eliminated HBsAg and sero-
converted to anti-HBs with levels greater than 1000 IU/L (see Figure 1). NUC treatment
with Tenofovir was discontinued two years after the last vaccination. The total observation
period for this patient was eight years.

Patient 2, a 68-year-old male, was HBsAg-positive (264 IU/mL) before vaccination.
After three doses over 2.5 years, he seroconverted to anti-HBs (180 IU/L), and his HBsAg
levels dropped to borderline reactive levels (10 IU/mL). His NUC treatment with Tenofovir
was stopped. Over a monitoring period of six years, his anti-HBs level decreased to
8 IU/L. Following a booster shot, his anti-HBs levels increased to 112 IU/L two weeks after
vaccination (see Figure 1). The total observation period for this patient was nine years.

Patient 3, a 43-year-old female, had an HBsAg level of 18 IU/mL before vaccination.
After five doses over 1.5 years, she cleared HBsAg and seroconverted to anti-HBs with a
level of 80 IU/L (see Figure 1). Her NUC treatment with Tenofovir was discontinued two
years post-vaccination. The total observation period for this patient was eight years.

Patient 4, a female with an initial HBsAg level of 350 IU/mL, seroconverted to anti-
HBs (27 IU/L) after three doses over four months and completely eliminated HBsAg (see
Figure 1). She has been followed for one year so far, with ongoing NUC treatment with
Entecavir. The total observation period for this patient has been one year.

3.1. Monitoring Unvaccinated Carriers

Given that a small number of NUC-treated patients may spontaneously clear HB-
sAg [24], we monitored four such unvaccinated low-level HBsAg carriers under NUC
treatment for over two years. No significant change in HBsAg concentration was observed
during this period.

3.2. Follow-Up of Vaccinated Patients with or without Ongoing NUC Treatment

Patients with chronic hepatitis B who discontinue treatment with NUCs often experi-
ence a relapse of HBV replication, characterized by the reappearance of HBV DNA and
increased HBsAg levels in the serum [3]. Consequently, we monitored our vaccinated
patients who discontinued NUC treatment for two to three years after their last vaccination.

Patient 1 remained HBsAg- and HBV DNA-negative six years after ceasing NUC
treatment, with an anti-HBs titer of >1000 IU/L documented five years post-vaccination.

Patient 2 dropped his HBsAg level to a borderline level of 14 IU/mL one year post-
vaccination and his anti-HBs Titer was 180 IU/L. NUC treatment was stopped two years
after his last vaccination.

Patient 3 HBsAg level dropped to a borderline 14 IU/mL one year post-vaccination,
with an anti-HBs titer of 180 IU/L. NUC treatment was halted two years after the final
vaccination.

Patient 4 lost HBsAg but maintained low anti-HBs titers; thus, NUC treatment contin-
ues. Having recently completed the baseline vaccination series, further monitoring and
potential re-vaccination are planned.

3.3. Vaccination of High-Level HBsAg Carrier Controls

Prior research has demonstrated that high concentrations of HBsAg can significantly
suppress the immune response [24]. To verify ongoing immune tolerance during and after
vaccination in patients with high levels of HBsAg (Table 2), we vaccinated a male chronic
HBV carrier (Patient C1) with an extremely high HBsAg concentration of 27,000 IU/mL.
Despite receiving ten doses of 20 µg PreHevbrioR over seven years, there was no notable
reduction in HBsAg nor seroconversion to anti-HBs (Figure 2).

Another patient (C2), a 65-year-old female initially HBsAg-positive (8552 IU/mL)
before vaccination, maintained similar HBsAg levels (7896 IU/mL) after vaccination. This
patient eventually seroconverted to anti-HBs > 1000 IU/L, which decreased to 197 IU/L
within three months. Due to her high HBsAg levels, NUC treatment is ongoing.
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4. Discussion

In this pilot observation, we followed four HBV carriers with low-level HBsAg
(<500 IU/L) and undetectable HBV DNA, who were under NUC treatment, for up to
6 years after an attempt of therapeutic vaccination with the third-generation vaccine Pre-
HevbrioR. Remarkably, all four carriers seroconverted to anti-HBs, showing increasing
antibody concentrations. This indicates a breakthrough in immune tolerance against HB-
sAg, which dropped below detection levels in patients 1, 3, and 4, while remaining at
very low levels (10 IU/mL) in patient 2. The persistence of circulating HBsAg in patient
2 may be partly explained by the continuous secretion of HBsAg, potentially encoded
by integrated HBV DNA—a phenomenon indistinguishable from HBsAg synthesized by
episomal HBV-DNA.

The long-term observations of patients 1, 2, and 3 suggest the potential establish-
ment of a functional cure of HBV infection over six years of follow-up. Patient 4, while
HBsAg-negative, exhibited low anti-HBs levels and is scheduled for further booster shots
and regular anti-HBs monitoring. Ongoing surveillance of these patients will continue
to monitor for HBV reactivation or the development of liver cirrhosis or hepatocellular
carcinoma (HCC). Should the anti-HBs titer drop below 100 IU/L, additional booster doses
will be considered.

Patients C1 and C2, who had initially high HBsAg titers (27,000 IU/mL and 8552 IU/mL,
respectively) and did not meet the inclusion criteria for the “Compassionate Access Pro-
gram,” were vaccinated with up to ten doses of PreHevbrio. Unlike the low-level HBsAg
carriers, both patients showed no HBsAg reduction or clearance. However, a substantial
anti-HBs titer (>1000 IU/L) was observed in Control Patient C2 over two months, despite
no change in the high HBsAg level.

These outcomes suggest that the low HBsAg concentration in some patients may have
a less tolerizing effect on the immune response compared to high-level carriers [25].

The results of this pilot study indicate that low-HBsAg levels in HBV carriers may be
a prerequisite for therapeutic intervention through immunization with a preS/S vaccine.
To validate this hypothesis, a significantly larger cohort of HBV carrier candidates will be
necessary. We already conducted a preliminary survey to assess the number of candidates
for such a trial for therapeutic intervention through vaccination: HBsAg levels were tested
in two cohorts of patients, using data obtained at the Technical University Hospital in
Munich (n = 351) and the University Hospital Duisburg-Essen (n = 1131). We identified that
30% of patients had HBsAg levels below 500 IU/mL [22], making them potential candidates
for a larger therapeutic vaccination trial with PreHevbrio combined with NUC treatment.

The cumulative experience from several studies highlights that NUC monotherapy
significantly reduces HBV DNA but often fails to decrease HBsAg levels in chronic HBV
(CHB) [3,14]. Thus, exploring new strategies for suppressing HBsAg production, such as
treatment with iRNA (Interference RNA) compounds or nucleic acid polymers (NAPs),
is warranted [26–29]. NAPs therapy has shown promise in two clinical studies, leading to
a 2–7 log reduction of HBsAg concentration in 12 patients [30,31].

In addition to a B-cell response in patient 1 [22], who exhibited the highest antibody
response, we observed an HBV-specific T-cell response. However, T-cell responses in the
remaining patients were below the cutoff. Despite using highly sensitive assays, the HBV-
specific T-cell numbers may have been too low for detection. Further research is needed to
confirm that HBV-specific CD4 and CD8 T cells contribute to sterilizing immunity against
HBV, enhanced by NUC treatment in combination with a pre-S/S HBV vaccine.

The methodology employed in the current compassionate access program naturally
has its limitations, including the inability to evaluate the impact of the vaccination protocol
on HBV-cccDNA. Another important point of discussion is the role immunosenescence
regarding responsiveness to vaccinations in general but especially to HBV vaccines [32].
Nonetheless, our findings suggest that vaccination with a pre-S/S HBV vaccine may
contribute not only to a better vaccine efficacy but even more important to the functional
cure of persistent HBV infection and warrants evaluation in future clinical trials alongside
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new antiviral agents aimed at disrupting cccDNA. Finally, we sought to determine if
therapeutic vaccination of HBV carriers with a pre-S/S vaccine could result in long-lasting
elimination of HBsAg and seroconversion to anti-HBs even after ceasing nucleoside therapy.
Three patients (1, 2, and 3) discontinued Entecavir or Tenofovir treatment after their last
vaccine dose. Two to five years post-NUC therapy, three patients remained anti-HBs
positive, indicating a sustained B cell response without NUC therapy. The anti-HBs
antibodies induced through preS/S vaccination may appear due to overcome the immune
tolerance and neutralize minor amounts of circulating HBV, preventing de novo infection
of previously uninfected hepatocytes. Further studies in a larger cohort of vaccinated
patients with persistent HBV are needed to confirm the induction of a functional cure
through long-term monitoring of viral replication, anti-HBs levels, and evaluating a specific
T cell response.

Short overview:

- The results of the present observation revealed an excellent anti-HBs seroconversion re-
sponse in three out of four HBsAg carriers immunized repeatedly with a PreS/S vaccine.

- Furthermore, these data suggest that low-level HBV carriership seems to be a pre-
requisite for successful therapeutic vaccination resulting in functional cure.

- No patient in this long-term observation (1 to 6 years) had a relapse or deterioration
of the clinical status.

- These findings provide strong support for the development of a larger prospective
study focused on low-level HBV carriers, utilizing a pre-S/S HBV vaccine in combina-
tion with NUC therapy.
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Abstract: Acute-on-chronic liver failure (ACLF) is a frequent complication in patients with liver
cirrhosis that has high short-term mortality. It is characterized by acute decompensation (AD) of liver
cirrhosis, intra- and extrahepatic organ failure, and severe systemic inflammation (SI). In the recent
past, several studies have investigated the management of this group of patients. Identification and
treatment of precipitants of decompensation and ACLF play an important role, and management of
the respective intra- and extrahepatic organ failures is essential. However, no specific treatment for
ACLF has been established to date, and the only curative treatment option currently available for
these patients is liver transplantation (LT). It has been shown that ACLF patients are at severe risk of
waitlist mortality, and post-LT survival rates are high, making ACLF patients suitable candidates for
LT. However, only a limited number of patients are eligible for LT due to related contraindications
such as uncontrolled infections. In this case, bridging strategies (e.g., extracorporeal organ support
systems) are required. Further therapeutic approaches have recently been developed and evaluated.
Thus, this review focuses on current management and potential future treatment options.

Keywords: hepatology; liver cirrhosis; liver transplantation; decompensated cirrhosis; acute-on-
chronic liver failure

1. Introduction

Liver cirrhosis is associated with high morbidity and mortality, and represents a
considerable public healthcare burden worldwide [1–3]. A recent study by Gu et al. investi-
gated the epidemiology of cirrhosis in Germany. It was shown that cirrhosis was diagnosed
in 0.94% of all patients admitted to hospital. Remarkably, 54.8% of these patients were diag-
nosed with cirrhosis or cirrhosis-related complications as a comorbidity, while the primary
reasons for hospital admission were other diagnoses. Alcoholic liver cirrhosis accounted for
52% of admissions with cirrhosis [1]. Patients with liver cirrhosis are at risk of acute decom-
pensation (AD), which is defined by the occurrence of cirrhosis-related complications and
hospitalization, and it is associated with increased mortality [4]. The prevalence of different
complications of cirrhosis has changed over time, with a decrease in bleeding complications
and an increase in the prevalence of portal vein thrombosis (PVT), infections, hepatic
encephalopathy (HE), ascites, hepatorenal syndrome, and hepatocellular carcinoma [1].
Recent studies have investigated the clinical course of AD and identified distinct clinical
phenotypes ranging from stable decompensated cirrhosis (SDC) to unstable decompen-
sated cirrhosis (UDC) to pre-ACLF patients [5,6]. The latter develop acute-on-chronic liver
failure (ACLF), which is especially driven by severe systemic inflammation (SI) [7,8] within
90 days. According to the EASL definition, ACLF is defined by intra- and extrahepatic
organ failure in patients with acutely decompensated liver cirrhosis, and is associated with
a 28-day mortality rate in about 30% of cases [9]. Recent studies have demonstrated a
high prevalence of ACLF in patients hospitalized due to AD worldwide [10]. Different
precipitants for AD have been identified, i.e., bacterial infections, severe alcoholic hepatitis,
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bleeding with shock, and drug-induced toxic encephalopathy [11]. Currently, management
of these patients consists of identification and treatment of the precipitant as well as the
respective intra- and extrahepatic organ failures. However, no specific therapy exists for
this group of patients, and to date the only curative treatment is liver transplantation (LT).
On the one hand, there is a scarcity of donor organs because of strong competition for pa-
tients on the waiting list, while on the other hand, in terms of eligibility, ACLF patients may
present with contraindications for LT, i.e., uncontrolled bacterial infection. Extracorporeal
liver support systems (ECLS) such as albumin dialysis have been and are currently being
evaluated, and new approaches and experimental therapeutic strategies are being tested.

2. Precipitants and Definition of AD and ACLF

AD in patients with liver cirrhosis is defined by the occurrence of cirrhosis-related
complications such as acute gastrointestinal bleeding, development of ascites, HE, and
bacterial infection, which lead to hospital admission [6]. Development of AD based on
precipitants, i.e., bacterial infection, alcohol-induced hepatitis, gastrointestinal bleeding,
and drug induced toxic encephalopathy, marks a crucial time point in the clinical course
of patients with liver cirrhosis [12]. Interestingly, the PREDICT study found that more
than 96% of patients with precipitants showed proven bacterial infection and/or severe
alcoholic hepatitis. However, no precipitant was identified in 39% of patients with AD
who developed ACLF. Bacterial translocation might play a role in this group of patients.
Furthermore, it was shown that the number of events, not the type of event, seemed to
determine prognosis in these patients [11]. A recent meta-analysis showed that bacterial
infections were the most common precipitants worldwide [10]. However, there were
regional differences, with alcohol-induced hepatitis being the most common precipitant in
East Asia and North America. In particular, the first episode of AD marks a shift towards
end-stage cirrhosis leading to a significant reduction in terms of median survival time.
Around 30% of patients with AD develop intra- or extrahepatic organ failures and suffer
from severe systemic inflammatory response [13]. However, due to divergent definitions of
ACLF, cautious interpretation is needed when comparing international studies and data.
These definitions and characteristics are summarized in Table 1.

The Chronic Liver Failure Acute-on-Chronic Liver Failure in Cirrhosis (CANONIC)
study was able to determine major risk factors for mortality in patients presenting with
AD, and defined ACLF as a distinct syndrome in patients with decompensated cirrhosis [9].
Based on these findings, the Chronic Liver Failure–Sequential Organ Failure Assessment
(CLIF-SOFA) score and the Chronic Liver Failure Consortium Organ Failure (CLIF-C OF)
score were developed to assess ACLF in patients. According to the European Association
for the Study of the Liver Chronic Liver Failure (EASL-CLIF) Consortium definition, ACLF
is present in patients with acutely decompensated liver cirrhosis with single kidney failure
(serum creatinine ≥ 2 mg/dL) or single organ failure combined with kidney dysfunction
(serum creatinine range 1.5–1.9 mg/dL) and/or mild-to-moderate HE or presence of two
or more organ failures [14].

The North American Consortium for the Study of End-Stage Liver Disease (NAC-
SELD) defines ACLF as a condition in patients with acutely decompensated cirrhosis with
or without prior episode(s) of decompensation and two or more organ system failures
(maximum of four organ failures) that is associated with increased mortality within three
months in the absence of treatment of the underlying liver disease, liver support, or LT.
The organ failures that are taken into account include kidney (need for renal replacement
therapy), brain (HE grade III or IV according to the West Haven Criteria), circulation (shock,
mean arterial pressure < 60 mmHg), and respiration (need for mechanical ventilation) [15].
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The Asian Pacific Association for the Study of the Liver (APASL) defines ACLF as an
acute hepatic insult with jaundice (defined as serum bilirubin ≥ 5mg/dL) and coagulopathy
(defined by international normalized ratio (INR) ≥ 1.5) complicated within four weeks
by clinically manifestation of ascites and/or HE in patients with or without diagnosis
of chronic liver disease and cirrhosis and a high 28-day mortality; organ failures are not
included in the definition. The grade of ACLF is assessed using the AARC scoring system,
which includes bilirubin, HE grade, INR, lactate, and creatinine [16].

3. Clinical Courses and Pathophysiology of AD

The CANONIC and PREDICT studies provided data on the role of SI as a crucial deter-
minant in the development of cirrhosis-related complications and organ failure in addition
to the well-known role of portal hypertension (PHT) and its complications, supporting the
systemic inflammation hypothesis [8]. Furthermore, it has been shown that SI is associated
with disease severity as well as with patient survival rates.

The PREDICT study was able to show that AD is characterized by different clini-
cal phenotypes. These phenotypes depict heterogenous clinical conditions with distinct
pathophysiology and a different prognosis. Therefore, the authors of the PREDICT study
suggested a novel classification into three patient groups to better identify and differentiate
these distinct courses of AD.

Most patients admitted with AD belong to the group of patients with SDC, who
show low SI, are more likely to be recompensated quickly, show fewer cirrhosis-associated
complications, and have the lowest 1-year mortality risk of the three groups.

The second clinical course of AD suggested by the PREDICT study is UDC. These
patients mainly suffer from PHT-driven complications, present with a high prevalence of
bacterial infections, i.e., spontaneous bacterial peritonitis, and have a higher risk of further
decompensation and significantly decreased survival rates. In terms of pathophysiology,
severe PHT seems much more relevant than in the other courses of AD, while SI is present
in these patients as well.

Lastly, there are patients with AD who are characterized by development of ACLF
within 90 days, constituting the group of pre-ACLF patients. These patients show severe
progression of SI, possibly a key factor in development of intra- and extrahepatic organ
failures, and show the highest short-term mortality among the three groups [6].

Overall, both PHT and SI are important in the pathophysiology of AD, with different
characteristics depending on the clinical course of AD. The results of the PREDICT study
suggest that the relevance of SI increases over the clinical course of AD and is most
prominent in pre-ACLF and ACLF patients, while PHT is especially relevant in UDC
patients [6] (Figure 1).
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patients with compensated cirrhosis (CC, no prior history of AD), SDC, UDC, pre-ACLF, and ACLF.
p values were obtained using Kruskal–Wallis test. (b) Percentage of patients presenting at least one
surrogate of severe portal hypertension during the 6-month observational period of the PREDICT
study in the Pre-ACLF, UDC, and SDC groups. p values were obtained using chi-square test. ACLF,
acute-on-chronic liver failure; AD, acute decompensation; CC, compensated cirrhosis; CRP, C-reactive
protein; SDC, stable decompensated cirrhosis; UDC, unstable decompensated cirrhosis. Figure
modified from Trebicka et al., 2020 [6].

4. Management of AD and ACLF
4.1. Prediction of Decompensation

The early detection of patients at risk of decompensation is essential to allow early
treatment and optimize their prognosis. The ANTICIPATE study highlighted the diag-
nostic value of liver stiffness measurements (LSM) in combination with platelet count
for identifying clinically significant portal hypertension [17]. The Baveno VII consensus
further highlighted the diagnostic value of LSM and stated the “rule of five” for LSM by
the transient elastography (10–15–20–25 kPa) approach to denote higher relative risk of
decompensation and liver-related death [18]. Additionally, a recent international multi-
center cohort study provided an efficient and simple algorithm (M10LS20 algorithm) for
risk stratification of patients with chronic liver disease that was externally validated. This
algorithm consists of the Model of End Stage Liver Disease (MELD) score and LSM by
shear wave elastography. A combined cutoff of a MELD score ≥ 10 and a liver stiffness of
≥20 kPa was able to identify those patients with a poor prognosis who have high mortality
and risk of development or worsening of decompensation [19].

4.2. Prevention of AD and ACLF

Several therapeutic options have been evaluated for prevention of decompensation
and for the management of patients with liver cirrhosis.

The role of non-selective beta blockers (NSBB) has been the topic of research in the
recent past. In the PREDESCI study on patients with compensated cirrhosis and clin-
ically significant portal hypertension the use of NSBB was associated with increased
decompensation-free survival, mainly by reducing the incidence of ascites [20].

Aspirin should not be discouraged in patients with an approved indication, as it may
reduce the risk of hepatocellular carcinoma, death, and liver-related complications [18,21].
The same applies for anticoagulation in patients with an approved indication, as it may
improve the prognosis of these patients [18,22].

The use of statins in patients with liver cirrhosis and an indication for statins has been
shown to improve survival, and may even decrease portal pressure [23]. Furthermore,
Mahmud et al. were able to demonstrate that statin use and the duration of therapy
significantly reduced the risk of ACLF [24]. However, statins should be used at a lower
dose (simvastatin at max. 20 mg/d) in patients with Child–Pugh B and C cirrhosis due
to a higher rate of adverse events, and patients should be followed for muscle and liver
toxicity [25]. It remains unclear whether patients with decompensated liver cirrhosis
without indication for statins benefit from this medication, and more data is necessary.
Currently, we are awaiting the results of a phase III multicenter double-blind placebo-
controlled randomized clinical trial (NCT03780673) investigating the use of simvastatin
plus rifaximin in patients with decompensated cirrhosis to prevent ACLF.

Antibiotic prophylaxis is a keystone in preventing bacterial infections, and especially
in preventing spontaneous bacterial peritonitis (SBP), which are both common precipitants
of AD and ACLF. Thus, primary antibiotic prophylaxis is recommended in patients with
gastrointestinal bleeding and Child–Pugh C cirrhosis with low protein ascites, as they are
at high risk of SBP development. In patients with a history of previous SBP, secondary
antibiotic prophylaxis is indicated [18,26].

However, while rifaximin is not indicated for primary or secondary prophylaxis of
SBP, it is indicated for secondary prophylaxis of HE, and should be considered in patients
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undergoing elective transjugular intrahepatic portosystemic shunt (TIPS) implantation
who have a history of overt HE [18].

The role of albumin administration, which has been discussed as a disease modifying
agent, is a topic of current research. In this context, short-term and long-term administration
of albumin must be distinguished.

In patients with spontaneous bacterial peritonitis (SBP) and specific risk factors (biliru-
bin > 4 mg/dL or creatinine > 1 mg/dL), albumin infusion has been shown to decrease the
risk of acute kidney injury, and has been associated with improved prognosis [27].

According to the Baveno VII consortium, there is an indication for short-term albumin
administration in patients with SBP, acute kidney injury (AKI), large-volume paracentesis
(>5 L), and, in combination with terlipressin, in the treatment of hepatorenal syndrome
(HRS) [18]. Furthermore, a recent study by Arora et al. demonstrated that albumin infusion
decreases the incidence of paracentesis-induced circulatory dysfunction and mortality in
ACLF patients receiving paracentesis < 5 L [28].

The role of long-term albumin administration is more controversial. The multicenter
open-label ATTIRE study by China et al. found that targeted albumin infusion in patients
hospitalized with liver cirrhosis and serum albumin levels < 30 g/L did not decrease the
risk of onset of infection, acute kidney injury, or death [29].

However, the multicenter open-label ANSWER study investigated the effect of long-
term albumin administration (40 g twice weekly for two weeks and then 40 g weekly for
up to 18 months) in patients with decompensated cirrhosis and uncomplicated ascites, and
showed increased overall survival in the group of patients with long-term albumin admin-
istration. Currently, no clear recommendation regarding long-term albumin administration
can be provided due to insufficient data.

In this regard, the Prevention of Mortality with Long-Term Administration of Hu-
man Albumin in Subjects With Decompensated Cirrhosis and Ascites (PRECIOSA) trial
(NCT03451292), which is currently recruiting, will hopefully improve the evidence base
regarding long-term administration of albumin. Furthermore, a study on personalized
long-term albumin treatment in patients with decompensated cirrhosis and ascites (Alb-
trial) (NCT05056220) guided by the MICROB-PREDICT biomarker is expected to provide
more evidence.

4.3. Treatment of the Precipitants of AD and ACLF

As a result of the lack of currently available specific treatment options for AD and
ACLF, management consists of identifying, preventing, and treating precipitants of ACLF
as well as management of the respective intra- and extrahepatic organ failures [26,30].

If a precipitant is ascertainable, early detection and adequate treatment are both crucial.
The PREDICT study demonstrated that the most frequent precipitants in Europe are

bacterial infections and severe alcoholic hepatitis, and that the number of precipitants
is relevant, the latter being significantly associated with surrogates for SI and increased
90-day mortality [11].

Liver cirrhosis is associated with dysfunctions of various components of the immune
system, which together have been described as cirrhosis-associated immune dysfunc-
tion [31]. Patients with liver cirrhosis have an increased risk of developing bacterial
infections, which are the most common precipitants of ACLF in Europe [11]. If a bacterial
infection is confirmed, it is essential to begin timely and adequate antibiotic treatment,
which has been shown to decrease the incidence of ACLF development in patients with
AD and to decrease mortality in patients with ACLF [32,33]. The most common bacterial
infection in this context is SBP [34]. Due to the increasing prevalence of multidrug-resistant
organisms (MDRO), the high prevalence of these organisms in patients with ACLF, and
their lower infection resolution rates, antibiotic treatment of these patients is challeng-
ing [32]. Interestingly, antibiotic prophylaxis of SBP with norfloxacin was not associated
with an increased incidence of MDRO [35]. However, it is crucial to initially start a broad
empirical antibiotic treatment that takes into account the local resistance spectrum as well as
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the recent medical history of the patient (e.g., recent interventions such as ascites drainage)
and to subsequently adjust the therapy according to microbiological results [35,36].

A recent study by Fernandez et al. investigated the effect of albumin administration
in patients with advanced cirrhosis and non-SBP infections. While there was no difference
in terms of in-hospital mortality, in the group of patients who received albumin there was a
higher rate of ACLF resolution and a lower proportion of nosocomial infections despite the
fact that the group of patients who received albumin were more seriously ill at baseline [32].
Thus, albumin administration in this subgroup of patients might be beneficial.

Another common trigger for ACLF is severe alcoholic hepatitis, which is linked to
massive inflammation. The STOPAH trial investigated therapeutic approaches (pentoxi-
fylline and prednisolone) for these patients and found no significant survival benefit for
either drug. However, there was a benefit found in the 28-day survival rate in the group of
patients who received prednisolone [32], possibly due to the higher likelihood of infections
being developed during the additional observation period. According to the relevant EASL
guideline, prednisolone 40 mg/day should be administered in patients with a Glasgow
Alcoholic Hepatitis score (GAHS) of ≥9 [37]. GAHS was developed to identify patients at
risk of death in case of alcoholic hepatitis [38]. After seven days of prednisolone therapy,
treatment response is assessed by the Lille model for alcoholic hepatitis, which is a risk
stratification tool for patients with alcoholic hepatitis receiving steroids for seven days [39].
In patients with a Lille score < 0.45, prednisolone administration should be continued for
a total of 28 days, while in patients with a Lille score > 0.45 prednisolone should be dis-
continued. Patients with severe alcoholic hepatitis who receive prednisolone therapy have
significantly increased mortality in terms of infection. Therefore, if an infection is already
present, prednisolone therapy should not be administered when severe alcoholic hepatitis
is present [37]. Furthermore, a French multicenter study suggests that in severe alcoholic
hepatitis the combination of N-acetylcysteine with prednisolone has a better 1-month
survival and a lower incidence of renal failure and infection compared with prednisolone
therapy alone. However, 6-month survival was not shown to be different [35].

It has to be taken into account that the number of organ failures at admission, which
itself indicates the severity and grade of ACLF, is negatively correlated with response rates
to prednisolone therapy [40]. In most allocation systems, patients with alcohol-related
liver disease need to be abstinent for at least six months in order to be considered for LT.
However, Mathurin et al. evaluated the option of LT in patients with a first episode of
severe alcoholic hepatitis not responding to medical therapy who failed to be abstinent
for at least six months, demonstrating that in selected patients early transplantation can
improve survival [41]. Another recent multicenter non-randomized study confirmed the
survival benefit related to early liver transplantation for severe alcoholic hepatitis, showing
similar 2-year survival rates for the early and standard (six months of alcohol abstinence)
transplantation groups. However, non-inferiority in terms of rate of alcohol relapse post-
transplant between early liver transplantation and standard transplantation could not be
concluded [42]. Overall, this topic remains controversial.

Another trigger of ACLF is upper gastrointestinal bleeding, which is a potentially acute
life-threatening event [43]. The management of upper gastrointestinal bleeding, whether
variceal or nonvariceal, first consists of monitoring the patient and providing hemodynamic
and respiratory stabilization. Volume replacement with crystalloid fluids and, if necessary,
catecholamine therapy and transfusion (restrictively from Hemoglobin < 7 g/dL) play a
major role in the management of these patients [26,44]. Administration of an initial bolus
of proton-pump inhibitor (PPI) seems reasonable, as up to 50% of upper gastrointestinal
bleedings in patients with liver cirrhosis are not varicose. However, if purely variceal
bleeding is confirmed there is no indication for long-term PPI administration. Because the
size of postligation ulcers is reduced by PPI therapy, short-term administration should be
considered [26]. In suspected variceal bleeding, intravenous therapy with vasoconstrictors
of the splanchnic area (terlipressin, somatostatin, and octreotide) should be initiated imme-
diately and even before endoscopy. In confirmed variceal bleeding this therapy should be
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continued for a total of five days to prevent recurrent bleeding. Terlipressin should be ad-
ministered initially as a bolus and ideally continuously during the course of therapy [26,45].
Furthermore, immediate antibiotic therapy (e.g., third generation cephalosporines), usually
for seven days, should be administered, as it improves bleeding control and survival and is
associated with a reduced rate of recurrent bleeding [46]. Interestingly, bacterial infections
are present in about 50% of patients with acute esophageal variceal bleeding, and are often
precipitants of the bleeding [46]. Endoscopic diagnosis and therapy should be performed
within the first 12 h after hemodynamic stabilization. However, up to 15% of patients de-
velop recurrent bleeding [26]. Regarding indication for protective endotracheal intubation,
there are no safe intubation criteria except for coma and suspected airway obstruction.
The European Association of Gastrointestinal Endoscopy (ESGE) suggests endotracheal
intubation before endoscopy in patients with active hematemesis, encephalopathy, or
agitation [47].

In high-risk patients (Child–Pugh B and active bleeding on screening endoscopy
or Child–Pugh C < 14 points), early TIPS (within the first 24–72 h) can be considered
primarily, while in the case of recurrent bleeding it should be evaluated secondarily [18]. A
recent multicenter international observational study identified ACLF at admission as an
independent predictor of rebleeding and mortality in patients with acute variceal bleeding.
Furthermore, preemptive TIPS placement was associated with improved survival (42-day
and 1-year survival) in patients with ACLF and acute variceal bleeding, which indicates
the important role of portal hypertension in these patients [48].

4.4. Organ Liver Support in ACLF

ACLF is associated with intra- and extrahepatic organ failures, and the supportive
treatment of these respective organ failures plays an important part in the management of
these patients. A frequent syndrome that occurs in decompensated cirrhosis is HRS-AKI. It
is defined by the International Ascites Club as AKI in patients with cirrhosis, acute liver
failure, or acute-on-chronic liver failure which does not show full or partial response after
at least two days of diuretic withdrawal and volume expansion with albumin (1 g/kg of
body weight per day to a maximum of 100 g/day) in the absence of shock, treatment with
nephrotoxic drugs, and absence of parenchymal kidney disease [49]. Vasoconstrictors (e.g.,
terlipressin) and albumin are considered first line therapy for patients with HRS-AKI [26].

Renal replacement alone is useful in the short term for acute renal failure requiring
dialysis; however, it has not been shown to be suitable as a medium- or long-term option
in HRS [50]. In the context of liver failure and ACLF, both toxic hydrophilic substances
which could be removed from the circulation by conventional dialysis and non-hydrophilic
substances accumulate in the body [51]. Thus, ECLS systems have been developed that
can eliminate albumin-bound substances. In the past, two large randomized controlled
trials (HELIOS and RELIEF) which evaluated the influence of two different ECLS systems
(MARS® and Prometheus®) in ACLF patients were unable to show a significant benefit
in overall survival in the overall cohort [45,46]. However, at least in the HELIOS trial,
the subgroup of patients with a MELD score > 30 showed improved survival [52]. A
recent meta-analysis of 25 randomized controlled trials of ELCS systems showed at least
a moderate certainty regarding reduction of mortality (RR 0.84, 95%CI 0.74–0.96) [53].
Furthermore, another meta-analysis of individual patient data investigated the use of
MARS® and treatment intensity in ACLF, finding survival benefits in the group of patients
who received high-intensity therapy (more than four MARS® sessions), especially in the
first ten days [54]. Another recent meta-analysis which included 16 randomized controlled
trials concluded that of all support systems for ACLF patients, plasma exchange might be
the best current treatment option [55]. Currently, the APACHE trial, a large randomized
controlled trial, is being performed to provide more evidence on plasma exchange. A
general recommendation for the use of any ECLS in ACLF patients cannot be provided due
to the lack of sufficient evidence. However, in selected cases or in the context of clinical
trials ECLS systems should be considered as a therapeutic option, especially as a bridging
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strategy to improve short-term survival in patients who are potentially eligible for LT [25].
The results of current and future trials will identify patients who could benefit from ECLS.

4.5. LT in AD and ACLF

Although prevention and timely adequate treatment of precipitants of ACLF is essen-
tial even when supportive treatment of the respective intra- and extrahepatic organ failures
is performed, the only curative and potentially life-saving therapeutic option for patients
with AD and ACLF remains LT.

Recent data have generated a consensus that patients with ACLF, especially grades
1 and 2, should be listed for LT and benefit from timely evaluation for LT. This concept
is supported by the fact that even ACLF patients who recover from their ACLF episode
are at high risk of future decompensation and ensuing ACLF development, and suffer
from high mortality [48]. Recently, it has been shown by Sundaram et al. that ACLF
patients, especially ACLF grade 3 patients, have high waitlist mortality. At the same time,
1-year survival rates in ACLF patients who received LT were not significantly different from
patients without ACLF in this study [56]. However, there are uncertainties regarding timing
and selection of patients for LT, especially in case of ACLF grade 3 patients. For example,
in patients with ACLF grade 3 and PVT, mortality was significantly higher than in ACLF
grade 3 patients without PVT, indicating that LT should be approached cautiously in this
subgroup of patients [56]. Interestingly, a recent publication by Zhang et al. demonstrated
that in ACLF grade 3 patients earlier transplantation improves survival even if the organ
is suboptimal. In particular, in the first week the use of borderline organs is significantly
more advantageous than waiting for the patient to achieve a lower ACLF grade or to regain
organ function. This effect was particularly noticeable in patients older than 60 years or
with 4–6 organ failures [57].

The PREDICT study was able to demonstrate that UDC and pre-ACLF patients have
higher short-term mortality than patients with SDC. These patients are at high risk of
progression to ACLF and development of organ failure, which is associated with potentially
rapid clinical deterioration and even higher short-term mortality [6].

The current scoring tools used for liver transplant allocation, such as MELD [58],
MELD-sodium (MELD-Na) [59], and Child–Pugh score [60], may not adequately reflect the
high short-term mortality of ACLF patients. These models have been widely discussed in
the recent past, and it is known that different clinical conditions (e.g., frailty, sarcopenia,
recurrent HE) are not adequately reflected by the underlying scores. Regarding ACLF, the
scores have no surrogate for SI, i.e., CRP, ferritin, or white blood cell count (which is the
main pathophysiological driver of ACLF progression and has been found to be strongly
correlated with mortality rate in these patients) [7,61,62]. Additionally, neither the MELD
score nor the MELD-Na score includes markers for portal hypertension, which is the main
driver in UDC and is a relevant factor in the development of complications such as acute
variceal bleeding or development of ascites and SBP in these patients. Limitations of the
current risk stratification allocation policies are further underlined by a recent study of
Sundaram et al. which demonstrated that patients with ACLF grade 3 and MELD-Na < 25
have higher mortality than patients with MELD-Na > 35 without ACLF [56]. Hernaez et al.
were able to demonstrate that the MELD-Na score distinctly underestimates the 90-day
mortality of ACLF patients [63].

In an awareness of these limitations that are especially relevant for patient with ACLF,
the CLIF-C-ACLF score was specifically more than adequate in rating the mortality risk
in ACLF patients. This score consists of the number of organ failures, which are reflected
by the CLIF-OF score, age and the white blood cell count, which is used as the parameter
indicating the severity of SI [64]. Each of these parameters has been investigated as a
predictor of mortality in ACLF patients. The predictive accuracy of the CLIF-C ACLF
score, especially in terms of short-term mortality in ACLF patients, has been affirmed in
the recent past, and has been shown to be superior to other prognostic models in ACLF
patients [64,65]. Furthermore, a CLIF-C ACLF score of 64 points or above is regarded as the

74



J. Pers. Med. 2023, 13, 1052

threshold of futility of care, and is used as a tool to identify patients for whom supportive
care has to be critically discussed if LT is not a valid option [66]. A recent publication
by Schulz et al. found that pulmonary impairment independently determined mortality
in critically ill patients with ACLF. They proposed the CLIF-C ACLF-R score, which is a
modified CLIF-C ACLF score that uses a calibration variable to adjust for the presence or
absence of mechanical ventilation or pulmonary failure. After further external validation,
this simple modification could be used in clinical practice to improve the stratification
of these patients [67]. Another recent publication by Weiss et al. investigated the role of
metabolites reflecting SI, mitochondrial dysfunction, and sympathetic system activation
in predicting short term mortality in patients with ACLF, and invented the CLIF-C MET
score. However, cost-effectiveness analysis and prospective validation of these markers
and scores remains necessary [68].

Overall, these findings advocate for the need to discuss the necessity of improving and
modifying the current allocation systems to better reflect waitlist mortality, and especially
to adequately reflect the prognosis of ACLF patients.

5. Outlook for Possible Future Therapeutic Options for ACLF Management of AD
and ACLF

To date, no drug has been approved as a specific treatment for ACLF. However,
different therapeutic options are evaluated here.

Granulocyte-colony stimulating factor (G-CSF) was considered a novel therapy for
patients with ACLF, and showed promising results in small single center studies. However,
a multicenter randomized phase-II trial by Engelmann et al. revealed that it improved
neither patient survival rates nor organ function and that it failed to reduce the rate
of complications [69]. Yet, based on promising results in experimental mouse models
(inhibition of inflammation and promoting hepatocyte regeneration) [70], the combination
of G-CSF and TAK-242 (an inhibitor of Toll-like receptor-4) in ACLF patients is scheduled
to be investigated in a randomized trial (EU-funded A-TANGO project).

Omega-3 fatty acids as a treatment option for ACLF were investigated in a small
open-label randomized controlled trial of 90 patients. The patients were randomized into
three groups (1, regular diet; 2, regular diet plus 50 mL/d of intralipid 20% with omega-6
fatty acids for five days; and 3, regular diet plus 100 mL/d of 10% omega-3 fatty acids for
five days). The study concluded that omega-3 infusion is safe and effective in reducing SI
in ACLF. Even 28-day LT-free survival was significantly higher in the group of patients
who received omega-3 [71]. However, the evidence is limited as yet, and more studies,
ideally multicenter randomized trials, are needed in order to evaluate whether a general
recommendation for patients with ACLF can be provided.

A recent study by Moreau et al. was able to demonstrate that in ACLF patients SI is
associated with blood metabolite accumulation as well as profound alterations in major
metabolic pathways. The inhibition of mitochondrial energy production might especially
contribute to the development of intra- and extrahepatic organ failure [72]. Approaches
with liposome-supported peritoneal dialysis, especially for the extraction of ammonia and
other potentially harmful metabolites, have been the topic of research in the past [73].

A poster presentation by Uschner et al. at AASLD in 2021 demonstrated the results of
the phase-I-b clinical trial on VS-01, which is a novel intraperitoneal pH-gradient liposomal
infusion drug that has been shown to enhance clearance of ammonia and other potentially
harmful metabolites. It showed the safety and tolerability of the intraperitoneal application
of VS-01. Furthermore, in this small group of patients it demonstrated promising clinical
efficacy, with the results supporting future development of VS-01 for patients with ACLF
and organ failures [74]. A trial on the application of VS-01 in ACLF in a larger cohort to
evaluate its clinical efficacy is expected in the near future.

Furthermore, the intravenous application of human allogeneic liver-derived progenitor
cells (HALPC) (HepaStem®; Promethera Biosciences, Mont-Saint-Guibert, Belgium) is
currently being investigated for patients with AD and ACLF. Nevens et al. investigated the
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use of HALPC in 24 patients (nine AD, 15 ACLF), and were able to demonstrate a reduction
of markers of SI and altered liver function in the surviving patients. The 28-day and
3-month survival rates were 83% and 71%, respectively, and no patient had ACLF at month
three [75]. Currently, the DHELIVER study, an interventional double blind randomized and
placebo-controlled phase-II-b study, is being performed to investigate the use of HALPC in
patients recently diagnosed with ACLF grade 1 or 2 in a larger cohort (NCT04229901).

The results of these and further studies will show whether the newly developed
substances named above can offer feasible treatment options for patients with ACLF.
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Abstract: The association between shifts in gut microbiome composition and metabolic disorders is a
well-recognized phenomenon. Clinical studies and experimental data suggest a causal relationship,
making the gut microbiome an attractive therapeutic goal. Fecal microbiome transplantation (FMT)
is a method to alter a person’s microbiome composition. Although this method allowed for the
establishment of proof of concept for using microbiome modulation to treat metabolic disorders, the
method is not yet ready for broad application. It is a resource-intensive method that also carries some
procedural risks and whose effects are not always reproducible. This review summarizes the current
knowledge on FMT to treat metabolic diseases and gives an outlook on open research questions.
Further research is undoubtedly required to find applications that are less resource-intensive, such
as oral encapsulated formulations, and have strong and predictable results. Furthermore, a clear
commitment from all stakeholders is necessary to move forward in the direction of developing live
microbial agents, next-generation probiotics, and targeted dietary interventions.

Keywords: microbiome; obesity; metabolic syndrome; fecal microbiota transplantation

1. Introduction

Obesity and the metabolic syndrome lead to a considerable disease burden due to
complications, such as cardiovascular disorders, cancer, dementia, and fertility disorders,
and are also associated with socio-economic disadvantages [1]. Obesity and its relation to
shifts in the microbiome composition were among the first described associations when
culture-independent techniques to study the complex ecosystem of the gut microbiome
were developed about 20 years ago [2]. Starting from a description of shifts in microbiome
composition at the phylum level, a large body of literature has evolved that describes the
bidirectional interaction between the gut microbiome and human metabolism [3]. Human
association studies clearly demonstrated an association between the gut microbiome com-
position and obesity. The causal relationship was first suggested by the finding that the
phylum Bacteroides was reduced in obesity and that weight loss through diet led to an
increase [4,5]. Data from in vitro systems and animal models suggest that diet or drugs
(e.g., antibiotics) alter the microbiome, and this dysbiosis is mechanistically involved in
disrupting molecular metabolism and signaling through bacterial metabolites (e.g., bile
acids), which impacts energy intake and leads to metabolic disorders. For example, a
high-fat and high-glucose diet lead to increased gut permeability, translocation of bacterial
products, a low grade inflammatory response, and insulin resistance, indicating that the
gut-liver axis is involved in the metabolic sequelae of the western diet [6,7]. Certain metabo-
lites, such as bile acids, that are bidirectionally interacting with the microbiome have been
identified as playing a mechanistic role in the development of metabolic syndrome via
the gut microbiome. In obesity, altering bile acid composition via reduction of microbial
diversity through an antibiotic leads to increased insulin resistance [8]. Furthermore, host
genetics play a role since immune control of the microbiome maintains beneficial micro-
bial populations that constrain lipid metabolism to prevent metabolic syndrome [9]. The
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strongest evidence for a causal relationship between the gut microbiome and obesity is
derived from animal experiments in germ-free mice, which received fecal transplantation
from human twins discordant in obesity. The mice transplanted with the microbiome of the
obese twin developed obesity, while the mice who received the microbiome of the lean twin
stayed lean [10]. As a result of this strong link between the gut microbiome and metabolic
disorders, new therapeutic modalities targeting the altered commensal bacteria as a means
of treating metabolic syndrome have gained a lot of interest.

2. Fecal Microbiota Transplantation (FMT) for Metabolic Syndrome

FMT, the transfer of fecal matter from one individual to another with the aim to
improve/restore the composition of the gut microbiome and thereby treat a disease, has
gained much attention in the scientific field and also in the general public. As a method
that in principle dates back to the fourth century in China, its modern application took
off in 2013. Until now, the only routine medical application was treatment of recurrent
Clostridioides difficile infection. But also, many non-infectious diseases have been extensively
studied, such as inflammatory bowel diseases, the microbiota-gut-liver axis, the microbiota-
gut-brain axis, and oncologic and hematological diseases [11,12]. The first indication of
efficacy for FMT in human metabolic diseases was published in 2012, where in a pilot study
in the Netherlands, in nine male adults with metabolic syndrome who received FMT from
a lean donor, insulin resistance was improved, whereas no changes were observed in nine
controls who received autologous FMT [8]. A potential effect on body weight was first
suspected by a “complication” of FMT for Clostridioides difficile, where a patient with normal
weight received an FMT from an obese donor and gained weight after FMT [13]. While
consecutive studies did not report such effects [14], the opposite strategy of increasing
the body weight of cachectic cancer patients through FMT from obese donors failed [15].
Nevertheless, body mass index (BMI) in the normal range has been included in the selection
criteria for stool donors after the suspicion that obesity could be actually “transferred” by
FMT [16].

After these initial proof of concept trials, a number of clinical trials have been per-
formed, where researchers aimed to improve metabolism and reduce weight by FMT in
obesity, metabolic syndrome, non-alcoholic fatty liver disease and type 2 diabetes. However,
especially in adequately powered, randomized, placebo-controlled trials, mixed results
with regards to improvement in metabolic parameters were reported. While most studies
demonstrate that FMT is able to change the microbiome composition, clear effects on
clinically important endpoints, such as body weight or insulin resistance, are missing.
Trials with clinical endpoints are summarized in Table 1. It is notable that the method of
FMT may play a role in its effectiveness. Oral capsules, which would be the preferred
route of administration for both safety and logistic reasons, have yet to show substantial
improvements in metabolic parameters, except when administered together with low fer-
mentable fibers [17–20]. From a mechanistic point of view, it is still not clear what the
“effective agent” in FMT is. The notion that bacteria might be the “effective agent” has
been challenged, since for the treatment of Clostridioides difficile infection, sterile filtrated
fecal preparations were similar to or more effective than conventional fecal preparations
containing living microorganisms [21]. This indicates that maybe not the living bacteria,
but rather bacterial components, metabolites, or bacteriophages may mediate the effects
of FMT. From a pilot study, it was suggested that bacteriophages in the recipient that are
associated with metabolic syndrome are replaced by new viruses that were not originally
present in either the healthy donors or control subjects at detectable abundances and that
changes in the bacteriophage population are related to response to FMT [22]. Another
study reported an influence of FMT on plasma metabolites related to lipid metabolism
and DNA methylation status; however, a clear-cut pathophysiological explanation for a
potential mechanism to influence glucose metabolism could not be identified [23]. A recent
systematic review did not identify consistent changes in clinically relevant endpoints (such
as insulin sensitivity) achieved in the recipient after FMT for metabolic diseases [24].
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Table 1. Clinical studies on FMT to treat obesity and metabolic syndrome.

Study Population Number of
Participants FMT Mode

FMT
Duration
and Dose

Primary
Endpoint

Result
Metabolic

Result
Microbiome

Adverse
Events

Yu 2020
[20]

obesity and
insulin

resistance
24 adults oral

capsules

6 weeks,
once per

week
versus

placebo

insulin
sensitivity

no change
in insulin
sensitivity

shift
towards
donor

microbiome

no
significant
difference
to placebo,
no severe
adverse
events

Allegretti
2020 [17] obesity 22 adults

oral
capsules
versus

placebo

8 weeks,
2 doses safety

no
reduction

in BMI

shift
towards
donor

microbiome

no
significant
difference
to placebo

Rinott
2021

[25,26]

obesity or
dyslipi-
demia,

random-
ized to
healthy
dietary

guidelines,
Mediter-

ranean diet,
and green-

Mediterranean
diet

weight-loss
groups

90 adults

autologous
transplan-
tation of
micro-
biome

collected
under diet

100 cap-
sules in

8 months
versus

placebo

weight
regain

autologous
FMT

attenuated
weight

regain in
combina-
tion with

green
Mediter-
ranean

diet

green
Mediter-

ranean diet
caused

change in
microbiome
composition

no
treatment

attributable
adverse
events

Mocanu
2021 [19]

obesity and
metabolic
syndrome

70 adults

oral
capsules, +
either high

fer-
mentable
or low fer-
mentable

fibres
versus

placebo

6 weeks,
1 dose

insulin
sensitivity

FMT + low
fer-

mentable
fibers

improved
insulin

sensitivity

FMT + low
fermentable

fibers
increased
diversity,

shift
towards
donor

microbiome

no
treatment

attributable
adverse
events

Leong
2020

[18,27]
obesity 87 adoles-

cents
oral

capsules

6 weeks,
1 dose
versus

placebo
BMI

no effect
on BMI,

reduction
of abdomi-
nal obesity,
resolution

of
metabolic
syndrome
at baseline

greater
dissimilarity

between
baseline and

post
treatment in
FMT group

versus
placebo,

increase in
diversity in

female
participants

no
treatment

attributable
adverse
events

Craven
2020 [28]

non-
alcoholic
fatty liver

disease

21 adults

allogenic or
autologous
FMT in the

distal
duodenum

via
endoscopy

6 weeks,
1 dose

insulin
resistance

no effect
on insulin
resistance,
reduction

of
increased
intestinal

permeabil-
ity

no changes not
reported
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Table 1. Cont.

Study Population Number of
Participants FMT Mode

FMT
Duration
and Dose

Primary
Endpoint

Result
Metabolic

Result
Microbiome

Adverse
Events

Ng 2022
[29]

type 2
diabetes 61 adult

allogenic
FMT via

nasogastric
tube +,

lifestyle in-
tervention

24 weeks,
3 doses

donor mi-
crobiome
engraft-

ment

FMT +
lifestyle in-
tervention
reduced
total and

low-
density
lipopro-

tein
choles-

terol and
liver

stiffness
(sec-

ondary
end-

points)

FMT +
lifestyle

intervention
significantly

better
engraftment

(primary
endpoint)

no
differences

between
groups,

several car-
diovascular

events

Xue 2022
[30]

non-
alcoholic
fatty liver

disease

75 adults

allogenic
FMT,

3 doses,
1 via

colonoscopy
3 via

enema,
versus oral
probiotics

4 weeks,
3 doses

clinical
efficacy

and safety
(not further
specified)

no
increase in

liver fat
content

compared
to

probiotic
group

differing
responses in

lean and
obese

patients

not
reported

Ding 2022
[31]

type 2
diabetes 17 adults

allogenic
FMT,

transendo-
scopic

jejunal tube,
unblinded

12 weeks,
2 doses

insulin
resistance

improvement
in HbA1c,
glucose,
uric acid,

increase in
C-reactive

protein

difference
between

responders
and non-

responders

no adverse
events

Su 2022
[32]

type 2
diabetes 16 adults

allogenic
FMT +

formula
diet versus

formula
diet alone,

oral
capsules

12 weeks,
3 doses

health
status

Both inter-
ventions

improved
BMI,

glucose
metabolism
and blood
pressure

reduction of
diversity in
both groups,
less in FMT

group

no adverse
events

FMT: fecal microbiome transplantation, BMI: body mass index.

3. Going beyond FMT

Recent studies also explored how the selection of the donor could impact the effect of
FMT. A vegan diet is associated with reduced trimethylamine-N-oxide (TMAO) production
and therefore lower cardiovascular risk; however, the FMT from vegan donors did not
decrease TMAO production in patients with metabolic syndrome, which indicates that
despite evidence of compositional changes that resemble the microbiome of the donor,
the functional capacity is not easily transferred [33]. FMT from bariatric surgery patients
and obese patients with metabolic syndrome, revealed microbiome-driven modulation of
brain dopamine and serotonin transporters [34]. And the use of autologous fecal trans-
plants with fecal material obtained at the “weight nadir” of a successful diet was able
to delay weight regain after the diet [25,26]. These studies indicate that the concept of
FMT most likely needs to be augmented by adequate preparatory measures like diet or
additional prebiotic “fertilizers” of the transplanted microbiome. Since studies also show
considerable differences between different donors, it is essential to characterize donors
and understand the interaction between the dysbiotic recipient microbiome and the donor
microbiome [35]. The host microbiome composition determines the efficacy of engraftment
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of an FMT [36]. “Tuning” the host microbiome, e.g., by special dietary measures such as
fiber supplementation, may improve functional engraftment of FMT [19,29].

4. Challenges in FMT for Metabolic Diseases

When transferring living microorganisms to a new host, adverse events have to be
considered. It is surprising that some studies do not report safety data (see Table 1). A
meta-analysis on the safety of FMT across different disease entities showed no significant
differences in the incidence of adverse events between FMT and the control group. Adverse
events can be related to the transplanted microbiome or to the route of administration. It
seems that administration via oral capsules or endoscopically via the lower gastrointestinal
tract is less prone to adverse events. Translocation and infection with transplanted bacteria
can occur; the risk seems to be higher in patients with an altered intestinal barrier [37].
In the studies related to metabolic diseases, no bacteremia or sepsis events have been
described so far.

From a practical point of view, however, it is unlikely that FMT, which requires highly
skilled personnel and is resource intensive, will be applicable to treat the worldwide
“obesity pandemic”. Although no international figures exist for the workforce requirements
to perform large-scale FMT treatments, a shortage in skilled personnel can be extrapolated
from studies related to cancer screening colonoscopies, where a severe shortage was
noticed [38].

FMT clearly helps to understand the relationship between the gut microbiome and
metabolic disorders and facilitates the notion that microbiome modulation can be an
effective therapeutic strategy. The low predictability and the resource intensity of the
intervention warrant further research towards a better translation or transformation into
clinical practice. Further efforts are necessary to improve the timely and personalized
diagnosis of the individual dysbiosis in obesity and augment and retain the effect of a
diet by influencing the microbiome in a personalized but also “affordable” microbiome
modulation strategy. A clear commitment to research from all stakeholders (politics,
funding bodies, the health industry, researchers, and society) is necessary to move forward
in the direction of developing live microbial agents, next-generation probiotics, and targeted
dietary interventions. Table 2 summarizes the pros and cons for FMT in metabolic disorders.

Table 2. Pro and con arguments for/against FMT to treat metabolic diseases.

PRO CON

Altered microbiomes are likely to contribute to the
pathophysiology of metabolic diseases

Our conceptual, mechanistic and ecological understanding of
FMTs is poorly developed

Experiments in animal models provide a rationale for FMTs
because the clinical phenotype can be transplanted and reverted

by FMT

Difficult to rationalize timing and dosing regimens, and it is also
unclear whether dysbiosis can be corrected

Known dysbiosis in metabolic diseases provides a rationale for
“complete” microbiome restoration through FMT

Safety concerns (both short- and long-term) regarding the
exposure to infectious and non-infectious transmissible diseases

FMT has the potential to revert aspects of dysbiosis, engraft
health promoting microbes and/or expose the host temporarily

to beneficial microbes

Risk of conveyance of unintended characteristics of the donor
microbiome that might predispose to chronic diseases

There is already one standard use case for FMT (refractory C.
difficile infection)

It is currently unclear which specific measures are necessary to
enable FMT to work effectively

Broad acceptance from patients Application via colonoscopy is costly and bears a small but
relevant procedural risk

Other routes of application, e.g., encapsulation, do not yet
provide satisfactory efficacy
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Abstract: Healthcare visits were reduced during the COVID-19 pandemic, causing disturbances in
sustainable MAFLD monitoring. Telemedicine acts to maintain connectivity between patients and
healthcare professionals. This review aimed to assess the role of telemedicine in monitoring MAFLD
during the pandemic. Databases searched included l PubMed Central and ScienceDirect from 2020 to
2023. Assessment with The Cochrane Risk of Bias for randomized controlled trials (RCTs) and the
Newcastle-Ottawa scale for non-RCTs systematic reviews. Meta-analyses employing a random-effect
model were performed to determine the pooled mean difference (MD) and p-value. The results
showed three RCT and two non-RCT (n = 239) with 56.9% males and a mean age of 51.3 years. The
median intervention duration was 5.5 months. The parameters assessed included body weight (BW),
body mass index (BMI), waist circumference, liver function (AST/ALT), lipid profile, HbA1c, and
others. Meta-analysis revealed that telemedicine had a significant effect on improving outcomes
for BW (MD −2.81: 95% CI, −4.11, −1.51, p < 0.0001) and BMI (MD −1.01: 95% CI, −1.47, −0.55,
p < 0.0001) compared to standard care, while the AST/ALT levels were not significantly reduced.
Some biochemical markers decreased based on the systematic reviews. In conclusion, telemedicine
using mobile-based applications could be an option for monitoring lifestyle modification in MAFLD
patients facing the COVID-19 pandemic.

Keywords: telemedicine; metabolic dysfunction-associated fatty liver disease; monitor; lifestyle
modification; COVID-19 pandemic

1. Introduction

Telemedicine utilizing mobile-based applications provides integrated health services
that connect health workers and patients using virtual communication technology [1].
Before the pandemic era, telemedicine had already been implemented for counseling in
the United States. However, both users and providers of telemedicine face numerous
obstacles. A huge number of users utilized telemedicine inconsistently, causing a lack of
sustainability in medical treatment. Providers encountered challenges, including costly
investments required for privacy regulation of patient data and difficulties obtaining
approvals from both local and national governments [2]. However, the outbreak of SARS-
CoV-2 presented an opportunity for telemedicine to optimize communication between
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health workers and patients [1,2]. Government policy is necessary to regulate telemedicine
so that comprehensive health services can be provided [2].

Approximately 272.5 million people worldwide have been infected with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), resulting in approximately 5.3 million
deaths due to coronavirus disease 2019 (COVID-19) [3]. This RNA virus belongs to the
Coronaviridae family. It interacts with the angiotensin-converting enzyme-2 (ACE-2)
binding site on host cells in the heart, lungs, kidneys, and gastrointestinal tract. The mode
of transmission of SARS-CoV-2 involves airborne infectious particles and aerosols, which
are transmitted from infected individuals to their close contacts [4,5].

Metabolic dysfunction-associated fatty liver disease (MAFLD), previously known
as non-alcoholic fatty liver disease (NAFLD), is a chronic liver disease characterized by
excessive fat accumulation in the liver, without another obvious cause such as no excessive
alcohol consumption, hepatotoxic medications, toxins, viral infections, genetic hepatic
diseases [6,7]. MAFLD is defined as the accumulation of hepatic steatosis, as determined
using imaging and/or liver biopsy and accompanied by at least one of three conditions,
namely type 2 diabetes mellitus (T2DM), obesity, and metabolic dysregulation that can
happen in both developed and developing countries [6–8]. The updated clinical guidelines
from the American Association for the Research of Liver Diseases (AASLD), the American
College of Gastroenterology, and the American Gastroenterological Association stipulate
that the diagnosis of MAFLD should be based on three criteria: (1) evidence of increased
hepatic fat on imaging, (2) absence of significant alcohol consumption (>30 g/day), and
(3) absence of other known causes of chronic liver disease [9,10].

Typically, individuals with MAFLD remain asymptomatic. However, this condition
can potentially progress to an end-stage state due to complex liver-cell injury and the
accumulation of inflammatory cells, leading to a transformation of normal histology into
a more aggressive form called metabolic dysfunction-associated steatohepatitis (MASH).
MASH, in turn, can gradually evolve into the formation of fibrous scars characterized by
varying degrees of fibrosis and will become liver cirrhosis. This situation will elevate the risk
of morbidity and mortality among MAFLD patients due to liver cancer by approximately
1–2% annually in the absence of tailored and personalized treatment for each individual
patient [6,8].

The current approach to treating MAFLD starts with identifying and addressing co-
morbidities according to established guidelines and implementing lifestyle modifications
such as dietary changes, weight loss, and increased physical activity. These lifestyle adjust-
ments serve as the cornerstone of MAFLD treatment [11–13]. Specifically, no medication
has been approved as the primary treatment option for the disease [12].

Meanwhile, comorbidities such as obesity, diabetes, and fatty liver are associated with
an elevated risk of developing severe COVID-19 [14,15]. Recent studies have demonstrated
that individuals with MAFLD are at a four to six times higher risk of experiencing a
worsening of their respiratory signs and symptoms compared to those who do not have
fatty liver disease [15]. A study carried out in China discovered that severe COVID-19
was present in 70 out of 324 patients with fatty liver identified via abdominal computed
tomography (CT) scans [16]. Nonetheless, patients with comorbidities were more likely to
have compromised immunity, which facilitated robust viral replication. The SARS-CoV-2
virus may directly infiltrate hepatocytes via angiotensin-converting enzyme 2 (ACE2)
located on the cytomembrane of hepatocytes. This process induces excessive activation of
pro-inflammatory cytokines and exacerbates the cytokine storm associated with COVID-19.
The viral and inflammatory processes might infiltrate hepatocytes, leading to hepatocyte
damage. This cascade can elevate clinical biomarkers of hepatocyte injury, such as alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and bilirubin [17,18].

AST/ALT are essential diagnostic biomarkers for evaluating liver disease and abnor-
malities [18]. According to a multicenter study conducted in ten different cities in China,
30.7% (n = 103) of patients with COVID-19 and MAFLD exhibited elevated levels of AST
and ALT [16]. According to a study conducted at a single site in India, which investigated
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the outcomes of COVID-19 infection in patients with or without MAFLD, the serum levels
of ALT and AST were found to be significantly higher in patients with MAFLD [19].

Due to the COVID-19 pandemic, there were limitations on patients accessing health-
care facilities and restrictions on outdoor movement and exercise [20,21]. However, ad-
vancements in telemedicine have significantly progressed to face this pandemic era, offering
a solution to monitor patients when social distancing is required. The impact of monitoring
patients using telemedicine has enhanced the overall quality of medical services, encom-
passing both communicable diseases (such as COVID-19) and non-communicable diseases
(such as asthma, hypertension, diabetes, etc.) [1,22]. During the pandemic, telemedicine
could assist hepatologists in delivering healthcare for lifestyle modification in fatty liver
disease, with a majority of patients expressing satisfaction with this approach [23]. This
also could serve as a bridge to integrate standardized telemedicine into regular standard
care delivery [1,22,23].

Therefore, the objective of this review was to assess how telemedicine could aid in
monitoring lifestyle modification as a treatment of MAFLD patients during the COVID-19
pandemic, albeit focusing solely on MAFLD patients without coinfection with COVID-19.

2. Materials and Methods

This article was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement.

2.1. Search Strategy

A comprehensive search strategy was employed, utilizing literature databases such
as PubMed Central and ScienceDirect, covering the period from June 2020 to July 2023.
Manual searches were also conducted in JMIR mHealth and uHealth to enhance the
comprehensiveness of the search strategy further. The search strategy is used keywords
to retrieve articles, including “telemedicine”, “telehealth”, “telemessaging”, or “digital
health intervention”, “non-alcoholic fatty liver disease”, “NAFLD”, MAFLD or “hepatic
steatosis”, and “weight loss”, “lifestyle modification”, or “lifestyle changes”, along with
“liver function test” and “biochemical markers.” The following results were exported to
Zotero 6.0.26 to identify and manage duplicate records.

2.2. Research Selection and Data Extraction

The inclusion criteria for this literature review were as follows: (1) original research
from either randomized controlled trials (RCTs) or non-RCTs; (2) studies involving human
subjects; (3) publication between 2020 and 2023; and (4) availability of English language
and online access, with full-text articles freely accessible. There were no limitations on
patient criteria for inclusion in this review. Two independent reviewers, Safira Rosiana
Choirida and Ahmad Zaqi Zaenal Muttaqin, screened the titles and abstracts of the relevant
studies and reviewed the full text of the selected studies; a third and fourth reviewer,
Femmy Nurul Akbar and Hari Hendarto, reviewed the full text of the selected studies and
discussed discrepancy. The collected journal articles were also transferred to Microsoft
Excel 2019 for data extraction. This facilitated the organization of specific results, including
authorship, year of publication, design, setting, sample size, intervention methods, health
worker related, and outcomes.

2.3. Risk of Bias Assessment

Two independent reviewers, Safira Rosiana Choirida and Ahmad Zaqi Zaenal Mut-
taqin, assessed the risk of bias using the Cochrane risk-of-bias tool for randomized con-
trolled trials (RCTs) and the Newcastle-Ottawa scale (NOS) for non-randomized controlled
trials (non-RCTs) [24,25]. Discrepancies in the results were resolved by the third and fourth
reviewers (Femmy Nurul Akbar and Hari Hendarto).
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2.4. Data Analysis

The outcomes were reported as quantifiable measures to evaluate the effect of the
intervention on lifestyle modification concerning body mass index (BMI), body weight
(BW), liver function indicators such as alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), waist circumference (WC), lipid profile, and hemoglobin A1c
(HbA1c). Furthermore, a qualitative analysis was conducted by extracting the data using
Microsoft Excel to create descriptive text and tables and analyzing the outcomes of all
parameters. For the meta-analysis, studies that did not perform standard care for the
comparison with the intervention group were excluded. The analysis was carried out
using Review Manager software (version 5.4, Cochrane Collaboration, 2020). The mean,
standard deviation (SD), sample size of the intervention, and standard care group were
inputted, and mean difference (MD) with 95% confidence interval (CI), while statistical
heterogeneity using the I2 statistic. Finally, the illustrated results of the metanalysis were
visually presented in a forest plot (Figures 1–4).
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Figure 1. Forest plot of the effects of digital health intervention group compared with standard care
group on the body weight (BW) [26–28]. Green square: results of individual studies effect, green dot:
weight given in each study, black arrow: represent the 95% confidence interval (CI), black rhombus:
overall summary effect.

 

 

Figure 1 

 

 

 

 

 

 

 

Figure 2.  

 

 

 

 

 

Figure 3.  

 

 

 

 

Figure 4 

 

 

 

 

 

 

 

 

 

Figure 2. Forest plot of the effects of digital health intervention group compared with standard care
group on the body mass index (BMI) [26–28]. Green square: results of individual studies effect, green
dot: weight given in each study, black rhombus: overall summary effect.
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Figure 3. Forest plot of the effects of digital health intervention group compared with standard care
group on the alanine aminotransferase (ALT) [26,28]. Green square: results of individual studies
effect, black rhombus: overall summary effect.
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Figure 4. Forest plot of the effects of digital health intervention group compared with standard care
group on the aspartate aminotransferase (AST) [26,28]. Green square: results of individual studies
effect, black rhombus: overall summary effect.

3. Results
3.1. Research Selection

Out of the initial 90 studies sourced from databases, 88 studies were retrieved from
PubMed Central and ScienceDirect. Additionally, two studies were manually added from
JMIR, Mhealth, and Uhealth to maximize the tracing. After the removal of duplicates
and application of filters, followed by screening for full-text eligibility screening, nine
articles were prepared for manual screening. After excluding four articles that did not
use telemedicine-based intervention, we included five studies as systematic reviews and
meta-analyses and added 29 articles to explain this idea of the research.

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
Flow Chart is depicted in Figure 5. Four studies were identified that reported data on
body weight (BW), body mass index (BMI), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST).
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3.2. Research Characteristics

The characteristics of the included studies were presented in Table 1, supplemented with
additional information. Predominantly, the studies were conducted in the USA [26,29,30],
followed by Portugal [27] and Singapore [31]. Three out of the five studies, namely Lim
et al., Policarpo et al., and Stine et al., were randomized controlled trials (RCTs) conducted
at a single center within outpatient hospital and clinic settings. The remaining non-RCT
studies were conducted by Motz et al. and Tincopa et al. The total sample size consisted
of 239 patients, divided into intervention and standard care groups, with the exception of
Motz et al. and Tincopa et al., who did not provide information on standard care. Overall,
136 (56.9%) males and 103 (43.1%) females were recruited; Motz et al. exclusively recruited
female participants due to COVID-19 restrictions. The majority of participants were obese
patients of Caucasian descent, followed by Chinese individuals. The mean age of the
participants was 51.3 years. The median duration of the intervention was 5.5 months.
Most studies indicated their adherence to inclusion criteria in line with recent guidelines
of MAFLD. Additionally, all studies shared the same objective of assessing the potential
benefits of telemedicine for facilitating lifestyle changes among patients with MAFLD.

3.3. Assessment of Bias

Only RCT studies were considered for inclusion in the Cochrane Risk of Bias (RoB)
tool assessment [25]. Among these three studies, Lim et al. reported the highest risk of
detection bias, as they mentioned that the assessors were not blinded to the study-allocated
groups. Policarpo et al. and Stine et al. did not clearly specify whether participants and
personnel were blinded (performance bias) or how detection bias was addressed.

The bias assessment outcomes for non-RCTs indicated that Tincopa et al. achieved the
most favorable outcomes. The risk-of-bias assessments are depicted in Figure 6.
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Figure 6. The risk of bias graph displays the review authors’ assessments of each risk of bias item presented as percentages across all included studies. This 
includes (a) Cochrane risk-of-bias assessment for randomized controlled trials (RCTs) and (b) New-castle Ottawa risk of bias assessment for non-RCT studies 
[29,30]. * and ** : indicate the rating for these categories. 

 

Figure 6. The risk of bias graph displays the review authors’ assessments of each risk of bias
item presented as percentages across all included studies. This includes (a) Cochrane risk-of-bias
assessment for randomized controlled trials (RCTs) and (b) New-castle Ottawa risk of bias assessment
for non-RCT studies [29,30]. * and ** : indicate the rating for these categories.

3.4. Meta-Analysis: The Pooled Effects of Telemedicine

Out of the five included studies, three were included in the meta-analysis, while
two studies were conducted with single-arm designs. Three studies (Lim et al., Policarpo
et al., Stine et al.) reported outcomes regarding BW and BMI [26,31]. However, one
study (Policarpo et al.) did not provide the standard deviation outcomes for alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) [27].
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A concise summary of the included studies was compiled into a forest plot illustrating
body weight, BMI, ALT, and AST. Outcomes from the meta-analyses (Figure 1) suggested
no heterogeneity in body weight and BMI (I2 = 0%). The pooled MD for the effects of digital
health intervention on body weight (MD −2.81: 95% CI, −4.11 to −1.51, p = 0.0001) and
BMI (MD −1.01: 95% CI, −1.47 to −0.55, p = 0.0001) were statistically significant. However,
no statistically significant relationship between ALT (MD −12.73: 95% CI, −30.37 to −4.90,
p = 0.16) and AST (MD −5.83: 95% CI, −15.15 to −3.50, p = 0.22), with a moderate level of
heterogeneity (I2 = 68% for ALT and I2 = 42% for AST).

3.5. Result of Individual Studies

All the included studies focused on lifestyle modifications, including weight loss, phys-
ical activity, and stress management. We identified four studies concerning BW, BMI, AST,
and ALT. The mobile application provided access focusing on body weight loss and behav-
ioral changes, which technically involved monitoring and providing personalized feedback
to patients. Additionally, three studies addressed WC, while two studies investigated lipid
profiles and HbA1c.

However, each study had its main topic, including lifestyle change programs. Stine
et al. study focused on a lifestyle change program encompassing nutrition, physical activity,
and sustainable behavioral changes facilitated using a mobile-based health application
or telemedicine called NoomWeight (NW), while Lim et al. was composed of dietary
and lifestyle guidance via telemedicine known as nBuddy [26,31]. Moreover, Tincopa
et al., which employed the utilization of FitBit, a mobile digital health technology, had the
objective of monitoring daily steps and providing nutritional assessments. Patients could
easily log their daily meals, daily step counts, and body weight and access a wealth of
health and stress management information [30]. In contrast, studies by Motz et al. and
Policarpo et al. utilized video and/or phone communication as their primary digital health
intervention for monitoring the intervention group (IG) [27,29].

In most of the included studies, participants were instructed to engage in physical activ-
ities, at least with moderate-intensity aerobic training. Regarding dietary intervention, three
studies considered providing recommendations for the Mediterranean diet [26,27,29,30],
one study represented nutritional counseling according to the original research protocol [29],
and one study represented dietary intervention via general advice from a dietitian [31].

Stine et al. included 40 participants in their study, equally divided between an interven-
tion group and a standard care group. The trial lasted for four months, during which both
groups received education from a hepatologist regarding the current guidelines for MASH
in clinical practice, focusing on the Mediterranean diet and 150 min of moderate-intensity
physical activity per week. The IG received a dietary and physical activity program via the
NoomWeight application. At the end of the trials, the IG exhibited a significant decrease in
body weight (p = 0.0008) and BMI (p = 0.037) compared to the standard care (SC) group.
Moreover, 45% of the patients successfully reduced 5% of their body weight. The IG also
received a significant reduction in platelet count compared to SC (−28 vs. −5.7 × 109,
p = 0.038). Other laboratory parameters were also evaluated, such as liver function test,
albumin level, blood sugar level, and Fibrosis-4 index (FIB-4), but the results were not
statistically significant, respectively (p > 0.05). Furthermore, 70% and 75% of IG met the
criteria for feasibility and acceptability concerning the use of NoomWeight [26]. Stine et al.
stated 43% of patients had stage F0/F1, and 40% had stage F2.

In a study conducted by Lim et al., participants underwent a 6-month RCT where
the IG received guidance on dietary choices and physical activity from a dietitian using
nBuddy mobile application to record their dietary intake, physical activity, and behav-
ioral modifications while the SC group received guidance from a trained nurse at the
clinic. All groups received dietary programs based on the guidelines provided by the
American Heart Association. At the end of the trial period, the IG demonstrated notable
reductions in body weight (mean 3.2, SD 4.1 kg vs. mean 0.5, SD 2.9 kg; p < 0.001), waist
circumference (mean 2.9, SD 5.0 cm vs. mean −0.7, SD 4.4 cm; p < 0.001), systolic blood

95



J. Pers. Med. 2024, 14, 281

pressure (mean 12.4, SD 14.8 mmHg vs. mean 2.4, SD 12.4 mmHg; p = 0.003), diastolic
blood pressure (mean 6.8, SD 8.9 mmHg vs. mean −0.9, SD 10.0 mmHg; p = 0.001), ALT
(mean 33.5, SD 40.4 IU/L vs. mean 11.5, SD 35.2 IU/L; p = 0.004), and AST (mean 17.4, SD
27.5 U/L vs. mean 7.4, SD 17.6 IU/L, p = 0.03) compared to SC group [31].

Policarpo et al. conducted a study using NAFLD-HIV patients from an outpatient
infectious disease clinic assigned to the IG or the SC group. Both groups received uniform
guidance pertaining to a structured dietary intervention, emphasizing caloric restriction
and weight loss strategies rooted in the Mediterranean diet. During the 3rd and 4th months
of the research, patients underwent a review of dietary advice, eating habits, and lifestyle
modifications during the pandemic via video and/or phone calls, which also included the
completion of four stress questionnaires. Before the implementation of the lockdown, the
IG exhibited a decrease in body weight, with a median loss of 1.5 kg compared to a median
loss of 0.65 kg in the Standard Care (SC) group (p < 0.001). Following 3 months of lockdown,
both groups experienced weight gain, with the SC group showing a higher weight gain
of around 3 kg compared to less than 1 kg in the IG (p < 0.001) [27]. Policarpo et al.
also presented that 63.6% of patients had no evidence of fibrosis, 27.3% of patients had a
moderate degree of fibrosis (F2–F3), and 9.1% had severe fibrosis (F4) using Liver transient
elastography (Fibroscan©, Echosense, France) that underwent before intervention [26].
However, the researcher could not perform a Fibroscan after intervention due to local and
government issues.

Some studies used the Fibrosis-4 (FIB-4) index or NAFLD fibrosis score (NFS), which
is also used to predict the severity of fibrosis in MALFD patients. FIB-4 evaluated the risk
of liver fibrosis by calculating on the basis of age, AST/ALT levels, and platelet count.
Moreover, NFS predicted the severity of fibrosis based on six variables: age (years), BMI
(kg/m2), fasting blood glucose, AST/ALT ratio, platelet count, and albumin levels. As
the results, Policarpo et al. presented a low probability for liver fibrosis FIB-4 in 87.3% of
patients [27], while Stine et al. revealed no significant changes in clinical scoring such as
NFS and FIB-4 (p > 0.05) after intervention [26].

Motz et al. conducted a study involving 20 weeks of moderate-intensity aerobic
training delivered via telehealth, which was administered to patients with non-alcoholic
fatty liver disease (NAFLD) under direct supervision using an audio-visual telehealth plat-
form. Body weight, body fat percentage, and waist circumference improved with exercise.
Mean reduction was also shown in HbA1c levels, AST/ALT levels, and homeostatic model
assessment for insulin resistance (HOMA-IR) with respective values. Subsequently, all
participants met the priori definition of feasibility [29].

Furthermore, Tincopa et al. also illustrated the implementation of physical activity
utilizing the FitBit mobile application and conducted nutritional assessments to evaluate
the feasibility and acceptability of lifestyle modifications among NAFLD patients using
mobile technology. They intervened with the participants to assess secondary outcomes,
encompassing body weight, physical fitness, liver transient elastography, laboratory testing,
and quality of life. They had statistically significant improvements in waist circumference
lipid profile parameters, including HDL, LDL, and triglycerides, along with reductions in
hemoglobin A1c levels, with a p-value of < 0.05. Approximately 50% of the participants
exhibited reductions in BW and ALT and a 42.4% reduction in liver stiffness or fibrosis by
liver transient elastography (Fibroscan). Roughly 59% of the participants reported that
the mobile application was easy to use, and 66% of the patients expressed motivation to
enhance their physical activity while utilizing the daily step count tracker. These outcomes
suggest that these tools are not only feasible but also acceptable and hold promise for future
interventions [30].

4. Discussion

The COVID-19 pandemic has imposed limitations on patients accessing healthcare
facilities, leading to a decrease in treatment sustainability. One breakthrough is the utiliza-
tion of telemedicine to enhance connectivity between patients and healthcare professionals.
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Lifestyle modification remains the cornerstone of treatment for MAFLD due to insufficient
evidence supporting pharmacological interventions [6,12].

This systematic review summarizes the usage of telemedicine for monitoring lifestyle
modification interventions in adults with MAFLD. Most participants were males, similar to
the incidence of fatty liver disease globally that males are higher than females, although one
included study exclusively recruited females [29]. The mean age was 51.3 years, similar to
the most prevalent worldwide, which was 51–60 years. All included studies were published
between 2020 and 2023.

Multiple guidelines have indicated that achieving a reduction in body weight of 3–5%
could lead to improvement in hepatic steatosis, while a reduction of 7% in body weight
could induce changes in the histological features of metabolic-associated steatohepatitis
(MASH) [16]. For MAFLD, dietary recommendations include reducing daily calorie intake
by 500–1000 kcal per day (hypocaloric diet), adherence to the Mediterranean diet, adoption
of a low-carbohydrate diet, and adherence to a low-fructose diet. Additionally, moderate-
intensity aerobic physical activity with a minimum duration of 150–200 min per week
or 30 min per day and a frequency of more than twice per week (3–5 days a week) is
recommended [12].

Based on our meta-analysis, the intervention group employing telemedicine was
significantly more effective in achieving reductions in body weight and BMI compared to
standard care in MAFLD patients. It is also observed from all included studies that reducing
body weight is associated with a subsequent decrease in biochemical markers such as AST
and ALT. However, this meta-analysis revealed that telemedicine did not significantly
decrease AST and ALT levels. Waist circumference was reported in three studies, indicating
improvement in the intervention groups. One study showed improvements in other
markers of MAFLD risk factors, including a panel of lipids, liver stiffness, and HbA1c, but
they were not statistically significant [30]. Other studies showed improvement in blood
pressure systolic as well as diastolic pressure [31]. Motz’s study also revealed improvement
in‘ BW, BMI, waist circumference by exercise, and a mean reduction in AST/ALT, HbA1c,
and HOMA-IR with respective values.

The degree of liver fibrosis was assessed in three studies using liver transient elastog-
raphy (Fibroscan) [26,27,30,31]. It was concluded that most of the degrees of fibrosis in the
included studies had no evidence of mild fibrosis (F0/F1), and there is no study that showed
statistically significant improvement in liver stiffness or fibrosis by Fibroscan [27,30]. FIB-4
index and NFS also showed no clinically significant changes after intervention [26].

Based on outcomes, the duration and frequency of digital interventions varied widely,
ranging from 4 to 6 months, but the majority of articles implemented interventions last-
ing 5–6 months. At present, there are no established standard regulations regarding the
duration of digital interventions in MAFLD patients and their potential impact on the
clinical and biochemical outcomes of MAFLD. However, the included studies showed that
reducing body weight by 5% was found to be more effective when the intervention was
implemented for more than 4 or 6 months [29–31]. The changes in biochemical markers
were also notably reduced over a duration of 5–6 months [28,29]. Hence, the intervention
for 5–6 months was found to be more sustainable.

Telemedicine serves as a bridge that facilitates health workers, including medical
students, in monitoring patients indirectly and virtually. Additionally, there were advan-
tages for patients in terms of cost savings, as they could avoid visiting onsite healthcare
facilities [28,32]. This demonstrates that telemedicine is both feasible and acceptable for
monitoring patients with MAFLD, primarily via the use of mobile applications [33–35].

The role of telemedicine may commence with primary healthcare practitioners for early
detection using risk factors, progressing to further evaluation and categorizing patients into
risk groups for referral to higher-level healthcare facilities. If the patient is deemed to have
a low risk of disease progression, they will be referred back to their primary healthcare for
lifestyle modification and to receive ongoing laboratory monitoring. Meanwhile, patients
in the intermediate and high-risk stages of disease progression will be referred to tertiary
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healthcare for monitoring and therapy. Additionally, they will receive lifestyle modification
guidance from primary healthcare providers using telemedicine [23,33–35].

The limitation of our study resided in the relatively small number of included studies
and participants, as well as the fact that the majority of studies were conducted in Western
countries (3 in the USA, 1 in Portugal, and 1 in Singapore). Hence, the interventions
in those studies remain applicable in real-world settings. Another limitation of the in-
cluded studies was the variability in the competencies of the workers involved in making
recommendations or implementing interventions.

Our study strengths in its focus solely on current studies conducted during the
pandemic, ensuring its up-to-dateness. Therefore, despite the challenges in real-world
settings associated with its implementation, telemedicine could be utilized for monitor-
ing body weight and BMI, given the presence of adequate facilities, infrastructure, and
government support.

5. Conclusions

This systematic review and meta-analysis revealed that telemedicine is beneficial in
reducing body weight and BMI in patients with metabolic dysfunction-associated fatty
liver disease (MAFLD). However, our meta-analysis indicated that telemedicine did not
significantly lower liver function markers such as AST and ALT levels in MAFLD patients.
Additionally, waist circumference was found to be lower in the intervention groups across
three studies. Moreover, other markers associated with MAFLD risk factors, such as a
panel of lipids and HbA1c levels. Telemedicine has the potential to facilitate healthcare
professionals in remotely monitoring patients, including tracking their body weight, dietary
intake, daily physical activities, and biochemical markers. Patients could save money by
avoiding visits to healthcare facilities. This demonstrates the feasibility and acceptability of
telemedicine for monitoring patients with MAFLD, particularly using mobile applications.
Telemedicine enables patients to maintain connectivity to healthcare professionals while
mitigating the risks of disease exposure, including the transmission of COVID-19 infection
in traditional offline healthcare settings.

In conclusion, telemedicine could serve as a viable option for monitoring lifestyle
modification, including body weight and BMI in MAFLD patients amidst the COVID-19
pandemic, and offer the patients convenience to remain connected with their healthcare
providers while preventing the spread of COVID-19 infection. Future studies should be
conducted on larger populations to assess the generalizability of telemedicine utilization in
clinical settings.
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Abstract: Hepatocellular carcinoma (HCC) is a common complication of chronic liver diseases and
remains a relevant cause of cancer-related mortality worldwide. The global prevalence of metabolic
dysfunction-associated steatotic liver disease (MASLD) as a risk factor for hepatocarcinogenesis is on
the rise. Early detection of HCC has been crucial in improving the survival outcomes of patients with
metabolic dysfunction-associated steatohepatitis (MASH), even in the absence of cirrhosis. Under-
standing how hepatocarcinogenesis develops in MASH is increasingly becoming a current research
focus. Additive risk factors such as type 2 diabetes mellitus (T2DM), genetic polymorphisms, and
intestinal microbiota may have specific impacts. Pathophysiological and epidemiological associations
between MASH and HCC will be discussed in this review. We will additionally review the available
tumor therapies concerning their efficacy in MASH-associated HCC treatment.

Keywords: hepatocellular carcinoma; HCC; MASLD; MASH; NAFLD; NASH; biomarker; intestinal
microbiota

1. Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths
worldwide [1]. Hepatocarcinogenesis is predisposed by liver cirrhosis of any etiology.
However, chronic viral hepatitis B and metabolic dysfunction-associated steatohepatitis
(MASH), formerly known as non-alcoholic steatohepatitis (NASH) [2], already significantly
increase the risk of developing HCC, even in the absence of cirrhosis [3–5].

The increasing prevalence of metabolic dysfunction-associated steatotic liver disease
(MASLD), previously known as non-alcoholic fatty liver disease (NAFLD) [2], and its
progression to MASH raise the incidence of progressive liver fibrosis, cirrhosis, and HCC.
Current data support the notion that MASH is the leading cause of the predicted increase
in HCC incidence in the next decades [6].

Causal therapeutic approaches to HCC-predisposing MASH are taking place in the
context of clinical trials, which is why weight normalization, exercise, and optimization of
concomitant diseases such as diabetes mellitus are still the current focus. Understanding
how hepatocarcinogenesis develops in MASH is increasingly becoming a key research
focus. Here, the roles of additive risks such as type 2 diabetes mellitus (T2DM), genetic
polymorphisms, and the intestinal microbiome are of particular interest.

The importance of HCC surveillance in the MASH population is controversial. On
the one hand, there is a lack of international consensus regarding the risk population
to be defined. On the other hand, it has not been clarified whether standard screening
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methods using sonography in patients with MASH have sufficient sensitivity in early HCC
detection [7,8].

In recent years, there has finally been a breakthrough in the systemic therapy of
HCC, so several therapeutic options are now available in addition to current locoregional
procedures. Since MASH is associated with a multitude of comorbidities, it remains
challenging to extract the individual impact of MASH on the efficacy of available treatment
options. This is particularly important when comparing MASH-related HCC with the HCC
of other etiologies.

2. Epidemiology of HCC in MASH

Primary liver carcinomas represent the sixth most common cancer worldwide and the
third leading cause of cancer-related death [1]. Approximately 75–90% of these tumors are
classified as primary HCC, and only 10–15% of cases are classified as cholangiocarcinoma
(CCA) [9]. The annual HCC incidence is almost identical to its annual mortality, illustrating
the high mortality of this disease [10,11].

In the Western world, chronic viral hepatitis C is currently shown to be responsible
for the majority of all new HCC cases. However, a gradual decline is expected in the
coming years due to the success of direct antiviral therapies (DAAs) [12]. Alcohol-induced
liver disease also accounts for 10–20% of relevant HCC predisposing factors, and chronic
viral hepatitis B accounts for 10–15% of cases. In older epidemiological analyses, a large
proportion of patients with MASH were not recorded separately and were, thus, incorrectly
assigned to the cohort of “cryptogenic” cirrhosis. This can partly explain divergent data on
the frequency of cryptogenic liver disease (15–50%) as an HCC risk factor [13].

According to the most recent epidemiological studies, hepatic steatosis is the leading
cause of the increasing incidence of HCC in Western industrialized nations. An analysis
of the US Liver Transplant Registry between 2002 and 2017 found that the prevalence
of patients with MASLD awaiting liver transplantation increased by 16% over the past
15 years, from 6% in 2002 to 22% in 2017, with MASH emerging as the fastest growing cause.
The proportion of MASH as a cause of HCC increased 8.5-fold during the study period,
from 2% in 2002 to 18% in 2017 [14]. It should be noted here that a high number of HCC
cases arise against a background of MASH in the absence of cirrhosis [3]. This population
has not been subject to international consensus screening for early HCC detection.

Another analysis of patients transplanted for end-stage liver disease between January
2002 and December 2016 using the European Liver Transplant Registry database showed
a greater proportion of patients transplanted for MASH-associated HCC (39.1%) than
non-MASH patients (28.9%, p < 0.001) [15].

A US cohort study of over 500,000 participants, published in 2018, showed a cu-
mulative 5- (or 10)-year HCC risk of 0.8 (or 1.7) per 1000 patients in the MASLD cohort.
Compared with healthy controls, patients with MASLD had an 8.6-fold increase in HCC
risk. Patients with MASLD-associated cirrhosis showed a further marked increase in HCC
risk, with an annual incidence of 0.8–2.3% per year. Approximately 20% of all hepatic
steatosis-associated HCC cases occurred without predisposing cirrhosis [11].

A large German monocentric study with 1119 HCC patients, in 2015, demonstrated
epidemiological differences between patients with MASH-related HCC and those with
other HCC-predisposing liver diseases. For instance, patients with MASH-related HCC
were older at initial diagnosis than others (68 vs. 65 years). The MASH-HCC cohort showed
a higher prevalence of obesity (31.1% vs. 14.7%) and T2DM (66.7% vs. 37.85%), with higher
body mass index (BMI) correlating with worse overall survival. In MASH patients, there
was a trend toward multifocality (80% vs. 70%) with larger lesions overall (6.0 cm vs.
4.8 cm). In addition, there was a tendency toward an increased extrahepatic metastasis
rate at the initial diagnosis. Interestingly, liver function was preserved to a greater extent
than in other etiologies of HCC patients. Therefore, it can be postulated that the potential
diagnosis of MASH-associated cirrhosis and its complications occurred later. As a result,
HCC could only be detected at more advanced stages [16]. Consequently, optimization of
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current HCC screening algorithms and a more precise definition of the population to be
screened seem all the more urgent.

Projections using dynamic Markov modeling for accounting for obesity and diabetes
trends claim that the annual incidence of MASLD-related HCC in the USA would increase
by 137% from 5160 cases in 2015 to 12,240 cases in 2030 [17].

3. Pathogenesis of HCC in MASH

Chronic hepatic inflammation in the setting of MASH represents a potential trigger
of hepatocarcinogenesis even in the absence of predisposing cirrhosis. It is a complex,
multifactorial process involving various risk factors (genomic instability, obesity, diabetes
mellitus, and others) (Figure 1). Metabolic alterations (lipid and glucose metabolism)
contribute to hepatic steatosis. However, additional factors such as genetic variants, oxida-
tive/endoplasmic reticulum stress, mitochondrial dysfunction, altered immune response,
and microbiome conditions fuel disease progression (hepatic inflammation, fibrogenesis,
and carcinogenesis) [18]. For conciseness, we focus on the influence of genetics and poly-
morphisms. In addition, the microbiome’s impact on the progression from MASH to HCC
will be considered separately.
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Figure 1. Diagnostic criteria and risk factors for MASLD and progression of MASLD to MASH-
HCC [19]. In the progression from MASLD to MASH, MASH fibrosis, and finally cirrhosis, a variety
of factors (type 2 diabetes mellitus, obesity, microbiome, genetic and epigenetic factors, lifestyle) have
a similar effect on hepatocarcinogenesis. HCC risk appears to correlate with the extent of fibrosis, but
MASH-associated HCC may develop even without cirrhosis. The time to which the above factors,
particularly type 2 diabetes, have direct carcinogenic potential has not been conclusively determined.
Abbreviations: MetALD: metabolic dysfunction and alcohol-associated steatotic liver disease, BMI:
body mass index; WC: waist circumference.

3.1. Genetic Factors

Several gene polymorphisms have demonstrated an association between the preva-
lence of MASLD per se and the risk of progression to advanced MASH fibrosis [20]. The
best known is the polymorphism of the PNPLA3 (patatin-like phospholipase domain con-
taining 3) gene (variant rs738409 c.444 C>G, p.I148M) on chromosome 22. This PNPLA3
variant leads to impaired triglyceride mobilization of hepatic lipid droplets with increased
hepatic lipid accumulation, but also the alteration of retinol storage in the liver, and altered
retinol serum levels, especially in obese patients. Of note, the PNPLA3 polymorphism is
associated with a 3-fold increased risk of HCC in its carriers, independent of other risk
factors such as BMI, diabetes, and advanced fibrosis [21].

The TM6SF2 (transmembrane 6 superfamily member 2) gene polymorphism (variant
rs58542926, c.449 C>T, p.E167K) on chromosome 19 manifests as a transport disorder of
pre-VLDL particles. It correlates with the extent of steatosis and progression of fibrosis in
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MASH, independent of obesity, diabetes, and the PNPLA3 genotype. However, the direct
role of this TM6SF2 variant in hepatocarcinogenesis is controversial; the profibrogenic effect
might indirectly promote progression to HCC [22,23].

Recent data also suggest that a loss-of-function variant in the 17-beta hydroxysteroid
dehydrogenase 13 gene (HSD17B13) is associated with a reduced risk of chronic liver
disease and of progression from steatosis to steatohepatitis and, thus, may represent
another factor in HCC development [24–26].

In addition, individual studies of different mutations have demonstrated an unfa-
vorable influence on the course of MASH. Mutations of the hereditary hemochromatosis
protein-encoding gene (HFE) on chromosome 6 are associated with a complicated course
of MASH, potentially favoring the development of HCC [27].

In conclusion, it is important to note that both hepatocarcinogenic single mutations and
the increased genetic instability in patients with MASH, compared to those with MASLD,
favor the development of HCC. Other mechanisms promoting the progression of MASH to
HCC include epigenetic alterations causing aberrant DNA methylation and the expression
of diverse microRNAs (miR-21, miR-23, miR-29, miR-93, miR-106, miR-155, miR-221, miR-
222, and miR-519). Mechanisms and pathways involved are the major tumor-associated
signaling cascades (transforming growth factor (TGF-), Wingless and INT-1 (Wnt)/catenin,
mitogen-activated protein kinase (MAPK), Hedgehog, NF-κB, phosphatidylinositol 3-
kinase (PI3K)/AKT/Mechanical (mammalian) target of rapamycin (mTOR)) [28], and
CD44 [29].

3.2. Intestinal Microbiome

The gut microbiome is considered a key modulator of metabolism. It not only facili-
tates the extraction of nutrients and energy from food but is also essential for producing
numerous metabolites, including bile acids, regulating various metabolic pathways. The
gut microbiome outnumbers the human genome many times over. It plays a vital role
in metabolism, immune system formation, health maintenance, tolerance development,
and the prevention of colonization by pathogens. Its alteration, called dysbiosis, has
been described for different intestinal metabolic and inflammatory diseases, including
MASLD/MASH, alcoholic liver disease, cirrhosis, and complications [30–33].

Shifts of specific bacterial strains affect the production of bacterial-derived metabolic
active components, including bile acids, ethanol, cytokines, short-chain fatty acids, or other
inflammatory metabolites. Those may affect the host and possibly promote cancer-related
risk factors or diseases [34]. In rodent studies, fecal microbiota transplantation increased
the abundance of beneficial bacterial groups and alleviated the progression of MASH
development [35].

Modulating the gut microbiota, e.g., with antibiotic treatment, may reduce the risk of
hepatic carcinogenesis [36,37]. After antibiotic treatment, mice fed a high-fat diet showed
reduced toxic secondary bile acids [38]. In MASLD and especially MASH, nutrition,
metabolic disturbances, and related comorbidities such as diabetes may influence gut
microbiota composition. Changes in the abundances of different bacterial groups have
been described within other patient groups. The metabolism of specific bacterial groups
affects the mucosal barrier, hepatic inflammation, fibrogenesis, and tumorigenesis [39]. The
gut microbiota impacts energy balance, altering the uptake of calories derived from food
and alcohol [40]. Emerging data indicate that specific characteristic changes in the gut
microbiome are associated with MASLD and even cirrhosis, which is the primary driver
of HCC development [31,41,42]. In MASLD-related HCC and viral hepatitis-related HCC
(hepatitis B), specific modification of gut microbiota may represent a potential therapeutic
option for HCC treatment [43]. A study comparing MASH and MASH-HCC patients
with or without cirrhosis showed that changes in bacterial groups regulating bile acid
metabolism affected hepatic fibrogenesis and liver injury. The changes in the bile acid pool
were associated with an increased abundance of several bacterial strains, particularly Lac-
tobacilli and Bacteroides, which were related to altered liver injury and liver stiffness [44].
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In patients with MASH, the abundance of bile salt hydrolase-expressing bacteria is shifted,
resulting in increased bile acid levels and the altered composition of the bile acid pool,
which tends to increase the amount of secondary conjugated bile acids [45]. Alterations in
bile acid composition may be associated with advanced fibrosis in MASH-HCC, suggesting
an essential role in fibrosis-related tumorigenesis [46,47].

4. HCC Surveillance in MASLD/MASH

It is well established that patients participating in surveillance programs are diagnosed
with HCC at less advanced stages, resulting in a survival advantage. Successful screening,
however, requires reliable screening methods, on the one hand, and a definition of the
population at risk, on the other hand.

In the context of a steady worldwide increase in HCC incidence on the background of
MASH, there is a compelling need for a clear recommendation regarding HCC surveillance
for this patient population. While the risk of HCC in MASH cirrhosis is sufficiently high to
warrant surveillance, there is still no clear consensus among international guidelines for pa-
tients with MASH without cirrhosis. The German HCC S3 guideline provides sonographic
screening with or without additional AFP determination every six months in MASH pa-
tients, even in non-cirrhotic livers. The current AASLD (American Association for the Study
of Liver Diseases) HCC guidelines do not recommend surveillance in MASLD alone; only in
MASH cirrhosis should sonography (±AFP determination) be offered every six months [48].
The 2018 EASL (European Association for the Study of the Liver) HCC guidelines also
do not recommend general HCC surveillance in MASH; however, surveillance may be
considered across etiologies in patients with advanced fibrosis (F3) without cirrhosis based
on the individual risk profile. The EASL guidelines only recommend sonographic controls
every six months without additional determination of AFP (European Association for the
Study of the Liver).

As early as 2011, Ertle et al., in a retrospective epidemiological HCC monocenter study,
described that 42% of patients in the MASLD/MASH-HCC group did not have cirrhosis at
the time of HCC diagnosis [3]. Later publications showed a slightly lower proportion of
non-cirrhotic MASH-HCC patients ranging from 23% to 37% [49,50].

The sensitivity of ultrasound-based surveillance in MASH patients is limited by
investigator dependence, frequent concomitant obesity, and by MASH itself. A recent US
meta-analysis examined the sensitivity of sonography in HCC detection, with or without
concurrent AFP determination, in a cohort of 13,367 high-risk HCC patients of any etiology.
Ultrasound alone showed a sensitivity of only 45%, which significantly increased to 63%
with the addition of AFP. Thus, whether sonography alone can reduce HCC-associated
mortality remains inconclusive and urgently requires data from prospective studies [51].

To address the unsatisfactory performance of sonography-based HCC surveillance,
the GALAD score was developed, which includes age, sex, and the biomarkers AFP, AFP
isoform L3 (AFP-L3), and Des-γ-Carboxy-Prothrombin (DCP), also known as protein
induced by vitamin K absence or antagonist-II (PIVKA-II). In a recent Japanese–German
multicenter study, it was shown in MASH patient collectives that the GALAD score can
detect HCC with high sensitivity while comprising reasonable specificity in these patients
in the presence and absence of cirrhosis. Even early-stage HCC could be detected with
high reliability [52]. However, a limitation of this multicenter study is the lack of a direct
comparison with an ultrasound-based surveillance strategy in the populations studied. A
future prospective study should, therefore, investigate the performance of ultrasound alone
and in combination with the GALAD score in NASH patients. A retrospective American
multicenter study shows that this approach may be promising, with the combination of
GALAD and ultrasound achieving an AUC of 0.98 (US alone AUC 0.82 vs. GALAD alone
AUC 0.95) [53].

Recent data show that hepatocarcinogenesis is accompanied by epigenetic changes
and mutations in various genes. These molecular changes, which have so far been described
using tissue biopsies and cell models, can also be detected in circulating fragmented DNA

105



J. Pers. Med. 2024, 14, 370

(cfDNA) in the blood. As with other tumor entities, the molecular cfDNA can be used to
analyze the molecular changes [54]. In this context, it would be all the more obvious to
establish the use of liquid biopsy (LB) in HCC on a larger scale in order to be able to do
justice to the still insufficient early diagnosis. The use of LB appears to be particularly useful
in HCC, as the arterial hyperperfusion of tumor tissue means that there is a particularly
high probability of circulating tumor cells (CTCs) and cfDNA being distributed in the
peripheral blood.

5. Therapeutical Challenges in Patients with MASH-Related HCC

In unifocal HCC (Barcelona Clinic Liver Cancer (BCLC) stage 0/A), therapy of smaller
lesions with curative intent is possible by radiofrequency ablation (RFA) or microwave
ablation (MWA). For larger lesions, liver resection is indicated, assuming there is preserved
liver synthesis function in the absence of portal hypertension. A large US monocenter study
demonstrated that patients with HCC and MASH had better liver function at the time of
resection and showed a lower rate of cirrhosis than patients with hepatitis C or alcohol-
related liver disease. As a result, a more significant proportion of patients could be resected
in MASH-associated HCC compared with the other etiologies. In addition, improved
overall survival (OS) has been detected compared with the HCV/alcohol cohort [55].

For functionally irresectable HCC with a single lesion <5 cm or a maximum of 3 lesions
<3 cm (Milan criteria), evaluation for liver transplantation (LT) is recommended. It should
be emphasized at this point that, as mentioned at the outset, MASH is primarily responsible
for the sharp increase in HCC-related transplant listings in the United States.

The resulting increase in demand for donor organs requires more optimized allocation
of organs. However, current data suggest that the Milan criteria, which are still considered
the standard, could deny many potential organ recipients suffering from MASLD-associated
HCC from receiving a donor organ due to the more advanced tumor stages at initial
diagnosis. In recent years, several different approaches have been taken to extend these
current criteria. Among the best known are the UCSF criteria, defined as a single tumor that
is less than or equal to 6.5 cm, or up to 3 lesions with the largest lesion less than or equal
to 4.5 cm, with a total tumor diameter no greater than 8 cm. Here, patients transplanted
within these criteria had a 5-year survival rate of 75.2% [56]. In contrast, the Up-to-Seven
criteria propose that for HCC, with 7 as the total of the size of the largest lesion in cm
and the number of lesions, and without vascular invasion, could have survival outcomes
as good as those within the Milan criteria. In the patient cohort without microvascular
invasion but within the Up-to-Seven criteria, 5-year overall survival was 71.2% [57]. Later,
Mazzaferro et al. developed the Metroticket 2.0 model, incorporating the size of the largest
HCC lesion, the total number of nodules, and the AFP level in 2018. According to this
model, the overall 5-year survival rate reached 79.7%, and tumor recurrence could be more
accurately estimated than with the Milan, UCSF, or Up-to-7 criteria [58].

The additional use of biomarkers in decision algorithms for LT is a matter of debate.
However, there is a correlation between microvascular invasion (MVI) [59], histological
differentiation, and the risk of post-LT HCC recurrence, as reported in several publications.
AFP and DCP levels are reliable surrogate markers of the biological behavior of HCC due to
their strong correlation with MVI and degree of differentiation [60] and micro-intrahepatic
metastasis. The inclusion of these markers in the development of criteria has become
widely accepted in the last decade.

Even at the listing stage, MASH presents unique features compared to other etiologies.
It is well known that metabolic syndrome (especially T2DM and obesity), related coronary
artery disease, and chronic renal failure are predictors of worse postoperative and long-
term outcomes. On the LT waiting list, patients with MASH frequently exhibit numerous
metabolically related risk factors simultaneously. This results in several potential pitfalls
for LT-listed patients with MASH: an overall older patient age at the time of listing for
liver transplantation, comorbidities, and a lower model for end-stage liver disease (MELD)
score than other etiologies. In the context of obesity and transplantation, the results of
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different meta-analyses are wildly divergent. Some studies report worse post-LT survival
in patients with high BMI, whereas other papers report similar long-term outcomes as in
normal-weight patients. The postoperative complication rate is higher in obese patients.
Whether combining bariatric surgery with LT may improve overall survival needs to
be investigated using more extensive randomized trials. However, T2DM should be
emphasized as a predictor of poor graft and long-term patient survival. In the future, the
integrated weighting of MASH-associated comorbidities in selecting MASH-HCC patients
for potential LT listing will be a significant challenge [61].

5.1. Treatment of Intermediate-Stage HCC

For patients presenting non-diffuse, multifocal tumor nodules without extrahepatic
tumor manifestations or macrovascular invasion and compensated liver function (BCLC
stage B), a transarterial chemoembolization (TACE) treatment is recommended, according to
the EASL guidelines [62]. A survival benefit from TACE was first demonstrated in 2002 in a
randomized controlled trial comparing TACE to symptomatic treatment [63]. Since then, the
technique has undergone several improvements, e.g., super-selective chemoembolization
of the target volume can facilitate optimal sparing of healthy liver tissue surrounding
the tumor and, thus, help preserve liver function. As a different concept for locoregional
therapy, transarterial radioembolization (TARE) is an alternative treatment option for
patients with locally advanced HCC who are not eligible for TACE [62]. To the best of our
knowledge, little evidence exists regarding MASLD’s influence on the efficacy and safety
of locoregional therapies.

In a retrospective study comparing the outcome of TACE in cirrhotic patients with
MASH-related HCC to patients with HCV- or alcohol-related HCC, no significant differ-
ences in OS, response rate, or time to progression (TTP) could be identified. Apart from
adverse events, no significant differences between the groups were also observable [64].
Concerning MASLD-related comorbidities, another retrospective study could identify
obesity (BMI ≥ 25 kg/m2) as a risk factor for worse tumor response after TACE [65].
Furthermore, T2DM could be identified as an independent predictor for worse OS in pa-
tients with non-viral HCC undergoing TACE [66]. The negative influence of T2DM could
be demonstrated in a further retrospective study. Patients suffering from liver cirrhosis
and concomitant T2DM had a worse long-term prognosis after TACE [67]. Interestingly,
the drug Metformin, frequently prescribed for T2DM, seems to have beneficial effects on
the outcomes after TACE in patients with T2DM and early-stage HCC [68]. Regarding
TARE, a retrospective study conducted by Schotten and colleagues found MASLD-related
comorbidities not to influence the critical outcomes of TARE [69].

5.2. The Treatment Landscape for Advanced-Stage HCC

Over the past few years, the landscape of systemic therapy options for patients with
advanced-stage HCC and compensated liver function has significantly expanded. In 2008,
for the first time, two independently conducted studies (SHARP trial and Asia-Pacific
trial) demonstrated a survival benefit for HCC patients treated with systemic therapy,
leading to the approval of the tyrosine kinase inhibitor (TKI) sorafenib [70,71]. Based
on the results of the REFLECT trial, lenvatinib was approved in 2018 as a further first-
line treatment option. Although lenvatinib did not achieve superior OS (OS lenvatinib:
13.6 months vs. OS sorafenib: 12.3 months, hazard ratio (HR) 0.92, 95% confidence interval
(CI) 0.79–1.06), progression-free survival (PFS), time to progression (TTP), as well as the
objective response rate (ORR) significantly improved in the lenvatinib group compared to
sorafenib [72]. Further, two more TKIs, regorafenib and cabozantinib, have been approved
as second (or third) line therapies after pretreatment with sorafenib [73,74]. With the
introduction of ramucirumab, therapy options in second-line treatment further expanded
to include a monoclonal antibody directed against vascular endothelial growth factor
receptor type 2 (VEGFR2). Ramucirumab, the only drug that has to be guided by a
biomarker, has been approved for patients with tumor progression on sorafenib and an
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alpha fetoprotein (AFP) value of at least 400 ng/mL [75]. Developing the aforementioned
new TKIs and monoclonal antibodies has significantly improved the OS of HCC patients
eligible for systemic therapy. However, the improved OS is not consistently matched by
an improved ORR. Furthermore, in HCC patients with MASH, TKI treatment approaches
are potentially limited by extrahepatic manifestations of the metabolic syndrome such as
obesity, diabetes, hyperlipidemia, and arterial hypertension, frequently accompanied by
chronic kidney and cardiovascular disease. Here, TKIs may aggravate arterial hypertension
and increase the risk of myocardial infarction, potentially necessitating treatment de-
escalation or discontinuation. Therefore, in this patient cohort, alternative treatment
approaches with more favorable safety profiles are required.

Regarding the critical endpoint of ORR, a clear improvement was achieved with
the combination of the programmed death-ligand 1 (PD-L1) inhibitor atezolizumab and
the VEGF inhibitor bevacizumab tested against sorafenib as first-line therapy (IMbrave
150 trial) [76]. In addition to a survival benefit of nearly six months (OS atezolizumab
plus bevacizumab: 19.2 months vs. OS sorafenib 13.4 months), this new combination
therapy induced an ORR in 30% of all participants, and 25 patients (8%) even showed
a complete response. As a result, the combination of atezolizumab and bevacizumab
became the new standard of care for first-line systemic treatment in 2020. Supported by
the results of the above-mentioned IMbrave150 study, an immune checkpoint inhibitor
(ICI)-based combination therapy is seen as having great potential in treating liver cancer.
Based on the positive results of the phase III HIMALAYA trial, the dual immune checkpoint
blockade consisting of the cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4) antibody
tremelimumab and the PD-1 inhibitor durvalumab was recently approved as an additional
first-line therapy [77]. The so-called STRIDE regimen (single tremelimumab regular interval
durvalumab) showed both an OS benefit (OS STRIDE 16.4 months vs. OS sorafenib
13.8 months, HR 0.78, 96% CI 0.65–0.92, p = 0.0035) and an improved treatment response rate
(ORR STRIDE 20.1% vs. sorafenib 5.1%). In addition to combination therapy, durvalumab
was also tested as a monotherapy and was found to be non-inferior to sorafenib [77].

Apart from the dual ICI blockade, the combination of an ICI with TKIs has also been
tested. Recently, the results of LEAP-002, a phase III study evaluating the combination of
pembrolizumab plus lenvatinib versus lenvatinib as monotherapy, were reported. Although
the combination therapy did not reach the pre-specified statistical significance for OS,
it achieved the longest OS among systemic treatments for advanced HCC to date (OS
lenvatinib plus pembrolizumab: 21.2 months vs. OS lenvatinib: 19 months, HR 0.84,
95% CI 0.708–0.997, p = 0.0227) [78]. The combination of atezolizumab and cabozantinib
investigated in the COSMIC 312 trial only improved PFS, but not OS [79]. In addition to
their use in the first-line setting, ICIs have also been investigated in the second-line setting.
For example, the CheckMate 040 phase I/II trial found that the combination of ipilimumab
and nivolumab induced a durable response in a subset of patients with HCC who had
previously received sorafenib treatment [34].

5.3. Immunotherapy and Targeted Therapies in Non-Viral HCC

Regarding the expanding therapeutic armamentarium, a new challenge arises—namely,
to identify the most suitable treatment sequence for each patient as systemic treatment
has been conducted in a “one-size-fits-all” fashion for many years. To what extent the
etiology of the underlying chronic liver disease contributes to therapy success or failure is
currently gaining increased attention. In light of the rapidly increasing incidence, patients
with MASLD-associated HCC are of particular interest. A closer look into the patient
cohorts of the above-mentioned phase III trials reveals that only small subgroups had non-
viral HCC. Furthermore, only a few studies reported a precise number of MASLD-related
etiology (Table 1) [70–76,80]. Interestingly, to our knowledge, only the CELESTIAL trial
considered MASLD as a stratification parameter. The current knowledge regarding therapy
implications for non-viral HCC is primarily based on findings from retrospective cohorts,
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potentially biased subgroup analyses, and meta-analyses, but no specific RCTs have been
conducted assessing this issue.

Table 1. Role of HCC etiologies in selected clinical trials on systemic therapy with subsequent
approval of the therapy regimen by the EMA.

Trial And Treatment
Arms Etiology * Stratification Criteria Primary Endpoints Secondary Endpoints

SHARP—sorafenib vs.
placebo [70]

HCV 29%
HBV 19%

Alcohol 26%
Unknown 16%

Other 9%

Geographical region
ECOG PS (0 vs. 1–2)

Macrovascular invasion
or extrahepatic spread
(presence vs. absence)

OS 10.7 vs. 7.9 (HR 0.69,
95%-CI 0.55–0.87,

p < 0.0019)
TTSP 4.1 vs. 4.9 (HR

1.08, 95% CI 0.88–1.31,
p = 0.77)

TTRP 5.5 vs. 2.8 (HR
0.58, 95% CI 0.45–0.74,

p < 0.001)
DCR 43% vs. 32%;

p = 0.002

Asia-Pacific—sorafenib
vs. placebo [71]

HCV 70.7%
HBV 10.7%

Geographical region
Macrovascular

invasion and/or
extrahepatic spread

(presence vs. absence)
ECOG PS (0–2)

OS 6.5 vs. 4.2 (HR 0.68
95% CI 0.50–0.93.

p = 0.014)

TTP 2.8 vs. 1.4 (HR
0.57, 95% CI 0.42–0.79,

p = 0.0005)
TTSP 3.5 vs. 3.4 (HR

0.90, 95% CI 0.67–1.22,
p = 0.50)

DCR 35.3% vs. 15.8%
(p = 0.0019)

IMbrave150—
atezolizumab +

bevacizumab vs.
sorafenib [76,80]

HCV 21%
HBV 49%

Non-viral 30% #

Geographical region
(Asia excluding Japan
vs. rest of the world)

Macrovascular invasion
or extrahepatic spread
(presence vs. absence)

Baseline AFP < 400
ng/mL vs. ≥400

ng/mL
ECOG PS (0 vs. 1)

OS 19.2 vs. 13.4 (HR
0.66, 95% CI 0.52–0.85,

p < 0.001)
PFS 6.9 vs. 4.3 (HR 0.65,

95% CI 0.53–0.81,
p < 0.001)

ORR 30% vs. 11%
(p < 0.001)

DoR 18.1 (95% CI
14.6-NE) vs. 14.9 (95%

CI 4.9–17.0)

HIMALAYA—
durvalumab vs.
sorafenib and
durvalumab +

tremelimumab vs.
sorafenib [77]

HBV 31%
HCV 28%

Nonviral 41%

Asia (excluding Japan)
39.7% and rest of world

60.3%.
ECOG PS (0 vs. 1), AFP
≥ 400 (yes vs. no)),

macrovascular invasion
(yes vs. no),

extrahepatic disease
(yes vs. no), PD-L1
status pos. vs. neg.)

OS STRIDE 16.4 vs.
sorafenib 13.8 (HR 0.78,

96% CI 0.65–0.92, p =
0.0035)

ORR STRIDE 20.1% vs.
sorafenib 5.1%

TTP 5.4 (95% CI, 3.8 to
5.6) in STRIDE arm, 3.8
(95% CI, 3.7 to 5.4) in
durvalumab arm, and
5.6 (95% CI, 5.1 to 5.8)

in Sorafenib arm

REFLECT—lenvatinib
vs. sorafenib [72]

HCV 19%
HBV 52.5%

Alcohol 7.5%
Other 7.9%

Unknown 13%

Geographical region
(Asia-Pacific or

Western)
ECOG PS (0 vs. 1)

Presence or absence of
macroscopic portal

vein invasion and/or
extrahepatic spread

Body weight (<60 kg or
≥60 kg)

OS 13.6 vs. 12.3 (HR
0.92, 95% CI 0.79–1.06

PFS 7.4 vs. 3.7 (HR 0.66,
95% CI 0.57–0.77,

p < 0.0001)
TTP 8.9 vs. 3.7 (HR 0.63,

95% CI 0.53–0.73,
p < 0.0001)

ORR 24.1% vs. 9.2%
(OR 3.13, 95% CI

2.15–4.56, p < 0.0001)

109



J. Pers. Med. 2024, 14, 370

Table 1. Cont.

Trial And Treatment
Arms Etiology * Stratification Criteria Primary Endpoints Secondary Endpoints

RESORCE—regorafenib
vs. placebo [73]

HCV 21%
HBV 38%

Alcohol 24%
Unknown 17%

MASH 7%
Other 7%

Geographical region
(Asia vs. rest of world)

Macrovascular
invasion (yes vs. no)
Extrahepatic spread

(yes vs. no)
Baseline AFP < 400

ng/mL vs. ≥400
ng/mL

ECOG PS (0 vs. 1)

OS 10.6 vs. 7.8 (HR 0.68,
95% CI 0.50–0.79,

p < 0.0001)

PFS 3.1 vs. 1.5 (HR 0.46,
95% CI 0.37–0.56,

p < 0.0001)
TTP 3.2 vs. 1.5 (HR 0.44,

95% CI 0.36–0.55,
p < 0.0001)

ORR 11% vs. 4%
(p = 0.0047)

DCR 65% vs. 36%
(p < 0.0001)

CELESTIAL—
cabozantinib vs.

placebo [74]

HCV 24%
HBV 38%

HBV + HCV 2%
Alcohol 24%
MASH 9%
Other 5%

Unknown 16%

Etiology (HBV with or
without HCV vs. HCV
without HBV, or other)

Geographical region
(Asia or other)

Extrahepatic spread
and/or macrovascular
invasion (yes vs. no)

OS 10.2 vs. 8 (HR 0.76;
95% CI 0.63–0.92,

p = 0.005)

PFS 5.2 vs. 1.9 (HR 0.44,
95% CI 0.36–0.52,

p < 0.001)
ORR 4% vs. <1%

(p = 0.009)

REACH-2—
ramucirumab vs.

placebo [75]

HCV 24%
HBV 36%

Alcohol 24%
MASH 10%

Cryptogenic 6%
Other 9%

Geographical region
(America, Europe,
Australia, Israel vs.

Asia, excluding Japan
vs. Japan)

Macrovascular
invasion (yes vs. no)

ECOG PS (0 vs. 1)

OS 8.5 vs. 7.3 (HR 0.710.
95% CI 0.53–0.95,

p = 0.0199)

PFS 2.8 vs. 1.6 (HR
0.452, 95% CI 0.34–0.60,

p < 0.0001)
ORR 5% vs.1%,

p = 0.1697)
TTRP 3 vs. 1.6 (HR

0.427, 95% CI 0.31–0.58,
p < 0.0001)

* Distribution is given for the treatment arm. # Non-viral included alcohol, other, unknown non-hepatitis B or C.
SHARP: Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol, OS: overall survival, TTSP: time
to symptomatic progression, TTRP: time to radiologic progression, DCR: disease control rate, HCV: hepatitis C
virus, HBV: hepatitis B virus, ECOG: Eastern Cooperative Oncology Group Performance Score, PFS: progression-
free survival, ORR: objective response rate, DoR: duration of response, NE: not evaluable, AFP: alpha fetoprotein,
MASH non-alcoholic steatohepatitis.

It was hypothesized that patients with non-viral HCC may benefit less from ICI-based
immunotherapy. Subgroup analyses of the IMbrave150 trial indicate a clear survival benefit
for viral HCC, but the HR for non-viral HCC was not statistically significant (HR 1.05, 95%
CI 0.68–1.63) [76]. These findings are further supported by two meta-analyses that merged
data from the three large ICI phase III trials (IMbrave 150, Checkmate 459, and Keynote
240). The analyses showed that ICI-based therapies seemed to be less effective in patients
with non-viral HCC [81,82]. The possible underlying mechanisms of resistance against
immunotherapy in MASLD-associated HCC are not fully understood. It seems that CD8 +
PD1 + -T-cells contribute to the pathophysiology of MASLD, and interestingly, anti-PD1
therapy promotes adverse tumor necrosis factor-alpha (TNFα)-secretion by these cells in
the MASLD setting [81]. However, in contrast to the aforementioned studies, newer trials
reported more promising results, questioning the assumption that ICI-based therapy is not
the optimal choice for patients with non-viral HCC. The recently published HIMALAYA
trial demonstrated a significant survival benefit for patients with non-viral HCC receiving
the STRIDE regime (HR 0.74, 95% CI 0.57–0.95) [77]. Another meta-analysis did not
demonstrate a notable difference in treatment efficacy associated with the underlying HCC
etiology [83].

Regarding TKI-based therapy, the role of the etiology of the underlying chronic liver
disease is also not fully understood. A recent meta-analysis as well as a real-world study,
which included patients treated with lenvatinib from German tertiary cancer centers, did
not identify any differences in HCC treatment success according to the etiology of chronic
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liver disease [82,84]. In the SHARP trial, the survival benefit of sorafenib over the placebo
was consistent for the different etiologies HBV, HCV, and alcohol. However, the effect
seemed more pronounced in patients suffering from HCC due to HCV infection [85]. In a
multicentric retrospective study conducted in a Japanese cohort investigating the impact of
lenvatinib in accordance with the HCC etiology (MASLD/MASH group vs. Viral/Alcohol
group), OS and PFS tended to be even better in the MASLD/MASH group [86]. Another
retrospective study featuring a European cohort of HCC patients receiving lenvatinib
treatment, conducted by Sacco and colleagues, also found that patients with non-viral HCC
had longer OS compared to patients with viral-related HCC [87]. In further retrospective
studies, two other working groups investigated the effect of lenvatinib compared to the
combination therapy of atezolizumab and bevacizumab in patients with non-viral HCC
and were able to identify a favorable effect for lenvatinib in this patient group [88,89].
In summary, etiology cannot currently serve as a selection criterion for the preferred
therapy due to insufficient high-quality data from prospective studies using MASLD as a
stratification criterion or even considering MASLD as a distinct subgroup. It is important
to note that MASLD has also not been considered as a separate patient group in phase III
studies to date and it can also be challenging to identify MASH as the sole risk factor for
the development of HCC. Therefore, the combination of atezolizumab and bevacizumab
remains the recommended first-line therapy for all patients.

6. Future Directions

The relationship between obesity and type II diabetes mellitus in the progression
of MASLD to fibrosis, cirrhosis, and HCC is well-established. Adipokines and insulin
resistance are among the factors that orchestrate this progression. By effectively treating the
additive risk factors of obesity and diabetes, the risk of progression to HCC can be mitigated.

Drug therapy for morbid obesity remains a clinical challenge, which is why bariatric
surgery continues to play an important role here. According to a recent large meta-analysis
by Ramai and colleagues (9 studies, 18,423,546 controls vs. 1,091,204 bariatric patients),
surgical treatment of obesity can significantly reduce the risk of concomitant progression
from MASLD to HCC. The pooled rate per 1000 person-years was 0.05 (95% CI: 0.02–0.07)
in bariatric surgery patients versus 0.34 (95% CI: 0.20–0.49) in the control group with an
incidence rate ratio of 0.28 (95% CI: 0.18–0.42). Bariatric weight reduction reduces the risk
of HCC in obese patients, as indicated by the data [90].

The efficacy of glucagon-like peptide-1 (GLP-1) receptor agonists such as liraglutide
in the treatment of MASLD/MASH remains unclear. In an animal study, mice with
streptozotocin- and high-fat diet-induced diabetes with MASH were treated with liraglutide
or saline for 14 days in the control arm. The two groups were compared in terms of
glycemic control: liver histology and hepato-carcinogenesis. While fasting plasma glucose
was significantly lower in the liraglutide group than in the control group, fasting insulin
levels were significantly higher in the test group than in the control group. Impressively, in
contrast to the control group, liraglutide completely suppressed the development of HCC
and also significantly attenuated steatosis and inflammation [91].

Another treatment option for the effective management of T2DM, one of the major
risk factors for MASLD, is sodium-glucose co-transporter (SGLT2) inhibitors. Experimen-
tal studies in animal models have suggested that SGLT2 inhibitors may have beneficial
modulatory effects on MASLD, and several studies in patients have demonstrated their
beneficial effects on liver enzymes, BMI, hyperlipidemia, hyperglycemia, and insulin resis-
tance in MASLD patients, potentially inhibiting the progression of liver damage to HCC
in these patients [92]. In the future, effective control of predisposing factors for HCC will
undoubtedly be an essential preventive component in reducing the increasing incidence of
HCC worldwide.
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7. Conclusions

MASH is considered to be a significant cause of the increasing incidence of HCC world-
wide. Chronic hepatic inflammation in MASH triggers hepatocarcinogenesis even without
predisposing cirrhosis. It is a complex, multifactorial process involving various risk factors
(genomic instability, obesity, diabetes mellitus, etc.). The heterogeneity of HCCs resulting
from this multitude of MASH-associated risks makes it difficult to define a risk population
to be screened clearly. In consequence, MASLD is associated with lower HCC surveillance
receipt, lower early-stage cancer detection, and modestly worse OS. Furthermore, previous
approaches to ultrasound-based HCC surveillance show clear limitations.

Therefore, the evaluation of alternative, e.g., biomarker-based, screening methods
is mandatory. The selection of appropriate HCC treatment options for MASH patients
must also consider MASH-associated and potentially therapy-limiting comorbidities, as
non-cancer mortality significantly impacts OS even in curatively treated patients. Here
future systemic therapy trials urgently need to address MASLD as a separate subgroup to
avoid underrepresentation of this worldwide epidemic disease.
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Abstract: Liver transplantation is an uncommonly used, controversially debated therapeutic approach
for highly selected individuals with neuroendocrine liver metastases. Synthesising evidence regarding
outcomes from this approach is crucial to understand its position within the broad neuroendocrine
liver metastases armamentarium. In this narrative systematic review of studies published in PubMed,
Scopus and OVID until 1 July 2021, we summarise and critically appraise the existing literature
regarding this modality, with a special focus on long-term outcomes data where possible. Fourteen
studies were identified that reported outcomes from the use of liver transplantation for metastatic
neuroendocrine neoplasms. No randomised trials were identified. Generally, indications and selection
criteria were poorly articulated, with the notable exception of studies using the Milan criteria. The
median 5-year overall survival was 65% (ranging from 36% to 97.2%, 11 studies), and the median
10-year overall survival was 50% (ranging from 46.1% to 88.8%, 3 studies). One additional study
focussed on treatments and outcomes following post-transplant recurrence. No studies reported
outcomes past 10 years. Further follow-up of the largest series with explicit selection criteria will
deepen our understanding of the role that transplantation has to play in this setting.

Keywords: neuroendocrine; transplantation; outcomes; liver metastases; systematic review

1. Introduction

Neuroendocrine neoplasms (NEN) are an increasingly prevalent class of tumour that
arise from multiple organs, but most commonly in the gastroenteropancreatic tract, or
bronchopulmonary system [1]. Clinical challenges include the symptomatic burdens of
hormonally active (“functional”) tumours, their propensity to metastasise despite their
generally accepted relative indolent growth, and high incidence of nodal and/or distant
metastases at initial presentation [2]. Specialist centre experience documents that up to 90%
of small intestinal NEN display evidence of nodal metastases at diagnosis [3], with up to
91% of small intestinal NEN patients and up to 77% of pancreatic NEN patients developing
hepatic metastases [4–6]. Gold-standard imaging also significantly understages metastatic
disease in the liver [7], mandating careful treatment strategy and according follow-up.
Whilst patients harbouring neuroendocrine liver metastases (NELM) may have protracted
survival, particularly when compared to expected prognosis of stage IV gastrointestinal
adenocarcinomas, the presence of NELM exerts a major, negative prognostic effect, and
multimodal treatment is often required to attain disease control [2,8].

Recent advances, driven by increased centralisation of care into expert centres/networks
and inter-centre collaboration, have expanded the therapeutic armoury, such as evidence
from randomised controlled trials supporting the use of somatostatin analogues (SSAs) [9],
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peptide receptor radionuclide therapy (PRRT) [10], molecularly targeted agents [11,12],
and interventional “trans-arterial” procedures such as selective internal radioembolisation
for hepatic disease [13]. However, whilst initial reports were promising regarding the
anti-proliferative effects of SSAs and PRRT in terms of progression-free survival, there is
no evidence that they significantly affect overall survival [14].

Radical surgical intervention is therefore the only modality that possesses the opportu-
nity to attain cure—this is possible in the setting of NELM, with the resection of locoregional
tumour burden and liver metastases if oncologically and technically appropriate [15]. A
minority of patients with NELM are candidates for resection with curative intent, and even
if R0 margins are attained, disease recurrence is a significant hindrance [16], leading some
to posit that for many cases, “curative resection” is a palliative endeavour albeit with a
sustained duration of disease control [15]. The other aspect of the surgical armamentarium
for NELM [17] or advanced primary hepatic NEN [18,19] is liver transplantation, either
in the classic orthotopic fashion, or as part of a multivisceral graft [20–23]. Indications
for OLT generally comprise control of medically intractable symptoms from functional
tumours, amelioration of effects of hepatic tumour bulk, or for oncological control [24].
Initial outcomes with OLT for NELM were very poor [17,24]; however, technical progress
and implementation of stringent selection criteria have been shown to be associated with
improved prognosis [25–27]. Other centres have demonstrated excellent results exceeding
those seen for liver resection based on meticulous selection criteria [28], and some reports
have demonstrated the possibility of excellent long-term survival. However, given the
rarity of the indication (<1% of all liver transplant activity) [22], summarising the available
evidence into a cohesive platform is necessary to understand the divergences in practice
and outcomes that generate debate around this contested modality. Specifically, there is
lack of robust data on long-term survival outcomes, e.g., 10 years or longer.

Here, we undertake a systematic review of the literature regarding the use of liver
transplantation for the treatment of NEN, seeking to update the findings of a previous
review [17], extend prior work by critically appraising the evidence limitations and outline
avenues for further study. This is done with a specific focus on long-term outcomes of this
approach.

2. Materials and Methods
2.1. Protocol Registration and Study Conduct

The protocol for this systematic review was registered on the PROSPERO database
(reference CRD42021267963; https://www.crd.york.ac.uk/prospero/display_record.php?
ID=CRD42021267963, accessed on 1 August 2021) prior to the commencement of the study.
The systematic review was undertaken cognisant of and reported according to the PRISMA
guidelines [29] (checklist in Supplementary File S1).

We formulated our review considering the “PICO” framework:

Population: patients with advanced neuroendocrine neoplasms (liver metastases);
Intervention: liver transplantation, either alone (orthotopic) or part of a multivisceral graft;
Comparison: other, non-transplant treatment strategies (data availability permitting);
Outcome: overall and disease-free survival at 1-, 3-, 5-, 10-, and 10+ years.

2.2. Search Strategy, Data Sources and Inclusion

We undertook a systematic review of three databases: PubMed (MEDLINE), Sco-
pus Web of Science and EMBASE. Search terms focussed on “neuroendocrine” and “liver
and “transplant”—the full search strings are available via the link on the registered pro-
tocol webpage on PROSPERO (https://www.crd.york.ac.uk/PROSPEROFILES/267963
_STRATEGY_20210714.pdf, accessed on 1 August 2021) and in Supplementary File S2.
There were no amendments to the protocol.
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Papers published until 1 July 2021 written in English or German were considered
for inclusion. We considered publications reporting on liver transplantation for NEN or
NELM, whether or not they were purely NEN cohorts (provided that NEN-specific data
were reported), or reports discussing several primary tumour types. Papers were excluded
if they were animal studies, review articles, another systematic review with or without
meta-analysis, or editorials or other non-research studies not reporting outcomes data.
Case reports were not included for data extraction. If data from the same centre or registry
were presented in multiple reports, we selected the most recently published paper.

Three authors each performed the search string on one source (VP EMBASE, DL
on PubMed, AKC Scopus). The number of articles was noted, and all records uploaded
onto the Rayyan platform for duplicate identification and screening. Three independent
reviewers (VP, DL and AKC) screened all articles (titles and abstracts), with each record
assessed twice. Conflicts were resolved in group teleconference. AKC also reviewed
reference lists of the finally selected papers for additional potential references.

2.3. Data Extraction and Summary

All selected articles passing title and abstract screening were assessed by two inde-
pendent reviewers for potential data extraction: VP and DL reviewed 50% each of all
articles, with AKC performing the second review. Disagreements were discussed in group
teleconference. A pre-developed data extraction template was trialled using two large,
previously known studies to assess appropriateness and ease of use.

Thereafter, data were extracted regarding first author, year of publication, country,
study design, number of patients included with NEN, median age of participants (or other
summary statistics if presented), male:female numbers, primary tumour types, tumour
histology, median follow-up (or other summary statistic), overall survival at 1, 3, 5, 10, and
10+ years, recurrence-free survival at 1, 3, 5, 10, and 10+ years, type of immunosuppression,
pre-transplant treatment information, and “miscellaneous” data felt to be of relevance by
individual reviewers.

Per-study rows were permitted to be split if the study authors reported outcomes for
distinct temporal periods, or if they reported outcomes for specific forms of transplantation
(e.g., orthotopic liver transplantation, or multivisceral transplantation). Outcome data were
extracted “as is”—in cases where no Kaplan–Meier/other actuarial survival metrics were
reported, we did not compute by hand using raw data (if provided).

2.4. Synthesis and Meta-Analysis

The findings of this systematic review were synthesised narratively. We had consid-
ered pooling of identified Kaplan–Meier estimates using random effects meta-analysis.
However, due to the high heterogeneity in centre selection criteria and follow-up duration,
and notable trends in outcomes over time, we felt that this was inappropriate and would
lead to imprecise estimates. As the included estimates were overwhelmingly case series, we
used the Institute for Health Economics (Edmonton, AB, Canada) quality appraisal check-
list: (https://www.ihe.ca/download/development_of_a_quality_appraisal_tool_for_case_
series_studies_using_a_modified_delphi_technique.pdf, accessed on 1 August 2021).

3. Results

The reference selection process is illustrated in the PRISMA flowchart in Figure 1. From
the initially extracted 982 records, we included 15 studies in the final evidence synthesis:
14 studies reporting survival outcomes after LT for NEN, and 1 reporting on outcomes after
post-OLT recurrence. These studies are presented in Table 1. Four papers that reported
relevant data were deemed to be older, preceding reports of the same/highly overlapping
patient pools [25,30–32] and therefore not included in the final summary. As all records
were retrospective case series, this review remained “narrative” and without meta-analysis.
A relative quality appraisal is summarised in Supplementary File S3.
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Figure 1. PRISMA flowchart describing the steps in the systematic review from literature search to
included studies. * = distinct record databases.

The publication date of the included studies ranged from 1995 to 2021, covering study
periods starting in 1983 onwards. Sample sizes ranged between 5 [38] and 213 [24]. There
was non-uniform reporting of median age of the cohorts, summary characteristics of follow-
up, sex of participants, the survival outcomes reported (intervals and whether this was
overall survival or disease-free), prior treatment strategies and selection criteria. Whilst
most studies reported solely on outcomes following orthotopic liver transplantation for
NELM [24], some included cases of primary hepatic NEN, and some included patients
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undergoing multivisceral transplantation for advanced tumours including hepatic metas-
tases [20,23,40]. Interestingly, the recent case series of Sposito et al. reported outcomes
following recurrence after OLT [43].

Generally, selection criteria for OLT (or MVT) were poorly described, although some
studies provided a breakdown of indications, e.g., for intractable symptoms [24]. The
exception was the experience of the Mazzaferro et al. with the modified Milan NET
criteria [28], which are discussed below.

Across studies, median overall survival at 1 year was 87% (range 73%–100%, 11 studies),
and at 5 years this was 65% (range 36%–97.2%, 11 studies). Only four studies [28,34,42,43]
reported overall survival at 10 years—two of these had overlapping patient cohorts [28,43],
so after retaining the source/main study [28] (the other focussed on post-OLT-recurrence
outcomes, rather than outcomes post OLT in general), the median 10 year OS was 50%,
ranging from 46.1% to 88.8% (three studies). None reported overall survival outcomes past
10 years. Overall, the overall survival data appeared more optimistic than those reported
for the accompanying disease-free/recurrence-free survival: at 1 year, this was 70% (range
56%–80%, seven studies), and at 5 years, this was 36.5% (range 11%–86.9%, eight studies).
Similarly, only two studies reported 10-year disease-free survival which was wide ranging:
21% [34] and 86.9% [28]. None reported outcomes after 10 years. Due to the profound
heterogeneity in selection criteria, time periods, temporal trends in outcomes over time [42]
(e.g., with implementation of scoring systems/organ allocation methods), a random effects
meta-analysis was not performed due to the low likelihood of providing meaningful pooled
estimate that translates into current practice. Furthermore, if such a meta-analysis was
feasible, a meta-regression to examine factors associated with the expected high degree of
heterogeneity would be infeasible due to poor recording of potentially attributable factors.

The largest study identified was the multicentric report of the European Liver Trans-
plant Registry, which evaluated outcomes in 213 patients with NEN metastatic to the
liver between 1982 and 2009 [24]. The treatment of disease prior to LT included resection
of the primary tumour and/or hepatic deposits in over 80% of cases, and a high use of
prior chemotherapy (71%, including systemic or intra-arterial liver-directed modalities).
Indications for LT were for oncological control (54%), to treat the effects of tumoral bulk
(24%, presumably predominantly hepatic burden leading to pain), and control of hormonal
excess/functional syndrome (17%). Alongside reporting long-term outcomes (e.g., 5-year
OS 52%, 5-year DFS 30%), the authors noted improved longer-term overall survival in the
most recent temporal period (5-year OS 59% after 2000, n = 106, compared to 46% prior to
2000). Le Treut and colleagues undertook an evaluation of prognostic factors using data
for the 106 patients treated after 2000, and generated a simple 4-point score based thereon.
This score incorporated three baseline/pre-treatment information factors: hepatomegaly,
age over 45 years, and concomitant additional resection, with prognostic scores ranging
between 0 and 3. Furthermore, the authors demonstrated significantly divergent overall
survival curves when separated into two groups (0–1 factor versus 2–3 factors present,
79% OS versus 38%, respectively, and 5-year DFS 38% and 19%, respectively). However,
whilst this prognostic score is attractive in its simplicity and apparent ability to stratify, it
presents several methodological issues. These include the dichotomization of age (which
risks information waste and step artefacts [44]), univariate screening of predictors [44],
and that the tool is only evaluated in terms of separated survival curves, rather than being
assessed in terms of calibration discrimination and clinical utility. Whilst the prognostic
score was developed, and the indications for OLT reported, clear centre-specific selection
criteria were not available [24].

Evidence from multi-centre series in the United States supports the evidence from
European centres regarding improvement in long-term outcomes with LT for NELM over
time. For example, in their analysis of the United States Organ Sharing/Organ Procurement
and Transplantation Network (UNOS/OPTN) covering recorded transplants between 187
and 2011 (184 for NELM), Nguyen and colleagues [27] reported that survival significantly
improved after introduction of the MELD/PELD score in 2002. Indeed, initially observed
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differences in long-term outcomes between transplants for NELM and transplants for
hepatocellular carcinoma were negated to non-significance after this time point, with
5-year OS for NELM patients at 57.8%, versus 64.4% for HCC (p = 0.109) [27]. Iteratively
updated reports using the UNOS/OPTN database have been published, such as those
by Gedaly et al. [25], and most recently, Valvi et al. [42]. The latter study of 206 patients
undergoing “isolated” liver transplantation for metastatic NEN (of a total 160,360 total liver
transplants between 1988 and 2018) reported a 5-year OS of 64.9% and a 10-year OS of 46.1%,
and explored the role of potential prognostic factors on risk of death or recurrence [42].
Propensity score matching (on MELD score and gender) was used to match NEN to HCC
and cholangiocarcinoma patients at a ratio of 1:3 to perform comparisons of outcomes in
these groups. The NELM group was observed to have a higher incidence of recurrence
(34%) versus HCC (8%) or cholangiocarcinoma patients (19.6%), however there were
no significant differences in overall survival between these groups. For example, 5-year
survival for NELM was 75.4%, 79.9% for HCC, and 70.4% for the cholangiocarcinoma group.
Furthermore, an effect of duration on transplant waiting list was observed for recurrence in
NEN patients—in those that recurred after liver transplantation, 74.3% waited for under
6 months, whereas 25.7% were on the waiting list for longer than 6 months. Limitations of
propensity score matching include reduced sample size, counterintuitive risk of imbalance,
dependence on the matching model, and the fact that it does not eliminate confounding.

The only study to meticulously define and adhere to a single set of selection criteria
is that of Mazzaferro et al. who documented their prospective experience with patient
selection according to their modified Milan criteria for NELM [28]. These criteria were set in
1995 and comprise confirmed histology of G1 or G2 NEN, primary tumour drained by the
hepatic portal system and removed as well as extra-hepatic deposits in a separate curative
resection prior to consideration for OLT, <50% total liver involvement, at least 6 months of
stable disease/disease response prior to consideration of OLT and age < 60 years (relative
criterion). Eighty-eight patients with NELM eligible for OLT were included, with two
sub-groups analysed: those that underwent transplantation (n = 42), and those that did
not (n = 46; 22 refusals/non-compliant, 24 due to transplant list unavailability). Regarding
follow-up imaging strategy, 3–4 monthly CT or MRI imaging was used, with somatostatin
receptor-based imaging (OctreoScan or 68-Gallium PET/CT) only used in cases of sus-
picion of recurrence on CT or MRI. Patients undergoing OLT had significantly smaller
tumours, were younger (median age 40.5 years versus 55.5 years), and underwent more
locoregional therapy (40.5% versus 21.7%) than those that did not receive a transplant. Sta-
tistical analyses incorporated adjustment for propensity scores (i.e., propensity to receive a
transplant), the models for which incorporated a suite of clinicopathological characteristics
and underwent robust derivation, assessment, and implementation. Excellent long-term
outcomes were observed with OLT, with 97.2% and 88.8% OS at 5 and 10 years, respectively,
compared to 50.9% and 22.4%, respectively in the non-transplant group. Post-transplant
disease recurrence was very low, at 13.1% at 10 years. Furthermore, the survival benefits
of OLT increased over time, with the adjusted benefit at 5-year follow-up estimated at
6.82 months (95% CI: 1.10 months to 12.54 months) and 38.43 months (95% CI: 21.41 months
to 55.45 months). It has been posited that many of the patients undergoing OLT in this
study may have been suitable candidates for liver resection, and naturally, these patients
are highly selected. Nevertheless, the 86.9% DFS at 10 years with the Milan approach
appears exemplary and is worthy of further robust consideration.

The same group reported their experience managing patients that were selected for
OLT, but developed post-LT recurrence (study period 2004 to 2018) [43]. This retrospective
case series comprised 32 patients treated at the same centre as the previous discussed
study [28], and thus, in this review, we focussed separately on their post-recurrence out-
comes [43]. Follow-up imaging included OctreoScan or 68-Gallium PET/CT. Recurrence
was most commonly at a single site (81.2% of cases), particularly in the distant lymph
nodes (40.6%) or locoregional lymph nodes (18.8%), but this also manifested as peritoneal
or pulmonary lesions. The inadequacy of chromogranin A for post-transplant surveillance
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was suggested, as only 12 patients (37.5%) had elevated levels at the time recurrence was
ascertained. Fourteen patients (43.8%) underwent treatment with radical intent, with 13/14
having no evidence of disease at follow-up radiology at 3 months. Other individuals that
were not candidates for aggressive recurrence treatment due to non-resectability received
chemotherapy, PRRT or SSAs. Within a median follow-up from recurrence of 73.7 months,
5- and 10-year post-recurrence overall survival was estimated to be 76.3% and 45.5%, respec-
tively, suggesting that, even in cases of post-LT recurrence, favourable long-term outcome
is attainable. However, this must be considered in terms of the relatively small sample size
at a single institution, as must their analyses of prognostic factors (not discussed here).

4. Discussion

Liver transplantation may be associated with favourable long-term outcomes in NET
patients with advanced disease—for example, the median 10 year OS was 50%, range
46.1%–88.8%. Recurrence-free survival was inconsistently reported, with two studies (vary-
ing in veracity of patient selection) reporting 10-year DFSs of 21% and 86.9%.

Liver transplantation offers a seemingly attractive yet uncommonly used approach
for the aggressive management of metastatic neuroendocrine liver metastases. Whilst
hepatectomy with curative intent is associated with favourable outcomes in NELM, very
high recurrence rates are a major limitation of this approach [15,16], likely driven by
understaging of hepatic disease, which is observed even with gold-standard imaging with
ensuing residual micro-disease burden [7]. Thus, aggressive treatment manifesting as total
hepatectomy (i.e., complete removal of all macro- and micro- disease in the liver) with
resection of primary and extrahepatic disease, and a liver allograft appears to be a legitimate
option when one considers the excellent results reported by meticulously selected criteria.

Compared to the systematic review of Moris and colleagues [17] on liver transplanta-
tion for metastatic NEN, we identified updated multicentre experience from the United
States (UNOS database) [42] reinforcing evidence that post-OLT outcomes have improved
over time, and included the first study to report in detail on outcomes in cases of recur-
rence post-OLT [43], which suggests that even in these cases, multimodal therapy may be
useful to prolong survival. Nevertheless, our overall conclusions align—documentation
of selection criteria is generally poor to non-existent in most studies, there is inconsistent
recording of indication, immunosuppression regimens, and patients tend to be heavily
pre-treated [24,28]. While studies report 1-, 3-, 5-, and 10-year survival data, here is a lack
of studies reporting outcomes after 10 years. Such data are essential in order to understand
the true value of liver transplantation on disease outcomes.

There is some evidence that outcomes with OLT for NELM in the recent era in se-
lected patients are not inferior to other, arguably more established “transplant oncology”
indications [27,42]. However, the primary evidence gap limiting promotion of OLT per-
tains to selection—strict selection of patients is necessary, but the optimal approach is not
discernible from current evidence.

In order to rectify this, robust derivation and evaluation of multivariable selection
models in pooled, specialist centre data may offer utility. Movement away from reductionist,
retrospectively derived “scores” with no solid validation towards a more nuanced risk
estimation tool that is prospectively evaluated would represent a significant advance. As
aforementioned, merely stratifying patients into two vague risk groups only demonstrates
broad “average” expectancies, and the use of arbitrary cut-offs in such tools poses ethical
questions that become rapidly apparent [24]. External implementation of the Milan NET
criteria in other centres should be considered, with meticulous data collection, prospective
validation and transparent reporting. Indeed, a novel transplant programme for NELM has
been recently initiated for the United Kingdom and Ireland [45], which will be a valuable
addition to the evidence base as they report later.

We conclude that, given the currently available evidence and limitations of this evi-
dence, further single-centre or purely retrospective case series will not present any addi-
tional benefit to the literature. The relative rarity of NEN and uncommon consideration of
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NELM for OLT presents logistical challenges, but with centralisation of care and through
international interest groups, multi-centre collaboration for such prospective studies is
not only possible, but something that is actively being arranged [45]. The literature for
transplantation in the management of neuroendocrine liver metastases needs to mature,
and relevant stakeholders must drive this. As part of these new studies, novel protocols
could include the consideration of adjuvant therapies to reduce the risk of disease recur-
rence, should incorporate gold standard imaging protocols as part of follow-up and could
consider novel omics-based biomarker technologies [46,47] to expedite the diagnosis of
recurrent disease.
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Abstract: The prevalence of NAFLD and NASH is increasing worldwide, and there is no approved
medical treatment until now. Evidence has emerged that interfering with bile acid metabolism may
lead to improvement in NASH. In this study, 28 patients with elevated cholestatic liver function
tests (especially GGT) were screened for bile acid gene polymorphisms and treated with UDCA.
All patients had a bile acid gene polymorphism in ABCB4 or ABCB11. Treatment with UDCA for
12 months significantly reduced GGT in all patients and ALT in homozygous patients. No difference
in fibrosis was observed using FIb-4, NFS, and transient elastography (TE). PNPLA3 and TM6SF2
were the most common NASH-associated polymorphisms, and patients with TM6SF2 showed a
significant reduction in GGT and ALT with the administration of UDCA. In conclusion, NASH
patients with elevated GGT should be screened for bile acid gene polymorphisms, as UDCA therapy
may improve liver function tests. However, no difference in clinical outcomes, such as progression to
cirrhosis, has been observed using non-invasive tests (NITs).

Keywords: NASH; UDCA; bile acid transporter; ALT; GGT; TE

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) has a prevalence of nearly 25% world-
wide [1–3] and eventually progresses to non-alcoholic steatohepatitis, fibrosis, cirrhosis,
and finally hepatocellular carcinoma (HCC). Treatment focuses on weight loss, dietary
modification, and the management of comorbidities [4]. Independent risk factors for
non-alcoholic steatohepatitis (NASH) progression include type 2 diabetes (T2DM), insulin
resistance, and fibrosis [5,6]. However, NAFLD and NASH can also occur in lean individu-
als, referred to as lean NASH. In patients with NAFLD, gamma-glutamyl transpeptidase
(GGT) dynamics is a biomarker of advanced fibrosis [7].

Primary bile acids (BAs), such as cholic acid and chenodeoxycholic acid, are produced
in hepatocytes and secreted against a gradient into the canaliculi by the bile salt export
pump (BSEP; coding gene: ATP binding cassette subfamily B member 11; ABCB11) in
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the apical membrane of hepatocytes. Secretion depends on the amount of cholesterol
and lipids in the membrane, which can be altered by the flippase familial intrahepatic
cholestasis-1 (FIC, coding gene: ATPase phospholipid transporting 8B1; ATP8B1) and the
flippase multidrug resistance protein (MDR3, coding gene: ATP binding cassette subfamily
B member 4; ABCB4). The expression of BSEP is regulated by the farnesoid X receptor (FXR,
coding gene: nuclear receptor subfamily 1 group H member 4; NR1H4) [8].

The synthesis and serum levels of BAs have been found to correlate with the severity
of nonalcoholic NAFLD [9]. In recent years, there has been a growing emphasis on studying
BA metabolism in the context of NASH [10]. One reason for this increased focus is the
promising therapeutic response observed with obeticholic acid, an agonist of the bile
acid receptor FXR, in NASH treatment. Notably, interim analysis of a phase 3 study
has demonstrated histological improvement in fibrosis among patients, irrespective of
polymorphisms in bile acid transporter genes. FXR plays a crucial role as a transcription
factor in regulating the expression of various enzymes and transport proteins involved in
bile acid synthesis and transport within the liver and intestine.

Mutations and polymorphisms in genes contributing to bile acid transportation can
result in progressive familial intrahepatic cholestasis (PFIC), low phospholipid-associated
cholestasis (LPAC), intrahepatic cholestasis of pregnancy (ICO), or benign recurrent intra-
hepatic cholestasis (BRIC) [11]. PFIC is a heterogeneous entity which leads to liver cirrhosis
and HCC in newborns and adults. Presently, six different types have been described with
slightly different clinical phenotypes. It is differentiated between high-GGT and low-GGT
entities. Roughly, PFIC 3 (polymorphism in MDR3, ABCB4) leads to a disturbance in
phospholipid secretion and consequently to an imbalance in micelle formation and an
increase in free bile acids [12,13]. These lead to hepatocyte damage and an increase in GGT.
PFIC 1,2,4,5,6 result in the reduced secretion of bile acids and therefore the accumulation of
hepatocytes [14]. This leads to damage of hepatocytes and increase in alanine aminotrans-
ferase (ALT), but normally low GGT levels. BRIC seems to be a less harmful phenotype of
all PFIC polymorphism. LPAC and ICP are described for MDR3 polymorphism or MDR
and BSEP polymorphism and can be treated with ursodeoxycholic acid (UDCA) [15].

Several polymorphisms have been described in MDR3-associated diseases. ABCB4 c.
711 A>T (p.I237=, rs2109505) is associated with elevated ALT and GGT and a higher risk of
cirrhosis and HCC [16]. ABCB4 c. 523 T>C (p.T175A, rs58238559) is correlated with liver
stiffness [17].

UDCA is mainly used in cholestatic liver diseases. It activates a typical and alternative
transport mechanism for bile acids. The accumulation of bile acids in hepatocytes con-
tributes to an up-regulation of inflammatory cytokines and hepatic cell activation, resulting
in fibrosis [18].

Steatotic liver disease is the most abundant liver disease, and patients can show a
cholestatic condition. As therapy has emerged, bile acid metabolism seems to be one of
the key players, and empirically it has been shown that patients improve with UDCA
therapy. Following the human genome project, BA transporter polymorphism has been
described and linked to rare genetic diseases. Empirically, it has been observed that NASH
patients with cholestatic laboratory findings benefit from UDCA therapy [19–21]. However,
a statistical evaluation and quantification of this effect, as well as an examination of the
possible influence of gene polymorphisms of the above-mentioned transporters, are not yet
available. Therefore, in this retrospective analysis, we investigated the course of various
liver parameters in NASH patients who underwent “off-label” treatment with UDCA
because of an existing cholestatic laboratory profile and in whom gene polymorphism
determination was available.
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2. Methods
2.1. Patient Information, Data Collections and Ethical Considerations

This retrospective study was performed in line with the “Declaration of Helsinki”
(latest revision Fortaleza, Brasil; 2013). The study was approved by the ethics committee of
the University of Essen (20-9137-BO, 25 May 2020).

Twenty-eight patients (53% male, 47% female) with NASH and elevated GGT level
treated at Universal Hospital Essen and Universitätsklinikum Magdeburg between 2012
and 2019 were included. Relevant clinical data were extracted retrospectively from the
electronic medical record. SNP analyses (“single nucleotide polymorphism”) of the known
polymorphisms of the relevant genes were performed in NASH patients with a cholestatic
picture here in the context of clinical diagnostic.

NASH was diagnosed by ultrasound, elevated liver enzymes, and serologic exclusion
of viral, autoimmune, and other metabolic diseases. Sequenced polymorphisms were
analyzed for associations with GGT, alkaline phosphatase (ALP), transaminases, transient
elastography and fibrosis scores (NFS and Fib-4). NFS and Fib-4 [22,23] were calculated as
previously described. Data were compared for every polymorphism between wildtype,
heterozygote, and homozygote patients.

2.2. Sequencing

Quantities of 5–10 mL EDTA blood was maintained from all patients and genotyping
of ABCB4 (rs45575636, rs1202283, rs58238559, rs2109505), ABCB11 (rs72549402, rs497692,
rs2287622), TM6SF2 (rs58542926), NR1H4 (rs56163822), ATP8B1 (rs146599962, rs34018205,
rs121909100, rs765889649), and PNPLA3 (rs738409) (described in Table 1) was performed
using qPCR (TaqMan fast 7500), as described previously [15,24].

Table 1. Description of polymorphisms.

Gen SNP Cluster ID c. p.

ABCB4

rs45575636 c.1769G > A p. R590Q

rs1202283 c.504 C > T p. N168=

rs58238559 c.523 T> C p. T175A

rs2109505 c.711A>T p. I237=

ABCB11

rs72549402 c.1445A>G p. D482G

rs497692 c. 3084 A>G p. A1028=

rs2287622 c.1331 T>C p. A444V

ATP8B1

rs146599962 c.134A>C p. N45T

rs34018205 c.1286A>C p. E429A

rs121909100 c.1982T>C p. I661T

rs765889649 c.2855G>A p. R952Q

PNPLA3 rs738409 C>G p. I148M

TM6SF2 rs58542926 c.449 C>T p. Glu167Lys;

FXR rs56163822 c. −1 G>T Intron

2.3. Statistics

Analyses were performed using Microsoft Office Excel 2013, Graph Pad 9.3.0 (Graph-
Pad Software Inc., La Jolla, CA, USA) and R (4.2.3). Differences between and in groups were
analyzed using the Friedman test (paired, non-normal distribution), Wilcoxon test (paired,
non-normal distribution), p-adjustment using the Bonferroni method, and a paired t-test. If
three timepoints were compared, the Friedman test was performed, if possible, followed
by pairwise comparison using the Wilcoxon test. A value of p < 0.05 was considered to
be statistically significant and adjusted for multiple comparisons (using Bonferroni) when
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performing multiple tests. All comparisons are displayed as medians with a minimum and
maximum range; this is stated otherwise if not.

3. Results
3.1. Demographic Data

Due to elevated GGT levels, off-label therapy with UDCA was performed in 28 patients
[42.29 yrs (17–75), 47% female]. In addition, these patients were screened for potential
polymorphisms in bile acid transporter genes.

Mean BMI was 26.98 kg/m2 (19–39), 19 (67.8%) patients were obese or suffered from
adipositas. T2DM was only present in six (21.43) patients. Eight (28.6%) patients reported
moderate alcohol consumption, and one (3.6%) rare alcohol consumption. Table 2 shows
detailed clinical characteristics and co-morbidities.

Table 2. Clinical and demographic data. Data are displayed for all patients. In T2DM, vitamin
D deficiency, anemia, iron deficiency, folate deficiency, osteopenia, and smoking data were only
available for 27 patients, and high cholesterol only for 26 patients. Vitamin B 12 deficiency: serum
vitamin B12 < 200 ng/mL, vitamin D deficiency: serum 25-OH vitamin D < 10 ng/mL, anemia:
hemoglobin < 11.6 g/dL, high cholesterol: serum-LDL > 3 mmol/L, iron deficiency serum ferritin:
<15 ng/mL, folate deficiency: serum folate: <5 ng/mL.

Total Cohort Min–Max (%)

Number 28
Age (mean) 42.29 17–75
Sex (female) 13
Height (cm) 171.68 132–192
Weight (kg) 80.39 35–115
BMI (kg/m2) 26.98 19–39
FAST Score 0.68 0.3–0.97
Fib4 Score 1.56 0.0–5.82
NFS −2.53 −8.08–1.53
Adipositas
Normal weight 8 32
Obese 12 42.86
Adipostias Grad I 5 17.86
Adipositas Grad II 2 7.14
Alcohol
None 19 67.86
Rarely 8 32
Sometimes 1 3.57
Comorbidities (no. of patients, %)
T2DM (n = 27, 96) 6 21.42
Arterielle hypertonie (n = 28, 100) 8 32
Cardiovascular disease (n = 28, 100) 2 7.14
Chronic kidney disease(n = 28, 100) 2 7.14
Vitamin B12 deficiency (n = 27, 96) 2 7.14
Vitamin D deficiency (n = 27, 96) 5 17.86
Anemia (n = 27, 96) 2 7.14
Iron deficiency (n = 27, 96) 2 7.14
Folat deficiency (n = 27, 96) 0 0
Osteopenia (n = 27, 96) 3 10.71
High cholesterol (n = 26, 92.86) 14 0.5
Smoking (n = 27, 96) 5 17.86

Noninvasive testing for fibrosis and steatosis using transient elastography was per-
formed in 21 and 14 patients, respectively. Steatosis was measured as the controlled
attenuation parameter (CAP). When applying CAP values of >260 db/m as cut-off for
NAFLD and NASH patients, advanced steatosis (S3) was present in five (35.7%) patients.
One (7.1%) patient demonstrated mild steatosis (S1). Five (23.8%) patients presented

132



J. Pers. Med. 2023, 13, 1180

LSM values >9.7 kPa, indicating advanced fibrosis (F3), one (4.76) patient demonstrated
moderate fibrosis (F2), and fourteen (66.7%) patients no or mild fibrosis (F0-F1).

3.2. High Prevalence of Polymorphism in ABCB4 or ABCB11 in NASH Patients with Elevated
GGT-Levels

The genotyping of bile acid transporter gene polymorphism was performed as de-
scribed above. The results are summarized in Table 3 and Figure 1. All patients were either
carriers of a polymorphism in the bile acid transporter gene ABCB4 (26 (92.9%)) or ABCB11
(26 (92.9%)). None of the following polymorphism was detected in any patient: ABCB4
p. R590Q (rs45575636), ABCB4 c.523 T>C (p. T175A, rs58238559), ABCB11 c. 1445 A>G
(p. D482G, rs72549402), ATP8B1 c. 134 A>C (p. N45T, rs146599962), ATP8B1 c. 1286 A>C
(p. E 429A, rs34018205), ATP8B1 c. 1982 T>C (p. I661T, rs121909100).

Table 3. Frequency of polymorphisms.

Polymorphism Heterozygote Homozygote Wildtype No Data

ABCB4 c.504 C>T 11 11 6 0
ABCB4 c.771 A>T 5 21 2 0
ABCB11c. 3084 A>G 12 11 5 0
ABCB11 c. 1331 T>C 10 13 5 0
PNPLA3 rs738409 C>G 6 8 0 14
TM6SF2 c.449 C>T 2 0 10 16
FXR c. −1 G>T 3 0 25 0
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Figure 1. Number of polymorphisms per patient. Most patients showed 4 or 5 polymorphisms
regarding all analyzed bile acid transporter genes and NAFLD-associated genes.

3.3. Polymorphisms in PNPLA3 Were the Most Common among NASH-Associated Genes

PNPLA3 (rs738409 C>G, p. I148M; patatin-like phospholipase domain containing 3)
was present in 17 (43.5%) patients and in TM6SF2 (rs58542926 c.449 C>T, p.Glu167Lys;
transmembrane 6 superfamily member 2) in only 3 (7.7%) patients. All patients with one of
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these polymorphisms also carried a polymorphism in at least one other bile acid transporter
gene. In patients with homozygote PNPLA3 polymorphism, a significant decrease in ALT
and GGT could be seen after 12 months. No statistical analysis was performed in TM6SF2
polymorphism patients as only two had a heterozygous carrier status, but using descriptive
analysis revealed a decrease in ALT and GGT (ALT: 45.5 (21–70) U/l vs. 24 (23–25) U/l;
GGT: 299 (198–400) U/l vs. 186 (61–310) U/l).

3.4. UDCA Therapy Leads to Various Decreases in Liver Function Tests and Is Dependent on the
Underlying Polymorphism

In all patients, GGT was elevated at baseline and decreased significantly over 12 months,
except in patients with the ATP8B1 c. 2855 G>A (p.R952Q, rs765889649) polymorphism,
which was present in only three patients. ALP, a sensitive marker of bile duct epithelial
damage, was significantly reduced in patients with ATP8B1 c. 2855 G>A and TM6SF2, but
not in patients with ATP8B1 c. 2855 G>A.

In addition, liver damage as measured by the ALT level was significantly reduced in
all polymorphisms except TM6SF2. AST showed no difference in any group but in the
whole cohort (Figure 2).
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Figure 2. AST level at baseline and after 6 and 12 months in all patients. Median AST level was
46 (23–104) U/l at baseline vs. 35.4 (19–94.2) U/l at 6 months, p = 0.031. No further significant
reduction was observed after 12 months (32.3 (19–102) U/l, p = 0.546 (0 vs. 12 months) and p = 1 (6 vs.
12 months).

In ABCB4 c.504 C>T (p. N168=, rs1202283), GGT was reduced in patients with homozy-
gous or heterozygous polymorphism, but in patients with polymorphism in ABCB4 c.A711
A>T, GGT was significantly reduced only in homozygous patients. In all patients with
ABCB4 polymorphism, ALT was significantly reduced only in patients with homozygous
polymorphisms (Figure 3).

134



J. Pers. Med. 2023, 13, 1180

J. Pers. Med. 2023, 13, x FOR PEER REVIEW 7 of 14 
 

 

was observed after 12 months (32.3 (19–102) U/l, p = 0.546 (0 vs. 12 months) and p = 1 (6 vs. 12 
months). 

In ABCB4 c.504 C>T (p. N168=, rs1202283), GGT was reduced in patients with 
homozygous or heterozygous polymorphism, but in patients with polymorphism in 
ABCB4 c.A711 A>T, GGT was significantly reduced only in homozygous patients. In all 
patients with ABCB4 polymorphism, ALT was significantly reduced only in patients with 
homozygous polymorphisms (Figure 3). 

 
Figure 3. GGT and ALT level in patients with polymorphism in ABCB4, respectively, A total cohort, 
B wildtype, C heterozygote, D homozygote. I GGT is significantly reduced in heterozygote and 
homozygote polymorphism in ABCB4 c.504 C>T after 6 months. II ALT is significantly reduced in 
heterozygote and homozygote polymorphism in ABCB4 c.504 C>T after 6 and 12 months, 
respectively. III + IV GGT and ALT are significantly reduced in homozygote polymorphism in 
ABCB4 c. 711 A>T after 6 and 12 months. 

All patients with polymorphisms in ABCB11, homozygote or heterozygote, showed 
a significant decrease in GGT. ALT was significantly reduced in patients with 
homozygous polymorphism in ABCB11 c. 3084 A>G (p. A1028=, rs497692), and 
homozygous polymorphism in ABCB11 1331T>C (p.A444V, rs2287622) (Figure 4). In 
patients with homozygous polymorphism in ABCB11 c. 3084 A>G, there was a decrease 
in AST after 12 months (p = 0.043, 42.6 (24–104) U/l vs. 30 (19–66) U/l), which was not 
significant in patients with polymorphism in ABCB11 c. 1331 T>C (p = 0.13, 43.2 (23–69) 
U/l vs. 32 (24–79.8) U/l). 

Figure 3. GGT and ALT level in patients with polymorphism in ABCB4, respectively, A total cohort,
B wildtype, C heterozygote, D homozygote. (I) GGT is significantly reduced in heterozygote and
homozygote polymorphism in ABCB4 c.504 C>T after 6 months. (II) ALT is significantly reduced in
heterozygote and homozygote polymorphism in ABCB4 c.504 C>T after 6 and 12 months, respectively.
(III,IV) GGT and ALT are significantly reduced in homozygote polymorphism in ABCB4 c. 711 A>T
after 6 and 12 months.

All patients with polymorphisms in ABCB11, homozygote or heterozygote, showed a
significant decrease in GGT. ALT was significantly reduced in patients with homozygous
polymorphism in ABCB11 c. 3084 A>G (p. A1028=, rs497692), and homozygous polymor-
phism in ABCB11 1331T>C (p.A444V, rs2287622) (Figure 4). In patients with homozygous
polymorphism in ABCB11 c. 3084 A>G, there was a decrease in AST after 12 months
(p = 0.043, 42.6 (24–104) U/l vs. 30 (19–66) U/l), which was not significant in patients with
polymorphism in ABCB11 c. 1331 T>C (p = 0.13, 43.2 (23–69) U/l vs. 32 (24–79.8) U/l).
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Figure 4. GGT and ALT level in patients with polymorphism in ABCB11, respectively, A total
cohort, B wildtype, C heterozygote, D homozygote. (I) GGT is significantly reduced in heterozygote
and homozygote polymorphism in ABCB11 c. 3084 A>G after 6 months in heterozygote and after
12 months in homozygote patients. (II) ALT is significantly reduced in homozygote polymorphism
in ABCB11 c.3048 A>G after 12 months. (III) GGT is significantly reduced in heterozygote and
homozygote polymorphism in ABCB11 c. 1331 T>C after 12 months in heterozygote and after 6 and
12 months in homozygote patients. (IV) ALT is significantly reduced in homozygote polymorphism
in ABCB11 c. 1331 T>C after 12 months.

Patients with homozygote polymorphism in the PNPLA3 showed a significant decrease
in ALT and GGT under the administration of UDCA (Figure 5).
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Figure 5. GGT and ALT level in patients with polymorphism in PNPLA3, respectively, A heterozygote
and B homozygote. (I) GGT is significantly reduced in homozygote polymorphism in PNPLA3 after
6 and 12 months. (II) ALT is significantly reduced in homozygote polymorphism in PNPLA3 after
6 months.

When regarding all patients with a polymorphism in any bile acid transporter gene,
TM6SF2 and PNLPA3, GGT, ALT, ALP, and AST were reduced.

3.5. UDCA Therapy Has No Effect on the Progression of Fibrosis

No significant difference was observed in liver fibrosis or steatosis, as measured by
transient elastography (TE) or with Fib-4 or NAFLD fibrosis score (NFS), when grouped by
polymorphism.

3.6. The Combination of Different Polymorphisms Shows the Highest Effect on ALT: GGT and
Fib-4

To determine whether there was a potential cumulative effect of multiple polymor-
phisms, we calculated the absolute and relative decrease in ALT, GGT, and Fib-4 for each
group per number of polymorphisms between the baseline and 12 months. The greatest
decrease in ALT and Fib-4 was observed in patients with three concurrent polymorphisms
(mean decrease ALT 27.7 U/l (7–44.4); relative decrease ALT 38.3% (12–68.8%)). However,
GGT levels decreased more, but not significantly, with each additional polymorphism
(Table S1, Figure S1). Because of the small number of patients per group and the un-
equal distribution, we combined patients with 1–2 polymorphisms and patients with 3–5
polymorphisms. When comparing the relative and absolute reduction at 12 months, no
significant results were found between the two groups (Table S2).

4. Discussion

In this retrospective study, we evaluated the effect of UDCA in patients with NASH
and bile acid transporter gene polymorphisms after 6 and 12 months. In almost all patients,
liver function tests improved after administration. However, there was no significant effect
on fibrosis and steatosis measured by non-invasive testing.

In both homozygous and heterozygous patients, there was a significant reduction in
GGT in most patients, as expected, regardless of the underlying specific polymorphism.
Furthermore, UDCA therapy resulted in reduced ALT levels in homozygous patients with
ABCB4, ABCB11, and PNPLA3 polymorphisms. Therefore, we suggest that patients with
a homozygous polymorphism in any bile acid transporter gene may benefit from UDCA
therapy in terms of liver damage.

137



J. Pers. Med. 2023, 13, 1180

All patients studied (who initially presented with elevated GGT levels) had polymor-
phisms in ABCB4 or ABCB11. In the population-based Icelandic Genome Study, 0.2% of
participants had a polymorphism in this gene which was associated with cirrhosis and
elevated serum levels of liver-related biomarkers, ALT, AST, and GGT [25]. Notably, in
our cohort, we only evaluated data from preselected patients (NAFLD and a high level of
cholestatic parameters), hence the data are not comparable to a population study.

Previously, it has been described that ABCB11 c.1331T>C is associated with biopsy-
proven liver fibrosis and cirrhosis in patients with HCV but not in NAFLD [26]. In addition,
a retrospective study observed a reduction in HCC in patients with HCV cirrhosis treated
with UDCA for five years, probably due to the anti-inflammatory effect of UDCA [27]. In
this cohort, a significant reduction in ALT levels was observed in patients with ABCB11
c.1331 T>C. Another study evaluating liver fibrosis by TE did not show a significant
association in patients with chronic hepatitis C [28]. In agreement with the results of Iwata
et al. [26], patients with the ABCB11 c.1331 T>C polymorphism did not show a significantly
higher level of fibrosis, as measured by surrogate parameters, compared to the wild type in
our cohort. However, they were not matched to healthy controls. In an underlying ABCB11
c.1331 T>C polymorphism, UDCA therapy does not seem to affect fibrosis, but ultimately
there is a reduction in inflammation.

In a large Icelandic population study, ABCB4 polymorphisms were not only associated
with rare monogenic liver diseases but also with chronic liver diseases [12,25]. ABCB4
c.523T>C was found to be associated with increased liver stiffness, whereas in ABCB4
c.711A>T, it was found to be associated with increased hepatic stiffening only in the
presence of polymorphism in PNLAP3 [17]. In another study including 227 patients, this
was an independent risk factor for fibrosis (as measured by TE and Fib-4) [16]. Most
of the analyzed patients in our cohort showed no or mild fibrosis (F0-F1). Hence, we
cannot make any conclusion if BA transporter gene polymorphisms are an independent
risk factor for fibrosis in NASH patients. In addition, there was no difference in fibrosis
in our cohort after one year of UDCA therapy. However, the ALT level decreased and
steatosis, as measured by CAP and Fib4, decreased but not significantly (p = 0.175 (CAP),
0.054 (Fib-4)) in the homozygote group. This may be due to the small cohort of patients and
the short observation period. Probably there is a long-term effect of UDCA administration,
as suggested in a case report by Frider et al. [29].

ABCB4 c. 504 A>T has only recently been discovered. It is mostly described in ICP.
In one study, a patient with NAFLD who did not respond to therapy was genotyped and
showed compound heterozygosity, including this polymorphism [30]. In this study, UDCA
showed no difference in fibrosis or steatosis but a reduction in ALT and GGT level. As
UDCA is well evaluated to decelerate the progress of MDR-3-associated diseases [13], it is
possible that it could delay fibrosis in patients with NASH and ABCB4 polymorphism.

Following the human genome project, polymorphisms associated with NAFLD have
been described. Single-nucleotide polymorphism in PNPLA3 (C>G, p. I148M) modifies
NAFLD progression, is associated with the severity of steatohepatitis, severe fibrosis, and
confers with an increased risk of developing HCC [31–33]. In Europeans, a heterozy-
gote polymorphism has been described in 43.6–45% and a homozygote polymorphism
in 12.1–25.5% of patients with NASH or NAFLD. Higher frequencies are described in
Hispanic and lower frequencies in African American cohorts [31,34]. Lately, it has been
shown that the incidence of liver-related events is higher in non-obese women in patients
with PNPLA3 polymorphism [35]. In this study cohort of 28 people, 21.4% of patients were
heterozygous for the polymorphism in PNPLA3 and 28.57% were homozygous. This can
be explained by the fact that this is a small subset of patients who have already progressed
to NASH and have high cholestatic parameters. This aspect must be considered in all
the data presented here. In addition, PNLPA3 sequencing was only available in 48.72% of
patients. ALT and GGT decreased after treatment with UDCA. Given the high association
of polymorphisms in PNPLA3, especially in non-obese women, with liver-related events,
treatment with UDCA may be an affordable adjunct to more specific gene therapy, which
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is being evaluated in preclinical studies [35,36]. As each patient with a PNPLA3 polymor-
phism had at least one additional polymorphism in one of the bile acid transporter genes,
the implications of the findings need to be evaluated separately.

In a meta-analysis, UDCA treatment showed a significant effect on ALT and GGT in
patients with liver disease, but in studies including only NAFLD or NASH patients, no
significance was shown. Therefore, we believe that UDCA treatment may be beneficial
only for patients with a bile acid transporter gene polymorphism [37]. In this study, we
were able to show that 12 months of UDCA treatment resulted in a significant reduction in
liver injury, as measured by ALT levels in patients with homozygote polymorphism in a
BA transporter gene and NASH.

TM6SF2 c.449 C>T is associated with increased hepatic triglyceride accumulation and
hepatic steatosis, fibrosis, cirrhosis, and HCC [38,39]. The frequency was higher in European
individuals (7.2%) than in other ethnic groups. Comparably, in this study, heterozygote
polymorphisms were found in 7.7% of patients, but less than half of the cohort was tested
(43.59%). Data on decreases in GGT or ALT levels in this cohort are not representative as
there are only two patients available. In the literature, TM6SF2 polymorphism is associated
with an increase in the ALT level [38].

Because of the high concordance of NASH-related and bile acid gene polymorphisms
leading to increased fibrosis, as described in several case reports [29], it is possible that
some polymorphisms only reach significance when they are a haplotype. However, due to
the small number of patients, further studies are needed to investigate whether patients
with certain haplotypes and NASH benefit from UDCA therapy.

T2DM is an independent risk factor for NASH in NAFLD and the prevalence of T2DM
in NAFLD and NASH patients is estimated to be estimated to be 22.51% and 43.63% [1]. In
this cohort, T2DM was present in only 17.9% of patients, which would be expected to be
higher. It may be that the progression to NASH is also influenced by a pathophysiological
mechanism other than T2DM, hence the BA transporter gene polymorphism.

As described above, the conclusions of this study are mainly limited by the small
cohort of patients. In addition, the patients were not matched with NASH or healthy
controls. In addition, the data could not be stratified for confounders such as diabetes
or weight loss because these data were not available. Weight loss and antidiabetic drugs
are part of the NAFLD therapy and can eventually lead to a resolution of NASH [40] and
are therefore a confounding factor regarding ALT levels. Endpoints for drug approval by
EMA and FDA are the histological resolution of NASH and/or improvement in fibrosis as
fibrosis is the most predictive factor [41]. Histological data were not available in this cohort;
moreover, no effect could be shown on fibrosis using non-invasive tests.

Due to the limitations of the study (retrospective, small number of patients), the results
should be applied with caution in clinical practice. However, we believe that in patients
with high GGT and NAFLD, sequencing for polymorphism may be performed in individual
cases where standard of care does not provide an appropriate result. Prospective data
should be collected for further application in clinical practice.

In conclusion, therapy with UDCA in NASH patients may lead to a reduction in
GGT and ALT levels when there are polymorphisms in the genes encoding bile acid
transporters and regulation. This study did not describe a difference in clinical outcomes
such as progression to cirrhosis or death. Especially in patients with lean NAFLD and no
response to therapy, a bile acid transporter gene polymorphism could be considered as the
underlying pathophysiology.

We believe that our retrospective findings need to be evaluated in prospective studies
enrolling a larger number of patients. Furthermore, the underlying mechanism of how
UDCA may reduce liver injury in NAFLD patients with derivations in the bile acid transport
system needs to be investigated.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/jpm13071180/s1.

139



J. Pers. Med. 2023, 13, 1180

Author Contributions: Contributors H.K., T.G., K.V., S.S. and P.M. performed experiments and
contributed intellectually to the study; J.B., O.G., J.W., A.K., M.Ö., J.K., W.-K.S., A.C. and P.M.
provided samples and contributed to the study design, analysis, and interpretation of data and
funding of the studies. H.K., K.V. and P.M. cowrote the manuscript. P.M. is the lead investigator,
who designed and supervised the overall project and sub-studies, performed experiments, wrote the
manuscript, and is the senior author and guarantor of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: H.K. was supported by the Deutsche Forschungsgemeinschaft [KR 5843/1-1].

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki (latest revision Fortaleza, Brasil; 2013) and approved by the Ethics Committee
of the University of Essen (20-9137-BO, 25 May 2020).

Informed Consent Statement: Written informed consent was obtained from all subjects prospec-
tivelyinvolved in the study. For patients retrospectively involved in the study, written informed
consentwas waived by the local ethics committee.

Data Availability Statement: Data will be made available by the corresponding author upon reason-
able request.

Acknowledgments: We dedicate this work to Professor Lars Bechmann, who has always dedicated
his life to liver research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver

disease—Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef] [PubMed]
2. Younossi, Z.M.; Golabi, P.; de Avila, L.; Paik, J.M.; Srishord, M.; Fukui, N.; Qiu, Y.; Burns, L.; Afendy, A.; Nader, F. The global

epidemiology of NAFLD and NASH in patients with type 2 diabetes: A systematic review and meta-analysis. J. Hepatol. 2019, 71,
793–801. [CrossRef] [PubMed]

3. Estes, C.; Anstee, Q.M.; Arias-Loste, M.T.; Bantel, H.; Bellentani, S.; Caballeria, J.; Colombo, M.; Craxi, A.; Crespo, J.; Day, C.P.;
et al. Modeling NAFLD disease burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United States for
the period 2016–2030. J. Hepatol. 2018, 69, 896–904. [CrossRef]

4. Marchesini, G.; Day, C.P.; Dufour, J.F.; Canbay, A.; Nobili, V.; Ratziu, V.; Tilg, H.; Roden, H.; Gastaldelli, A.; Yki-Järvinen, H.; et al.
EASL-EASD-EASO Clinical Practice Guidelines for the management of non-alcoholic fatty liver disease. J. Hepatol. 2016, 64,
1388–1402. [CrossRef]

5. Canbay, A.; Kachru, N.; Haas, J.S.; Sowa, J.P.; Meise, D.; Ozbay, A.B. Patterns and predictors of mortality and disease progression
among patients with non-alcoholic fatty liver disease. Aliment. Pharmacol. Ther. 2020, 52, 1185–1194. [CrossRef] [PubMed]

6. Angulo, P.; Kleiner, D.E.; Dam-Larsen, S.; Adams, L.A.; Björnsson, E.S.; Charatcharoenwitthaya, P.; Mills, P.R.; Keach, J.C.; Lafferty,
H.D.; Stahler, A.; et al. Liver fibrosis, but no other histologic features, is associated with long-term outcomes of patients with
nonalcoholic fatty liver disease. Gastroenterology 2015, 149, 389–397.e10. [CrossRef]

7. Ha, Y.; Chon, Y.E.; Kim, M.N.; Lee, J.H.; Hwang, S.G. Gamma-glutamyl transpeptidase dynamics as a biomarker for advanced
fibrosis in non-alcoholic fatty liver disease. J. Gastroenterol. Hepatol. 2022, 37, 1624–1632. [CrossRef]

8. Gertzen, C.G.; Gohlke, H.; Häussinger, D.; Herebian, D.; Keitel, V.; Kubitz, R.; Mayatepek, E.; Schmitt, L. The many facets of bile
acids in the physiology and pathophysiology of the human liver. Biol. Chem. 2021, 402, 1047–1062. [CrossRef]

9. Bechmann, L.P.; Kocabayoglu, P.; Sowa, J.-P.; Sydor, S.; Best, J.; Schlattjan, M.; Beilfuss, A.; Schmitt, J.; Hannivoort, R.A.; Kilicarslan,
A.; et al. Free fatty acids repress small heterodimer partner (SHP) activation and adiponectin counteracts bile acid-induced liver
injury in superobese patients with nonalcoholic steatohepatitis. Hepatology 2013, 57, 1394–1406. [CrossRef]

10. Gottlieb, A.; Canbay, A. Why Bile Acids Are So Important in Non-Alcoholic Fatty Liver Disease (NAFLD) Progression. Cells 2019,
8, 1358. [CrossRef]

11. Meier, Y.; Zodan, T.; Lang, C.; Zimmermann, R.; Kullak-Ublick, G.A.; Meier, P.J.; Stieger, B.; Pauli-Magnus, C. Increased suscepti-
bility for intrahepatic cholestasis of pregnancy and contraceptive-induced cholestasis in carriers of the 1331T>C polymorphism in
the bile salt export pump. World J. Gastroenterol. 2008, 14, 38–45. [CrossRef]

12. Sticova, E.; Jirsa, M. ABCB4 disease: Many faces of one gene deficiency. Ann. Hepatol. 2020, 19, 126–133. [CrossRef]
13. Gordo-Gilart, R.; Andueza, S.; Hierro, L.; Jara, P.; Alvarez, L. Functional Rescue of Trafficking-Impaired ABCB4 Mutants by

Chemical Chaperones. PLoS ONE 2016, 11, e0150098. [CrossRef]
14. Eppens, E.F.; van Mil, S.W.; de Vree, J.L.; Mok, K.S.; Juijn, J.A.; Elferink, R.P.O.; Berger, R.; Houwen, R.H.; Klomp, L.W. FIC1, the

protein affected in two forms of hereditary cholestasis, is localized in the cholangiocyte and the canalicular membrane of the
hepatocyte. J. Hepatol. 2001, 35, 436–443. [CrossRef] [PubMed]

140



J. Pers. Med. 2023, 13, 1180

15. Jüngst, C.; Justinger, C.; Fischer, J.; Berg, T.; Lammert, F. Common ABCB4 and ABCB11 Genotypes Are Associated with Idiopathic
Chronic Cholestasis in Adults. Dig. Dis. 2022, 40, 489–496. [CrossRef] [PubMed]

16. Smyk, W.; Weber, S.N.; Hall, R.; Gruenhage, F.; Lammert, F.; Krawczyk, M. Genetic variant c.711a>t in the hepatobiliary
phospholipid transporter abcb4 is associated with significant liver fibrosis. J. Physiol. Pharmacol. 2020, 71, 321–327. [CrossRef]

17. Krawczyk, M.; Rau, M.; Grünhage, F.; Hepatology, J.S. 2017 Undefined. The ABCB4 p. T175A Variant as Potential Modulator
of Hepatic Fibrosis in Patients with Chronic Liver Diseases: Looking beyond the Cholestatic Realm. Available online:
https://journals.lww.com/hep/Fulltext/2017/08000/The_ABCB4_p_T175A_variant_as_potential_modulator.36.aspx?casa_
token=xz8EzoBIEJUAAAAA:T6bIHHiUOmPNfbLBcNJ5MW21dmlBXENNpVXr85N_aUUGvLp4gew07sFM9D_uLGGzQP2
6UVW51gQpzJVTMTjYG3Mm (accessed on 18 March 2023).

18. Paumgartner, G.; Beuers, U. Mechanisms of action and therapeutic efficacy of ursodeoxycholic acid in cholestatic liver disease.
Clin. Liver Dis. 2004, 8, 67–81. [CrossRef]

19. Elhini, S.H.; Wahsh, E.A.; Elberry, A.A.; El Ameen, N.F.; Saedii, A.A.; Refaie, S.M.; Elsayed, A.A.; Rabea, H.M. The Impact of an
SGLT2 Inhibitor versus Ursodeoxycholic Acid on Liver Steatosis in Diabetic Patients. Pharmaceuticals 2022, 15, 1516. [CrossRef]

20. Lin, X.; Mai, M.; He, T.; Huang, H.; Zhang, P.; Xia, E.; Guo, H. Efficiency of ursodeoxycholic acid for the treatment of nonalcoholic
steatohepatitis: A systematic review and meta-analysis. Expert Rev. Gastroenterol. Hepatol. 2022, 16, 537–545. [CrossRef]

21. Ratziu, V.; de Ledinghen, V.; Oberti, F.; Mathurin, P.; Wartelle-Bladou, C.; Renou, C.; Sogni, P.; Maynard, M.; Larrey, D.; Serfaty,
L.; et al. A randomized controlled trial of high-dose ursodesoxycholic acid for nonalcoholic steatohepatitis. J. Hepatol. 2011, 54,
1011–1019. [CrossRef]

22. Sterling, R.K.; Lissen, E.; Clumeck, N.; Sola, R.; Correa, M.C.; Montaner, J.; Sulkowski, M.S.; Torriani, F.J.; Dieterich, D.T.; Thomas,
D.L.; et al. Development of a simple noninvasive index to predict significant fibrosis in patients with HIV/HCV coinfection.
Hepatology 2006, 43, 1317–1325. [CrossRef]

23. Angulo, P.; Hui, J.M.; Marchesini, G.; Bugianesi, E.; George, J.; Farrell, G.C.; Enders, F.; Saksena, S.; Burt, A.D.; Bida, J.P.; et al. The
NAFLD fibrosis score: A noninvasive system that identifies liver fibrosis in patients with NAFLD. Hepatology 2007, 45, 846–854.
[CrossRef]

24. Janik, M.K.; Smyk, W.; Kruk, B.; Szczepankiewicz, B.; Górnicka, B.; Lebiedzińska-Arciszewska, M.; Potes, Y.; Simões, I.C.M.;
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Abstract: Non-alcoholic fatty liver disease (NAFLD) embraces simple steatosis in non-alcoholic fatty
liver (NAFL) to advanced non-alcoholic steatohepatitis (NASH) associated with inflammation, fibro-
sis, and cirrhosis. NAFLD patients often have metabolic syndrome and high risks of cardiovascular
and liver-related mortality. Our aim was to clarify which proteins play a role in the progression
of NAFL to NASH. The study investigates paraffin-embedded samples of 22 NAFL and 33 NASH
patients. To detect potential candidates, samples were analyzed by immunohistochemistry for the
proteins involved in innate immune regulation, autophagy, apoptosis, and antioxidant defense:
IRF3, RIG-1, SOCS3, pSTAT3, STX17, SGLT2, Ki67, M30, Caspase 3, and pNRF2. The expression of
pNRF2 immunopositive nuclei and SOCS3 cytoplasmic staining were higher in NASH than in NAFL
(p = 0.001); pNRF2 was associated with elevated fasting glucose levels. SOCS3 immunopositivity
correlated positively with RIG1 (r = 0.765; p = 0.001). Further, in NASH bile ducts showed stronger
IRF3 immunostaining than in NAFL (p = 0.002); immunopositive RIG1 tissue was higher in NASH
than in NAFL (p = 0.01). Our results indicate that pNRF2, SOCS3, IRF3, and RIG1 are involved in
hepatic lipid metabolism. We suggest that they may be suitable for further studies to assess their
potential as therapeutics.

Keywords: NASH; pNRF2; SOCS3; immunohistochemistry; liver disease

1. Introduction

NAFLD is a worldwide increasing problem, and patients often have metabolic syn-
drome and high risks of cardiovascular and liver-related mortality. Recently, it was docu-
mented that constitutive active innate immune signaling can lead to excessive inflammatory
cytokine release and consequently can promote the development of hepatic steatosis and
fibrosis [1]. Nevertheless, the factors leading to the progression of NAFL to NASH are
still unknown. Much of the liver research relates to outcomes in mouse models, but data
on protein expression levels specifically in NAFLD patients on this topic are rare. There-
fore, we asked if proteins of innate immunity are deregulated in our NAFLD group and
if there is an association with the clinical data of our patients. Among others, pattern
recognition receptors (PRRs) participate in the regulation of lipid metabolism. Extracellular
pathogens or endogenous injury signals are initially detected by PRRs on cell membranes
or endosomal membranes [1]. Retinoic acid-inducible gene 1 (RIG1/DDX58) belongs to
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a family of cytosolic pattern recognition receptors (PRR) and triggers an innate immune
response. Briefly, the pathogenic association molecule pattern (PAMP) is recognized by
RIG1 and activates mitochondrial antiviral signaling protein (MAVS)-dependent signals
which lead to activation of IRF3 and NF-κB and subsequent production of type I/II IFN and
inflammatory cytokines [1]. Among others, the proinflammatory cytokine IL-6 is activated
by RIG1 and IL-6 activates the JAK-STAT signaling pathway. Based on our results, we
assume signaling cascades activated by PRRs, FFA accumulation, and ROS formation (for
more details see Figure 1). The signal transducer and activator of transcription 3 (STAT3)
belong to the STAT family of cytoplasmic transcription factors [2]. STAT3 is to a large extent
known as an oncogenic factor in various human cancers [2]. The suppressor of cytokine
signaling 3 (SOCS3) proteins is also known as STAT-induced STAT inhibitor (SSI3) [3]. It
has been documented that in obesity SOCS3 is upregulated in concert with increases in
inflammation in the hypothalamus, adipose tissue, and liver [4]. The transcription factor
nuclear factor-erythroid 2 related factor 2 (NRF2) is also known to participate in hepatic
fatty acid metabolism [5] and to regulate the innate immune response [6]. NASH has
been shown to elicit lipid peroxidation, accumulation of reactive oxygen species (ROS),
and proinflammatory cytokines in the liver, which leads to liver injury and inflamma-
tion [7]. Exposure to oxidative stress and inflammatory conditions activates NRF2 inducing
the expression of cytoprotective genes [8]. Furthermore, the involvement of autophagy
in hepatocyte lipid metabolism has recently been demonstrated [9,10]. Impairment of
autophagic flux is closely associated with NAFLD [9,11,12]. Therefore, we analyzed our
patient group on the implication of autophagy by using Syntaxin (STX17), a SNARE protein,
formerly successfully used in liver tissue for autophagy detection [13]. STX17 translocates
to autophagosomes and mediates the fusion of autophagosomes with lysosomes which
enables the degradation of autophagosome contents [14]. Briefly, we selected these pro-
teins for our current studies based on previous study interests and staining availability.
Further, a major risk factor for non-alcoholic steatohepatitis (NASH) is insulin resistance
with elevated blood glucose [15]. Sodium–glucose cotransporter 2 (SGLT2) is the major
cotransporter known to participate in glucose reabsorption in the kidney. In a mouse model
with diabetes, NASH/cirrhosis/HCC SGLT2 expression was detected in liver tumors [16].
Recently, the SGLT2 inhibitor NGI001 inhibited diet-induced metabolic dysfunction and
non-alcoholic fatty liver disease in mice [17]. As SGLT2 inhibitors dapagliflozin and em-
pagliflozin improved liver enzymes and decreased liver fat [18] we analyzed also SGLT2
protein expression levels in our NAFLD group to elucidate the factors in the development
of NASH.
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ARE activation, whereby it is likely that many biological processes take place in the organism in a
parallel manner (for example NFκB activation is known to induce ROS formation). Abbreviations:
PRRs: pattern recognition receptors; FFAs: free fatty acids; ROS: reactive oxygen species; Keap1:
Kelch-like ECH-associated protein 1; ARE: antioxidant response elements.

2. Materials and Methods
2.1. Patients

Our study was conducted with 55 morbidly obese patients (37 females, 18 males)
who have undergone bariatric surgery at a bariatric surgery center. The study group was
composed of 22 patients with steatosis (NAFL) and 33 with nonalcoholic steatohepatitis
(NASH). Indication for bariatric surgery was based on National Institutes of Health (NIH)
guidelines (BMI ≥ 40 kg/m2 or ≥35 kg/m2, plus co-morbidities) as described before [19].
In addition, the patient selection criteria were the same as described in our previous
study [19]. Patients reporting excessive alcohol consumption (>20 g/day in males or
>10 g/day in females) indicating alcoholic liver disease were excluded. The surgeon’s
choice—i.e., adjustable gastric band, Roux-Y, or gastric bypass surgery—was based on the
current guidelines as adapted to the patient’s clinical conditions and comorbidities as well
as on clinical experience. Wedge liver biopsies were taken during the procedure.

There has been conflicting debate about the diagnostic criteria for NASH [20]. The
degree of NAFLD can be quantified using the NAFLD activity score (NAS) according to
Kleiner et al., where a NAS score ≥5 is defined as NASH [21], or according to the fatty
liver inhibition and progression (FLIP) algorithm described by Bedossa et al. [22]. The FLIP
algorithm was used by us to classify liver damage in morbid obesity because it allows a
more accurate distinction between NAFL and NASH. By using the histologic features of
“steatosis”, “ballooning of hepatocytes”, and “inflammation”, the slides were classified as
“NAFL” or “NASH”. The HE-stained slides were assessed by two observers (HAB and
JK) and the degree of NAFLD was quantified according to the FLIP algorithm of Bedossa
et al. [22]. More detailed information on the characteristics of the patients is given in Table 1.

Table 1. Clinical and laboratory data of the study groups.

Characteristics NAFL (n = 22) NASH (n = 33) n Valid Cases p Value *

Age (years) 38 (24–67) 45 (20–67) 22/33 0.110

Gender (male/female) 4/18 14/19 22/33 0.082

BMI (kg/m2) 49.9 (29.4–66.9) 53 (27.4–78.19) 21/31 0.208

Adiponectin (µg/mL) 3.35 (1.3–8.28) 2.87 (0.83–11.9) 20/24 0.759

CK18 M30 (IU/L) 174.7 (61.8–807.7) 366.6 (80.1–1573.9) 20/24 0.002

CK18 M65 (IU/L) 331.9 (87.9–960.1) 628.6 (255.8–5273.1) 19/24 <0.001

Fasting Glucose (mg/dL) 95.50 (73–150) 120 (72–385) 22/29 0.001

Total Cholesterol (mg/dL) 198 (120–261) 177.5 (116–247) 15/18 0.320

Triglyceride (mg/dL) 149 (34–218) 207 (55–421) 13/12 0.041

ALT (U/L) 20 (13–65) 39 (14–120) 22/31 0.001

AST (U/L) 23 (16–49) 32.5 (23–90) 14/20 <0.001

GGT (U/L) 20 (2–93) 43 (15–1213) 22/31 <0.001

Fibrosis Grade
(0 + 1) 4 + 7 6 + 7
(2 + 3) 10 + 1 18 + 2 22/33 0.58

Steatosis Grade
(0 + 1) 0 + 19 0 + 7
(2 + 3) 3 + 0 14 + 12 22/33 <0.001
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Table 1. Cont.

Characteristics NAFL (n = 22) NASH (n = 33) n Valid Cases p Value *

Ballooning Grade
(0 + 1) 17 + 3 0 + 16
2 2 17 22/33 0.001

Lob. Inflam. Grade
(0 + 1) 16 + 4 0 + 11
(2 + 3) 2 + 0 20 + 2 22/33 <0.001

The presented values are medians; ranges are enclosed in parentheses. * p values correspond to the comparison of
NAFL/NASH and n valid cases reports the number of valid NAFL/NASH cases used for the statistical analysis.
Regarding fibrosis grade, steatosis grade, ballooning grade, and lobular inflammation grade, we placed the two
grades 0 and 1 in a common group. For example, statistical evaluation was performed in the analysis of steatosis
grade by comparing the number of NAFL and NASH patients in group 1 (grade 0 + 1) with the number of NAFL
and NASH patients in group 2 (grade 2 + 3). We used the statistic test Mann–Whitney U test for continuous
factors and two-sided Fisher’s exact test for categorical parameters. p ≤ 0.05 was defined as statistically signif-
icant. Abbreviations: n = number; NAFL = non-alcoholic fatty liver; NASH = non-alcoholic steatohepatitis;
ALT = alanine aminotransferase; BMI = body mass index; AST = aspartate aminotransferase;
GGT = gamma-glutamyl transferase; CK18 = Cytokeratin18; Lob. Inflam. Grade = lobular inflammation grade.

Individual patients’ liver samples were obtained from the files of the Institute of Pathol-
ogy of the University Hospital of Essen. For all cases, standardized prepared formalin-fixed
and paraffin-embedded (FFPE) material was stained with HE, and immunohistochem-
ical staining was performed according to institutional standards. Paraffin-embedded
tissue was available in all cases and we reviewed all of them. Informed consent was
obtained from every patient. The study was in accordance with the Helsinki Declara-
tion of 1975 and approved by the Ethics Committee of the University Hospital Essen
(reference number: 09-4252).

2.2. Histology and Immunohistochemistry

Tissue sections (1 to 2 µm thick) from formalin-fixed and paraffin-embedded (FFPE)
tissue blocks were cut, dewaxed, and pretreated. The expression of selected candidate
proteins was analyzed by immunohistochemistry, as described previously [23], with an
automated staining device (Dako Autostainer, Dako, Glostrup, Denmark). The antibodies
used were: anti-Vimentin (#M0725, Dako, Glostrup, Denmark; diluted 1:500 for 60 min
at RT); anti-active Caspase 3 (#9661, Cell Signaling, Danvers, MA, USA; diluted 1:50
for 60 min at RT); ki67 (#5278384001, Roche Ventana, Tucson, AZ, USA; undiluted for
60 min at RT); anti-IRF3 (#712217, Invitrogen, San Diego, CA, USA; diluted 1:50 for 30 min
at RT); anti-RIG1 (#PA5-110297, Invitrogen; diluted 1:200 for 30 min at RT); anti-M30
(#10700, TecoMedical, Sissach, Switzerland; diluted 1:4500 for 30 min at RT); anti-pSTAT3
(#9145, Cell Signaling; diluted 1:50 for 60 min at RT); anti-pNRF2 (#NBP2-67465, Novus,
Centennial, CO, USA; diluted 1:25 for 60 min at RT); anti-syntaxin (#HPA001204, Sigma-
Aldrich, Steinheim, Germany; diluted 1:200 for 60 min at RT); anti-SGLT2 (#NBP1-92384,
Novus; diluted 1:50 for 30 min at RT); and anti-SOCS3 (#ab280884, Abcam, Cambridge,
UK; diluted 1:100 for 30 min at RT). Detection of antigen–antibody binding was performed
for vimentin, active Caspase 3, ki67, M30, pSTAT3, syntaxin, SGLT2 and SOCS3 with the
ZytoChem Plus AP Polymer Kit (#POLAP-100, Zytomed, Berlin, Germany), and for IRF3,
RIG1, and pNRF2 using POLYVIEW® PLUS AP anti-rabbit reagent Rb (#ENZ-ACC110-0150,
Enzo Life Sciences, Lörrach, Germany) according to the manufacturer’s protocols. Detailed
information on staining protocols is given in Supplementary Material Table S1. Negative
controls were included in every run and incubated with non-immune immunoglobulin in
the same concentrations but instead of the primary antibody.

2.3. Sample and Immunohistochemistry Evaluation

Immunohistochemical staining was examined with manual IHC scoring and computer-
assisted quantification with Aperio ImageScope depending on the protein analyzed. Vi-
mentin, IRF3, M30, and Caspase 3 stainings were studied by visual IHC scoring. Briefly,
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two independent observers (M.A. and S.S.), blinded to the subgroups of the study, assessed
the IHC stains using a semi-quantitative scoring system, analogous to the immunoreac-
tivity scores (IRS) established by Remmele and Stegner [24], as described in our previous
studies [25,26]. Vimentin IHC staining was carried out to assess the quality of the FFPE
material. The use of vimentin is suitable to monitor the quality of antigen preservation
and the uniformity of tissue fixation in FFPE tissues as the epitope of vimentin is partially
susceptible to formaldehyde fixation [27].

In assessing IRF3 staining, we counted the number of bile ducts that showed IRF3
immunopositivity. The intensity of IRF3 staining was classified (weak: 1 point; moderate:
2 points; marked: 3 points) and in case of disagreement between the scores, a third observer
was consulted. A study of apoptosis was performed by immunohistochemical staining
analyses of the antibodies active Caspase 3 and M30. Active Caspase 3 detects endogenous
levels of the large fragment of activated Caspase 3 deriving from cleavage adjacent to
Asp175. We counted the number of hepatocytes showing positive cytoplasmic staining for
cleaved Caspase 3 in each case in the whole slide. Additionally, we quantified apoptosis
with the M30 antibody; M30 detects a neo-epitope on caspase-cleaved cytokeratin 18 (CK18)
in apoptotic cells; uncleaved CK18 is not detected [28]. Analysis of M30 immunopositivity
was performed by scoring the whole slide of each case on apoptotic cells showing intense
red cytoplasmatic staining for M30 and counting them.

We examined the remaining immunohistochemical stains by computer-based auto-
mated quantitative IHC scoring. First, stained slides were digitized at 20× resolution using
the Aperio AT2 all-slide scanner (Leica, Wetzlar, Germany). The quantification of nuclear
stainings (Ki67, pSTAT3, and pNRF2) and cytoplasmic stainings (SOCS3, RIG1, syntaxin,
and SGLT2) were performed by Leica image analysis software (Aperio ImageScope). Ex-
pression of Ki67, pSTAT3, and pNRF2 was quantified with Aperio nuclear algorithm and
expression of SOCS3, RIG1, SGLT2, and syntaxin with Aperio’s positive pixel count algo-
rithm. The percentage of positive hepatocyte nuclei in relation to all hepatocyte nuclei and
the percentage of positively stained cytoplasm in relation to the whole area was calculated.

2.4. Statistics

Analyses were carried out with the Statistical Package for Social Sciences (SPSS
28.0, Chicago, IL, USA). We used Mann–Whitney U test for continuous factors and two-
sided Fisher’s exact test categorical parameters to analyze associations between clini-
cal/laboratory data and the study groups (NASH/NAFL). Using Mann–Whitney U test
and Kruskal–Wallis tests we assessed the association between clinical/laboratory data
and the immunopositivity of the proteins. We performed multivariable binary logistic
regression analysis with NAFL/NASH as a dependent category and pNRF2, RIG1, and
SOCS3 protein expression levels along with clinical and laboratory markers as independent
covariates. This aimed to better assess the extent to which the presence of certain clinical
and laboratory markers may influence the occurrence of certain protein expressions in
NASH/NAFL. Additionally, Pearson’s correlation coefficient was used to evaluate correla-
tions between the protein expressions. All data are shown as medians with ranges presented
in parentheses, if not stated otherwise; p ≤ 0.05 was defined as statistically significant.

3. Results
3.1. Higher Expression of RIG1, pNRF2, and SOCS3 in NASH vs. NAFL

Our IHC studies demonstrated that several proteins involved in the innate immune
system were differently expressed in NASH and NAFL, which suggests that they play a role
in the progression of NAFL to NASH. We examined the percentage of RIG1 immunostained
tissue compared to total tissue in all samples and detected cytoplasmic RIG1 expression
(Figure 2A–C), whereby the percentage of RIG1 immunopositivity was in NASH (Figure 2C)
significantly higher than in NAFL (Figure 2B), shown in boxplots (p = 0.01; Figure 2A).
Further, to investigate NRF2 activity, we used the NRF2 [p Serine 40] antibody as phos-
phorylation at the serine 40 residue is required for the dissociation of NRF2 from KEAP1
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and the transcriptional activation activity of NRF2 [29,30]. We found that the percentage of
pNRF2 immunostained nuclei was in NASH (Figure 2F) significantly higher than in NAFL
(Figure 2E), shown in boxplots (p = 0.001; Figure 2D). Additionally, the JAK-STAT pathway
was activated as cytoplasmic SOCS3 immunostaining was significantly stronger in NASH
than in NAFL (p < 0.001; Figure 2G–I). However, the comparison between the percentage
of pSTAT3-immunostained nuclei in NASH and NAFL showed only a trend (p = 0.059;
Supplementary Material Figure S1).
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Figure 2. Semi-quantitative immunohistochemical analysis of RIG-1, pNRF2, and SOCS3 and protein
expressions. Images show representative cases of our NAFLD cohort. (A–C) We detected stronger
cytoplasmic RIG1 expression in NASH than in NAFL. (A–C) Boxplots depict that the percentage of
RIG1 stained tissue to total tissue is higher in NASH than in NAFL; ** p = 0.01. (A) In the IHC images,
representative cytoplasmic RIG1 staining in NAFL (B) and NASH (C) is shown (asterisk). Further,
the ratio of pNRF2 stained nuclei to total nuclei was higher in NASH than in NAFL; *** p = 0.001
(D). Representative pNRF2 IHC images of NAFL (E) and NASH (F) demonstrate stronger nuclear
staining (arrows) in NASH than in NAFL. Also, cytoplasmic SOCS3 expression was stronger in NASH
than in NAFL (G–I). Boxplots depict the ratio of the area with cytoplasmic SOCS3 immunopositivity
to the total area with increased SOCS3 expression in NASH compared with NAFL; *** p < 0.001
(G). Representative SOCS3 IHC images of NAFL (H) and NASH (I) show representative areas of
cytoplasmic SOCS3 immunopositivity (asterisk). Differences between groups were analyzed using
Mann–Whitney U tests; bold lines inside the box plot represent median levels. Results are significant
at * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001; bars = 200 µm.
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3.2. Stronger IRF3 Immunostaining of Bile Ducts in NASH Than in NAFL

We investigated the bile ducts regarding their immunostainings for IRF3 and found
out that the number of bile ducts with strong immunopositivity for IRF3, namely staining
intensity of +3, was in the NASH patients significantly higher than in the NAFL group
(p = 0.027; Figure 3A,B,D). Further, the average IRF3 staining intensity of the bile ducts was
in NASH significantly higher than in NAFL (p = 0.002; Figure 3B–D), suggesting that the
bile ducts play a role in the innate immune response.
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Figure 3. Associations between IRF3 immunostainings and disease progression. Study of the
bile ducts in the cohort depicted that IRF3 staining intensity was in NASH higher than in NAFL
(A–D). In NASH, there are more bile ducts having a strong IRF3 staining intensity of +3 than in NAFL;
* p = 0.027 (A). The average IRF3 staining intensity of the bile ducts per case was in NASH higher than
in NAFL; p = 0.002 (C). Representative IHC images of NAFL (B) and NASH (D) show representative
areas of IRF3 immunopositive stained bile ducts (arrows) in NAFL (B) and NASH (D) with stronger
IRF3 staining in NASH. Differences between groups were analyzed using Mann–Whitney U tests;
bold lines inside the box plot represent median levels. Results are significant at * p ≤ 0.05 and
** p ≤ 0.01; bars = 200 µm.

3.3. Association between RIG1, pNRF2, SOCS3, IRF3 Immunopositivity and
Histological/Laboratory Parameters

Fasting blood glucose values of patients were divided into three levels: normal range,
70–99 mg/dL; pre-diabetes, 100–125 mg/dL; and diabetes, ≥126 mg/dL according to the
criteria of the American Diabetes Association (ADA) [31]. Then, the patients were classified
into two groups: we combined the patients with pre-diabetes and diabetes into one group,
and the second group aggregated all the patients with normal glucose levels. We detected
a significantly higher NRF2 activity in the pre-diabetes and diabetes group than in the
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normal group (p = 0.029; Table 2). Further, we found that patients with steatosis grades
2 and 3 showed significantly higher pNRF2, SOCS3, and RIG1 expression levels than
patients with steatosis grades 0 and 1 (p = 0.011; p = 0.008; p = 0.032; Table 2). Regarding
ballooning grade, we observed that patients with grade 1 and grade 2 had significantly
higher pNRF2 (p < 0.001) and SOCS3 (p = 0.002; p < 0.001; Table 2) protein expression
levels than patients with ballooning grade 0. For RIG1 immunopositivity, only patients
with ballooning grade 2 had significantly higher RIG1 expression levels than patients with
ballooning grade 0 (p = 0.010; Table 2). We detected in patients with lobular inflammation
1 higher NRF2 activity than in patients with lobular inflammation 0 (p = 0.022; Table 2).
Regarding SOCS3, patients with lobular inflammation 1, 2, and 3 had higher SOCS3
protein expressions than patients with lobular inflammation grade 0 (p = 0.007; p = 0.007;
p = 0.035; Table 2). Association studies between IRF3 immunopositivity of the bile ducts
and clinical/laboratory parameters showed as the only significant result that patients with
lobular inflammation grade 2 had significantly stronger IRF3 immunopositivity of the bile
ducts than patients with grade 0 (p = 0.017).

Table 2. Association of clinical/laboratory parameters with IHC studies.

pNRF2 SOCS3 RIG1

Parameters n Valid
Cases Median Value b p Value * MedianValue b p Value * MedianValue b p Value *

Fasting Glucose (mg/dL)
Normal (70–99) 19 0.12 (0–7.25) 0.29 (0.12–0.45) 14.31 (2.33–25.25)
Pre-diabetes and Diabetes a 32 0.69 (0.01–16.93) 0.029 0.33 (0.18–0.45) 0.090 15.98 (3.38–26.62) 0.205

Total Cholesterol (mg/dL)
Normal (<200) 20 0.27 (0.01–4.06) 0.3 (0.18–0.45) 14.45 (3.38–26.28)
Elevated (>200) 13 0.15 (0–7.25) 0.957 0.31 (0.2–0.45) 0.813 12.14 (3.84–26.62) 0.548

Triglyceride (mg/dL)
Normal (<200) 18 0.06 (0–1.8) 0.3 (0.18–0.39) 12.82 (3.84–23.33)
Elevated (>200) 7 0.2 (0.01–1.73) 0.297 0.27 (0.2–0.39) 0.701 14.6 (3.38–25.56) 0.495

ALT (U/L)
Normal (<35/<50) 35 0.29 (0–7.25) 0.31 (0.12–0.45) 14.21 (2.33–26.62)
Elevated (>35/>50) 18 0.67 (0.02–16.93) 0.195 0.34 (0.2–0.57) 0.276 16.29 (5.02–43.11) 0.244

AST (U/L)
Normal (<35/<50) 24 0.1 (0–3.45) 0.3 (0.18–0.4) 14.16 (3.38–25.03)
Elevated (>35/>50) 10 0.57 (0.1–16.93) 0.061 0.34(0.2–0.57) 0.223 14.53 (5.02–43.11) 0.539

GGT (U/L)
Normal (<35/<55) 36 0.26 (0–16.93) 0.32 (0.12–0.57) 14.26 (2.33–43.11)
Elevated (>35/>55) 17 0.93 (0.03–5.33) 0.054 0.33 (0.2–0.42) 0.607 16.02 (5.02–26.62) 0.261

Age Grade
Young (20–40) 28 0.27 (0–14.48) 0.31 (0.2–0.57) 14.32 (3.38–43.11)
Old (41–67) 27 0.74 (0–16.93) 0.055 0.33 (0.12–0.58) 0.245 16.21 (2.33- 54.32) 0.225

Fibrosis Grade
0 10 1.4 (0.18–3.45) 0.34 (0.28–0.39) 16.69 (9.59–26.62)
1 14 0.26 (0.04–7.25) 0.089 0.3 (0.12–0.45) 0.320 15.21 (2.33–25.25) 0.380
2 28 0.34 (0–16.93) 0.091 0.32 (0.2–0.58) 0.619 14.94 (3.38–54.32) 0.691
3 3 0.68 (0.21–2.45) 0.735 0.33 (0.33–0.37) 1.000 12.99 (12.3–17.32) 0.398

Steatosis Grade
0 + 1 26 0.11 (0–7.25) 0.29 (0.12–0.45) 14.28 (2.33–25.25)
2 + 3 29 0.77 (0–16.93) 0.011 0.35 (0.2–0.58) 0.008 17.03 (3.38–54.32) 0.032

Ballooning Grade
0 17 0.05 (0–0.56) 0.28 (0.18–0.37) 12.14 (3.84–20.57)
1 19 0.93 (0.1–16.93) <0.001 0.34 (0.12–0.45) 0.002 15.93 (2.33–25.56) 0.068
2 19 1.42 (0–14.48) <0.001 0.38 (0.2–0.58) <0.001 17.03 (3.38–54.32) 0.010

Lobular Inflammation Grade
0 16 0.09 (0–3.45) 0.28 (0.12–0.39) 12.91 (2.33–26.62)
1 15 0.68 (0.05–7.25) 0.022 0.35 (0.18–0.45) 0.007 16.12 (5.02–26.28) 0.097
2 22 0.66 (0–16.93) 0.051 0.36 (0.2–0.58) 0.007 16.42 (3.38–54.32) 0.174
3 2 1.67 (0.1–3.26) 0.325 0.36 (0.33–0.39) 0.035 15.45 (15.1–15.82) 0.399

a We defined fasting blood glucose level of 100–125 mg/dL as pre-diabetes and glucose levels of ≥126 mg/dL
as diabetes. b Values are the median of pNRF2, SOCS3, and RIG1 immunopositivity with ranges presented in
parentheses. ALT and AST threshold for normal values were <35 U/L for females and <50 U/L for males; GGT
threshold for normal values were <35 U/L for females and <55 U/L for males. * p values correspond to the analysis
of the association between clinical/laboratory parameters with pNRF2, SOCS3, and RIG1 immunopositivity in the
NAFLD cohort. Mann–Whitney U test and Kruskal–Wallis test were used for statistical analysis of the difference
between two or more groups. Results are significant at p ≤ 0.05.
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3.4. Multivariable Binary Logistic Regression Analysis

We performed multivariable binary logistic regression analysis for the proteins pNRF2,
SOCS3, and RIG1 (Table 3). We found that pNRF2 associated with NASH (p = 0.046) was
independent of the presence of steatosis (Table 3(A); p = 0.01) and lobular inflammation
(p = 0.016). Further, the multivariable binary logistic regression study showed that RIG1
associated with NASH (Table 3(B); p = 0.045) was independent of the presence of steato-
sis (Table 3(B); p = 0.017) and lobular inflammation (Table 3; p = 0.009). While RIG1 is
significantly associated with NASH shown above by Mann–Whitney U test (Figure 2A;
p = 0.01), the multivariable binary logistic regression analysis showed that this effect was
not seen after adjusting for the variables fasting glucose and total cholesterol (Table 3(C);
p = 0.285). We detected no associations for SOCS3 protein expression levels along with
clinical and laboratory markers as independent covariates by logistic regression studies.
Thus, the higher SOCS3 expression levels in NASH are not affected by other clinical and
laboratory markers.

Table 3. Multivariable binary logistic regression studies.

Exp (B) 95% CI p Value
Lower Upper

A
pNRF2 2.456 1.017 5.93 0.046
Age (years) 1.006 0.926 1.092 0.893
BMI (kg/m2) 1.102 0.947 1.283 0.208
Fibrosis Grade
1 vs. 0 1.747 0.072 42.549 0.732
2 vs. 0 1.396 0.112 17.384 0.795
3 vs. 0 0.989 0.026 38.383 0.995
Steatosis Grade
(2 + 3) vs. (0 + 1) 29.267 2.237 382.895 0.01
Ballooning Grade
2 vs. (0 + 1) 0.628 0.041 9.674 0.739
Lob. Inflam. Grade
(2 + 3) vs. (0 + 1) 19.197 1.738 211.979 0.016
B
RIG1 1.21 1.005 1.457 0.045
Age (years) 1.085 0.997 1.18 0.058
BMI (kg/m2) 1.018 0.898 1.153 0.782
Fibrosis Grade
1 vs. 0 2.994 0.148 60.656 0.475
2 vs. 0 1.885 0.131 27.206 0.642
3 vs. 0 0.843 0.022 32.364 0.927
Steatosis Grade
(2 + 3) vs. (0 + 1) 24.689 1.788 340.962 0.017
Ballooning Grade
2 vs. (0 + 1) 0.384 0.021 7.164 0.521
Lob. Inflam. Grade
(2 + 3) vs. (0 + 1) 35.992 2.454 527.784 0.009
C
RIG1 1.080 0.938 1.243 0.285
Fasting glucose (mg/dL) 1.052 1.008 1.097 0.020
Total cholesterol (mg/dL) 0.995 0.972 1.018 0.682

Multivariable binary logistic regression analysis with NAFL/NASH as a dependent category and pNRF2
and RIG1 protein expression levels along with clinical and laboratory markers as independent covariates for
(A) pNRF2 and (B) RIG1 together with age, BMI, fibrosis, steatosis, ballooning, and lobular inflammation grades
as covariates. (C) RIG1 together with fasting glucose and total cholesterol levels as covariates. As the reference
for the categorical covariate fibrosis “Grade 0” is chosen, the reference for the categorical covariates steatosis,
ballooning, and lobular inflammation is “Grade (0 + 1)”.

3.5. Analysis of Correlations between NRF2 Activation and Syntaxin, Ki67, M30 and SOCS3
Protein Levels

We detected a significant positive correlation of pNRF2 with syntaxin protein expres-
sion levels (r = 0.604; p < 0.001; Figure 4). Additionally, we found positive associations
between pNRF2 and Ki67 (r = 0.645; p < 0.001; Figure 4) and M30 (r = 0.431; p = 0.001;
Figure 4) and SOCS3 (r = 0.560; p < 0.001; Figure 4) protein expression levels.
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Figure 4. pNRF2 protein expressions are positively associated with RIG1, syntaxin, Ki67, M30, and 
SOCS3 expressions. (A,B) We observed a high degree of correlations between pNRF2 and syntaxin 
(r = 0.604; p < 0.001) and Ki67 (r = 0.645; p < 0.001). (C,D) The degree of correlation between pNRF2 
and M30 was moderate (r = 0.431; p = 0.001) and between pNRF2 and SOCS3 was high (r = 0.560; p 
< 0.001). Pearson’s correlation coefficient was used to evaluate protein expression results with 
significance set at p ≤ 0.05. High degree of correlation: Pearson’s correlation coefficient, also known 
as Pearson’s r = 0.5–1.0; moderate degree of correlation: Pearson’s r = 0.3–0.49; low degree of 
correlation: Pearson’s r < 0.3. 

3.6. Analysis of Correlations between SOCS3 and RIG1, Ki67, Syntaxin and SGLT2 Protein 
Levels 

Pearson correlations showed significant positive associations between the protein 
levels of SOCS3 and RIG1 (r = 0.765; p < 0.001; Figure 5), Ki67 (r = 0.463; p < 0.001; Figure 
5), syntaxin (r = 0.717; p < 0.001; Figure 5), and SGLT2 (r = 0.333; p = 0.013; Figure 5).  

Figure 4. pNRF2 protein expressions are positively associated with RIG1, syntaxin, Ki67, M30, and
SOCS3 expressions. (A,B) We observed a high degree of correlations between pNRF2 and syntaxin
(r = 0.604; p < 0.001) and Ki67 (r = 0.645; p < 0.001). (C,D) The degree of correlation between pNRF2
and M30 was moderate (r = 0.431; p = 0.001) and between pNRF2 and SOCS3 was high (r = 0.560;
p < 0.001). Pearson’s correlation coefficient was used to evaluate protein expression results with
significance set at p ≤ 0.05. High degree of correlation: Pearson’s correlation coefficient, also known as
Pearson’s r = 0.5–1.0; moderate degree of correlation: Pearson’s r = 0.3–0.49; low degree of correlation:
Pearson’s r < 0.3.

3.6. Analysis of Correlations between SOCS3 and RIG1, Ki67, Syntaxin and SGLT2 Protein Levels

Pearson correlations showed significant positive associations between the protein
levels of SOCS3 and RIG1 (r = 0.765; p < 0.001; Figure 5), Ki67 (r = 0.463; p < 0.001; Figure 5),
syntaxin (r = 0.717; p < 0.001; Figure 5), and SGLT2 (r = 0.333; p = 0.013; Figure 5).

3.7. Analysis of Correlations between IRF3 and pNRF2 and SOCS3 Protein Levels

We found significant Pearson correlations between the IRF3 protein expression in
the bile ducts of our patients and the pNRF2 immunopositivity in the nuclei (r = 0.364;
p = 0.006; Figure 6). Additionally, IRF3 immunostaining of the bile ducts correlated
positively with the SOCS3 immunopositivity of the cytoplasm (r = 0.368; p = 0.006; Figure 6).

152



J. Pers. Med. 2023, 13, 1152J. Pers. Med. 2023, 13, x FOR PEER REVIEW 13 of 21 
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expressions. (A,C) High degree of correlations were detected to RIG1 (r = 0.765; p < 0.001) and 
syntaxin (r = 0.717; p < 0.001). (B,D) The degree of correlations to Ki67 and to SGLT2 were significant 
but moderate (r = 0.463; p < 0.001 and r = 0.333; p = 0.010). Pearson’s correlation coefficient was used 
to evaluate protein expression results with significance set at p ≤ 0.05. 
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Figure 5. SOCS3 protein expressions are positively associated with RIG1, Ki67, syntaxin, and SGLT2
expressions. (A,C) High degree of correlations were detected to RIG1 (r = 0.765; p < 0.001) and
syntaxin (r = 0.717; p < 0.001). (B,D) The degree of correlations to Ki67 and to SGLT2 were significant
but moderate (r = 0.463; p < 0.001 and r = 0.333; p = 0.010). Pearson’s correlation coefficient was used
to evaluate protein expression results with significance set at p ≤ 0.05.
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Figure 6. IRF3 immunostaining of the bile ducts is associated with NRF2 activity and with SOCS3 
protein expressions. (A) We depicted positive significant correlations of moderate degree to pNRF2 
immunopositivity of the nuclei (r = 0.364; p = 0.006) and (B) SOCS3 cytoplasmic staining (r = 0.368; 
p = 0.006). Pearson’s correlation coefficient was performed with significance set at p ≤ 0.05. 
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cell proliferation, and apoptosis. As fatty liver disease is a rising problem worldwide, it is 
essential to evaluate the mechanisms leading from simple steatosis to advanced non-
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RIG1 protein, belonging to the pattern recognition receptors (PRR) family, was 
significantly higher in NASH patients than in those with NAFL. It was reported that the 
levels of another PRR protein, namely STING (stimulator of interferon genes) 1, were 
increased in NASH patients [33,34]. It is documented that recognition of extracellular 
pathogens or endogenous injury signaling by PRRs leads to signal transmission to 
downstream MAPK signal cascades, resulting in the activation of 
ERK/JNK/p38MAPK/NF-κB signals and the transcription of proinflammatory cytokine 
genes and type I/II IFNs. Intriguingly, PRRs participate in the regulation of lipid 
metabolism [1]. Fatty acid toxicity is known to trigger the initiation and continuous 
activation of an inflammatory response in the liver of NAFLD patients [35]. Thus, our 
detection of higher RIG1 (a PRR) expression in NASH vs. NAFL is in line with the 
literature. There are only a few study groups analyzing RIG-1 expression 
immunohistochemically in patients; Frietze et al. analyzed 12 NASH patients and 5 
normal controls and found a reduction in RIG-1 protein expression in NASH compared 
to normal controls. Nevertheless, their patient cohort was very small, and they did not 
compare NASH expression with NAFL as we did but with normal controls.  

Additionally, we found that bile ducts showed stronger IRF3 immunostaining in 
NASH than in NAFL. We also detected that patients with lobular inflammation grade 2 
showed higher IRF3 immunopositivity regarding bile ducts than patients with grade 0 (p 
= 0.017). This is in line with the literature as RIG-1 interacts with dsRNA and initiates 

Figure 6. IRF3 immunostaining of the bile ducts is associated with NRF2 activity and with SOCS3
protein expressions. (A) We depicted positive significant correlations of moderate degree to pNRF2
immunopositivity of the nuclei (r = 0.364; p = 0.006) and (B) SOCS3 cytoplasmic staining (r = 0.368;
p = 0.006). Pearson’s correlation coefficient was performed with significance set at p ≤ 0.05.
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4. Discussion

In our present IHC study of NAFLD patients, we detected significantly higher RIG1,
IRF3, pNRF2, and SOCS3 protein expressions in NASH patients compared with NAFL
patients. These proteins are mainly involved in innate immune regulation [1]; dysregulation
of innate immunity plays a role in the pathogenesis of NASH [32]. Further, these proteins
were significantly associated with some of the clinical/laboratory parameters and with
proteins involved in several biological processes such as autophagy, cell proliferation, and
apoptosis. As fatty liver disease is a rising problem worldwide, it is essential to evaluate
the mechanisms leading from simple steatosis to advanced non-alcoholic steatosis (NASH).
In the following, we discuss how the differentially expressed proteins might be involved in
the progression from NAFL to NASH. Based on our results, we assume signaling cascades
activated by PRRs, FFA accumulation, and ROS formation (for more details see Figure 1).

RIG1 protein, belonging to the pattern recognition receptors (PRR) family, was signifi-
cantly higher in NASH patients than in those with NAFL. It was reported that the levels
of another PRR protein, namely STING (stimulator of interferon genes) 1, were increased
in NASH patients [33,34]. It is documented that recognition of extracellular pathogens or
endogenous injury signaling by PRRs leads to signal transmission to downstream MAPK
signal cascades, resulting in the activation of ERK/JNK/p38MAPK/NF-κB signals and the
transcription of proinflammatory cytokine genes and type I/II IFNs. Intriguingly, PRRs
participate in the regulation of lipid metabolism [1]. Fatty acid toxicity is known to trigger
the initiation and continuous activation of an inflammatory response in the liver of NAFLD
patients [35]. Thus, our detection of higher RIG1 (a PRR) expression in NASH vs. NAFL is
in line with the literature. There are only a few study groups analyzing RIG-1 expression
immunohistochemically in patients; Frietze et al. analyzed 12 NASH patients and 5 normal
controls and found a reduction in RIG-1 protein expression in NASH compared to normal
controls. Nevertheless, their patient cohort was very small, and they did not compare
NASH expression with NAFL as we did but with normal controls.

Additionally, we found that bile ducts showed stronger IRF3 immunostaining in
NASH than in NAFL. We also detected that patients with lobular inflammation grade 2
showed higher IRF3 immunopositivity regarding bile ducts than patients with grade 0
(p = 0.017). This is in line with the literature as RIG-1 interacts with dsRNA and initiates
downstream signaling which leads to IRF3 and NF-κB activation [36]. Expression of IRF3
in bile ducts is also reported in the literature [37–39]. It is documented that biliary innate
immunity is implicated in the pathogenesis of various cholangiopathies in biliary tract
diseases and biliary tract defense systems [38]. Cholangiocytes have an innate immune
system and the biliary epithelial cells express a variety of PRRs such as Toll-like receptors
(TLRs) and they recognize both bacterial and viral PAMPs. Cultured biliary epithelial
cells were able to recognize viral PAMPs such as double-stranded RNA (dsRNA). After
stimulation with poly(I:C), (analog of viral dsRNA), cultured human biliary epithelial
cells expressed NF-κB and IRF3 [37,38]. Shimada performed experiments with human
biliary epithelial HuCCT1 cells. They observed that TLR3 signaling led to the expression of
CCL5 via NF-κB and IRF3 in bile duct cells, and they suggested the involvement of this
signaling pathway in biliary atresia pathogenesis. The involvement of bile duct cells in the
development of nonalcoholic fatty liver disease was reported; however, they did not study
IRF3 expression but cellular senescence markers and chemokines [40].

NRF2 is described in the literature as a “double-edged sword” [41]. Under normal
conditions, NRF2 is mainly localized in the cytoplasm attached to Keap1, which causes
inhibition of NRF2 activity because of proteasomal degradation of NRF2. Under stressed
conditions, NRF2 dissociates from Keap1, translocates to the nucleus, and promotes the
expression of antioxidant response element (ARE) genes, which control stress response, an-
tioxidant defense, drug metabolism, proteasomal degradation, and cell proliferation [8,42].
On the other side, NRF2 can function as a proto-oncogene promoting the growth of cancer
cells [43]; liver tumorigenesis by NRF2 activation was reported [44]. Autophagy impair-
ment and NRF2 activation have induced chaperone-mediated autophagy activation and
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tumor cell survival [45]. We detected higher NRF2 activity in NASH versus NAFL; our
result is consistent with aberrant NRF2 activation in various cancer cells and cancer tis-
sues [46] driven by different causes of NRF2 activation. In hepatocellular Huh1 carcinoma
cell lines phosphorylated p62 accumulation was documented as the reason for NRF2
activation. This is in accordance with another IHC study of patients with chronic liver
disease [41]. Mohs et al. reported an association of NRF2 activity in patients with the grade
of inflammation, which we also observed. In contrast, they did not detect an association
with steatosis, as we did. It is reported that age can explain different results found in
the literature regarding the effects of NRF2 activation. In young animals, a protective
role of NRF2 in the development of hepatitis and steatosis has been observed [5]. On the
contrary, in older mice, NRF2 activation has induced the activation of genes involved in
lipid synthesis and uptake [5]. Since we found a trend toward higher NRF2 activation in
older patients, this is consistent to some extent with our results. The reasons for NRF2
activation in tumor tissue can be mutations in KEAP-1 [47] causing Keap-1 not to be able to
bind to NRF2, resulting in constitutive NRF2 activation, increased ROS formation because
of increased metabolism of fatty acids [5], and increased influx of unfolded proteins into
the endoplasmatic reticulum (ER) inducing ER-stress [48]. Also, a noncanonical mechanism
of NRF2 activation by autophagy deficiency is documented [49]. We found higher glucose
levels in NASH patients; this is consistent with the literature, as those in transgenic mice
with enhanced NRF2 activity blood glucose levels were elevated [50]. Also, Islam et al.
documented the association of NRF2 activity with glucose metabolism [51]. He et al. [44]
reported that NRF2 activation alters glucose and lipid metabolism; hepatocyte-specific
NRF2 activation in a mouse model, caused by accumulation of p62 or inhibition of KEAP1
binding, resulted in hepatomegaly associated with increased glycogenosis, steatosis, and
G2/M cell cycle arrest, favoring hyperplasia without cell division. Additionally, we de-
tected that patients with ballooning grades 2 and 1 had higher pNRF2 levels than patients
with grade 0. It is known that in ferroptosis, an iron-dependent, lipid peroxidation-driven
cell death cascade, the formation of a “ballooning” phenotype describes its final critical
feature; many of the key anti-ferroptotic pathway components are under the transcriptional
control of NRF2 [52]. Dodson et al. studied the association between NRF2 activity and
ferroptosis and found that NRF2 plays a critical role in attenuating lipid peroxidation and
ferroptosis [52]. Interestingly, the double-sword effect of NRF2 activation is also observed in
clinical trials: a phase 3 clinical trial of bardoxolone methyl (activator of the NRF2 pathway)
for the treatment of type 2 diabetes and stage 4 chronic kidney disease was discontinued
because it failed to reduce the risk of end-stage renal disease/death [53].

Further, we detected significantly higher SOCS3 expression in the cytoplasm of NASH
patients than in NAFL. Usually, transcription of SOCS genes is activated following stimula-
tion with cytokines; in the SOCS3 promoters STAT-binding sites were detected; transfection
with dominant-negative STAT3 inhibits cytokine-induced expression of SOCS3 [54]. STAT3
overexpression and constitutive activation have been commonly recorded in HCC and
are associated with poor prognosis [2]. Kim et al. found in high-fat diet-fed rat livers
higher SOCS3 protein expressions than in normal diet-fed rat livers, which is in line with
our results [55]. Zhang et al. detected that fructose-treated mouse cells had higher STAT3
and SOCS3 levels [56]. Fructose treatment-induced inflammation activity which was as-
sociated with lipid accumulation. We also found a tendential upregulation of pSTAT3 in
NASH versus NAFL (p = 0.059) which is in accordance with the literature as SOCS3 is a
target gene of STAT3 [57]. On the other side, as the association regarding STAT3 is only
tendential, we suggest that additional other factors than STAT3 contribute to the activation
of SOCS3. It is documented that the expression of the SOCS proteins is increased by cy-
tokine signaling through the activation of STAT- and NF-KB-mediated pathways [58]. Ueki
demonstrated in a mouse model that in both obesity and lipopolysaccharide (LPS)-induced
endotoxemia there is an increase in SOCS proteins, SOCS1 and SOCS3, in the liver. Senn
et al. observed that IL-6 treatment of mice leads to SOCS3 expression in the livers and
also inhibited hepatic insulin receptor signaling in these animals [59]. We did not find
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a significant association between fasting glucose levels and SOCS3 protein expression.
Nevertheless, the upregulation of SOCS3 in our patients can be caused by other factors than
IL6 levels. It should be noted that few animal models faithfully replicate human disease. Bi
et al. showed that in hepatocytes steatosis was alleviated by reducing SOCS3 by inhibiting
JAK2/STAT3 pathway [60]. This is also in accordance with our results as we detected
significant positive associations between enhanced SOCS3 expression and steatosis grade.
Handa et al. observed increased gene expression of STAT3 in NASH patients versus NAFL.
However, SOCS3 expression was significantly reduced in patients with NASH which is
contradictory to our results [61]. They discussed why they did not observe upregulation
of SOCS3, a known negative regulator of the JAK2/STAT3 signaling pathway in their
cohort, and suggested that other mechanisms distinct from SOCS3 were involved in the
suppression of inflammatory response. Ogata et al. studied SOCS3 in human HCC and
detected that SOCS3 expression levels were significantly higher in non-HCC regions of
the liver in 20 HCV-infected patients than in 17 non–HCV-infected patients [62]. However,
their results were related to HCC patients and not NAFLD, and the cohort of patients
studied was smaller than ours. Sharma et al. reported that SOCS3 expression was increased
by adiponectin [63]. Bechmann, Canbay et al. studied NASH patients and reported that
serum FFA, BA, and M30 were increased in NASH compared with simple steatosis, while
adiponectin was significantly decreased [64]. In our patient cohort, we found no significant
differences regarding adiponectin levels between the NASH and NAFL patients. However,
the literature shows that adiponectin should not be considered only as a “good cytokine”
and that its role is much more complex. Guo et al. reported that adiponectin knockout
causes a protective effect against high-fat diet-induced liver injury, possibly related to
autophagy regulation, despite persistent liver steatosis [65]. However, the reasons why we
did not detect lower adiponectin in NASH may be that data referring to adiponectin was
not available for all cases and, secondly, in our cohort, the number of females was relatively
high. It is known that adiponectin is higher in women than in men [66], so this may also
have an effect. We observed in two NASH cases adiponectin serum levels of about 8 and
11; we suppose that these patients had a more favorable disease course. Unfortunately, we
cannot verify this as follow-up data is lacking.

We performed correlation studies to understand how the proteins upregulated in
NASH are in association with each other and with autophagy, cell proliferation, and
apoptosis markers. Upregulation of pNRF2 was positively correlated with the autophagy
marker protein Syntaxin. In NASH patients, free fatty acids (FFA) are known to be elevated
and correlate positively with disease severity [67]. FFAs induce ER stress response [68]
leading to NRF2 activation and upregulation of NRF2 target genes, several of these genes
induce autophagy [69]. Also, other studies described that the NRF2–KEAP1 pathway
provides a positive feedback loop for autophagy activation. Also, the unfolded protein
response (UPR) induced by ER stress leads to the activation of autophagy [70].

We detected a positive correlation between NRF2 activation and the cell proliferation
marker Ki67 and, simultaneously, a positive correlation with apoptotic cleavage of CK18
indicated by the apoptosis marker M30. These results appear contradictory at first sight.
The correlation between pNRF2 and cell proliferation (r = 0.645; p > 0.000) was stronger
than the correlation between pNRF2 and M30 (r = 0.431; p = 0.001). In mouse hepatoma
(Hepa-1) and human hepatoblastoma (HepG2) cells, NRF2 activation upregulated the
antiapoptotic protein Bcl-2, prevented apoptosis, and increased tumor cell survival and
growth/proliferation [71]. On the other side in transgenic mice, activated NRF2 delayed
cell proliferation and enhanced the apoptosis of damaged liver cells [72]; apoptotic re-
sponse after NRF2 activation by ROS is reported [73]. It is known that NRF2 activation
causes cancer prevention and or progression; this depends on the cellular context and
environment [74]. We consider that different biological processes take place in the organism
in parallel. In addition, even if the patients are classified into a specific entity regarding
NAFLD according to Bedossa criteria, each patient case represents a unique profile.
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Further, we found a positive correlation between NRF2 activation and SOCS3 protein
expression. This is in accordance with the literature as Meng et al. demonstrated that the
p-STAT3/SOCS3 pathway and the KEAP1/NRF2 pathways are linked. They demonstrated
that SOCS3 can directly bind to KEAP1 preventing the degradation of NRF2 and resulting
in NRF2 activation [75]. We detected a positive correlation between SOCS3 and RIG1
which is consistent with the literature as the pattern recognition receptor RIG1 can lead
to an activation of JAK-STAT signaling [1]. In our patient cohort, SOCS3 was positively
correlated with the autophagy marker syntaxin. This is in accordance with the literature
as Wan et al. showed a positive association between autophagy activation and upregula-
tion of SOCS3. Briefly, AMPK-autophagy activation suppressed neuroinflammation and
improved morphine tolerance via the upregulation of SOCS3 by inhibiting miRNA-30a-
5p [76]. They also underlined the dual role of autophagy in tumor development: autophagy
prevents tumor initiation in early tumorigenesis but once the tumor progresses autophagy
contributes to tumor survival [76]. Further, we performed IHC staining for SGLT2 and
detected immunopositive staining in the cytoplasm of hepatocytes which is in line with the
literature [77]. We did not find significant differences regarding SGLT2 protein expression
between NASH and NAFL. Nakano et al. also observed no significant difference in hepatic
expression of SGLT2 in the stratified analysis according to age, sex, BMI, and the severity of
the liver disease. We detected a positive correlation between SGLT2 and SOCS3 expression
levels concomitant with the literature, as SOCS3 is a mediator of insulin resistance in the
liver [78].

5. Conclusions

Our results demonstrate significantly higher expression of NRF2 and SOCS3 proteins
in our NASH patients than in those with NAFL. We suggest that they are most likely
promising candidates for further studies to detect drugs for therapy. The relationship
between fasting glucose levels and NRF2 is of interest regarding metabolic syndrome
therapy. We recommend immunohistochemical staining of liver tissue for pNRF2 during
liver biopsy to detect prediabetic abnormality in advance. The association of SOCS3 with
autophagy and SGLT2 expression are most certainly interesting and potential areas for
further studies, such as the drug combination of SGLT2 inhibitors and SOCS3 modulators.

Supplementary Materials: The following supporting information can be downloaded at: https:
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and staining protocols; Figure S1: Nuclear pSTAT3 immunostaining shows a trend toward higher
values in NASH than in NAFL; p = 0.059.
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Abstract: Background: In patients with liver cirrhosis, transjugular intrahepatic portosystemic
shunt (TIPS) is considered a standardized treatment of refractory ascites or variceal bleeding. TIPS
thrombosis (TT) and/or portal vein thrombosis (PVT) are possible complications during/after TIPS
placement. Previous studies suggested increased clotting activity in portal circulation (PORC).
This pilot study aimed to evaluate alterations and differences of coagulation function in PORC
and in peripheral circulation (PERC) via rotational thromboelastometry during TIPS. Methods:
Blood samples were collected from cirrhotic patients (n = 13; median Model of End Stage Liver
Disease, MELD Score: 12; median age: 60 years) undergoing TIPS (10/13 TIPSs were elective
procedures due to refractory ascites) as follows: median cubital vein (MCV; PERC)—confluence
of the three hepatic veins to the inferior cava vein (HV/ICV; PORC)—portal vein (PV; PORC)—
TIPS (PORC). This research utilized four variables of the extrinsic test EXTEM, i.e., clotting time
(CT), clot formation time (CFT), maximum clot firmness (MCF), and maximum lysis (ML). Results:
EXTEM results [mean, M (range) ± standard deviation, SD (range)] showed no significant differ-
ences for CT [M (70–73) ± SD (9–13); p = 0.93] or CFT [M (137–155) ± SD (75–112); p = 0.97] or MCF
[M (51–54) ± SD (9–10); p = 0.90] or ML [M (9–10) ± SD (4–5); p = 0.89] between the compartments,
i.e., MCV vs. HV/ICV vs. PV vs. TIPS. Overall, we detected no differences in coagulation function
between PERC and PORC. Conclusion: These results are in contrast to previous reports suggest-
ing increased clotting activity in PORC vs. PERC in association with liver cirrhosis. Rotational
thromboelastometry-based evaluation of coagulation function in PERC appears to reliably reflect
coagulation function in PORC with respect to risk estimation for TT and/or PVT in cirrhotic patients
undergoing TIPS.

Keywords: ROTEM®; TIPS; liver disease; thrombosis risk assessment; hypercoagulable state; portal
hypertension; hepatic decompensation

1. Introduction

In patients with end-stage liver disease, transjugular intrahepatic portosystemic shunt
(TIPS) implantation is considered a standardized intervention for treatment of complica-

162



J. Pers. Med. 2023, 13, 424

tions due to portal hypertension, such as refractory ascites [1,2], variceal bleeding [1,3], or
other severe conditions, e.g., Budd-Chiari syndrome [1,4,5], hepatorenal syndrome, and
hepatic hydrothorax [1,6]. However, TIPS remains one of the most challenging angio-
graphic techniques, requiring high expertise to limit procedure- and/or shunt-associated
complications [7]. Thrombosis is a post-TIPS complication that occurs in up to 10% of
cases [8]. TIPS thrombosis (TT), which usually emerges within days after TIPS intervention
or occasionally also during deployment, is often attributable to graft misplacement and/or
underlying hypercoagulable pathologies [9,10], which may remain undetectable in routine
screening tests [11]. Although molecular pathomechanisms accounting for the recently
recognized hypercoagulable state in liver cirrhosis—favoring TT and/or portal vein throm-
bosis (PVT)—have not been completely elucidated yet [12], there is evidence that bacterial
endotoxins predispose to thrombotic complications in the portal circulation (PORC) via
tissue factor up-regulation, thereby increasing generation of thrombin [13]. In fact, previous
research reported significantly higher endotoxin concentrations in the PORC in comparison
to the peripheral circulation (PERC) [14,15]. Moreover, earlier studies investigating the
potential interplay between clotting activation and endotoxins in cirrhotic patients under-
going TIPS suggested that thrombin generation and D-dimers were increased in the PERC
of cirrhotic patients compared to controls [15,16]. According to the same sources, the grade
of thrombin generation and hyperfibrinolysis, which correlated with the grade of endotox-
emia, was higher in the PORC versus the PERC [14,15]. These findings suggest that specific
conditions ruling the gut-liver-axis, such as increased endotoxemia in the PORC, which ag-
gravates with worsening liver disease, among other possibly yet unidentified factors, may
represent key mechanisms of overstimulation of clotting processes that favor TT and/or
PVT [17]. However, to the best of our knowledge, coagulation pathway activation in the
PORC—versus PERC—has never been evaluated using rotational thromboelastometry or
other viscoelastic tests in patients with liver cirrhosis.

During the last two decades, viscoelastic tests using whole blood specimens have
revolutionized our understanding in hemostaseology as, in contrast to conventional tests,
they can evaluate coagulation dynamics from clot formation to clot lysis [11,18]. Especially
in the field of clinical hepatology, rotational thromboelastometry has achieved acceptance
as a feasible and reliable point-of-care tool, not only for differential hemostatic management
during hemorrhages, but also for bleeding or thrombosis risk assessment [19,20].

Against this background, this analysis aimed to investigate and characterize coagula-
tion profiles in PORC—in comparison to PERC—in patients with liver cirrhosis undergoing
TIPS implantation using rotational thromboelastometry and check for potential associations
with occurring TT and/or PVT within 30 days post-intervention.

2. Materials and Methods
2.1. Patients

Patients with liver cirrhosis (n = 13) treated in the Intermediate Care Unit of the
Department of Gastroenterology and Hepatology at the University Hospital Essen were
subjected to this analysis within twelve months (2016–2017). Patients’ demographics and
laboratory values are summarized in Table 1.
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Table 1. Demographic characteristics and clinical parameters of patients undergoing TIPS. Data are
presented as median (min; max) or as absolute count “n” with percentage (%).

Characteristics TIPS; n = 13 Normal Range

Underlying liver disease (n)
Primary sclerosing cholangitis (PSC)

Alcoholic steatohepatitis (ASH)
Hepatitis C virus (HCV)
Autoimmune hepatitis

Non-alcoholic steatohepatitis (ASH)
Cryptogenic cirrhosis

1 (8%)
6 (46%)
1 (8%)
2 (15%)
2 (15%)
1 (8%)

-

Sex (n)
male

female
11 (85%)
2 (15%)

-

Age (years) 60 (22; 74) -

MELD § Score
≥15 points
<15 points

12 (8; 22)
4 (31%)
9 (69%)

-

Child-Pugh Score [Classification]
5–6 points [stage A]
7–9 points [stage B]

10–15 points [stage C]

8 (6; 11)
1 (8%)
8 (61%)
4 (31%)

-

aPTT ‡ (s) 29 (26; 66) 24.4–32.4

Thrombocytes (cells/nL) 112 (29; 259) 140–320

INR † 1.12 (1.05; 1.41) -

Fibrinogen (mg/dL) 269 (101; 627) 180–350

Hemoglobin (g/dL) 10.6 (6.6; 14.5) 13.7–17.2

Bilirubin total (mg/dL) 1.0 (0.6; 3.7) 0.3–1.2

Creatinin (mg/dL) 1.1 (0.6; 5.0) 0.9–1.3

Albumin serum (g/dL) 2.3 (2.1; 2.8) 3.4–4.8

CRP (mg/dL) 1.3 (0.5; 13.7) <0.5

Ascites total protein (mg/dL) 2086 (461; 3062) -

Indication for TIPS
variceal bleeding [high urgent procedure]

refractory ascites [elective procedure]
3 (23%)

10 (77%)
-

§ Model of End Stage Liver Disease; ‡ activated partial thromboplastin time; † International Normalized Ratio.

2.2. Study Design

This project, which was conceived as a monocentric pilot cohort study, included
patients with liver cirrhosis (n = 13) undergoing TIPS implantation. Patients were assigned
into three categories (cirrhosis: mild vs. moderate vs. severe) according to the Child-Pugh
(CP) Score or into two categories (cirrhosis: mild/moderate vs. severe) according to the
Model of End Stage Liver Disease (MELD) Score [21]:

• mild/moderate liver cirrhosis: MELD < 15 or CP 5–6 points [stage A: mild cirrhosis]
or CP 7–9 points [stage B: moderate cirrhosis]

• severe liver cirrhosis: MELD ≥ 15 or CP 10–15 points [stage C]

The majority of patients with MELD < 15 (i.e., 8 of 9 patients) had a moderate cirrhosis
(CP stage B). Furthermore, a median MELD score of 12 and a median CP score of 8 (i.e.,
stage B) has been calculated for thirteen patients included in this pilot study.

According to research protocol, patients were followed up for 30 days from the day of
TIPS implantation regarding potential development of TT and/or PVT. Endpoint was to
investigate and characterize coagulation profiles in the PERC in comparison to the PORC
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in patients with liver cirrhosis using rotational thromboelastometry (ROTEM®, ©Tem
Innovations GmbH, Martin-Kollar-Strasse 13–15, D-81829, Munich, Germany) and check
for potential associations with TT and/or PVT.

2.3. Blood Sampling

Patients (n = 13), whose blood samples were included in final analysis, were selected as
a “convenience subset” by means of on-site availability (i.e., available vs. not available) of
the respective ROTEM® delta device during TIPS implantation. For additional information
and further clarification, readers are directed to the Discussion section.

PERC blood samples were collected from the median cubital vein (MCV). PORC
blood samples were withdrawn from the prehepatic venous compartment, i.e., the portal
vein (PV), from inside the stent lumen during the TIPS placement (TIPS), and from the
posthepatic venous system at the level of the confluence of three hepatic veins to the
inferior cava vein (HV/ICV). Blood sampling occurred in the following order: MCV,
HV/ICV, PV, TIPS.

Overall, blood sampling was performed using a 5.4 mL Coagulation SARSTEDT
Monovette® (Sarstedt, Germany). All PORC samples were collected as rest materials
following standard TIPS protocol that foresees X-ray control and aspiration of the catheter
as two safeguards used for placing the catheter in an optimal position; the use of this TIPS
protocol was approved by the local institutional review board. PERC blood samples were
obtained from an 18-G cannula that was routinely placed in the left MCV to ensure safe
circulation management. Finally, all samples were subjected to ROTEM® analysis.

2.4. Rotational Thromboelastometry

According to the manufacturer’s instructions, we chose the ROTEM® delta device to
perform the coagulation assay EXTEM [22]. In this extrinsic screening test, coagulation
was triggered by 20 µL tissue factor and 20 µL CaCl2 0.2 mol/l. ROTEM® values included
clotting time (CT), clot formation time (CFT), maximum clot firmness (MCF), and maximum
lysis (ML). Reference values have been defined according to the reference range stated
by the manufacturer (©Tem Innovations GmbH, Martin-Kollar-Strasse 13–15, D-81829,
Munich, Germany). Evaluation of ML was performed after 60 min.

2.5. Statistical Analysis

ROTEM® measurements are presented as median (minimum to maximum, min; max;
Table 2) or mean (±standard deviation, SD; Figure 1) values. Comparison of ROTEM®

values (mean ± SD) between the sample groups, i.e., MCV vs. HV/ICV vs. PV vs. TIPS,
was performed using the one-way analysis of variance (ANOVA). Overall, p < 0.05 was
considered significant. Calculations and graphs were generated using GraphPad version
5.00 for Windows, GraphPad Software, San Diego, CA, USA.

Table 2. Rotational Thromboelastometry (ROTEM®) measurements shown as median (min; max).

EXTEM Value MCV HV/ICV PV TIPS Normal
Range

CT, s 72
(57; 104)

69
(57; 100)

70
(59; 93)

74
(59; 110)

35–80

CFT, s 98
(78; 486)

136
(78; 321)

106
(75; 316)

112
(79; 368)

35–160

MCF, mm 57
(33; 66)

53
(37; 64)

57
(39; 66)

56
(37; 65)

53–72

ML, % 10
(4; 17)

12
(3; 19)

9
(3; 15)

9
(4; 16) <15

MCV: median cubital vein; HV/ICV: confluence of three hepatic veins “HV” to the inferior cava vein “ICV”; PV:
portal vein; TIPS: transjugular intrahepatic portosystemic shunt; CT: clotting time; CFT: clot formation time; MCF:
maximum clot firmness; ML: maximum lysis; s: seconds; mm: millimeters.
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viation. Clotting time (CT); clot formation time (CFT); maximum clot firmness (MCF); maximum 
lysis (ML): reduction of the clot firmness (%) after MCF (in relation to MCF). Seconds (sec); millime-
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(HV/ICV); portal vein (PV); transjugular intrahepatic portosystemic shunt (TIPS). 
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Figure 1. EXTEM/CT (A), EXTEM/CFT (B), EXTEM/MCF (C), and EXTEM/ML (D) measurements
during TIPS implantation in patients with liver cirrhosis (n = 13) in peripheral (MCV) vs. pre-hepatic
(PV, TIPS) vs. post-hepatic (HV/ICV) blood samples. Results are presented as mean ± standard
deviation. Clotting time (CT); clot formation time (CFT); maximum clot firmness (MCF); maximum
lysis (ML): reduction of the clot firmness (%) after MCF (in relation to MCF). Seconds (s); millimeters
(mm). Median cubital vein (MCV); confluence of three hepatic veins to the inferior cava vein
(HV/ICV); portal vein (PV); transjugular intrahepatic portosystemic shunt (TIPS).

3. Results
3.1. Demographic Data

This pilot study included thirteen patients with liver cirrhosis, who underwent TIPS
(Table 1). The most common indication for TIPS was refractory ascites (n = 10, 76.9%). The
median age was 60 (min.: 22; max.: 74) years. Liver disease severity assessment revealed
a median MELD Score of 12 (min.: 8; max.: 22). Median INR was 1.12 (min.: 1.05; max.:
1.41) and median fibrinogen concentration was 269 mg/dL (min.: 101; max.: 627). Most of
the patients had thrombocytopenia due to portal hypertension and splenomegaly with a
median platelet count/nL of 112 (min. 29; max.: 259).

During the follow-up time of 30 days after TIPS, none of the patients developed TT
and/or PVT.

3.2. TIPS Implantation and Procedure Related Data

Covered stents were placed in 13 (100%) patients. The stent diameters were 10 mm
(n = 1, 7.8%), 8 mm (n = 7, 53.8%), and 6 mm (n = 5, 38.4%). The mean stent length was
7.8 ± 0.4 cm. The following lengths were used: 7 and 8 cm in 3 and 10 patients, respectively.
Each stent was 2 cm longer in full length; this portion was uncovered. An adjunctive stent
of 5 cm (+2 cm) was required to cover long track in one patient who initially received a
stent of 7 cm (+2 cm).
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The portal pressure gradient (PPG) was reduced from a mean of 22.1 ± 6.7 mm
Hg to 8.9 ± 2.4 mm Hg. The mean decrease in post-TIPS PPG was 13.2 ± 4.2 mm Hg.
Recurrent bleeding after TIPS placement did not occur during follow-up in any of the
patients undergoing emergency TIPS due to variceal bleeding. One month after TIPS
placement, complete or partial ascites response was seen in 100% of the cirrhotic patients
(n = 10) undergoing TIPS due to refractory ascites. Gut decontamination was performed
with oral lactulose (10–30 mL three times per day) after TIPS implantation for at least 7 days
in all patients. Patients undergoing emergency TIPS due to variceal bleeding (n = 3) also
received Ceftriaxon (2 g/24 h) intravenously for 7 days.

3.3. EXTEM Analysis in Blood Samples from Different Vascular Compartments during TIPS

EXTEM analysis showed no statistically significant differences for clotting time (CT,
p = 0.93; Figure 1A), clot formation time (CFT, p = 0.97; Figure 1B), maximum clot firmness
(MCF, p = 0.90; Figure 1C), or maximum lysis (ML, p = 0.89; Figure 1D) between the com-
partments, i.e., MCV vs. HV/ICV vs. PV vs. TIPS. Figure 1A–D shows mean ± standard
deviation of CT, CFT, MCF, and ML:

- Mean CT was 72 ± 12 s in MCV blood samples, 70 ± 12 s in HV/ICV blood samples,
71 ± 9 s in PV blood samples, and 73 ± 13 s in TIPS blood samples.

- Mean CFT was 149 ± 112 s in MCV blood samples, 155 ± 80 s in HV/ICV blood
samples, 137 ± 75 s in PV blood samples, and 148 ± 85 s in TIPS blood samples.

- Mean MCF was 53 ± 10 mm in MCV blood samples, 51 ± 9 mm in HV/ICV blood
samples, 54 ± 9 mm in PV blood samples, and 53 ± 9 mm in TIPS blood samples.

- Mean ML was 10 ± 4% in MCV blood samples, 10 ± 5% in HV/ICV blood samples,
9 ± 4% in PV blood samples, and 9 ± 4% in TIPS blood samples.

In addition, medians were not significantly different between the compartments, i.e.,
MCV vs. HV/ICV vs. PV vs. TIPS. Median (min; max) as well as normal range values for
CT, CFT, MCF, and ML are summarized in Table 2.

4. Discussion

This analysis, which has been based on four thromboelastometric variables in EXTEM,
i.e., CT, CFT, MCF, and ML, detected no differences in coagulation function between blood
samples withdrawn from the PERC versus the PORC in a convenience subset of patients
with liver cirrhosis. These findings are in contrast to previous reports which suggest overall
increased clotting activity in the PORC relative to the PERC in cirrhotic patients [14,15].
Thus, using rotational thromboelastometry, evaluation of coagulation function in peripheral
blood—before TIPS implantation—appears to reliably depict coagulation function in portal
blood among patients with liver cirrhosis.

As none of the thirteen TIPS recipients developed TT or PVT within 30 days post-
intervention, this research failed to investigate the relation between potentially exaggerated
coagulation in the PORC and thrombotic complications during and/or after TIPS in the
setting of liver cirrhosis. In fact, based on consistent EXTEM measurements via CT and
MCF in PERC and PORC blood samples, none of these thirteen patients was evaluated
as being at risk for TT and/or PVT. Clearly, thirteen—by means of convenience sampling
selected—patients with liver disease who have shown no prothrombotic alterations (and
no significant differences) according to EXTEM within (or between) the PORC and the
PERC, have indeed not developed TIPS thrombosis. Considering that none of these thirteen
patients had received anticoagulant therapy before TIPS, these limited (but consistent)
results may actually support causality. Again, based on rotational thromboelastometry, our
data do not support the scenario of different coagulation states between the PERC and the
PORC in patients with liver cirrhosis.

For the purposes of this study, we only applied EXTEM because this test delivers the
most informative results of ROTEM®. EXTEM evaluates function of the extrinsic pathway,
whereas EXTEM/CT provides information similar to the prothrombin time. EXTEM/MCF,
which depends on platelets and/or fibrinogen concentration and/or function, evaluates
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clot stability. EXTEM/CFT, which also depends on platelets and fibrinogen, evaluates clot
propagation. EXTEM/ML corresponds to the stability of the blood clot against fibrinolytic
processes. In line with this approach, previous research also assessed coagulation activation,
clot formation, and fibrinolysis by applying EXTEM as the main screening test [23].

As expected, application of oral lactulose for gut decontamination towards reduction
of the risk of infection and/or hepatic encephalopathy after TIPS was effective in our
cohort [24]. Intravenous antibiotic therapy with Ceftriaxon for 7 days was administered
according to the guidelines for gastrointestinal bleeding in cirrhosis that can be found in
the Baveno Statement [25]. Against this background no complications in terms of infection,
recurrent bleeding and/or hepatic encephalopathy occurred among the study participants
within 4 weeks after TIPS.

To the best of our knowledge, the present monocentric pilot study has been the first to
evaluate coagulation activity in the PORC—versus PERC—using rotational thromboelas-
tometry in patients with liver cirrhosis. However, it has various limitations that warrant
special attention. First, these findings may be of limited statistical validity due to the
small sample size of our cohort. Second, rotational thromboelastometry neglects the role
of the vascular endothelium during the coagulation process [26]. Third, due to limited
on-site availability of ROTEM® delta devices and the mandatory prioritization of critical
emergencies, e.g., hemorrhages over measurements for research purposes, we have been
able to timely perform rotational thromboelastometry tests (with blood samples collected
as safeguards from the PORC and/or rest materials from the PERC) only in approximately
40% of all patients that underwent TIPS within 12 months (2016–2017). Most prominently,
limitations of this study include that no patients developed TT or PVT, and thus, its validity
in external populations of patients with liver cirrhosis undergoing TIPS remains to be
further investigated. Moreover, all ROTEM measurements were performed by convenience
sampling. Consequently, patients (n = 13) included in the final analysis should be con-
sidered a “convenience subset”. Furthermore, as a single center research, a higher risk of
bias may apply versus other multicenter trials. These issues should be addressed in larger
cohorts with unbiased recruitment in the future.

Taken together, the herein presented methodic approach, once validated in larger
studies, may provide a useful tool for individualized risk estimation for TT and/or PVT in
patients with liver cirrhosis undergoing TIPS.

5. Conclusions

Further efforts to gain more differentiated insights into coagulation physiology in
the PORC in comparison to the PERC—by means of viscoelastic tests such as ROTEM®—
may lead to the establishment of personalized and perhaps more accurate thrombosis risk
assessment and treatment strategies. Thus, we hope to stimulate the interest of the scientific
community for more intense research on regulation of coagulation pathways within the
gut-liver axis.

Ethical Approval

This research was performed in accordance with the Declaration of Helsinki of 1975,
as revised in 2008, and the guidelines of the International Conference for Harmonization
for Good Clinical Practice and was approved by the local institutional review board (IRB:
Ethik Kommission am Universitätsklinikum Essen; IRB protocol no. 18-8184-BO). The IRB
has found and documented that this research involves no more than minimal risk to the
subjects; therefore, the IRB waived the requirements to obtain additional informed consents
for collection of PORC blood samples since this step has been executed as a part of standard
medical aid practices and/or as rest materials.

Author Contributions: P.M.: analysis and interpretation of data, drafting of the article, critical
revision for important intellectual content. S.B.: analysis and interpretation of data, drafting of
the article, critical revision for important intellectual content. M.B.: selection of patients and data
acquisition, technical support for ROTEM® measurements. M.J.: interpretation and curation of data.

168



J. Pers. Med. 2023, 13, 424

A.C.: investigation (data interpretation). J.M.T.: methodology (TIPS Interventions and technical
support), data acquisition/validation. A.K.: study concept, study design, data acquisition, analysis
and interpretation of data, drafting of the article. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors declare that no funds, grants, or other supports were received during prepara-
tion of this manuscript.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the local institutional review board (IRB: Ethik Kommission am
Universitätsklinikum Essen; IRB protocol no. 18-8184-BO; date of IRB approval 20 August 2018).

Informed Consent Statement: Standard written informed consent was obtained from all patients for
being included in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rossle, M. TIPS: 25 years later. J. Hepatol. 2013, 59, 1081–1093. [CrossRef] [PubMed]
2. Kochar, N.; Tripathi, D.; McAvoy, N.C.; Ireland, H.; Redhead, D.N.; Hayes, P.C. Bleeding ectopic varices in cirrhosis: The role of

transjugular intrahepatic portosystemic stent shunts. Aliment. Pharmacol. Ther. 2008, 28, 294–303. [CrossRef] [PubMed]
3. Kuiper, J.J.; de Man, R.A.; van Buuren, H.R. Review article: Management of ascites and associated complications in patients with

cirrhosis. Aliment. Pharmacol. Ther. 2007, 26 (Suppl. 2), 183–193. [CrossRef] [PubMed]
4. Attwell, A.; Ludkowski, M.; Nash, R.; Kugelmas, M. Treatment of Budd-Chiari syndrome in a liver transplant unit, the role of

transjugular intrahepatic porto-systemic shunt and liver transplantation. Aliment. Pharmacol. Ther. 2004, 20, 867–873. [CrossRef]
[PubMed]

5. Tripathi, D.; Macnicholas, R.; Kothari, C.; Sunderraj, L.; Al-Hilou, H.; Rangarajan, B.; Chen, F.; Mangat, K.; Elias, E.; Olliff, S. Good
clinical outcomes following transjugular intrahepatic portosystemic stent-shunts in Budd-Chiari syndrome. Aliment. Pharmacol.
Ther. 2014, 39, 864–872. [CrossRef]

6. Cardenas, A.; Kelleher, T.; Chopra, S. Review article: Hepatic hydrothorax. Aliment. Pharmacol. Ther. 2004, 20, 271–279. [CrossRef]
7. Buechter, M.; Manka, P.; Gerken, G.; Canbay, A.; Blomeyer, S.; Wetter, A.; Altenbernd, J.; Kahraman, A.; Theysohn, J.M.

Transjugular Intrahepatic Portosystemic Shunt in Patients with Portal Hypertension: Patency Depends on Coverage and
Interventionalist’s Experience. Dig. Dis. 2018, 36, 218–227. [CrossRef]

8. Wan, Y.M.; Li, Y.H.; Wu, H.M.; Xu, Z.Y.; Xu, Y.; Yang, L.H.; Wu, X.N.; Yang, J.H. Portal vein thrombosis before and after
transjugular intrahepatic portosystemic shunt placement: An observational study (STROBE compliant). Medicine 2017, 96, e8498.
[CrossRef]

9. Jahangiri, Y.; Kerrigan, T.; Li, L.; Prosser, D.; Brar, A.; Righetti, J.; Schenning, R.C.; Kaufman, J.A.; Farsad, K. Risk factors for
stent graft thrombosis after transjugular intrahepatic portosystemic shunt creation. Cardiovasc. Diagn. Ther. 2017, 7, S150–S158.
[CrossRef]

10. Lv, Y.; He, C.; Wang, Z.; Guo, W.; Wang, J.; Bai, W.; Zhang, L.; Wang, Q.; Liu, H.; Luo, B.; et al. Association of Nonmalignant
Portal Vein Thrombosis and Outcomes after Transjugular Intrahepatic Portosystemic Shunt in Patients with Cirrhosis. Radiology
2017, 285, 999–1010. [CrossRef]

11. Tripodi, A. Tests of coagulation in liver disease. Clin. Liver Dis. 2009, 13, 55–61. [CrossRef] [PubMed]
12. Tsochatzis, E.A.; Senzolo, M.; Germani, G.; Gatt, A.; Burroughs, A.K. Systematic review: Portal vein thrombosis in cirrhosis.

Aliment. Pharmacol. Ther. 2010, 31, 366–374. [CrossRef]
13. Moore, K.L.; Andreoli, S.P.; Esmon, N.L.; Esmon, C.T.; Bang, N.U. Endotoxin enhances tissue factor and suppresses thrombomod-

ulin expression of human vascular endothelium in vitro. J. Clin. Investig. 1987, 79, 124–130. [CrossRef] [PubMed]
14. Lumsden, A.B.; Henderson, J.M.; Kutner, M.H. Endotoxin levels measured by a chromogenic assay in portal, hepatic and

peripheral venous blood in patients with cirrhosis. Hepatology 1988, 8, 232–236. [CrossRef] [PubMed]
15. Violi, F.; Ferro, D. Clotting activation and hyperfibrinolysis in cirrhosis: Implication for bleeding and thrombosis. Semin. Thromb.

Hemost. 2013, 39, 426–433. [CrossRef] [PubMed]
16. Violi, F.; Ferro, D.; Basili, S.; Lionetti, R.; Rossi, E.; Merli, M.; Riggio, O.; Bezzi, M.; Capocaccia, L. Ongoing prothrombotic state in

the portal circulation of cirrhotic patients. Thromb. Haemost. 1997, 77, 44–47. [CrossRef] [PubMed]
17. Lin, R.S.; Lee, F.Y.; Lee, S.D.; Tsai, Y.T.; Lin, H.C.; Lu, R.H.; Hsu, W.C.; Huang, C.C.; Wang, S.S.; Lo, K.J. Endotoxemia in

patients with chronic liver diseases: Relationship to severity of liver diseases, presence of esophageal varices, and hyperdynamic
circulation. J. Hepatol. 1995, 22, 165–172. [CrossRef]

18. Mallett, S.V. Clinical Utility of Viscoelastic Tests of Coagulation (TEG/ROTEM) in Patients with Liver Disease and during Liver
Transplantation. Semin. Thromb. Hemost. 2015, 41, 527–537. [CrossRef]

169



J. Pers. Med. 2023, 13, 424

19. Saner, F.H.; Gieseler, R.K.; Akiz, H.; Canbay, A.; Gorlinger, K. Delicate balance of bleeding and thrombosis in end-stage liver
disease and liver transplantation. Digestion 2013, 88, 135–144. [CrossRef]

20. Bedreli, S.; Sowa, J.P.; Gerken, G.; Saner, F.H.; Canbay, A. Management of acute-on-chronic liver failure: Rotational thromboelas-
tometry may reduce substitution of coagulation factors in liver cirrhosis. Gut 2016, 65, 357–358. [CrossRef]

21. Kamath, P.S.; Wiesner, R.H.; Malinchoc, M.; Kremers, W.; Therneau, T.M.; Kosberg, C.L.; D’Amico, G.; Dickson, E.R.; Kim, W.R. A
model to predict survival in patients with end-stage liver disease. Hepatology 2001, 33, 464–470. [CrossRef] [PubMed]

22. Morrison-McKell, T.; Macik, B.G. 40-Point-of-Care Hemostasis Testing. In Consultative Hemostasis and Thrombosis, 3rd ed.; Kitchens,
C.S., Kessler, C.M., Konkle, B.A., Eds.; W.B. Saunders: Philadelphia, PA, USA, 2013; pp. 717–729. [CrossRef]

23. Vorweg, M.; Hartmann, B.; Knuttgen, D.; Jahn, M.C.; Doehn, M. Management of fulminant fibrinolysis during abdominal aortic
surgery. J. Cardiothorac. Vasc. Anesth. 2001, 15, 764–767. [CrossRef] [PubMed]

24. Patidar, K.R.; Sydnor, M.; Sanyal, A.J. Transjugular intrahepatic portosystemic shunt. Clin. Liver Dis. 2014, 18, 853–876. [CrossRef]
[PubMed]

25. de Franchis, R. Baveno VIF. Expanding consensus in portal hypertension: Report of the Baveno VI Consensus Workshop:
Stratifying risk and individualizing care for portal hypertension. J. Hepatol. 2015, 63, 743–752. [CrossRef]

26. Zipperle, J.; Schlimp, C.J.; Holnthoner, W.; Husa, A.M.; Nurnberger, S.; Redl, H.; Schochl, H. A novel coagulation assay
incorporating adherent endothelial cells in thromboelastometry. Thromb. Haemost. 2013, 109, 869–877. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

170



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Journal of Personalized Medicine Editorial Office
E-mail: jpm@mdpi.com

www.mdpi.com/journal/jpm

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-1527-2


