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Abstract: Infection of hepatitis B (HBV) patients with hepatitis D (HDV) can cause the most severe
form of viral hepatitis, leading to liver fibrosis, liver failure, and hepatocellular carcinoma. HDV
relies on simultaneous infection with HBV for the generation of infectious viral particles. The innate
immune response, which is weakly induced in HBV infection, becomes strongly activated upon HDV
co-infection. In HBV/HDV co-infection, the immune system comprises a cell-intrinsic strong IFN
response, which leads to the induction of interferon-stimulated genes (ISGs), the local activation
of liver-resident innate immune cells, and additional immune cell recruitment from the blood.
Efficient innate immune responses are indispensable for successful viral control and spontaneous
viral clearance. Despite this fact, innate immune cell activation can also contribute to adaptive
immune cell inhibition and accelerate liver damage in HBV/HDV infection. While the intrinsic
IFN response in HDV-infected cells is well characterized, far less is known about the cellular innate
immune cell compartment. In this review, we summarize HBV/HDV replication characteristics and
decipher the role of innate immune cell subsets in the anti-viral response in HBV/HDV infections. We
further review the impact of epigenetic and metabolic changes in infected heptatocytes on the innate
anti-viral response. Moreover, we discuss the potential of exploiting the innate immune response for
improving vaccination strategies and treatment options, which is also discussed in this review.
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1. Introduction

HBV infection represents a global health problem, with 250–300 million chronically
infected patients worldwide [1]. In over 90% of cases, the patients’ immune system is able
to clear the infection spontaneously [2]. However, chronic HBV infection is established if
the immune system is not able to limit HBV replication. This can ultimately lead to liver
cirrhosis, end-stage liver disease, and hepatocellular carcinoma (HCC). Worldwide HBV
infection rates and HBV-associated mortality are steadily declining and were determined
to be 4.1% and 7.2 per 100,000 individuals in 2019 [3]. HBV serves as a helper virus for
the hepatitis D virus. Infection of HBV patients with HDV drastically accelerates liver
damage and significantly contributes to HCC development [4]. Infection of cirrhotic HBV
patients with HDV leads to a threefold increase in the development of HCC and doubling
of hepatitis-associated mortality. In HBV infection, only a weak immune response is
detectable, whereas upon HDV co-infection, a strong IFN response and subsequent innate
immune cell activation is induced. This not only contributes to the elimination of infected
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cells but also drives the development of liver fibrosis. In the following sections, we provide
an overview on HBV and HDV replication, the hepatocyte intrinsic anti-viral IFN innate
immune response, its impact on the function of respective innate immune cells during
infection, and the occurrence of these cells in the liver, and discuss how they contribute to
viral clearance and/or liver pathogenesis.

2. Molecular Mechanisms of HDV Viral Infections

HDV is considered to be the smallest pathogen that is infectious for humans. It is
a single-stranded, blood-borne, negative-sensed RNA virus that can infect and replicate
inside hepatocytes. The HDV genome of ~1.7 kb encodes for a small antigen (S-HDAg)
and a large antigen (L-HDAg), which display differential expression and function during
the viral life cycle [5,6]. HDV is capable of intracellular replication in hepatocytes, but
the HDV genome does not provide genetic information for the expression of envelope
proteins, which are needed for the secretion of HDV virions to promote intrahepatic spread
(Figure 1).

Therefore, HDV as a satellite virus depends on simultaneous infection with HBV.
Several studies suggested that concurrent infection with other viruses besides HBV may
provide envelope glycoproteins for HDV ribonucleoprotein (RNP) packaging. Envelope
proteins of vesiculovirus, flavivirus, and hepacivirus were shown to be able to package
HDV-RNPs in vitro [7]. Experiments with humanized mice demonstrated that hepatitis
C can promote the secretion of HDV virions for up to several months (3). However, anti-
HDAg antibodies were only detectable in the blood of two out of 160 HCV patients [8].
These findings implicate that, although suggested by in vitro studies, HBV is likely to be the
only physiological relevant helper virus for HDV. HBV has several features distinguishing
it from other DNA viruses. HBV has a ~3.2 kb large genome and is considered to be the
smallest DNA virus capable of infecting humans [9,10]. The partially double-stranded
circular genome encodes for four genes (S (surface), C (core), P (polymerase), X (X protein)),
which, due to overlapping open reading frames (ORFs), can be transcribed and translated
into seven different proteins [10,11]. The S-gene together with its preceding preS1 and
preS2 genes encode for the small (S) protein, middle (M, pre-S2 + S region) protein, and
large (L, pre-S1 + pre-S2 + S region) protein form of the hepatitis B surface antigen (HBsAg),
which are essential for the packaging of successfully replicated HDV genomes [12,13]. All
three proteins contain the same C-terminus but differ in their N-terminal additions and
glycosylation status [14]. HBV entry is dependent on the expression of heparan sulfate
proteoglycans (HSPGs) and sodium taurocholate co-transporting polypeptide (NTCP) re-
ceptors on the target cell membrane. NTCP as a sodium-dependent transporter for the
uptake of bile acids from the sinusoids is solely expressed on hepatocytes, which explains
HBV and HDV hepatropism [15]. The identification of NTCP as a functional receptor for
both HBV and HDV in 2012 allowed for the development of entry inhibitors for the treat-
ment of HBV/HDV patients (bulevirtide) [16]. In addition, once identified, overexpression
of the NTCP receptor in hepatoma cell lines made the development of in vitro models to
study viral replication and the consequent immune responses possible [17,18]. Importantly,
NTCP overexpression in in vitro models is superior to infection models employing primary
hepatocytes, which rapidly lose NTCP expression in vitro, limiting infection efficacy [16].
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Figure 1. Schematic overview of HBV mono-infection and HBV/HDV co-infection replication cycles 
and initiated interferon response. (A) HBV attaches to the host cell surface through binding to fac-
tors, including heparan sulfate proteoglycans (HSPGs), and then interacts with its entry receptor, 
sodium taurocholate co-transporting peptide (NTCP). Virus–receptor interactions are believed to 
trigger virus internalization into cells in an endocytosis-dependent manner. Epidermal growth fac-
tor receptor (EGFR) triggers the internalization of HBV/HDV through its direct interaction with 
NTCP. The incoming nucleocapsid in the cytoplasm is directed to the nucleus along with the micro-
tubules and is imported into the nucleus. The relaxed circular DNA (rcDNA) is converted, inside 
the host cell nucleus, into a plasmid-like covalently closed circular DNA (cccDNA) from which sev-
eral genomic and subgenomic RNAs are transcribed by cellular RNA polymerase II, from which 
functional viral proteins are produced. The pregenomic RNA (pgRNA) is selectively packaged into 
progeny capsids and is reverse transcribed by the co-packaged P protein into rcDNA. HBV is re-
garded as a stealth virus not inducing an innate immune response. Hepatitis B virus X protein (HBx) 
has a critical role in suppressing the host innate immune response. To facilitate HBV replication, 
HBx can suppress retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated gene 

Figure 1. Schematic overview of HBV mono-infection and HBV/HDV co-infection replication cycles
and initiated interferon response. (A) HBV attaches to the host cell surface through binding to factors,
including heparan sulfate proteoglycans (HSPGs), and then interacts with its entry receptor, sodium
taurocholate co-transporting peptide (NTCP). Virus–receptor interactions are believed to trigger virus
internalization into cells in an endocytosis-dependent manner. Epidermal growth factor receptor (EGFR)
triggers the internalization of HBV/HDV through its direct interaction with NTCP. The incoming
nucleocapsid in the cytoplasm is directed to the nucleus along with the microtubules and is imported
into the nucleus. The relaxed circular DNA (rcDNA) is converted, inside the host cell nucleus, into a
plasmid-like covalently closed circular DNA (cccDNA) from which several genomic and subgenomic
RNAs are transcribed by cellular RNA polymerase II, from which functional viral proteins are produced.
The pregenomic RNA (pgRNA) is selectively packaged into progeny capsids and is reverse transcribed
by the co-packaged P protein into rcDNA. HBV is regarded as a stealth virus not inducing an innate
immune response. Hepatitis B virus X protein (HBx) has a critical role in suppressing the host innate
immune response. To facilitate HBV replication, HBx can suppress retinoic acid-inducible gene I (RIG-I),
melanoma differentiation-associated gene 5 (MDA5), and mitochondrial anti-viral signaling (MAVS),
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thus inhibiting retinoic acid-inducible gene I-like receptors and the subsequent interferon (IFN)
response. (B) HDV virions bind to HSPGs followed by binding to the viral receptor NTCP. Membrane
fusion occurs and the ribonucleoprotein (RNP) is released into the cytoplasm. Next, the RNP is trans-
ported into the nucleus via the nuclear pore complex, where RNA replication occurs. The incoming
genome is the template for the first rolling circle amplification. The resulting antigenome multimers
are cleaved in cis by the intrinsic ribozyme and ligated into circular antigenome monomers. The HDV
antigenome is edited by cellular adenosine deaminases acting on RNA 1 (ADAR1), producing an
extended HDAg ORF. The antigenome serves as a template for a second rolling cycle. HDV genome
multimers are synthesized and self-cleaved to produce circular HDV genome monomers. mRNAs
encoding S-HDAg and L-HDAg are exported from the nucleus, followed by their translation. A
portion of L-HDAg is prenylated. S-HDAg and L-HDAg are transported back into the nucleus to
regulate replication or bind to the genome, resulting in the formation of the RNP, which is exported to
the cytoplasm. The RNP acquires the HBV-derived envelop through budding into an ER-derived lipid
bilayer carrying the three HBV envelope proteins encoded by either covalently closed circular DNA
(cccDNA) or integrated HBV DNA. The HDV genome is sensed by MDA5, resulting in a subsequent
IFN response. IFNs mediate the synthesis of interferon-stimulated genes (ISGs), including ISG20,
DDX60, and TRIM22, which impede HBV replication. On the other hand, secreted IFNs activate
innate immune cells. The figure was created using biorender.com.

Since HDV and HBV share envelope proteins, a similar pathway of target cell infection
by both viruses is assumed. Initial attachment of HBV and HDV to hepatocytes is mediated
by low-affinity reversible electrostatic interactions. These occur between HSPGs, which
consist of a core protein linked to one or more linear heparan sulfate (HS) chains, and
R122 and K141 residues in the antigenic loop of the HBV envelope S protein [19,20].
Upon loose binding of the virus to the cell membrane, mediated by HSPG interaction, the
myristoylated 75aa N-terminus of the preS1 region (myr-preS1 2–48) of the LHBs antigen
interacts with NTCP, which initiates endocytosis of the virus [21,22]. Recent structural
analyses of NTCP suggest a mechanism whereby the preS1 protein competes with bile
acids for the extracellular opening of NTCP [23]. For successful virion uptake, interaction
of preS1-bound NTCP with epidermal growth factor receptor (EGFR) is required. This
in turn triggers NTCP oligomerization and allows for HDV internalization in a clathrin-
mediated manner [24,25]. Due to the high clinical efficacy of the conditionally approved
entry inhibitor bulevirtide [26], several compounds are currently tested to target different
stages of the internalization process to optimize HBV/HDV patients’ treatment [27].

Upon endocytosis, the HDV RNP is transported to the nucleus via the nuclear pore
complex [28,29]. This transport is presumably mediated by its interaction with karyo-
pherin 2a [28,29]. In the nucleus, HDV genomic RNA (gRNA) is directly transcribed into
S-HDAg mRNA and, in parallel, transported into the nucleolus. Once in the nucleolus,
gRNA is assumed to be amplified in a rolling-circle mechanism, leading to the produc-
tion of the antigenomic RNA (agRNA) replication intermediate [30,31]. HDV replication
involves the autocleavage activity of ribozymes encoded in both the genomic and the
antigenomic strands, which is crucial for the processing and maturation of the viral RNA.
These ribozymes ensure proper RNA cleavage, facilitating the replication and circulariza-
tion necessary for HDV’s rolling-circle replication mechanism. agRNA is then transported
into the nucleus, where it serves as a template for gRNA synthesis or is modified by
adenosine deaminase acting on RNA (ADAR1) to produce the template for the L-HDAg
mRNA. Synthesized S-HDAg and L-HDAg mRNAs are afterwards exported through the
transcription export complex into the cytosol, where translation mediated by RNA poly-
merase II provided by the host cell is carried out [32]. Importantly, different host-derived
factors, including eukaryotic translation elongation factor 1 alpha 1 (eEF1A1), are likely
to be involved in viral replication [33]. S-HDAg is essential for HDV genome replication,
whereas farnesylated L-HDAg that is generated by farnesyltransferase suppresses viral
replication. Moreover, farnesylated L-HDAg is essential for HDV RNP interaction with
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the HBV-derived envelope and thereby for the assembly of HDV virions [34–38]. Thus,
treatment with the farnesylation inhibitor lonafarnib resulted in increased intracellular
accumulation of HDV RNA [39]. In addition to the suppression of HDV RNA replication
by farnesylated L-HDAg, suppression of viral RNA replication can be mediated by acetyla-
tion or methylation of the S-HDAg by histone acetyltransferase (HAT) or protein arginine
methyltransferase 1 (PRMT1), respectively [40,41].

3. HBV/HDV Interplay

HDV infection can occur as a co-infection with HBV in susceptible individuals, which
causes acute liver inflammation resembling acute HBV mono-infection [42]. In addition,
HDV infection can occur as a subsequent superinfection in patients with chronic HBV
infection. Notably, after an acute phase, HDV superinfection can lead to chronic HDV
infection in 75% of cases [43]. In HDV superinfection, HDV encounters a pool of already
HBV-infected cells, which allow for rapid HDV spread and replication. Therefore, the
innate immune response is assumed to be more prominent compared to HBV/HDV co-
infection [44]. As discussed above, HDV requires HBV envelope proteins for successful
production of new virions to promote intrahepatic spread. In contrast, HDV replication
is independent of HBV co-infection and relies on host RNA polymerases and additional
factors [45]. Recently, cell division-mediated spread of HDV-mono-infected cells was
demonstrated in vitro, supporting the hypothesis that HDV-mono-infected cells might
occur in HBV/HDV patients [46]. Based on histological analysis, the frequency of HDAg+

hepatocytes was determined to be around 15% in patients with chronic HDV infection [47].
Of note, similar infection rates can be achieved in HDV infection of hepatoma cells overex-
pressing the NCTP receptor, highlighting the importance of such in vitro models to study
HDV infection and immune responses in co-culture models [39]. Liver transplantation
is the ultima ratio for treatment of patients with hepatitis virus-induced liver failure. It
has been shown that HDV can successfully replicate in patients with liver transplants for
up to 18 months without HBV being detectable [48]. However, it is important to note
that these patients received strong immunosuppressants, which may impact the anti-viral
immune response as well as viral replication [48]. In addition, in HBV/HDV co-infection,
appropriate detection of antigens for both viruses in hepatocytes or serum may not be
possible due to suppressive effects of HDV on HBsAg expression [49]. Infection studies
with chimpanzee hepatocytes demonstrated that hepatocytes can support the entire HDV
replication cycle without HBV infection being present [50]. Together, these findings suggest
that both HBV/HDV co-infected and HBV or HDV mono-infected cells might be present
in HBV/HDV co-infected patients. HDV replication has been described to dominate over
HBV infection in about 75% of co-infected individuals [51]. Since suppression of HBV
replication by HDV is observed in isolated hepatocytes in vitro, this effect appears to be in-
dependent of the immune response [52,53]. In mouse models and in vitro cell culture, HDV
co-infection impaired the synthesis of HBV RNA and promoted its decay [54]. Recent data
demonstrated that HBV replication is suppressed by HDV through both interferon (IFN)-
dependent and IFN-independent mechanisms [54]. In contrast to HBV, HDV is detected
by host PRR MDA5, resulting in an IFN response and subsequent ISG induction [55,56].
The induction of ISGs in HDV-infected cells was linked to decreased HBV replication and
HBsAg expression in vitro and in vivo [52,54].

HBV replication is controlled by four promoter regions and two enhancer (Enh)
elements [55]. Initially, it was suggested that HDV impairs HBV replication by suppression
of HBV Enh–1/2 function, while more recent studies identified an effect of HDV on HBV
RNA transcription or stability as the primary cause [52,55]. In addition to the suppressive
effect of HDV-induced ISGs such as TRIM22 on HBV RNA synthesis [57], the ISGs DDX60,
a cytoplasmatic helicase, and the exo-ribonuclease ISG20 were able to promote HBV RNA
degradation [58,59]. Of note, the HDV-induced IFN response did not limit HDV replication
itself [54]. Besides ISG-mediated effects, L-HDAg and S-HDAg have been demonstrated to
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directly bind to HBV RNAs in primary human hepatocytes in vitro and in liver chimeric
humanized (HuHep) mice, thereby promoting their degradation [54].

Recently, a novel cell line (HepG2BD) that allows for long-term HBV and HDV replication
has been published, which potentially allows for studying HBV/HDV interactions and im-
mune responses against co-infection in vitro [60]. In this cell line, a 2kb HDV cDNA sequence
was inserted into the adeno-associated virus safe harbor integration site 1 (AAVS1) of HBV-
transfected HepG2 cells (HepG2.2.15) using a plasmid-based CRISPR-Cas9 approach [60].
Therefore, HDV RNA synthesis and virion production can be induced by doxycycline treat-
ment, allowing for the analysis of different time points during HBV/HDV co-infection.

It is still an open question whether in HBV/HDV-infected patients HDV mono-infected
cells are present and at which frequencies HDV or HBV mono-infected or co-infected cells
occur. This issue is of high relevance, since the in vitro immune response to HBV and HDV
mono-infected cells differs significantly, which is likely to be reflected in vivo in hepatitis
virus-infected patients. In addition, secretion of cytokines and chemokines differs based
on the infection status of the cells, which potentially impacts the liver microenvironment
and immune cell reactivity. Thus, a histological assessment of viral Ags in livers of HBV/
HDV-infected patients and the local microenvironment and immune response will lead to
a better understanding of the complex interplay of HBV/ HDV infection and the immune
system in the liver.

4. Cell Intrinsic Innate IFN Response

Recognition of viral replication intermediates is mediated by specialized intracellular
pattern recognition receptors. In case of RNA viruses, RIG-I-like receptors (RLRs), which
comprise retinoic acid-inducible gene I (RIG-I), melanoma differentiation antigen 5 (MDA5),
and laboratory of physiology and genetics 2 (LGP2), play an essential role in viral RNA
recognition and the subsequent immune response. Several studies with KO mice confirmed
the importance of these receptors for a successful type I IFN response [61]. These receptors
recognize sense, double-stranded foreign RNA and consist of a helicase, a carboxy-terminal
domain (CTD), and a caspase activation and recruitment domain (CARD) [62]. The helicase
domain is responsible for target RNA binding and enwraps the RNA in a C-clamp-like
mode in cooperation with the CTD, which specifically binds to the 5′ end of the RNA [63].
Binding of double-stranded RNA leads to oligomerization of MDA5 and RIG-I in filament-
like structures, which allows for dissociation of the CARD domain [64]. The released
CARD domain of RIG-I and MDA5 then interacts with the CARD domain of mitochondrial
anti-viral-signaling protein (MAVS). Subsequently, activated MAVS mediates activation of
the transcription factor NF-κB as well as IFN regulatory factors 3 and 7, which ultimately
leads to the expression of proinflammatory cytokines [65]. The RLR LGP2 is lacking
a card domain and is therefore unable to mount an immune response by itself [66,67].
Nevertheless, LGP2 has been shown to be essential for the MDA5-mediated IFN response,
although the exact mechanism is yet to be identified.

Importantly, in vitro studies with primary human hepatocytes, HepaRG and HepG2
cells showed that, in contrast to MDA5 knock-down, knock-down of RIG-I or other pattern
recognition receptors such as TLR3 did not abrogate the HDV-induced IFN response.
Moreover, recent work highlighted the important contribution of LGP2 as a cofactor for an
efficient sensing of HDV replication [68]. These findings indicate the importance of MDA5
for immune cell activation in HDV infections. MDA5 RNA expression triggered by HDV
infection in hepatoma cell lines in vitro strongly correlates with the downstream production
of IFNs and ISG expression 7 days post infection [69]. This finding shows the importance
of considering the kinetics of IFN induction for the study of innate immune cell activation
in HDV infection in vitro. In the same study, pre-treatment of hepatoma cells with poly
I:C to induce an IFN response did not affect infection efficacy or HDV replication [69].
Importantly, although the HDV-mediated IFN response and ISG induction was insufficient
to control viral replication, it was able to boost the adaptive immune response. Thus,
HBsAg-specific chimeric antigen receptor (S-CAR) T cells that recognize HBsAg on the
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surface of HBV-infected cells independent of antigen presentation by HLA demonstrated a
stronger cytototoxicty when HBV-infected target cells were co-infected with HDV [69,70].
The induction of an HLA-independent immune response by T cells upon HDV infection
also suggests an induction of the HLA-independent innate immune response mediated by
NK cells or γδ T cells, although this was not analyzed in this study. In another study, ISG
induction through IFNa2b treatment in HDV-infected human pluripotent stem cell (hPSC)-
derived hepatocyte-like cells (HLCs) reduced HDV infection efficacy [71]. Considering
different results in the studies mentioned above, it is important to keep in mind that
the IFN response and therefore the innate immune response differs based on the in vitro
model used. Current data indicate hPSC-derived hepatocyte-like cells as a useful tool to
study HBV/HDV infection in vitro. Additional in vitro models are based on the infection
of primary human hepatocytes (PHHs), whose culture remains a challenge, or NCTP
overexpressing hepatoma cells lines Huh-7, HepG2, or Hepa-RG cells that show bystander
effects due to their cancerous background.

Since IFN production is a major driver of the innate immune response, HDV evolved
different strategies to minimize its detection by the host cell. The most important one is
minimized sensing by MDA5. This is achieved through different mechanisms. Thus, HDV
replication takes place in the nucleus, while MDA5 is located in the cytoplasm. In the
cytoplasm, HDV RNA can associate with HDAg to form RNPs, which are then further
packed in HBV envelope proteins for virion secretion. In RNPs, HDV RNA is densely
organized, which may hamper the recognition by PRRs [72]. In addition, HDV RNA
formation as RNPs has been suggested to prevent its degradation by host-derived nucleases,
which supports the concept that its association with HDAg prevents HDV RNA recognition
by host-derived factors [73]. The production of IFNs by HDV-infected cells upon successful
viral recognition can limit viral spreading through two main mechanisms. First, innate
immune responses to HDV infection lead to the production and upregulation of IFNs and
ISGs, which can limit viral replication, as reviewed above. Despite this, IFN stimulation
has only a limited effect on HDV replication in non-dividing cells [46]. HDV-induced IFN
responses and exogenous IFN treatments specifically target the spread of HDV through
cell division. The specific mechanisms by which IFN targets cell division-mediated spread
remain unclear. During mitosis, the disruption of the nuclear membrane could potentially
expose HDV replication intermediates, making the viral RNA susceptible to PRR detection
and subsequent degradation [74]. Additional research is required to fully understand and
confirm the precise mechanism of IFN action on HDV persistence. Second, secretion of
IFNs or soluble ISGs by infected cells can recruit and activate HBV/HDV-reactive innate
immune cells to the liver. The following sections will discuss the phenotypes and functions
of these innate immune cells and dissect the differences in innate immune cell responses
between HBV and HDV/HBV infection.

5. The Innate Immune Cell Response in HBV/HDV Infection

The liver not only contains a high amount of innate immune cells but also constantly
filters blood from the portal vein and is supplied with oxygenated blood through the
hepatic artery, which leads to a high flow-through of foreign antigens, rendering the liver an
important immunological organ [75,76]. Thus, liver-associated immune cells are constantly
shaped by the liver microenvironment. The liver consists of parenchymal hepatocytes that
exert detoxification and metabolic functions and account for approximately 65% of all liver
cells [77]. Liver sinusoidal endothelial cells (LSECs) account for half of the non-parenchymal
cell compartment [78,79]. These cells are characterized by a special morphological feature,
so-called fenestrae, that allow macromolecules and innate immune cells from the blood
stream to enter the sinusoidal space (space of Disse) and the parenchymal tissue [80,81].
The sinusoidal space comprises hepatic stellate cells (HSCs), which represent 5% of all non-
parenchymal cells [78,79]. Under physiological conditions, HSCs are involved in vitamin
A storage and metabolism. Upon HBV and/or HDV infection, HSCs become activated
and promote liver fibrosis and cirrhosis, which can lead to HCC development [82]. The
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remaining fraction of non-parenchymal liver cells is made up of biliary cells (5%), liver
resident macrophages (Kupffer cells) (20%), and additional innate immune cell populations
(25%) [78,79]. These immune cells are not equally distributed throughout the parenchyme
but rather are located at strategic positions to maximize immune responses. In addition,
upon inflammatory stimuli as present in viral infections, additional immune cells can
extravasate from the hepatic sinusoids into the space of Disse and from there into the
liver parenchyma, where they exert anti-viral effector functions, as previously summarized
elsewhere [83]. The liver-associated innate immune cell compartment consists of innate
lymphoid cells (ILCs) comprising NK cells and other subsets of ILCs (~10%); innate-
like immune cells, such as invariant natural killer T (iNKT) cells, non-iNKT cells, γδ T
cells, and mucosal-associated invariant T (MAIT) cells (~25%); as well as the myeloid cell
compartment (65%) [84] (Figure 2).
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Figure 2. Cellular innate immunity in HBV mono- versus HBV/HDV co-infection. Different innate
immune cell populations have been described to play crucial roles in the elimination of HBV/HDV
virus-infected cells and the limitation of viral spread. In contrast to HBV infection, HDV induces
the secretion of type I interferons (IFNs) and of type III IFNs by infected hepatocytes. Natural
killer (NK) cells react to type I IFNs, which can result in NK cell-mediated cytotoxicity towards
infected cells. Type III IFNs induce the activation of macrophages/monocytes and plasmacytoid
dendritic cells (pDCs), which indirectly modulate NK cell activities. M1 macrophages demonstrated
a suppressive effect on HBV replication through their secretion of IL-1β. In HBV/HDV co-infection,
macrophages/monocytes further secreted TNF-α and IP-10. Dendritic cells (DCs) induced lympho-
cyte infiltration, possibly mediated by secretion of different cytokines in the liver. In HBV/HDV
infection, MAIT cells demonstrated a high expression of CD38 and PD-1, indicative of their activation
and subsequent exhaustion, which was linked to IL-12/18 production by monocytes. In acute HBV
infections, Vδ2 T cells show a reduced frequency in the blood, likely due to their recruitment to
the liver, where they exert strong cytotoxicity. NKT cells can be activated by small HbsAg, causing
HBV antigen-specific B- and T-cell responses. Liver fibrosis was linked to granulocyte infiltration,
accelerating liver damage primarily through their secretion of ROS, IL1-β, and TNF.

5.1. ILCs

Innate lymphoid cells (ILCs) can be broadly stratified into three groups: ILC1 (which
includes conventional NK cells (cNK)), ILC2, and ILC3 [85]. ILC1 cells are characterized by
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their production of IFN-γ and expression of the T-box transcription factor (T-bet) [86,87].
In contrast to other ILC1 cells, cNK cells express the transcription factor Eomes and the
integrin alpha 2 (CD49b), and are generally considered to exert a stronger cytotoxicity due
to their strong expression of granzyme B, perforin, and IFN-γ production in response to
IL-12 stimulation [88,89]. Therefore, they are also referred to as cytotoxic ILCs. Although
CD56 is considered a classical marker for NK cells, it is also expressed by non-cNK, ILC1,
and ILC3, but not by ILC2 [90,91]. Moreover, since CD56 is expressed by some T cells,
CD3 negativity is used for their exclusion. Most studies on human ILCs in HBV/HDV
infections use CD3 negativity and CD56 positivity as markers to identify ILCs and do not
focus on specific ILC subset functions. Thus, because cNK cells represent the majority
of ILCs in liver tissue, we focus specifically on this subset in the context of HBV/HDV
infection. Although ILC2 and ILC3 only account for ~5% of the liver ILC compartment,
they recently attracted attention in the context of liver damage and fibrosis, which we
discuss below [92,93]. In blood of chronic hepatitis B patients, factors important for ILC1
differentiation, including IFN-γ, T-bet, and IL-12, were elevated and strongly correlated
with the degree of liver damage [94].

5.2. NK Cells

Conventional NK cells (cNKs) represent the largest group of liver-resident ILCs, which
can exert direct anti-viral activity and play a key role in the body’s anti-viral response [84].
Human NK cells as members of the innate lymphoid cells are classically described as
CD45+ CD56+CD3- cells. Human NK cells can be further differentiated based on the
relative expression of the adhesion molecule CD56 and the activating Fc receptor CD16
(FcγRIIIa) into CD56dimCD16+ NK cells, which represent 90% of circulating NK cells, and
CD56brightCD16dim/- cells [95]. CD16 on primary NK cells was shown to be shed by disinte-
grin and metalloprotease 17 (ADAM17) upon activation of these cells with IL-2 or IL-15 [96].
This finding is of great importance since IL-2 and IL-15 are present in patients with chronic
inflammatory diseases such as chronic hepatitis, where the innate immune system fails
to clear the acute infection [97]. Because NK cell-mediated antibody-dependent cellular
cytotoxicity (ADCC) has been shown to be important for early HbsAg clearance, reduced
CD16 expression by NK cells might contribute to HBV/HDV chronification and disease
progression [98]. Peripheral CD56dim NK cells express lower levels of inhibitory recep-
tors, including NKG2A, inhibitory killer cell immunoglobulin-like receptors (iKIRs), and
immunoglobulin-like transcript 2 (ILT2), and are assumed to be terminally differentiated
cells that arise from CD56bright precursor NK cells [99,100]. Due to their high expression
of CD16 and subsequent high capability to mediate ADCC together with their strong
IFN-γ production in response to IL-2/15, CD56dim NK cells have a high potential to fulfill
cytotoxic effector functions [101,102]. The CD56bright compartment is characterized by high
expression of the Il-2 high-affinity receptor and the stem cell marker c-kit (CD117) and is
assumed to primarily exert immune modulation due to the high secretion of cytokines,
including IFN-γ, TNF-α, GM-CSF, IL-10, and IL-13 [103–105]. Although resting CD56bright

NK cells demonstrate a lower cytotoxicity compared to their CD56dim counterpart, their
cytotoxic capacity can be strongly induced by IL-2 or IL-12 [106]. While CD56bright NK cells
account for approximately 10% of circulating NK cells, they represent the majority of NK
cells in secondary lymphoid tissue, approximately half of the NK cell compartment in the
liver, and are assumed to outnumber CD56dim NK cells in total [107–109]. Accumulating
evidence implicates a predominant role of CD56bright NK cells in viral infections [110].
CD56bright NK cells are expanded in chronic HBV/HDV patients and, in contrast to their
CD56dim counterpart, express higher levels of the death receptor ligand TRAIL in patients
with cHBV-related liver fibrosis [18,111]. Together with the high frequency of CD56bright

NK cells in the liver, these findings highlight the importance of analyzing differential CD56
expression on NK cells and its functional consequences in further studies on hepatitis and
other chronic inflammatory conditions.
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Although the adhesion molecule CD56 is the archetypal marker for NK cells, it can
also be expressed by αβ or γδ T cells, monocytes, or dendritic cells [112]. Therefore, other
markers, such as the activating receptor NKp46 (natural cytotoxicity-triggering receptor 1),
is useful for the identification of these cells. This marker has been shown to be expressed
ubiquitously on both CD56dimCD16+ and CD56brightCD16- NK cells regardless of their
activation status [113]. In addition, NKp46 has been shown to be expressed only on ILC1,
ILC3, γδ T cells, and some subsets of intraepithelial cytotoxic T lymphocytes [114–118].

Upon encounter of virus-infected cells, different modes of NK cell activation can take
place. These include the activation of NK cells by soluble factors such as interleukins
and IFNs secreted by innate immune cells or infected cells, reduced expression of MHC-I
on virus infected cells, impairing iKIR engagement on NK cells, and increased expres-
sion of ligands for activating NK cell receptors such as natural killer group 2 member
D (NKG2D) [119]. NK cell activation is strongly induced by type I IFNs, secreted by
virus-infected cells and plasmacytoid dendritic cells (pDCs), and IL-2/12/18/27, which
are secreted by T cells and antigen-presenting cells (APC) [120,121]. While studies on
mouse cytomegalovirus (MCMV) infection suggest that type I IFNs are dispensable for NK
cell proliferation in viral infections, they have been shown to increase IFN-γ and TNF-α
secretion as well as tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)
expression and degranulation by NK cells [122,123]. Although not necessary for NK cell
proliferation, type I IFNs have been shown to protect NK cells from perforin and NKG2D-
dependent fratricide in murine cytomegalovirus (MCMV) infections, demonstrating a type
I IFN-dependent way how NK cells can evade cell death in viral infections [123]. It is
important to mention that type I IFN signaling may also suppress NK cell function. Upon
IFN type I stimulation in herpes simplex virus (HSV) type 2 infection, NK cells upregulated
the TAM (Tyro3, Axl, and Mer) receptor Axl, which induced the expression of suppressor
of cytokine signaling (SOCS) proteins, leading to reduced IFN-γ production [124]. In
contrast to HBV, HDV induces the secretion of type I IFNs IFN-α and IFN-β and of type
III IFNs IFN-λ1 (IL-29), -λ2 (IL-28A), and -λ3 (IL-28B) by infected hepatocytes [125]. A
study by Dring and colleagues using peripheral blood mononuclear cells (PBMCs) from
hepatitis C patients suggested a link between IFN-λ2 and reduced IFN-γ production by NK
cells [126]. But follow-up studies using isolated NK cells did not observe an effect of IFN-λ
stimulation of NK cells in vitro [127]. This is in line with findings that NK cells can react
strongly to type I IFNs but do not express IFN-λ receptors [128]. Moreover, mouse studies
demonstrated a dysfunction of NK cells upon IL28R KO in vivo [129]. This implicates
indirect NK cell modulation by IFN-λ activated by IFN-λ receptor-positive cells such as
monocytes/macrophages [130] or pDCs [131]. The absence of a type I IFN response in the
liver by HBV might contribute to the low immunogenicity of HBV, thereby preventing an
adequate immune response, which contributes to the chronification of acute HBV infec-
tion observed in 10% of patients [132–134]. Although innate immunity is not activated in
HBV-infected chimpanzees or patients [135,136], it is not defective per se since production
of IFNs and expression of ISG15 were induced in HBV patient samples ex vivo through
stimulation of toll-like receptor (TLR)-3 or sendai virus infection [137]. One important
factor mediating the suppression of the innate immune response in HBV infection is the
Hbx protein, which has been shown to reduce the expression of MAVS, which leads to
decreased IFN-β production [138–140]. Studies of PBMCs from untreated hepatitis patients
revealed an increase in the frequency of both CD56bright- and CD56dim-circulating NK
cells in chronic HBV/HDV but not in chronic HBV patient samples [141] compared to
healthy donors (HDs). In addition, the frequency of peripheral NK cells in HBV/HDV
patients was comparable to that of HDs upon successful therapy and clearance of the
virus [18]. Of note, a comparison between peripheral and intrahepatic NK cells in HDs
and HBV/HDV-infected patients showed a significant reduction in the latter upon HDV
infection [142]. These findings indicate that differential frequencies of peripheral NK cells
in HBV and HBV/HDV patients are likely a result of increased apoptosis or diminished
NK cell proliferation in the bone marrow rather than increased sequestration of NK cells in
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the liver. Liver-resident NK cells are characterized by their expression of the transcription
factors Eomes and Hobit rather than T-bet, high expression of CD56, and expression of the
chemokine receptors CXCR6, CCR5, and CXCR3 [143–145].

Since liver-resident NK cells represent a large proportion of intra-hepatic immune
cells that can directly control viral spread and differ significantly from peripheral NK
cells, analysis of NK cells in liver biopsies of HBV/HDV patients is of utmost relevance
to further decipher the role of NK cells in HBV/HDV patients. However, the acquisition
of appropriate patient samples remains a major challenge. Most liver biopsies suitable
for the study of HBV/HDV infections are acquired for diagnostic purposes from patients
with HCC caused by chronic HBV/HDV infection. Therefore, the impact of the tumor
microenvironment on the surrounding non-malignant tissue has to be considered when
analyzing these tissues. Since most of the obtained tissue from fine needle aspirations or
core needle biopsies are used for diagnostic purposes, the amount of material available for
research purposes is limited [146]. In addition, most tissue samples are fixed in paraffin
for storage purposes and subsequent microscopic analysis, which prevents immune cell
isolation from these samples for functional analysis. Larger amounts of patient material
can be obtained from patients undergoing liver transplantation, performed as an ultima
ratio for patients suffering from HBV/HDV-mediated liver cirrhosis and failure. Treatment
options of HBV/HDV patients improved in recent years, leading to better patient outcomes.
This progress provided significant benefits for patients, but due to the declining numbers
of liver transplantations as treatment for HBV/HDV-infected patients, access to liver tissue
from these patients for research purposes also became limited [147].

5.3. MAIT Cells

MAIT cells are unconventional T cells characterized by a semi-invariant T-cell receptor
(TCR) consisting of an invariant α-chain (Vα7.2) combined with a limited number of β
chains [148,149]. Their TCR allows MAIT cells to recognize bacteria-derived riboflavin
metabolites as antigens that are presented by non-polymorphic MHC-related protein-1
(MR1) molecules [150]. Besides activation via TCR signaling, MAIT cells can be activated
by cytokines such as IL-12 and IL-18 [151] as well as type I IFNs [152]. Under physio-
logical conditions, MAIT cells account for up to 30% of all intrahepatic lymphocytes in
humans [84,153], therefore representing the largest population of unconventional T cells in
the human liver. Although MAIT cells cannot recognize viral antigens, they are thought to
contribute to anti-viral immune responses [152,154]. Thus, MAIT cells engineered with a
TCR reactive to the HBsAg (HBVs183-191) exert cytotoxic capacity against HBV antigen-
presenting hepatoma cells and migrate towards HepG2 cells expressing PreS1 in vitro in
3D microdevices [155]. Similarly, activated MAIT cells kill HBV-expressing hepatoma cells
such as HepG2.2.15 and L02 cells transfected with HBV in an in vitro model, suggesting a
direct antiviral potential of MAIT cells against hepatitis viruses [156]. Of note, engineered
HBV TCR-MAIT cells express IL-17A upon antigen recognition, which has been shown to
induce an activated, pro-fibrogenic phenotype of HSCs, indicating that MAIT cells may also
contribute to chronic liver damage in HBV and/or HDV infection [157]. In patients with
HBV mono- and HBV/HDV co-infection, MAIT cells are highly activated [158]. Impor-
tantly, in contrast to patients with HBV mono-infection, MAIT cells show a dysfunctional
phenotype and are decreased in frequency in peripheral blood of patients with HBV/HDV
co-infection. Such MAIT cell dysfunction is linked to IL-12/18 expressed by activated
monocytes, supporting the notion that HDV induces a stronger innate immune response
than HBV [158]. Nevertheless, further research is needed to clarify the exact role of MAIT
cells for antiviral immune responses and liver damage in HBV/HDV infection.

5.4. Monocytes/Macrophages

Under inflammatory conditions, such as in viral infections, circulating monocytes can
migrate into inflamed tissues to differentiate either into antigen-presenting DCs or into
phagocytotic macrophages (Kupffer cells) [159]. Besides their digestion of infected cells,
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macrophages can suppress viral infections by the secretion of various cytokines. As myeloid
cells, macrophages can heavily be shaped by their microenvironment and can be classified
into different states. For simplification, previous studies differentiated macrophages into
M1 pro-inflammatory or M2 immunosuppressive cells [160]. M1 macrophages with a
high oxidative phosphorylation (OXPHOS) activity demonstrated a strong suppressive
effect on HBV replication through their secretion of IL-1β [159,161]. A similar effect of
macrophage-secreted IL-1β on HDV replication was demonstrated for infected HepaRG
cells in vitro [162]. In addition to IL-1β, circulating monocytes from HBV/HDV-co-infected
patients have been shown to secrete high levels of TNF-α in response to LPS ex vivo [163].
Upon stimulation with HDAg, CD14+ monocytes released IP-10 (CXCL10), a chemokine
that can be directly anti-angiogenic and, in addition, can mediate the recruitment of
CXCR3+ CD4 Th1 and CD8+ T cells [164]. Moreover, IL-1β has been described as a marker
of liver injury and inflammation in different liver pathologies, including viral hepatitis.
Histological analysis of HBV and HBV/HDV patient liver biopsies revealed a strong
correlation between CD206+ macrophage infiltration and inflammation, characterized by
high levels of TNF-α, IL-6, and IL-1β [165]. Macrophages as professional phagocytotic cells
are able to present antigens via their MHC-II receptor. Although uptake and subsequent
presentation of HBsAg by human macrophages in patients or ex vivo has not been described
up to now, studies with THP-1 monocytes demonstrated the activation and secretion of
IL-6, IL-12p40, and TNF-α upon the binding of HBsAg [166]. Secretion of IL-6 has mainly
been associated with decreased function and cytotoxicity of NK cells, but whether this
mechanism plays a role in HBV or HDV infections has not been studied yet [167]. Besides
its modulating effect on immune cells, secretion of IL-6 has been described to repress
HBV replication and NTCP expression in HepaRG cells and PHH in vitro, thereby limiting
infection efficacy [168,169]. IL-12p40 as a monomer or homodimer can suppress the activity
of IL-12p70 (IL-12), a heterodimer of IL-12p40 and IL-12p35, through competition for the
IL-12 receptor [170]. IL-12 is a potent activator of NK cell function and induces IFN-γ
production in these cells via activation of the STAT4 and T-bet [171]. Therefore, one could
assume an inhibitory effect of macrophage activation on NK cells. In contrast, macrophage-
derived TNF-α has been shown to promote NK cell function and proliferation through
the induction of aerobic glycolysis [172]. Furthermore, macrophages, similar to DCs,
can be a source of type I IFNs, which on the one hand directly suppress HBV and HDV
replication and on the other hand activate other innate immune cells [173]. In addition,
macrophages express IFN-λ receptors and can react to these cytokines, which are secreted
by hepatocytes in HBV and HBV/HDV infections and could therefore potentially activate
cytotoxic innate immune cells [174]. The balance between their direct anti-viral function and
their immunoenhancing or immunosuppressive role is likely dependent on the duration,
type, and level of receptors triggered. Because of their complexity and multifunctional
role in hepatitis, liver-resident KCs and infiltrating monocytes/macrophages display a
promising but challenging therapeutic target.

5.5. γδ T Cells

γδ T cells represent the second largest cell population of innate-like immune cells in
the liver, where they account for up to 15% of lymphocytes [84]. In contrast to conventional
αβ T cells, the TCR of γδ T cells consists of a gamma and a delta chain, which enables
these cells to recognize a wide array of both endogenous and exogenous antigens in an
MHC-independent fashion [175,176]. Based on the expression of different δ chains, γδ T
cells can be classified as Vδ1/2/3/4/5 cells, which differ in their tissue localization, antigen
recognition, and function [177,178]. Among these cells, Vδ1 and Vδ2 T cells account for
90% of the total γδ T-cell population. Vδ1 T cells are primarily found in epithelial barriers,
but the ligands of the Vδ1 TCR receptor are poorly characterized [179].

Vδ2 T cells represent the majority of circulating γδ T cells, and their TCR is responding
to pyrophosphate antigens (pAg) with a low molecular weight. These antigens can accu-
mulate in cells due to alterations in the mevalonate pathway (isopentenyl pyrophosphate
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(IPP)) due to malignant transformation. Additionally, the pAg (E)-4-hydroxy-3-methyl-but-
2-enyl pyrophosphate (HMBPP) as a high-affinity ligand for the Vδ2 TCR can accumulate
during the non-mevalonate pathway in protozoa and bacterial infections [180,181]. Al-
though viral infections have not been described to lead to an accumulation of pAgs in vitro
or in vivo, Vδ2 T cells have been shown to react rapidly to viral infections and demon-
strate cytotoxicity against different viruses, including hepatotropic viruses such as HBV
and HCV [182]. Although Vδ1 T cells are expected to be the primary tissue-resident
γδ T cell population, Vδ2 T cells account for approximately half of liver-resident γδ T
cells [183]. In addition, these cells have been described to consist of different subpopula-
tions, of which Vγ9-Vδ2+ liver-resident T cells can undergo clonal expansion and acquire
an CD27lowCD45RA+CX3CR1+granzymeA/B+ cytotoxic effector phenotype upon viral
infection [184]. In acute HBV infections, these cells show a reduced frequency in the blood
likely due to their recruitment to the liver via IP-10 (CXCL10) and CCR5 signaling, where
they exert strong cytotoxicity [185]. Although highly active in acute HBV infections, cir-
culating Vδ2 T cells displayed reduced production of IFN-γ and TNF-α in chronic HBV
patients compared to HDs. Of note, lower levels of circulating γδ T cells were associated
with a higher degree of liver damage, leading to higher levels of aminotransferases and
bilirubin [186]. Besides TCR recognition, γδ T cells together with NK cells express a variety
of both inhibiting and activating receptors [187,188]. MICA/B and ULBP proteins that
serve as ligands for the activating receptor NKG2D or other NK cell/γδ T cell receptor
ligands were not altered or were only moderately altered in HDV-infected Huh7 or HepG2
hepatoma cells in vitro upon HDV infection [18,142].

Similar to HDV infection, NKG2D ligand expression is not enhanced in HBV infection.
In HBV infection, a decreased expression of MICA/B was observed [189]. In HBV infection,
the Hbx protein has been shown to form complexes with the transcription factors GATA2–3,
which inhibits MICA/B expression [189]. In addition, the HBc antigen was found to bind
to CpG islands in the MICA/B promoter sequence, thereby reducing transcription [189].
The resulting reduced expression of NKG2D ligands is likely to contribute to the absence of
a strong NK cell response in HBV patients. It is still an open question how Vδ1 or Vδ2 cells
respond to HDV infection. Although protocols are available to expand these cells from
PBMCs in vitro, their role in HBV/HDV infection remains under studied [190]. Moreover,
immunohistochemistry analysis of liver biopsies from HBV/HDV patients will reveal their
localization and functions in the liver tissue.

5.6. Natural Killer T (NKT) Cells

NKT cells can be divided into type I iNKT cells and type II (non-iNKT) cells. iNKT cells
represent a set of specialized T cells that express a Vα24-Jα18/Vβ11 TCR α chain that is able
to recognize lipid antigens presented by the cell-surface molecule CD1d, a non-polymorphic
MHC class I-like molecule, and account for ~1% of liver-resident lymphocytes [84,191].
Type II NKT cells on the other hand can express a diverse range of TCRs that primarily
react to phospholipids and sulfatides and represent a significantly larger number of innate-
like lymphocytes in the liver. In contrast to iNKT cells, type II NKT cells are generally
considered to exert anti-inflammatory functions [192,193]. NKT cells are of particular
interest in liver disease since the liver displays the highest NKT/conventional T cell ratio
in the human body [194]. So far, most data on NKT in hepatitis have been generated
in mouse studies, where type I NKT cells represent up to 30% of liver-resident T cells,
outnumbering the type II sub-population [195]. Studies in mouse models and with human
hepatocytes, transduced with HBV-expressing adenoviral particles, demonstrated that
activation of NKT cells precedes HBV antigen-specific B and T cell responses and are
crucial for subsequent viral control [196,197]. Induction of NKT activity was correlated
with expression of the small HbsAg. Since HbsAg is rapidly expressed in the early stages
of HBV infection, this finding corroborates the view that NKT cells are important for
the initiation of an efficient adaptive anti-HBV responses [196]. In addition, this finding
indicates a pivotal role of HbsAg in the induction of innate immune responses and implies
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that hepatoma cells overexpressing this antigen (HepNB2.7) are useful in this regard [39].
Lysophosphatidylethanolamine (LPE), a membrane lipid that accumulates in HBV-infected
cells, has been shown to activate non-iNKT cells [198]. Furthermore, activation of iNKT
cells in HBV-infected mice contributed to proliferation and activation of HBV-specific
cytotoxic T cells, which led to faster viral clearance [199]. Direct application of these
findings to the human situation is also difficult due to the differing frequencies of liver-
resident type I and II NKT cells in humans and mice. In addition, functional differences
between human and murine NKT cells have been described. While activation of NKT
cells through injection with glycolipid α-galactosylceramide led to anti-tumor response
in mice and treatment-associated liver toxicity, no such effects were detectable in tumor
patients [200]. Therefore, additional data on human NKT cells are needed to further define
their role in HBV/HDV pathogenesis.

5.7. DCs

DCs are professional antigen-expressing cells that are able to load antigen-derived
peptides on MHC class I and II molecules to stimulate CD8+ T cells or CD4+ T cells,
respectively [201]. Therefore, they show a wide distribution in different tissues to maxi-
mize antigen encounters to mediate subsequent immune cell activation. Dendritic cells
can be divided into myeloid dendritic cells (human leukocyte antigen (HLA)-DR+Lin-
1-CD123-CD11c+ cells) and pDCs ((HLA)-DR+Lin-1-CD123+CD11c-) in blood, which to-
gether account for 0.5% of PBMCs. In healthy liver tissue, myeloid and pDCs account
for ~20% and 50% of Lin-HLA-DR+ cells, respectively, which is a slightly lower frequency
compared to their circulating counterpart [202]. Despite their low frequency, studies demon-
strated impaired function of circulating DCs, which related to decreased HBV-specific T-cell
responses in chronic HBV patients [203]. Nevertheless, other studies showed that DCs
from chronic HBV patients demonstrated a much stronger immune response after in vitro
stimulation with HBV antigens, which was proposed to be caused by increased autophagy
of these cells [204]. Dendritic cells have been shown to secrete exosomes loaded with MHC
molecules and viral antigens. In a therapeutic setting, DC-derived exosomes loaded with
ubiquitinated HDAg were able to mediate a JAK/STAT-dependent lymphocyte infiltration
and reduction in HDV replication in livers of HDV-infected mice, suggesting DCs as a
potential target for anti-viral immunotherapy [205]. In liver tissue, two populations of DCs
can be found. Conventional dendritic cells (cDCs) are primarily found in the periportal and
pericentral area, while pDCs are located in liver tissue [201]. Although liver-resident pDCs
are only sparsely distributed and account for about 1% of non-parenchymal cells, they
are of high importance for the anti-viral immune response since they are a major source
of type I IFNs [201,206]. As a major source of type I IFNs, DCs represent an important
bridge between the innate and adaptive immunity [173]. Since they lack NTCP expression,
they are not infected by HBV/HDV but can take up viral antigens and RNA through
endocytosis of extracellular vesicles, as published for HDV infection [74]. Internalization
of HBsAg by DCs led to reduced TLR9-mediated recognition of HBV viral DNA, thereby
impairing IFN-α secretion [207]. This represents another mechanism of HBV immune
evasion contributing to chronification of this disease.

5.8. Granulocytes

Granulocytes consist of neutrophils, eosinophils, and basophils, which account for ap-
proximately 60%, 4%, and >1% of all circulating leukocytes, respectively [208]. The classical
functions of neutrophils include direct cytotoxic effects against infected cells or pathogens
or their entrapment by the formation of neutrophil extracellular traps (NETs) as well as the
opsonization of pathogens [209]. Eosinophils have initially been described to combat para-
sites but have also been shown to be active in bacterial and viral infections [210]. Basophils
are primarily involved in the modulation of regulating T helper 2 (Th2)-cell responses,
chronic allergic reactions, and the formation of immunological memory [211]. To our knowl-
edge, only neutrophils as the most frequent population of granulocytes have been studied
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in the context of viral hepatitis. Compared to healthy controls, circulating neutrophils from
chronic HBV patients displayed decreased capability to exert NET formation or to produce
cytotoxic reactive oxygen species (ROS). This effect could be attributed in vitro to HBV C
protein and HBV E protein [212]. Despite their reactivity towards hepatitis-infected cells,
neutrophils are a prominent driver of viral hepatitis-associated liver damage, which we
discuss in detail below. Neutrophils are the first line of defense against pathogens. Since
the function of these cells is impaired in chronic HBV patients, these patients are prone to
bacterial infections [213]. This issue is of further importance since, due to innate immune
cell dysfunction, bacterial infections of patients with HBV-related liver failure significantly
impair overall survival [214,215].

6. Innate Immune Cell-Mediated Liver Damage and Immunosuppression in
HBV/HDV Infection

Innate immune cells represent a crucial part of the anti-viral immune response based
on their fast activation by pathogen-associated molecular pattern molecules (PAMPs) or
damage-associated molecular pattern molecules (DAMPs). Innate (-like) immune cells lack
specific activation through antigen presentation by MHC molecules. Therefore, they exert
a significantly broader anti-viral response upon activation, which can also cause damage
to non-infected bystander cells. In addition, activated innate immune cells may also
impair the adaptive immune response [216]. Activation of innate immune cells has been
demonstrated to be a precursor of liver damage in HBV patients. This effect was primarily
mediated by IFN secretion and subsequent activation of liver-associated immune cells.
Innate immune cell-mediated tissue damage and IFN/ISG signatures were restricted to
the liver and absent in circulating innate immune cells [216]. Since IFNs mediate paracrine
and autocrine signaling within the liver tissue, these cytokines have no or only a minor
effect on the circulating innate immune cell populations [18,122]. NK cells have been
shown to respond to type I IFN stimulation through the upregulation of TRAIL. In this
context, TRAIL not only contributes to the eradication of virus infected cells but can also
mediate the death of non-infected hepatocytes [217]. Moreover, HBV-specific CD8+ T
cells have been shown to upregulate TRAIL-R2, rendering them especially susceptible to
NK cell-mediated killing [218]. In addition, NK cells can interact with HBVAg-treated
monocytes, secrete IL-10, and express PD-L1, thereby inhibiting the function of autologous
T cells [219]. Although described in HBV infection, suppression of autologous T cell
function by HDV-shaped NK cells could not be determined [18]. In addition, TRAIL
expression by CD56bright NK cells has also been shown to positively correlate with liver
fibrosis and negatively with liver function [111]. Up to now, the majority of direct ILC-
mediated damage in viral hepatitis has been attributed to the TRAIL/TRAILR pathway.
Most studies on HBV/HDV infection do not differentiate between cNK cells and other
ILC1, but the stronger TRAIL expression on ILC1 suggests this subset to function as a
potent driver of liver inflammation and fibrosis [89]. This assumption is supported by
studies that demonstrated a correlation between ILC1 frequencies and liver damage in
cHBV patients [94]. Similar studies showed comparable correlations between liver damage
and ILC3 (Lin-CD127+CD117+CD294- lymphocytes) frequencies in HBV patients [220].

MAIT cells have been shown to mediate liver fibrosis in mouse models [221], and
pharmacological inhibition of MAIT cells through MR1 inhibitory ligands resulted in
decreased liver fibrosis in mouse models [222]. Similarly, human MAIT cells mediate
HSC activation, a process central for liver fibrosis development, in an IL-17A-dependent
manner, suggesting a role for MAIT cells in HBV/HDV-mediated liver [157]. As highly
reactive immune cells, neutrophils play a pivotal role in the course of liver fibrosis. HBV
patients demonstrated an increased amount of intrahepatic T-cell-derived CXCL8, a strong
chemoattractant for neutrophils [223]. Of note, CXCL8 production by HBV-specific T cells
was dependent on IL-7 and IL-15 production. IL-17 has been shown to originate from liver
resident Vδ2 or Th17 cells. Upon entry in the liver, granulocytes accelerate liver damage
primarily through their secretion of ROS, IL1-β, and TNF [224].
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7. Innate Immunity in HBV Treatment

Since recent pre-clinical research highlighted the importance of the IFN response in
HBV/HDV infections, several clinical studies evaluated potential benefits of IFN admin-
istration. HDV-infected cells have been shown to secrete large amounts of IFN-ß and
IFN-λ, which are known to activate innate immune cells, including macrophages and
pDCs [18,131]. Upon activation, macrophages can directly impair HBV replication by
secreting IL-1ß, while pDCs are a major source of IFN-α [161,225]. IFN-α not only activates
NK cells but also induces CD8+ T cells’ clonal expansion, memory formation, and cytolytic
function in viral infections [123,226]. In addition to the activation of the innate immune re-
sponse, induction of the IFN response has been shown to limit intracellular viral replication
and to improve therapy response [125], which is in line with IFN-α/pegylated(PEG)-IFN-α
being the backbone of HBV/HDV treatment since the 1990s [227]. To further harness the
IFN response in patients’ treatment, the effectiveness of PEG-IFN-λ for the treatment of
HBV/HDV was studied in a phase two clinical trial (NCT02765802) that enrolled 33 pa-
tients. In this study, PEG-IFN-λ treatment resulted in a comparable decline in HDV RNA in
patients’ serum compared to PEG-IFN-α. Of these 33 patients, 36% demonstrated a durable
virological response 6 months after the start of the study [228]. In addition, analysis of
liver biopsies of two patients showed a reduction in liver fibrosis 18 months post-IFN-λ
treatment [229]. While type I IFN receptors are almost ubiquitously expressed in the human
body, expression of type III receptors, including IFN-λ receptors, is primarily restricted to
epithelial tissue and to immune cells [230]. This contributes to better tolerability and fewer
adverse side effects of PEG-IFN-λ treatment compared to standard PEG-IFN-α treatment
in HBV patients [231]. Together, these findings indicate the superiority of type III over
type I IFN treatment of HBV/HDV patients. The prenylation inhibitor lonafarnib, which
impairs farnesylation of the L-HDAg and subsequent release of infectious particles, is a
promising additional option for the treatment of HBV/HDV [232]. A clinical phase three
study investigating the efficacy and safety of combinational therapy of lonafarnib, the
protease inhibitor ritonavir, and PEG-INF-α in chronic HDV patients receiving anti-HBV
nucleos(t)ide therapy (D-LIVR) is currently ongoing (NCT03719313). Other approaches
focus on nucleic acid polymers (NAPs), which have been described to limit HBV entry [233].
Investigation of the NAP REP2139 in combination with PEG-IFN-α in the REP 301-LTF
study (NCT02876419) demonstrated a prolonged HBsAg seroconversion and functional
HDV control [234]. Current research and treatment options are looking into different
targets of HBV/HDV entry and their life cycle and their combinations. A phase 2a clinical
trial combining lonafarnib, ritonavir, and PEG-IFN-λ yielded a significant reduction in
HDV RNA serum levels in over 70% of HBV/HDV patients after 6 months of treatment
(NCT03600714) [235]. Currently, the primary readout for clinical studies on HBV/HDV
patients consists of parameters of liver function, HBV/HDV RNA serum levels, and patient
outcomes. As we highlighted, the cellular innate immune cell response represents an
important factor in combating HBV/HDV infections. In order to utilize this knowledge for
therapeutic purposes, future clinical studies should include a comprehensive monitoring
and functional evaluation of different immune cell populations.

8. HBV Vaccination and the Innate Immune Response

Vaccination approaches and novel HBV/HDV entry inhibitors are major components
in combating HBV/HDV infections and have significantly improved patient care. Currently,
the most frequently used HBV vaccine, which also effectively represses HDV replication,
a second-generation vaccine, was generated by transfecting yeast cells with recombinant
plasmids encoding for the small HBV surface antigen and was approved in 1986 [236].
Vaccination using this vaccine results in >90% immunity of vaccinated individuals. Al-
though highly effective in most individuals, up to 10% of individuals are unable to mount
an effective immune response due to their age (>40 years), impaired immune system func-
tion (HIV infection or cancerous diseases), or lifestyle (smoking, obesity body mass index
>5 kg/m2) [237]. This led to the development of third-generation vaccines that contain
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pre-S1 and pre-S2 antigens and led to significantly higher response rates in individuals
>45 years [238]. Obesity and smoking are known to impair HBV vaccination efficacy, which
is assumed to be caused by a sustained inflammatory response, mainly mediated by innate
immune cells [239]. Nevertheless, studies on the effect of vaccination against HBV on the
innate immune response are rare. NK cells from vaccinated individuals demonstrated a
stronger cytotoxic response and proliferation when encountering HBsAg-pulsed monocyte-
derived dendritic cells [240]. The NK cells demonstrated a memory-like phenotype and
were characterized as CD56dimCD57+CD69+KLRG1+ cells. Most importantly, activity of
these cells was associated with lower serum levels of HBV DNA. To promote the response
rates to HBV vaccination, activation of the innate immune system has been tested as an
adjuvant for HBV vaccination. A meta-analysis of 13 studies including 734 individuals
confirmed the benefit of GM-CSF administration on HBV vaccine-induced immune re-
sponse and subsequent immunity [241]. Due to GM-CSF’s pleiotropic role, several factors
are considered to mediate the benefit of innate immune system activation. These include
an increase in MHC class II-mediated antigen presentation, macrophage activation, B-
and T-cell proliferation, and pro-inflammatory functions of this cytokine [242]. Taken to-
gether, the innate immune response does play an important supportive role in establishing
long-lasting efficient immunity against HBV and HDV infection, and future vaccination
approaches should consider this to further maximize its efficacy.

9. Role of Epigenetic Modulation and Host Cell Metabolism on the Innate Immune
Response in HBV/HDV Infection

To evade and counter the sophisticated anti-viral immune response, HBV and HDV
have developed multiple strategies. Both viruses are able exploit the host’s epigenetic
machinery to downregulate critical immune pathways. Epigenetic alterations are caused
by enzymes adding covalent modifications to histones or DNA directly (DNA methyl-
transferases (DNMTs), histone acetyl-transferases (HATs), and histone methyltransferases
(HMTs), their erasing counterpart (histone demethylases (HDMs) or deacetylases (HDACs),
or bromodomain (BRD)-containing proteins that recruit additional factors in gene transcrip-
tion [243]. Acetylation of histones occurs at lysine residues and generally leads to enhanced
gene expression, while methylation, most commonly found on lysine but also on arginine
residues, leads to gene silencing [244]. DNA methylation, miRNA expression, histone
acetylation, and post-translational N6-methyladenosine (m6A) modification of RNA in the
coding region of HBx are epigenetic mechanisms that promote HBV replication and HBsAg
protein levels [245,246]. One important factor, how HBV alters the epigenetic landscape to
its advantage, is the HBV core protein (HBc). HBc, a component of the HBV minichromo-
some (a structural organization of the cccDNA), was reported to bind to CpG islands of the
viral cccDNA, the template for HBV replication, and was associated with increased viral
replication [247]. In addition, HBc has been described as directly binding to regulatory ele-
ments of genes coordinating the innate immune response, especially ISGs. This mechanism
causes reduced expression of ISGs, including the GTPase MxA, which is known to possess
antiviral activity against a broad set of viruses [248]. Epigenetics should also be considered
in treatment strategies of viral hepatitis. IFN-α, either secreted by infected cells or adminis-
tered as IFN-α or PEG-IFN-α as an antiviral, has been shown to hamper viral replication.
As described above, cccDNA as the template for viral replication is an important target
for epigenetic modulation. IFN-α2b was able to mediate de-2-hydroxyisobutyrylation of
the histone H4K8 on the cccDNA minichromosome [249]. This form of deacetylation was
facilitated by the class I deacetylase HDAC3, which is known to decrease HBV replication
via the miR-29a-3p/NFAT5 pathway [250]. Histone modification on HBV DNA, especially
PTM H3K4me3, was investigated in chronic HBV patients and linked to HBV transcription
levels [251].Although various epigenetic modulations of HBV genome replication have
been described, the interpatient variability of its occurrence makes it challenging to draw
conclusions and to provide reliable information [251]. Another obstacle in determining the
effects of epigenetic modulation on HBV replication and the resulting immune response
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is that, at the moment, HBV/HDV in vitro models are insufficient for representing the
epigenetic landscape found in patients [251]. Therefore, to answer these questions, patient
liver biopsies are indispensable. Nevertheless, because epigenetic imprinting is highly
prone to modifications, it represents a highly attractive target for drug development and
therefore should be a focus of further research efforts.

In the past decade, novel techniques like metabolomic and fluxomic technologies have
enabled researchers to investigate the close connection between cellular metabolism and the
innate immune response. HBV and HDV are both hepatotropic viruses. Since hepatocytes
are cells that function as crucial regulators of the body’s metabolic homeostasis and therefore
modulate the level of glucose, lipids, and cholesterol, research has primarily focused on
alterations in the metabolism of these compounds and their cross-talk with key signaling
pathways of the innate immune system. HBV infection has been described to increase both
glycolysis and fatty acid oxidation to promote energy supply and to stimulate the pentose
phosphate pathway to increase nucleotide synthesis for viral replication [252,253]. HBV is
capable of inducing the Warburg effect in hepatitis-infected cells [254]. This means that
glycolysis and subsequent lactate secretion take place at high rates, even in situations
where enough oxygen for aerobic metabolism is present. This mechanism provides a rapid
supply of energy, which is especially important in the early stages of HBV replication.
Along with the increase in glycolysis, synthesis of nucleotides, amino acids, and lipids,
all of which are necessary for viral replication, is increased. Increase in glycolysis leads
to enhanced secretion of lactate into the extracellular space. Lactate has been studied
most intensively in the context of cancerous diseases, since tumor cells often display high
levels of glycolysis. One important mode of action of lactate is the downregulation of the
nuclear factor of activated T cells (NFAT), which affects both T and NK cells [255]. This
is facilitated by increased uptake of lactate, or intracellular acidification, which leads to
reduced IFN-γ production and at higher doses results in immune cell apoptosis [255]. As
tumors represent ongoing chronic inflammatory responses, such as those found in chronic
hepatitis, immune-suppressive effects of increased glycolysis should be also applicable
to viral situations. In addition to its direct detrimental effect on the primary cytotoxic
innate immune effector cells, γδ T cells and NK cells [255,256], lactate has also been
described as inducing the formation of immunosuppressive cells such as M2 macrophages,
myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs) [257]. These
cells are known to hamper γδ T and NK cell function through their expression of immune-
checkpoint ligands such as PD-L1, the depletion of essential nutrients such as arginine and
cysteine, the release of immunosuppressive molecules including kynurenine and adenosine,
and the production of reactive oxygen species [258–260]. In addition, MDSCs and Tregs can
suppress the activation of the adaptive immune system by impairing antigen presentation of
DCs [261]. While research on MDSCs and Tregs has been primarily performed in the context
of cancer, MDSCs and Tregs have gained more and more attention in recent years due their
implication in the pathogenesis of HBV through metabolic regulation [262]. Besides glucose,
free fatty acids are an important influence on the innate immunity in hepatitis infection. Free
fatty acids can activate TLR4 signaling, which counteracts HBV infection [263]. The HBV-
mediated increase in their breakdown may be a potential mechanism how HBV-induced
changes in infected cells’ metabolism impair the innate immune response [256]. In late-
stage HBV patients with progressive liver cirrhosis, acute-on-chronic liver failure (ACLF)
syndrome can occur, which is a severe condition with a high short-term 28-day mortality of
33% [264]. In contrast to acute decompensation (AD) of the liver due to cirrhosis, ACLF
is a recently defined syndrome that is characterized by multiple organ failure involving
the liver, kidney, brain, coagulation, respiratory system, and circulation [264]. While the
exact pathophysiology is not clear, macrophages recruited to the liver and activated by
HBV-induced accumulation of free fatty acids obtain an immunosuppressive phenotype,
characterized by increased secretion of IL-10 and expression of CD206 [265]. This is
intriguing, since in ACLF the degree of tissue inflammation due to innate immune cells
facilitating an immunosuppressive environment seems to be lower compared to other
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affected organs. This highlights metabolomic effects on the innate immune system as an
important part in the pathogenesis of this disease, which needs future attention. Cholesterol
has been shown to be indispensable in the viral envelope of the HBV to enable it to infect
hepatocytes [266]. Also, small-molecule inhibitors of lipid synthesis have been shown to
drastically reduce HBsAg levels in in vitro cultures of HepG2–hNTCP cells [267]. While
in HBV infections, total cholesterol and low-density lipoproteins (LDLs) were increased,
high-density lipoproteins (HDL) were lowered [268,269]. This increase in the LDL/HDL
ratio not only contributes to cardiovascular diseases but also affects the innate immune
response. Although LDLs promote NK cell activity at low concentrations, NK cell functions
are drastically impaired when LDLs are accumulating. Similar observations have been
described for γδ T cells [270,271]. Taken together, both epigenetic alterations and metabolic
changes can contribute to HBV/HDV pathogenesis. Overall, the data discussed indicate
that pursuing and harnessing these options could benefit hepatitis patients’ outcomes.

10. Perspectives

While nearly absent in HBV infection, the innate immune cell response, which involves
the cell-intrinsic IFN response, induction of ISGs, as well as subsequent innate immune
cell activation and recruitment, plays a major role in controlling viral spread in HBV/HDV
co-infections. Thus, dysfunction of the innate immune system in acute HBV/HDV infection
due to viral escape mechanisms, which have been extensively reviewed recently [272,273],
support the establishment of chronic viral infection with HBV and HDV. Despite the
fact that innate immune cells contribute to viral clearance, activation of these cells also
contributes to collateral liver damage, which is important to consider when developing
therapeutic strategies against HBV and HDV that target innate immune cells. Therefore,
further research should focus on developing immunotherapeutic strategies that optimally
activate immune cells to achieve viral clearance while avoiding liver damage. In addition,
novel tools to analyze the spatial distribution of immune cells in tissue samples such as
spatially resolved transcriptomics and proteomics are needed for a deeper understanding
of the distribution and function of intra-hepatic immune cells and their role in anti-viral
responses against HBV and HDV. Due to the strong therapeutic benefit of the entry inhibitor
bulevirtide for treatment of HBV/HDV infection, current research primarily focuses on
optimizing viral entry inhibitors as well as on targeting different steps of the viral life
cycle to inhibit viral spread [272]. Considering the important role of the innate immune
response on viral clearance and liver fibrosis, modulation of the functionality of innate
(-like) immune cells represents a promising additional approach to expand the therapeutic
options for patients infected with HBV/HDV.
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Abbreviations

AAVS1 adeno-associated virus safe harbor integration site 1
ACLF acute-on-chronic liver failure
AD acute decompensation
ADAM17 disintegrin and metalloprotease 17
ADAR1 adenosine deaminases acting on RNA 1
APC antigen-presenting cells
BRD bromodomain
CARD caspase activation and recruitment domain
cccDNA closed circular DNA
cDC conventional dendritic cell
cNK conventional NK cell
CTD carboxy-terminal domain
DAMPs damage-associated molecular pattern molecules
DC dendritic cell
DNMT DNA methyltransferase
EGFR epidermal growth factor receptor
Enh enhancer
gRNA genomic RNA
HBc HBV core protein
HBsAg hepatitis B surface antigen
HBV hepatitis B virus
HBx hepatitis B virus X protein
HCC hepatocellular carcinoma
HD healthy donors
HDAC histone deacetylase
HDL High-density lipoprotein
HDM histone demethylase
HDP hepatitis D virus
HAT histone acetyltransferase
HAT histone acetyltransferase
HCC hepatocellular carcinoma
HCV hepatitis C virus
HLA human leukocyte antigen
HLC hepatocyte-like cell
HMT histone methyltransferase
HS heparan sulfate
HSC hepatic stellate cell
HSPG heparan sulfate proteoglycan
HSV herpes simplex virus
IL interleukin
ILT2 immunoglobulin-like transcript 2
iKIR inhibitory killer-cell immunoglobulin-like receptor
iNKT invariant natural killer T
IPP isopentenyl pyrophosphate
ISG interferon-stimulated gene
LGP2 laboratory of physiology and genetics 2
LDL low-density lipoprotein
L-HDAg large hepatitis D antigen
LPE lysophosphatidylethanolamine
LSEC liver sinusoidal endothelial cells
m6A N6-methyladenosine
MAIT mucosal-associated invariant T
MAVS mitochondrial antiviral signaling
MCMV mouse cytomegalovirus
MDA5 melanoma differentiation-associated gene 5
MDSC myeloid-derived suppressor cell
MR1 MHC-related protein-1
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m6A N6-methyladenosine
NAP nucleic acid polymer
NFAT nuclear factor of activated T cells
NK cell natural killer cell
NKG2D natural killer group 2 member D
NTCP sodium taurocholate co-transporting peptide
OXPHOS oxidative phosphorylation
PAMP pathogen-associated molecular pattern molecule
PBMC peripheral blood mononuclear cell
PEG pegylated
pgRNA pregenomic RNA
PHH primary human hepatocyte
pAg pyrophosphate antigens
pDC plasmacytoid dendritic cell
RIG-I retinoic acid-inducible gene I
RLR RIG-I-like receptor
RNP ribonucleoprotein
ROS reactive oxygen species
S-HDAg small hepatitis D antigen
SOCS suppressor of cytokine signaling
T-bet T-box transcription factor
TCR T cell receptor
Treg regulatory T cells
TRAIL tumor necrosis factor-related apoptosis-inducing ligand

References
1. Stockdale, A.J.; Kreuels, B.; Henrion, M.Y.R.; Giorgi, E.; Kyomuhangi, I.; de Martel, C.; Hutin, Y.; Geretti, A.M. The global

prevalence of hepatitis D virus infection: Systematic review and meta-analysis. J. Hepatol. 2020, 73, 523–532. [CrossRef] [PubMed]
2. McMahon, B.J. The natural history of chronic hepatitis B virus infection. Hepatology 2009, 49, S45–S55. [CrossRef] [PubMed]
3. Sheena, B.S.; Hiebert, L.; Han, H.; Ippolito, H.; Abbasi-Kangevari, M.; Abbasi-Kangevari, Z.; Abbastabar, H.; Abdoli, A.; Ali, H.A.;

Adane, M.M.; et al. Global, regional, and national burden of hepatitis B, 1990–2019: A systematic analysis for the Global Burden
of Disease Study 2019. Lancet Gastroenterol. Hepatol. 2022, 7, 796–829. [CrossRef] [PubMed]

4. Pan, C.; Gish, R.; Jacobson, I.M.; Hu, K.Q.; Wedemeyer, H.; Martin, P. Diagnosis and Management of Hepatitis Delta Virus
Infection. Dig. Dis. Sci. 2023, 68, 3237–3248. [CrossRef] [PubMed]

5. Charre, C.; Regue, H.; Dény, P.; Josset, L.; Chemin, I.; Zoulim, F.; Scholtes, C. Improved hepatitis delta virus genome character-
ization by single molecule full-length genome sequencing combined with VIRiONT pipeline. J. Med. Virol. 2023, 95, e28634.
[CrossRef]

6. Caviglia, G.P.; Ciancio, A.; Rizzetto, M. A Review of HDV Infection. Viruses 2022, 14, 1749. [CrossRef]
7. Perez-Vargas, J.; Amirache, F.; Boson, B.; Mialon, C.; Freitas, N.; Sureau, C.; Fusil, F.; Cosset, F.L. Enveloped viruses distinct from

HBV induce dissemination of hepatitis D virus in vivo. Nat. Commun. 2019, 10, 2098. [CrossRef]
8. Chemin, I.; Pujol, F.H.; Scholtès, C.; Loureiro, C.L.; Amirache, F.; Levrero, M.; Zoulim, F.; Pérez-Vargas, J.; Cosset, F.L. Preliminary

Evidence for Hepatitis Delta Virus Exposure in Patients Who Are Apparently Not Infected With Hepatitis B Virus. Hepatology
2021, 73, 861–864. [CrossRef]

9. Chen, Y.; Michitaka, K.; Matsubara, H.; Yamamoto, K.; Horiike, N.; Onji, M. Complete genome sequence of hepatitis B virus
(HBV) from a patient with fulminant hepatitis without precore and core promoter mutations: Comparison with HBV from a
patient with acute hepatitis infected from the same infectious source. J. Hepatol. 2003, 38, 84–90. [CrossRef]

10. Cremer, J.; van Heiningen, F.; Veldhuijzen, I.; Benschop, K. Characterization of Hepatitis B virus based complete genome analysis
improves molecular surveillance and enables identification of a recombinant C/D strain in the Netherlands. Heliyon 2023, 9, e22358.
[CrossRef]

11. Tong, S.; Revill, P. Overview of hepatitis B viral replication and genetic variability. J. Hepatol. 2016, 64, S4–S16. [CrossRef]
[PubMed]

12. Gerlich, W.H. Medical Virology of Hepatitis B: How it began and where we are now. Virol. J. 2013, 10, 239. [CrossRef] [PubMed]
13. Tiollais, P.; Pourcel, C.; Dejean, A. The hepatitis B virus. Nature 1985, 317, 489–495. [CrossRef] [PubMed]
14. Liu, H.; Zakrzewicz, D.; Nosol, K.; Irobalieva, R.N.; Mukherjee, S.; Bang-Sørensen, R.; Goldmann, N.; Kunz, S.; Rossi, L.;

Kossiakoff, A.A.; et al. Structure of antiviral drug bulevirtide bound to hepatitis B and D virus receptor protein NTCP. Nature
Communications 2024, 15, 2476. [CrossRef] [PubMed]

15. Giersch, K.; Dandri, M. In Vivo Models of HDV Infection: Is Humanizing NTCP Enough? Viruses 2021, 13, 588. [CrossRef]
16. Yan, H.; Zhong, G.; Xu, G.; He, W.; Jing, Z.; Gao, Z.; Huang, Y.; Qi, Y.; Peng, B.; Wang, H.; et al. Sodium taurocholate cotransporting

polypeptide is a functional receptor for human hepatitis B and D virus. Elife 2012, 1, e00049. [CrossRef]

https://doi.org/10.1016/j.jhep.2020.04.008
https://www.ncbi.nlm.nih.gov/pubmed/32335166
https://doi.org/10.1002/hep.22898
https://www.ncbi.nlm.nih.gov/pubmed/19399792
https://doi.org/10.1016/S2468-1253(22)00124-8
https://www.ncbi.nlm.nih.gov/pubmed/35738290
https://doi.org/10.1007/s10620-023-07960-y
https://www.ncbi.nlm.nih.gov/pubmed/37338616
https://doi.org/10.1002/jmv.28634
https://doi.org/10.3390/v14081749
https://doi.org/10.1038/s41467-019-10117-z
https://doi.org/10.1002/hep.31453
https://doi.org/10.1016/S0168-8278(02)00325-2
https://doi.org/10.1016/j.heliyon.2023.e22358
https://doi.org/10.1016/j.jhep.2016.01.027
https://www.ncbi.nlm.nih.gov/pubmed/27084035
https://doi.org/10.1186/1743-422X-10-239
https://www.ncbi.nlm.nih.gov/pubmed/23870415
https://doi.org/10.1038/317489a0
https://www.ncbi.nlm.nih.gov/pubmed/2995835
https://doi.org/10.1038/s41467-024-46706-w
https://www.ncbi.nlm.nih.gov/pubmed/38509088
https://doi.org/10.3390/v13040588
https://doi.org/10.7554/eLife.00049


Livers 2024, 4 583

17. Qiao, L.; Sui, J.; Luo, G. Robust Human and Murine Hepatocyte Culture Models of Hepatitis B Virus Infection and Replication.
J. Virol. 2018, 92. [CrossRef]

18. Groth, C.; Maric, J.; Garcés Lázaro, I.; Hofman, T.; Zhang, Z.; Ni, Y.; Keller, F.; Seufert, I.; Hofmann, M.; Neumann-Haefelin, C.;
et al. Hepatitis D infection induces IFN-β-mediated NK cell activation and TRAIL-dependent cytotoxicity. Front. Immunol. 2023,
14, 1287367. [CrossRef]

19. Sureau, C.; Salisse, J. A conformational heparan sulfate binding site essential to infectivity overlaps with the conserved hepatitis
B virus a-determinant. Hepatology 2013, 57, 985–994. [CrossRef]

20. Schulze, A.; Gripon, P.; Urban, S. Hepatitis B virus infection initiates with a large surface protein–dependent binding to heparan
sulfate proteoglycans. Hepatology 2007, 46, 1759–1768. [CrossRef]

21. Meier, A.; Mehrle, S.; Weiss, T.S.; Mier, W.; Urban, S. Myristoylated PreS1-domain of the hepatitis B virus L-protein mediates
specific binding to differentiated hepatocytes. Hepatology 2013, 58, 31–42. [CrossRef] [PubMed]

22. Petersen, J.; Dandri, M.; Mier, W.; Lütgehetmann, M.; Volz, T.; von Weizsäcker, F.; Haberkorn, U.; Fischer, L.; Pollok, J.M.; Erbes, B.;
et al. Prevention of hepatitis B virus infection in vivo by entry inhibitors derived from the large envelope protein. Nat. Biotechnol.
2008, 26, 335–341. [CrossRef]

23. Asami, J.; Kimura, K.T.; Fujita-Fujiharu, Y.; Ishida, H.; Zhang, Z.; Nomura, Y.; Liu, K.; Uemura, T.; Sato, Y.; Ono, M.; et al. Structure
of the bile acid transporter and HBV receptor NTCP. Nature 2022, 606, 1021–1026. [CrossRef] [PubMed]

24. Iwamoto, M.; Saso, W.; Sugiyama, R.; Ishii, K.; Ohki, M.; Nagamori, S.; Suzuki, R.; Aizaki, H.; Ryo, A.; Yun, J.H.; et al. Epidermal
growth factor receptor is a host-entry cofactor triggering hepatitis B virus internalization. Proc. Natl. Acad. Sci. USA 2019, 116,
8487–8492. [CrossRef] [PubMed]

25. Fukano, K.; Oshima, M.; Tsukuda, S.; Aizaki, H.; Ohki, M.; Park, S.Y.; Wakita, T.; Wakae, K.; Watashi, K.; Muramatsu, M. NTCP
Oligomerization Occurs Downstream of the NTCP-EGFR Interaction during Hepatitis B Virus Internalization. J. Virol. 2021,
95, e0093821. [CrossRef] [PubMed]

26. Wedemeyer, H.; Aleman, S.; Brunetto, M.R.; Blank, A.; Andreone, P.; Bogomolov, P.; Chulanov, V.; Mamonova, N.; Geyvandova,
N.; Morozov, V.; et al. A Phase 3, Randomized Trial of Bulevirtide in Chronic Hepatitis, D. N. Engl. J. Med. 2023, 389, 22–32.
[CrossRef]

27. Zakrzewicz, D.; Geyer, J. Multitasking Na+/Taurocholate Cotransporting Polypeptide (NTCP) as a Drug Target for HBV Infection:
From Protein Engineering to Drug Discovery. Biomedicines 2022, 10, 196. [CrossRef]

28. Moroianu, J.; Hijikata, M.; Blobel, G.; Radu, A. Mammalian karyopherin alpha 1 beta and alpha 2 beta heterodimers: Alpha 1 or
alpha 2 subunit binds nuclear localization signal and beta subunit interacts with peptide repeat-containing nucleoporins. Proc.
Natl. Acad. Sci. USA 1995, 92, 6532–6536. [CrossRef]

29. Chou, H.C.; Hsieh, T.Y.; Sheu, G.T.; Lai, M.M. Hepatitis delta antigen mediates the nuclear import of hepatitis delta virus RNA.
J. Virol. 1998, 72, 3684–3690. [CrossRef]

30. Branch, A.D.; Robertson, H.D. A Replication Cycle for Viroids and Other Small Infectious RNA’s. Science 1984, 223, 450–455.
[CrossRef]

31. Sanger, H.L.; Klotz, G.; Riesner, D.; Gross, H.J.; Kleinschmidt, A.K. Viroids are single-stranded covalently closed circular RNA
molecules existing as highly base-paired rod-like structures. Proc. Natl. Acad. Sci. USA 1976, 73, 3852–3856. [CrossRef] [PubMed]

32. Chang, J.; Nie, X.; Chang, H.E.; Han, Z.; Taylor, J. Transcription of hepatitis delta virus RNA by RNA polymerase II. J. Virol. 2008,
82, 1118–1127. [CrossRef] [PubMed]

33. Sikora, D.; Greco-Stewart, V.; Miron, P.; Pelchat, M. The hepatitis delta virus RNA genome interacts with eEF1A1, p54nrb,
hnRNP-L, GAPDH and ASF/SF2. Virology 2009, 390, 71–78. [CrossRef]

34. Glenn, J.S.; Watson, J.A.; Havel, C.M.; White, J.M. Identification of a Prenylation Site in Delta Virus Large Antigen. Science 1992,
256, 1331–1333. [CrossRef]

35. Lucifora, J.; Delphin, M. Current knowledge on Hepatitis Delta Virus replication. Antivir. Res. 2020, 179, 104812. [CrossRef]
[PubMed]

36. Sato, S.; Cornillez-Ty, C.; Lazinski David, W. By Inhibiting Replication, the Large Hepatitis Delta Antigen Can Indirectly Regulate
Amber/W Editing and Its Own Expression. J. Virol. 2004, 78, 8120–8134. [CrossRef]

37. Lee, C.-Z.; Chen, P.-J.; Lai, M.M.C.; Chen, D.-S. Isoprenylation of Large Hepatitis Delta Antigan Is Necessary but Not Sufficient
for Hepatitis Delta Virus Assembly. Virology 1994, 199, 169–175. [CrossRef]

38. Hwang, S.B.; Lai, M.M. Isoprenylation masks a conformational epitope and enhances trans-dominant inhibitory function of the
large hepatitis delta antigen. J. Virol. 1994, 68, 2958–2964. [CrossRef]

39. Lempp, F.A.; Schlund, F.; Rieble, L.; Nussbaum, L.; Link, C.; Zhang, Z.; Ni, Y.; Urban, S. Recapitulation of HDV infection in a fully
permissive hepatoma cell line allows efficient drug evaluation. Nat. Commun. 2019, 10, 2265. [CrossRef]

40. Mu, J.J.; Tsay, Y.G.; Juan, L.J.; Fu, T.F.; Huang, W.H.; Chen, D.S.; Chen, P.J. The small delta antigen of hepatitis delta virus is an
acetylated protein and acetylation of lysine 72 may influence its cellular localization and viral RNA synthesis. Virology 2004, 319,
60–70. [CrossRef]

41. Li, Y.J.; Stallcup, M.R.; Lai, M.M. Hepatitis delta virus antigen is methylated at arginine residues, and methylation regulates
subcellular localization and RNA replication. J. Virol. 2004, 78, 13325–13334. [CrossRef] [PubMed]

42. Smedile, A.; Farci, P.; Verme, G.; Caredda, F.; Cargnel, A.; Caporaso, N.; Dentico, P.; Trepo, C.; Opolon, P.; Gimson, A.; et al.
Influence of delta infection on severity of hepatitis B. Lancet 1982, 2, 945–947. [CrossRef] [PubMed]

https://doi.org/10.1128/JVI.01255-18
https://doi.org/10.3389/fimmu.2023.1287367
https://doi.org/10.1002/hep.26125
https://doi.org/10.1002/hep.21896
https://doi.org/10.1002/hep.26181
https://www.ncbi.nlm.nih.gov/pubmed/23213046
https://doi.org/10.1038/nbt1389
https://doi.org/10.1038/s41586-022-04845-4
https://www.ncbi.nlm.nih.gov/pubmed/35580629
https://doi.org/10.1073/pnas.1811064116
https://www.ncbi.nlm.nih.gov/pubmed/30952782
https://doi.org/10.1128/JVI.00938-21
https://www.ncbi.nlm.nih.gov/pubmed/34613794
https://doi.org/10.1056/NEJMoa2213429
https://doi.org/10.3390/biomedicines10010196
https://doi.org/10.1073/pnas.92.14.6532
https://doi.org/10.1128/JVI.72.5.3684-3690.1998
https://doi.org/10.1126/science.6197756
https://doi.org/10.1073/pnas.73.11.3852
https://www.ncbi.nlm.nih.gov/pubmed/1069269
https://doi.org/10.1128/JVI.01758-07
https://www.ncbi.nlm.nih.gov/pubmed/18032511
https://doi.org/10.1016/j.virol.2009.04.022
https://doi.org/10.1126/science.1598578
https://doi.org/10.1016/j.antiviral.2020.104812
https://www.ncbi.nlm.nih.gov/pubmed/32360949
https://doi.org/10.1128/JVI.78.15.8120-8134.2004
https://doi.org/10.1006/viro.1994.1109
https://doi.org/10.1128/jvi.68.5.2958-2964.1994
https://doi.org/10.1038/s41467-019-10211-2
https://doi.org/10.1016/j.virol.2003.10.024
https://doi.org/10.1128/JVI.78.23.13325-13334.2004
https://www.ncbi.nlm.nih.gov/pubmed/15542683
https://doi.org/10.1016/S0140-6736(82)90156-8
https://www.ncbi.nlm.nih.gov/pubmed/6127458


Livers 2024, 4 584

43. Farci, P.; Smedile, A.; Lavarini, C.; Piantino, P.; Crivelli, O.; Caporaso, N.; Toti, M.; Bonino, F.; Rizzetto, M. Delta hepatitis in
inapparent carriers of hepatitis B surface antigen. A disease simulating acute hepatitis B progressive to chronicity. Gastroenterology
1983, 85, 669–673. [CrossRef] [PubMed]

44. Negro, F. Hepatitis D virus coinfection and superinfection. Cold Spring Harb. Perspect. Med. 2014, 4, a021550. [CrossRef]
45. Taylor, J.M. Hepatitis delta virus. Virology 2006, 344, 71–76. [CrossRef]
46. Zhang, Z.; Ni, Y.; Lempp, F.A.; Walter, L.; Mutz, P.; Bartenschlager, R.; Urban, S. Hepatitis D virus-induced interferon response

and administered interferons control cell division-mediated virus spread. J. Hepatol. 2022, 77, 957–966. [CrossRef]
47. Wedemeyer, H.; Schöneweis, K.; Bogomolov, P.; Blank, A.; Voronkova, N.; Stepanova, T.; Sagalova, O.; Chulanov, V.; Osipenko, M.;

Morozov, V.; et al. Safety and efficacy of bulevirtide in combination with tenofovir disoproxil fumarate in patients with hepatitis
B virus and hepatitis D virus coinfection (MYR202): A multicentre, randomised, parallel-group, open-label, phase 2 trial. Lancet
Infect. Dis. 2022, 23, 117–129. [CrossRef]

48. Mederacke, I.; Filmann, N.; Yurdaydin, C.; Bremer, B.; Puls, F.; Zacher, B.J.; Heidrich, B.; Tillmann, H.L.; Rosenau, J.; Bock, C.T.;
et al. Rapid early HDV RNA decline in the peripheral blood but prolonged intrahepatic hepatitis delta antigen persistence after
liver transplantation. J. Hepatol. 2012, 56, 115–122. [CrossRef]

49. Genesca, J.; Jardi, R.; Buti, M.; Vives, L.; Prat, S.; Esteban, J.I.; Esteban, R.; Guardia, J. Hepatitis B virus replication in acute hepatitis
B, acute hepatitis B virus-hepatitis delta virus coinfection and acute hepatitis delta superinfection. Hepatology 1987, 7, 569–572.
[CrossRef]

50. Sureau, C.; Jacob, J.R.; Eichberg, J.W.; Lanford, R.E. Tissue culture system for infection with human hepatitis delta virus. J. Virol.
1991, 65, 3443–3450. [CrossRef]

51. Lutterkort, G.L.; Wranke, A.; Hengst, J.; Yurdaydin, C.; Stift, J.; Bremer, B.; Hardtke, S.; Keskin, O.; Idilman, R.; Manns, M.P.; et al.
Viral dominance patterns in chronic hepatitis delta determine early response to interferon alpha therapy. J. Viral Hepat. 2018, 25,
1384–1394. [CrossRef] [PubMed]

52. Alfaiate, D.; Lucifora, J.; Abeywickrama-Samarakoon, N.; Michelet, M.; Testoni, B.; Cortay, J.-C.; Sureau, C.; Zoulim, F.; Dény, P.;
Durantel, D. HDV RNA replication is associated with HBV repression and interferon-stimulated genes induction in super-infected
hepatocytes. Antivir. Res. 2016, 136, 19–31. [CrossRef] [PubMed]

53. Wu, J.C.; Chen, P.J.; Kuo, M.Y.; Lee, S.D.; Chen, D.S.; Ting, L.P. Production of hepatitis delta virus and suppression of helper
hepatitis B virus in a human hepatoma cell line. J. Virol. 1991, 65, 1099–1104. [CrossRef]

54. Lucifora, J.; Alfaiate, D.; Pons, C.; Michelet, M.; Ramirez, R.; Fusil, F.; Amirache, F.; Rossi, A.; Legrand, A.-F.; Charles, E.; et al.
Hepatitis D virus interferes with hepatitis B virus RNA production via interferon-dependent and -independent mechanisms.
J. Hepatol. 2023, 78, 958–970. [CrossRef] [PubMed]

55. Williams, V.; Brichler, S.; Radjef, N.; Lebon, P.; Goffard, A.; Hober, D.; Fagard, R.; Kremsdorf, D.; Dény, P.; Gordien, E. Hepatitis
delta virus proteins repress hepatitis B virus enhancers and activate the alpha/beta interferon-inducible MxA gene. J. Gen. Virol.
2009, 90, 2759–2767. [CrossRef]

56. Giersch, K.; Allweiss, L.; Volz, T.; Helbig, M.; Bierwolf, J.; Lohse, A.W.; Pollok, J.M.; Petersen, J.; Dandri, M.; Lütgehetmann, M.
Hepatitis Delta co-infection in humanized mice leads to pronounced induction of innate immune responses in comparison to
HBV mono-infection. J. Hepatol. 2015, 63, 346–353. [CrossRef]

57. Gao, B.; Duan, Z.; Xu, W.; Xiong, S. Tripartite motif-containing 22 inhibits the activity of hepatitis B virus core promoter, which is
dependent on nuclear-located RING domain. Hepatology 2009, 50, 424–433. [CrossRef] [PubMed]

58. Kouwaki, T.; Fukushima, Y.; Daito, T.; Sanada, T.; Yamamoto, N.; Mifsud, E.J.; Leong, C.R.; Tsukiyama-Kohara, K.; Kohara,
M.; Matsumoto, M.; et al. Extracellular Vesicles Including Exosomes Regulate Innate Immune Responses to Hepatitis B Virus
Infection. Front. Immunol. 2016, 7, 335. [CrossRef]

59. Liu, Y.; Nie, H.; Mao, R.; Mitra, B.; Cai, D.; Yan, R.; Guo, J.-T.; Block, T.M.; Mechti, N.; Guo, H. Interferon-inducible ribonuclease
ISG20 inhibits hepatitis B virus replication through directly binding to the epsilon stem-loop structure of viral RNA. PLoS Pathog.
2017, 13, e1006296. [CrossRef]

60. Blanchet, M.; Angelo, L.; Tétreault, Y.; Khabir, M.; Sureau, C.; Vaillant, A.; Labonté, P. HepG2BD: A Novel and Versatile Cell Line
with Inducible HDV Replication and Constitutive HBV Expression. Viruses 2024, 16, 532. [CrossRef]

61. Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, A.; Kawai, T.; Ishii, K.J.; et al.
Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature 2006, 441, 101–105. [CrossRef] [PubMed]

62. Rehwinkel, J.; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537–551.
[CrossRef] [PubMed]

63. Kowalinski, E.; Lunardi, T.; McCarthy, A.A.; Louber, J.; Brunel, J.; Grigorov, B.; Gerlier, D.; Cusack, S. Structural basis for the
activation of innate immune pattern-recognition receptor RIG-I by viral RNA. Cell 2011, 147, 423–435. [CrossRef] [PubMed]

64. Zerbe, C.M.; Mouser, D.J.; Cole, J.L. Oligomerization of RIG-I and MDA5 2CARD domains. Protein Sci. 2020, 29, 521–526.
[CrossRef]

65. Lee, N.R.; Kim, H.I.; Choi, M.S.; Yi, C.M.; Inn, K.S. Regulation of MDA5-MAVS Antiviral Signaling Axis by TRIM25 through
TRAF6-Mediated NF-κB Activation. Mol. Cells 2015, 38, 759–764. [CrossRef]

66. Bruns, A.M.; Leser, G.P.; Lamb, R.A.; Horvath, C.M. The innate immune sensor LGP2 activates antiviral signaling by regulating
MDA5-RNA interaction and filament assembly. Mol. Cell 2014, 55, 771–781. [CrossRef]

https://doi.org/10.1016/0016-5085(83)90024-0
https://www.ncbi.nlm.nih.gov/pubmed/6873613
https://doi.org/10.1101/cshperspect.a021550
https://doi.org/10.1016/j.virol.2005.09.033
https://doi.org/10.1016/j.jhep.2022.05.023
https://doi.org/10.1016/S1473-3099(22)00318-8
https://doi.org/10.1016/j.jhep.2011.06.016
https://doi.org/10.1002/hep.1840070325
https://doi.org/10.1128/jvi.65.7.3443-3450.1991
https://doi.org/10.1111/jvh.12947
https://www.ncbi.nlm.nih.gov/pubmed/29888837
https://doi.org/10.1016/j.antiviral.2016.10.006
https://www.ncbi.nlm.nih.gov/pubmed/27771387
https://doi.org/10.1128/jvi.65.3.1099-1104.1991
https://doi.org/10.1016/j.jhep.2023.01.005
https://www.ncbi.nlm.nih.gov/pubmed/36702177
https://doi.org/10.1099/vir.0.011239-0
https://doi.org/10.1016/j.jhep.2015.03.011
https://doi.org/10.1002/hep.23011
https://www.ncbi.nlm.nih.gov/pubmed/19585648
https://doi.org/10.3389/fimmu.2016.00335
https://doi.org/10.1371/journal.ppat.1006296
https://doi.org/10.3390/v16040532
https://doi.org/10.1038/nature04734
https://www.ncbi.nlm.nih.gov/pubmed/16625202
https://doi.org/10.1038/s41577-020-0288-3
https://www.ncbi.nlm.nih.gov/pubmed/32203325
https://doi.org/10.1016/j.cell.2011.09.039
https://www.ncbi.nlm.nih.gov/pubmed/22000019
https://doi.org/10.1002/pro.3776
https://doi.org/10.14348/molcells.2015.0047
https://doi.org/10.1016/j.molcel.2014.07.003


Livers 2024, 4 585

67. Duic, I.; Tadakuma, H.; Harada, Y.; Yamaue, R.; Deguchi, K.; Suzuki, Y.; Yoshimura, S.H.; Kato, H.; Takeyasu, K.; Fujita, T. Viral
RNA recognition by LGP2 and MDA5, and activation of signaling through step-by-step conformational changes. Nucleic Acids
Res. 2020, 48, 11664–11674. [CrossRef]

68. Gillich, N.; Zhang, Z.; Binder, M.; Urban, S.; Bartenschlager, R. Effect of variants in LGP2 on MDA5-mediated activation of
interferon response and suppression of hepatitis D virus replication. J. Hepatol. 2023, 78, 78–89. [CrossRef]

69. Altstetter, S.M.; Quitt, O.; Pinci, F.; Hornung, V.; Lucko, A.M.; Wisskirchen, K.; Jung, S.; Protzer, U. Hepatitis-D Virus Infection Is
Not Impaired by Innate Immunity but Increases Cytotoxic T-Cell Activity. Cells 2021, 10, 3253. [CrossRef]

70. Harris, D.T.; Kranz, D.M. Adoptive T Cell Therapies: A Comparison of T Cell Receptors and Chimeric Antigen Receptors. Trends
Pharmacol. Sci. 2016, 37, 220–230. [CrossRef]

71. Lange, F.; Garn, J.; Anagho, H.A.; Vondran, F.W.R.; von Hahn, T.; Pietschmann, T.; Carpentier, A. Hepatitis D virus infection,
innate immune response and antiviral treatments in stem cell-derived hepatocytes. Liver Int. 2023, 43, 2116–2129. [CrossRef]
[PubMed]

72. Griffin, B.L.; Chasovskikh, S.; Dritschilo, A.; Casey, J.L. Hepatitis delta antigen requires a flexible quasi-double-stranded RNA
structure to bind and condense hepatitis delta virus RNA in a ribonucleoprotein complex. J. Virol. 2014, 88, 7402–7411. [CrossRef]
[PubMed]

73. Lazinski, D.W.; Taylor, J.M. Expression of hepatitis delta virus RNA deletions: Cis and trans requirements for self-cleavage,
ligation, and RNA packaging. J. Virol. 1994, 68, 2879–2888. [CrossRef] [PubMed]

74. Zhang, Z.; Urban, S. New insights into HDV persistence: The role of interferon response and implications for upcoming novel
therapies. J. Hepatol. 2021, 74, 686–699. [CrossRef] [PubMed]

75. Crispe, I.N. The Liver as a Lymphoid Organ. Annu. Rev. Immunol. 2009, 27, 147–163. [CrossRef]
76. Hudspeth, K.; Pontarini, E.; Tentorio, P.; Cimino, M.; Donadon, M.; Torzilli, G.; Lugli, E.; Della Bella, S.; Gershwin, M.E.; Mavilio,

D. The role of natural killer cells in autoimmune liver disease: A comprehensive review. J. Autoimmun. 2013, 46, 55–65. [CrossRef]
77. Kumar, S.; Duan, Q.; Wu, R.; Harris, E.N.; Su, Q. Pathophysiological communication between hepatocytes and non-parenchymal

cells in liver injury from NAFLD to liver fibrosis. Adv. Drug Deliv. Rev. 2021, 176, 113869. [CrossRef]
78. Gao, B.; Jeong, W.I.; Tian, Z. Liver: An organ with predominant innate immunity. Hepatology 2008, 47, 729–736. [CrossRef]
79. Racanelli, V.; Rehermann, B. The liver as an immunological organ. Hepatology 2006, 43, S54–S62. [CrossRef]
80. Lau, A.H.; Thomson, A.W. Dendritic cells and immune regulation in the liver. Gut 2003, 52, 307–314. [CrossRef]
81. Elvevold, K.; Smedsrød, B.; Martinez, I. The liver sinusoidal endothelial cell: A cell type of controversial and confusing identity.

Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 294, G391–G400. [CrossRef] [PubMed]
82. Farci, P.; Niro, G.A.; Zamboni, F.; Diaz, G. Hepatitis D Virus and Hepatocellular Carcinoma. Viruses 2021, 13, 830. [CrossRef]

[PubMed]
83. Chaudhry, S.; Emond, J.; Griesemer, A. Immune Cell Trafficking to the Liver. Transplantation 2019, 103, 1323–1337. [CrossRef]

[PubMed]
84. Chen, Y.; Tian, Z. Innate lymphocytes: Pathogenesis and therapeutic targets of liver diseases and cancer. Cell. Mol. Immunol. 2021,

18, 57–72. [CrossRef]
85. Liu, M.; Zhang, C. The Role of Innate Lymphoid Cells in Immune-Mediated Liver Diseases. Front. Immunol. 2017, 8, 695.

[CrossRef]
86. Klose, C.S.N.; Flach, M.; Möhle, L.; Rogell, L.; Hoyler, T.; Ebert, K.; Fabiunke, C.; Pfeifer, D.; Sexl, V.; Fonseca-Pereira, D.; et al.

Differentiation of type 1 ILCs from a common progenitor to all helper-like innate lymphoid cell lineages. Cell 2014, 157, 340–356.
[CrossRef]

87. Cortez, V.S.; Robinette, M.L.; Colonna, M. Innate lymphoid cells: New insights into function and development. Curr. Opin.
Immunol. 2015, 32, 71–77. [CrossRef]

88. Sun, H.; Sun, C.; Tian, Z.; Xiao, W. NK cells in immunotolerant organs. Cell Mol. Immunol. 2013, 10, 202–212. [CrossRef]
89. Bernink, J.H.; Peters, C.P.; Munneke, M.; te Velde, A.A.; Meijer, S.L.; Weijer, K.; Hreggvidsdottir, H.S.; Heinsbroek, S.E.; Legrand,

N.; Buskens, C.J.; et al. Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues. Nat. Immunol. 2013, 14,
221–229. [CrossRef]

90. Cupedo, T.; Crellin, N.K.; Papazian, N.; Rombouts, E.J.; Weijer, K.; Grogan, J.L.; Fibbe, W.E.; Cornelissen, J.J.; Spits, H. Human
fetal lymphoid tissue-inducer cells are interleukin 17-producing precursors to RORC+ CD127+ natural killer-like cells. Nat.
Immunol. 2009, 10, 66–74. [CrossRef]

91. Spits, H.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, J.P.; Eberl, G.; Koyasu, S.; Locksley, R.M.; McKenzie, A.N.; Mebius, R.E.;
et al. Innate lymphoid cells--a proposal for uniform nomenclature. Nat. Rev. Immunol. 2013, 13, 145–149. [CrossRef] [PubMed]

92. McHedlidze, T.; Waldner, M.; Zopf, S.; Walker, J.; Rankin, A.L.; Schuchmann, M.; Voehringer, D.; McKenzie, A.N.; Neurath, M.F.;
Pflanz, S.; et al. Interleukin-33-dependent innate lymphoid cells mediate hepatic fibrosis. Immunity 2013, 39, 357–371. [CrossRef]

93. Matsumoto, A.; Kanai, T.; Mikami, Y.; Chu, P.S.; Nakamoto, N.; Ebinuma, H.; Saito, H.; Sato, T.; Yagita, H.; Hibi, T. IL-22-
producing RORγt-dependent innate lymphoid cells play a novel protective role in murine acute hepatitis. PLoS ONE 2013,
8, e62853. [CrossRef]

94. Yang, Z.; Tang, T.; Wei, X.; Yang, S.; Tian, Z. Type 1 innate lymphoid cells contribute to the pathogenesis of chronic hepatitis B.
Innate Immun. 2015, 21, 665–673. [CrossRef]

https://doi.org/10.1093/nar/gkaa935
https://doi.org/10.1016/j.jhep.2022.08.041
https://doi.org/10.3390/cells10113253
https://doi.org/10.1016/j.tips.2015.11.004
https://doi.org/10.1111/liv.15655
https://www.ncbi.nlm.nih.gov/pubmed/37366005
https://doi.org/10.1128/JVI.00443-14
https://www.ncbi.nlm.nih.gov/pubmed/24741096
https://doi.org/10.1128/jvi.68.5.2879-2888.1994
https://www.ncbi.nlm.nih.gov/pubmed/8151758
https://doi.org/10.1016/j.jhep.2020.11.032
https://www.ncbi.nlm.nih.gov/pubmed/33276031
https://doi.org/10.1146/annurev.immunol.021908.132629
https://doi.org/10.1016/j.jaut.2013.07.003
https://doi.org/10.1016/j.addr.2021.113869
https://doi.org/10.1002/hep.22034
https://doi.org/10.1002/hep.21060
https://doi.org/10.1136/gut.52.2.307
https://doi.org/10.1152/ajpgi.00167.2007
https://www.ncbi.nlm.nih.gov/pubmed/18063708
https://doi.org/10.3390/v13050830
https://www.ncbi.nlm.nih.gov/pubmed/34064419
https://doi.org/10.1097/TP.0000000000002690
https://www.ncbi.nlm.nih.gov/pubmed/30817405
https://doi.org/10.1038/s41423-020-00561-z
https://doi.org/10.3389/fimmu.2017.00695
https://doi.org/10.1016/j.cell.2014.03.030
https://doi.org/10.1016/j.coi.2015.01.004
https://doi.org/10.1038/cmi.2013.9
https://doi.org/10.1038/ni.2534
https://doi.org/10.1038/ni.1668
https://doi.org/10.1038/nri3365
https://www.ncbi.nlm.nih.gov/pubmed/23348417
https://doi.org/10.1016/j.immuni.2013.07.018
https://doi.org/10.1371/journal.pone.0062853
https://doi.org/10.1177/1753425915586074


Livers 2024, 4 586

95. Smith, S.L.; Kennedy, P.R.; Stacey, K.B.; Worboys, J.D.; Yarwood, A.; Seo, S.; Solloa, E.H.; Mistretta, B.; Chatterjee, S.S.; Gunaratne,
P.; et al. Diversity of peripheral blood human NK cells identified by single-cell RNA sequencing. Blood Adv. 2020, 4, 1388–1406.
[CrossRef] [PubMed]

96. Peruzzi, G.; Femnou, L.; Gil-Krzewska, A.; Borrego, F.; Weck, J.; Krzewski, K.; Coligan, J.E. Membrane-type 6 matrix metallopro-
teinase regulates the activation-induced downmodulation of CD16 in human primary NK cells. J. Immunol. 2013, 191, 1883–1894.
[CrossRef]

97. Kirman, I.; Vainer, B.; Nielsen, O.H. Interleukin-15 and its role in chronic inflammatory diseases. Inflamm. Res. 1998, 47, 285–289.
[CrossRef] [PubMed]

98. Yu, W.H.; Cosgrove, C.; Berger, C.T.; Cheney, P.C.; Krykbaeva, M.; Kim, A.Y.; Lewis-Ximenez, L.; Lauer, G.M.; Alter, G. ADCC-
Mediated CD56(DIM) NK Cell Responses Are Associated with Early HBsAg Clearance in Acute HBV Infection. Pathog. Immun.
2018, 3, 2–18. [CrossRef]

99. Caligiuri, M.A. Human natural killer cells. Blood 2008, 112, 461–469. [CrossRef]
100. Chan, A.; Hong, D.L.; Atzberger, A.; Kollnberger, S.; Filer, A.D.; Buckley, C.D.; McMichael, A.; Enver, T.; Bowness, P. CD56bright

human NK cells differentiate into CD56dim cells: Role of contact with peripheral fibroblasts. J. Immunol. 2007, 179, 89–94.
[CrossRef]

101. Cooper, M.A.; Fehniger, T.A.; Caligiuri, M.A. The biology of human natural killer-cell subsets. Trends Immunol. 2001, 22, 633–640.
[CrossRef] [PubMed]

102. Nagler, A.; Lanier, L.L.; Cwirla, S.; Phillips, J.H. Comparative studies of human FcRIII-positive and negative natural killer cells.
J. Immunol. 1989, 143, 3183–3191. [CrossRef] [PubMed]

103. Wendt, K.; Wilk, E.; Buyny, S.; Schmidt, R.E.; Jacobs, R. Interleukin-21 differentially affects human natural killer cell subsets.
Immunology 2007, 122, 486–495. [CrossRef] [PubMed]

104. De Maria, A.; Bozzano, F.; Cantoni, C.; Moretta, L. Revisiting human natural killer cell subset function revealed cytolytic
CD56(dim)CD16+ NK cells as rapid producers of abundant IFN-gamma on activation. Proc. Natl. Acad. Sci. USA 2011, 108,
728–732. [CrossRef]

105. Cooper, M.A.; Fehniger, T.A.; Turner, S.C.; Chen, K.S.; Ghaheri, B.A.; Ghayur, T.; Carson, W.E.; Caligiuri, M.A. Human natural
killer cells: A unique innate immunoregulatory role for the CD56bright subset. Blood 2001, 97, 3146–3151. [CrossRef]

106. Wagner, J.A.; Rosario, M.; Romee, R.; Berrien-Elliott, M.M.; Schneider, S.E.; Leong, J.W.; Sullivan, R.P.; Jewell, B.A.; Becker-Hapak,
M.; Schappe, T.; et al. CD56bright NK cells exhibit potent antitumor responses following IL-15 priming. J. Clin. Investig. 2017, 127,
4042–4058. [CrossRef]

107. Fehniger, T.A.; Cooper, M.A.; Nuovo, G.J.; Cella, M.; Facchetti, F.; Colonna, M.; Caligiuri, M.A. CD56bright natural killer cells
are present in human lymph nodes and are activated by T cell–derived IL-2: A potential new link between adaptive and innate
immunity. Blood 2003, 101, 3052–3057. [CrossRef]

108. Ferlazzo, G.; Thomas, D.; Lin, S.-L.; Goodman, K.; Morandi, B.; Muller, W.A.; Moretta, A.; Münz, C. The Abundant NK Cells
in Human Secondary Lymphoid Tissues Require Activation to Express Killer Cell Ig-Like Receptors and Become Cytolytic1.
J. Immunol. 2004, 172, 1455–1462. [CrossRef]

109. Ferlazzo, G.; Pack, M.; Thomas, D.; Paludan, C.; Schmid, D.; Strowig, T.; Bougras, G.; Muller, W.A.; Moretta, L.; Münz, C. Distinct
roles of IL-12 and IL-15 in human natural killer cell activation by dendritic cells from secondary lymphoid organs. Proc. Natl.
Acad. Sci. USA 2004, 101, 16606–16611. [CrossRef]

110. Poli, A.; Michel, T.; Thérésine, M.; Andrès, E.; Hentges, F.; Zimmer, J. CD56bright natural killer (NK) cells: An important NK cell
subset. Immunology 2009, 126, 458–465. [CrossRef]

111. Jiang, Y.; Qin, S.; Wei, X.; Liu, X.; Guan, J.; Zhu, H.; Chang, G.; Chen, Y.; Lu, H.; Qian, J.; et al. Highly activated TRAIL(+)
CD56(bright) NK cells are associated with the liver damage in HBV-LC patients. Immunol. Lett. 2021, 232, 9–19. [CrossRef]
[PubMed]

112. Van Acker, H.H.; Capsomidis, A.; Smits, E.L.; Van Tendeloo, V.F. CD56 in the Immune System: More Than a Marker for
Cytotoxicity? Front. Immunol. 2017, 8, 892. [CrossRef]

113. Sivori, S.; Vitale, M.; Morelli, L.; Sanseverino, L.; Augugliaro, R.; Bottino, C.; Moretta, L.; Moretta, A. p46, a novel natural killer
cell-specific surface molecule that mediates cell activation. J. Exp. Med. 1997, 186, 1129–1136. [CrossRef] [PubMed]

114. Diefenbach, A.; Colonna, M.; Koyasu, S. Development, differentiation, and diversity of innate lymphoid cells. Immunity 2014, 41,
354–365. [CrossRef]

115. Verrier, T.; Satoh-Takayama, N.; Serafini, N.; Marie, S.; Di Santo, J.P.; Vosshenrich, C.A. Phenotypic and Functional Plasticity of
Murine Intestinal NKp46+ Group 3 Innate Lymphoid Cells. J. Immunol. 2016, 196, 4731–4738. [CrossRef]

116. Stewart, C.A.; Walzer, T.; Robbins, S.H.; Malissen, B.; Vivier, E.; Prinz, I. Germ-line and rearranged Tcrd transcription distinguish
bona fide NK cells and NK-like gammadelta T cells. Eur. J. Immunol. 2007, 37, 1442–1452. [CrossRef] [PubMed]

117. Correia, D.V.; Fogli, M.; Hudspeth, K.; da Silva, M.G.; Mavilio, D.; Silva-Santos, B. Differentiation of human peripheral blood
Vδ1+ T cells expressing the natural cytotoxicity receptor NKp30 for recognition of lymphoid leukemia cells. Blood 2011, 118,
992–1001. [CrossRef]

118. Meresse, B.; Curran, S.A.; Ciszewski, C.; Orbelyan, G.; Setty, M.; Bhagat, G.; Lee, L.; Tretiakova, M.; Semrad, C.; Kistner, E.; et al.
Reprogramming of CTLs into natural killer-like cells in celiac disease. J. Exp. Med. 2006, 203, 1343–1355. [CrossRef]

https://doi.org/10.1182/bloodadvances.2019000699
https://www.ncbi.nlm.nih.gov/pubmed/32271902
https://doi.org/10.4049/jimmunol.1300313
https://doi.org/10.1007/s000110050331
https://www.ncbi.nlm.nih.gov/pubmed/9719492
https://doi.org/10.20411/pai.v3i1.228
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.4049/jimmunol.179.1.89
https://doi.org/10.1016/S1471-4906(01)02060-9
https://www.ncbi.nlm.nih.gov/pubmed/11698225
https://doi.org/10.4049/jimmunol.143.10.3183
https://www.ncbi.nlm.nih.gov/pubmed/2530273
https://doi.org/10.1111/j.1365-2567.2007.02675.x
https://www.ncbi.nlm.nih.gov/pubmed/17635612
https://doi.org/10.1073/pnas.1012356108
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1172/JCI90387
https://doi.org/10.1182/blood-2002-09-2876
https://doi.org/10.4049/jimmunol.172.3.1455
https://doi.org/10.1073/pnas.0407522101
https://doi.org/10.1111/j.1365-2567.2008.03027.x
https://doi.org/10.1016/j.imlet.2020.12.008
https://www.ncbi.nlm.nih.gov/pubmed/33515618
https://doi.org/10.3389/fimmu.2017.00892
https://doi.org/10.1084/jem.186.7.1129
https://www.ncbi.nlm.nih.gov/pubmed/9314561
https://doi.org/10.1016/j.immuni.2014.09.005
https://doi.org/10.4049/jimmunol.1502673
https://doi.org/10.1002/eji.200737354
https://www.ncbi.nlm.nih.gov/pubmed/17492716
https://doi.org/10.1182/blood-2011-02-339135
https://doi.org/10.1084/jem.20060028


Livers 2024, 4 587

119. Letafati, A.; Ardekani, O.S.; Naderisemiromi, M.; Norouzi, M.; Shafiei, M.; Nik, S.; Mozhgani, S.-H. Unraveling the dynamic
mechanisms of natural killer cells in viral infections: Insights and implications. Virol. J. 2024, 21, 18. [CrossRef]

120. Zwirner, N.W.; Ziblat, A. Regulation of NK Cell Activation and Effector Functions by the IL-12 Family of Cytokines: The Case of
IL-27. Front. Immunol. 2017, 8, 25. [CrossRef]

121. Zelante, T.; Fric, J.; Wong, A.Y.; Ricciardi-Castagnoli, P. Interleukin-2 production by dendritic cells and its immuno-regulatory
functions. Front. Immunol. 2012, 3, 161. [CrossRef] [PubMed]

122. Rehermann, B. Natural Killer Cells in Viral Hepatitis. Cmgh 2015, 1, 578–588. [CrossRef] [PubMed]
123. Madera, S.; Rapp, M.; Firth, M.A.; Beilke, J.N.; Lanier, L.L.; Sun, J.C. Type I IFN promotes NK cell expansion during viral infection

by protecting NK cells against fratricide. J. Exp. Med. 2016, 213, 225–233. [CrossRef]
124. Lee, A.J.; Mian, F.; Poznanski, S.M.; Stackaruk, M.; Chan, T.; Chew, M.V.; Ashkar, A.A. Type I Interferon Receptor on NK Cells

Negatively Regulates Interferon-γ Production. Front. Immunol. 2019, 10, 1261. [CrossRef]
125. Chida, T.; Ishida, Y.; Morioka, S.; Sugahara, G.; Han, C.; Lam, B.; Yamasaki, C.; Sugahara, R.; Li, M.; Tanaka, Y.; et al. Persistent

hepatic IFN system activation in HBV-HDV infection determines viral replication dynamics and therapeutic response. JCI insight
2023, 8, e162404. [CrossRef]

126. Dring, M.M.; Morrison, M.H.; McSharry, B.P.; Guinan, K.J.; Hagan, R.; O’Farrelly, C.; Gardiner, C.M. Innate immune genes
synergize to predict increased risk of chronic disease in hepatitis C virus infection. Proc. Natl. Acad. Sci. USA 2011, 108, 5736–5741.
[CrossRef]

127. Krämer, B.; Eisenhardt, M.; Glässner, A.; Körner, C.; Sauerbruch, T.; Spengler, U.; Nattermann, J. Do λ-IFNs IL28A and IL28B act
on human natural killer cells? Proc. Natl. Acad. Sci. USA 2011, 108, E519–E520. [CrossRef]

128. Syedbasha, M.; Egli, A. Interferon Lambda: Modulating Immunity in Infectious Diseases. Front. Immunol. 2017, 8, 119. [CrossRef]
[PubMed]

129. Souza-Fonseca-Guimaraes, F.; Young, A.; Mittal, D.; Martinet, L.; Bruedigam, C.; Takeda, K.; Andoniou, C.E.; Degli-Esposti, M.A.;
Hill, G.R.; Smyth, M.J. NK cells require IL-28R for optimal in vivo activity. Proc. Natl. Acad. Sci. USA 2015, 112, E2376–E2384.
[CrossRef]

130. Read, S.A.; Wijaya, R.; Ramezani-Moghadam, M.; Tay, E.; Schibeci, S.; Liddle, C.; Lam, V.W.T.; Yuen, L.; Douglas, M.W.; Booth, D.;
et al. Macrophage Coordination of the Interferon Lambda Immune Response. Front. Immunol. 2019, 10, 2674. [CrossRef]

131. Finotti, G.; Tamassia, N.; Cassatella, M.A. Interferon-λs and Plasmacytoid Dendritic Cells: A Close Relationship. Front. Immunol.
2017, 8, 1015. [CrossRef] [PubMed]

132. Ott, J.J.; Stevens, G.A.; Groeger, J.; Wiersma, S.T. Global epidemiology of hepatitis B virus infection: New estimates of age-specific
HBsAg seroprevalence and endemicity. Vaccine 2012, 30, 2212–2219. [CrossRef] [PubMed]

133. Trépo, C.; Chan, H.L.Y.; Lok, A. Hepatitis B virus infection. Lancet 2014, 384, 2053–2063. [CrossRef] [PubMed]
134. Tan, A.; Koh, S.; Bertoletti, A. Immune Response in Hepatitis B Virus Infection. Cold Spring Harb. Perspect. Med. 2015, 5, a021428.

[CrossRef]
135. Wieland, S.; Thimme, R.; Purcell, R.H.; Chisari, F.V. Genomic analysis of the host response to hepatitis B virus infection. Proc. Natl.

Acad. Sci. USA 2004, 101, 6669–6674. [CrossRef]
136. Knight, A.; Arnouk, H.; Britt, W.; Gillespie, G.Y.; Cloud, G.A.; Harkins, L.; Su, Y.; Lowdell, M.W.; Lamb, L.S.; Medewar, P.; et al.

CMV-independent lysis of glioblastoma by ex vivo expanded/activated Vδ1+ γδ T cells. PLoS ONE 2013, 8, e68729. [CrossRef]
137. Suslov, A.; Boldanova, T.; Wang, X.; Wieland, S.; Heim, M.H. Hepatitis B Virus Does Not Interfere With Innate Immune Responses

in the Human Liver. Gastroenterology 2018, 154, 1778–1790. [CrossRef]
138. Chang, K.C.; Chua, H.H.; Chen, Y.H.; Tsuei, D.J.; Lee, M.H.; Chiang, C.L.; Jeng, Y.M.; Wu, J.F.; Chen, H.L.; Hsu, H.Y.; et al.

Hepatitis B virus X gene impacts on the innate immunity and immune-tolerant phase in chronic hepatitis B virus infection. Liver
Int. 2022, 42, 2154–2166. [CrossRef]

139. Wang, X.; Li, Y.; Mao, A.; Li, C.; Li, Y.; Tien, P. Hepatitis B virus X protein suppresses virus-triggered IRF3 activation and IFN-beta
induction by disrupting the VISA-associated complex. Cell Mol. Immunol. 2010, 7, 341–348. [CrossRef]

140. Jiang, J.; Tang, H. Mechanism of inhibiting type I interferon induction by hepatitis B virus X protein. Protein Cell 2010, 1, 1106–1117.
[CrossRef]

141. Lunemann, S.; Malone, D.F.G.G.; Hengst, J.; Port, K.; Grabowski, J.; Deterding, K.; Markova, A.; Bremer, B.; Schlaphoff, V.;
Cornberg, M.; et al. Compromised function of natural killer cells in acute and chronic viral hepatitis. J. Infect. Dis. 2014, 209,
1362–1373. [CrossRef] [PubMed]

142. Kefalakes, H.; Horgan, X.J.; Jung, M.K.; Amanakis, G.; Kapuria, D.; Bolte, F.J.; Kleiner, D.E.; Koh, C.; Heller, T.; Rehermann,
B. Liver-Resident Bystander CD8(+) T Cells Contribute to Liver Disease Pathogenesis in Chronic Hepatitis D Virus Infection.
Gastroenterology 2021, 161, 1567–1583. [CrossRef] [PubMed]

143. Marquardt, N.; Béziat, V.; Nyström, S.; Hengst, J.; Ivarsson, M.A.; Kekäläinen, E.; Johansson, H.; Mjösberg, J.; Westgren, M.;
Lankisch, T.O.; et al. Cutting Edge: Identification and Characterization of Human Intrahepatic CD49a + NK Cells. J. Immunol.
2015, 194, 2467–2471. [CrossRef]

144. Stegmann, K.A.; Robertson, F.; Hansi, N.; Gill, U.; Pallant, C.; Christophides, T.; Pallett, L.J.; Peppa, D.; Dunn, C.; Fusai, G.; et al.
CXCR6 marks a novel subset of T-betloEomeshi natural killer cells residing in human liver. Sci. Rep. 2016, 6, 26157. [CrossRef]

145. Lalor, S.J.; McLoughlin, R.M. Memory γδ T cells–newly appreciated protagonists in infection and immunity. Trends Immunol.
2016, 37, 690–702. [CrossRef]

https://doi.org/10.1186/s12985-024-02287-0
https://doi.org/10.3389/fimmu.2017.00025
https://doi.org/10.3389/fimmu.2012.00161
https://www.ncbi.nlm.nih.gov/pubmed/22719740
https://doi.org/10.1016/j.jcmgh.2015.09.004
https://www.ncbi.nlm.nih.gov/pubmed/26682281
https://doi.org/10.1084/jem.20150712
https://doi.org/10.3389/fimmu.2019.01261
https://doi.org/10.1172/jci.insight.162404
https://doi.org/10.1073/pnas.1016358108
https://doi.org/10.1073/pnas.1108850108
https://doi.org/10.3389/fimmu.2017.00119
https://www.ncbi.nlm.nih.gov/pubmed/28293236
https://doi.org/10.1073/pnas.1424241112
https://doi.org/10.3389/fimmu.2019.02674
https://doi.org/10.3389/fimmu.2017.01015
https://www.ncbi.nlm.nih.gov/pubmed/28878776
https://doi.org/10.1016/j.vaccine.2011.12.116
https://www.ncbi.nlm.nih.gov/pubmed/22273662
https://doi.org/10.1016/S0140-6736(14)60220-8
https://www.ncbi.nlm.nih.gov/pubmed/24954675
https://doi.org/10.1101/cshperspect.a021428
https://doi.org/10.1073/pnas.0401771101
https://doi.org/10.1371/journal.pone.0068729
https://doi.org/10.1053/j.gastro.2018.01.034
https://doi.org/10.1111/liv.15348
https://doi.org/10.1038/cmi.2010.36
https://doi.org/10.1007/s13238-010-0141-8
https://doi.org/10.1093/infdis/jit561
https://www.ncbi.nlm.nih.gov/pubmed/24154737
https://doi.org/10.1053/j.gastro.2021.07.027
https://www.ncbi.nlm.nih.gov/pubmed/34302839
https://doi.org/10.4049/jimmunol.1402756
https://doi.org/10.1038/srep26157
https://doi.org/10.1016/j.it.2016.07.006


Livers 2024, 4 588

146. Wee, A. Fine-needle aspiration biopsy of hepatocellular carcinoma and related hepatocellular nodular lesions in cirrhosis:
Controversies, challenges, and expectations. Patholog Res. Int. 2011, 2011, 587936. [CrossRef] [PubMed]

147. Battistella, S.; Zanetto, A.; Gambato, M.; Germani, G.; Senzolo, M.; Burra, P.; Russo, F.P. The Role of Antiviral Prophylaxis in
Preventing HBV and HDV Recurrence in the Setting of Liver Transplantation. Viruses 2023, 15, 1037. [CrossRef]

148. Tilloy, F.; Treiner, E.; Park, S.H.; Garcia, C.; Lemonnier, F.; de la Salle, H.; Bendelac, A.; Bonneville, M.; Lantz, O. An invariant T
cell receptor alpha chain defines a novel TAP-independent major histocompatibility complex class Ib-restricted alpha/beta T cell
subpopulation in mammals. J. Exp. Med. 1999, 189, 1907–1921. [CrossRef]

149. Lepore, M.; Kalinichenko, A.; Colone, A.; Paleja, B.; Singhal, A.; Tschumi, A.; Lee, B.; Poidinger, M.; Zolezzi, F.; Quagliata, L.; et al.
Parallel T-cell cloning and deep sequencing of human MAIT cells reveal stable oligoclonal TCRβ repertoire. Nat. Commun. 2014,
5, 3866. [CrossRef]

150. Treiner, E.; Duban, L.; Bahram, S.; Radosavljevic, M.; Wanner, V.; Tilloy, F.; Affaticati, P.; Gilfillan, S.; Lantz, O. Selection of
evolutionarily conserved mucosal-associated invariant T cells by MR1. Nature 2003, 422, 164–169. [CrossRef]

151. Ussher, J.E.; Bilton, M.; Attwod, E.; Shadwell, J.; Richardson, R.; de Lara, C.; Mettke, E.; Kurioka, A.; Hansen, T.H.; Klenerman, P.;
et al. CD161 ++CD8 +T cells, including the MAIT cell subset, are specifically activated by IL-12+IL-18 in a TCR-independent
manner. Eur. J. Immunol. 2013, 44, 195–203. [CrossRef] [PubMed]

152. van Wilgenburg, B.; Scherwitzl, I.; Hutchinson, E.C.; Leng, T.; Kurioka, A.; Kulicke, C.; de Lara, C.; Cole, S.; Vasanawathana, S.;
Limpitikul, W.; et al. MAIT cells are activated during human viral infections. Nat. Commun. 2016, 7, 11653. [CrossRef] [PubMed]

153. Tang, X.Z.; Jo, J.; Tan, A.T.; Sandalova, E.; Chia, A.; Tan, K.C.; Lee, K.H.; Gehring, A.J.; De Libero, G.; Bertoletti, A. IL-7 licenses
activation of human liver intrasinusoidal mucosal-associated invariant T cells. J. Immunol. 2013, 190, 3142–3152. [CrossRef]
[PubMed]

154. Deschler, S.; Kager, J.; Erber, J.; Fricke, L.; Koyumdzhieva, P.; Georgieva, A.; Lahmer, T.; Wiessner, J.R.; Voit, F.; Schneider, J.; et al.
Mucosal-Associated Invariant T (MAIT) Cells Are Highly Activated and Functionally Impaired in COVID-19 Patients. Viruses
2021, 13, 241. [CrossRef]

155. Healy, K.; Pavesi, A.; Parrot, T.; Sobkowiak, M.J.; Reinsbach, S.E.; Davanian, H.; Tan, A.T.; Aleman, S.; Sandberg, J.K.; Bertoletti,
A.; et al. Human MAIT cells endowed with HBV specificity are cytotoxic and migrate towards HBV-HCC while retaining
antimicrobial functions. JHEP Rep. 2021, 3, 100318. [CrossRef] [PubMed]

156. Liu, Y.; Zhu, P.; Wang, W.; Tan, X.; Liu, C.; Chen, Y.; Pei, R.; Cheng, X.; Wu, M.; Guo, Q.; et al. MAIT Cell Dysregulation Correlates
with Conjugated Bilirubin Level in Chronic Hepatitis B Virus Infection. Hepatology 2021, 73, 1671–1687. [CrossRef]

157. Böttcher, K.; Rombouts, K.; Saffioti, F.; Roccarina, D.; Rosselli, M.; Hall, A.; Luong, T.; Tsochatzis, E.A.; Thorburn, D.; Pinzani, M.
MAIT cells are chronically activated in patients with autoimmune liver disease and promote pro-fibrogenic hepatic stellate cell
activation. Hepatology 2018, 68, 172–186. [CrossRef]

158. Dias, J.; Hengst, J.; Parrot, T.; Leeansyah, E.; Lunemann, S.; Malone, D.F.G.; Hardtke, S.; Strauss, O.; Zimmer, C.L.; Berglin, L.; et al.
Chronic hepatitis delta virus infection leads to functional impairment and severe loss of MAIT cells. J. Hepatol. 2019, 71, 301–312.
[CrossRef]

159. Villar, J.; Ouaknin, L.; Cros, A.; Segura, E. Monocytes differentiate along two alternative pathways during sterile inflammation.
EMBO Rep. 2023, 24, e56308. [CrossRef]

160. Banete, A.; Barilo, J.; Whittaker, R.; Basta, S. The Activated Macrophage-A Tough Fortress for Virus Invasion: How Viruses Strike
Back. Front. Microbiol. 2021, 12, 803427. [CrossRef]

161. Li, Y.; Zhu, Y.; Feng, S.; Ishida, Y.; Chiu, T.P.; Saito, T.; Wang, S.; Ann, D.K.; Ou, J.J. Macrophages activated by hepatitis B virus
have distinct metabolic profiles and suppress the virus via IL-1β to downregulate PPARα and FOXO3. Cell Rep. 2022, 38, 110284.
[CrossRef] [PubMed]

162. Delphin, M.; Faure-Dupuy, S.; Isorce, N.; Rivoire, M.; Salvetti, A.; Durantel, D.; Lucifora, J. Inhibitory Effect of IL-1β on HBV and
HDV Replication and HBs Antigen-Dependent Modulation of Its Secretion by Macrophages. Viruses 2021, 14, 65. [CrossRef]
[PubMed]

163. Joshi, S.S.; Sadler, M.; Patel, N.H.; Osiowy, C.; Fonseca, K.; Coffin, C.S. Systemic cytokine and viral antigen-specific responses in
hepatitis D virus RNA positive versus HDV RNA negative patients. Front. Med. 2023, 10, 1125139. [CrossRef]

164. Grabowski, J.; Yurdaydìn, C.; Zachou, K.; Buggisch, P.; Hofmann, W.P.; Jaroszewicz, J.; Schlaphoff, V.; Manns, M.P.; Cornberg, M.;
Wedemeyer, H.; et al. Hepatitis D virus-specific cytokine responses in patients with chronic hepatitis delta before and during
interferon alfa-treatment. Liver Int. 2011, 31, 1395–1405. [CrossRef]

165. Tan-Garcia, A.; Wai, L.E.; Zheng, D.; Ceccarello, E.; Jo, J.; Banu, N.; Khakpoor, A.; Chia, A.; Tham, C.Y.L.; Tan, A.T.; et al.
Intrahepatic CD206(+) macrophages contribute to inflammation in advanced viral-related liver disease. J. Hepatol. 2017, 67,
490–500. [CrossRef] [PubMed]

166. Cooper, A.; Tal, G.; Lider, O.; Shaul, Y. Cytokine Induction by the Hepatitis B Virus Capsid in Macrophages Is Facilitated by
Membrane Heparan Sulfate and Involves TLR2. J. Immunol. 2005, 175, 3165–3176. [CrossRef]

167. Cifaldi, L.; Prencipe, G.; Caiello, I.; Bracaglia, C.; Locatelli, F.; De Benedetti, F.; Strippoli, R. Inhibition of natural killer cell
cytotoxicity by interleukin-6: Implications for the pathogenesis of macrophage activation syndrome. Arthritis Rheumatol. 2015, 67,
3037–3046. [CrossRef] [PubMed]

168. Bouezzedine, F.; Fardel, O.; Gripon, P. Interleukin 6 inhibits HBV entry through NTCP down regulation. Virology 2015, 481, 34–42.
[CrossRef] [PubMed]

https://doi.org/10.4061/2011/587936
https://www.ncbi.nlm.nih.gov/pubmed/21789263
https://doi.org/10.3390/v15051037
https://doi.org/10.1084/jem.189.12.1907
https://doi.org/10.1038/ncomms4866
https://doi.org/10.1038/nature01433
https://doi.org/10.1002/eji.201343509
https://www.ncbi.nlm.nih.gov/pubmed/24019201
https://doi.org/10.1038/ncomms11653
https://www.ncbi.nlm.nih.gov/pubmed/27337592
https://doi.org/10.4049/jimmunol.1203218
https://www.ncbi.nlm.nih.gov/pubmed/23447689
https://doi.org/10.3390/v13020241
https://doi.org/10.1016/j.jhepr.2021.100318
https://www.ncbi.nlm.nih.gov/pubmed/34377970
https://doi.org/10.1002/hep.31602
https://doi.org/10.1002/hep.29782
https://doi.org/10.1016/j.jhep.2019.04.009
https://doi.org/10.15252/embr.202256308
https://doi.org/10.3389/fmicb.2021.803427
https://doi.org/10.1016/j.celrep.2021.110284
https://www.ncbi.nlm.nih.gov/pubmed/35081341
https://doi.org/10.3390/v14010065
https://www.ncbi.nlm.nih.gov/pubmed/35062269
https://doi.org/10.3389/fmed.2023.1125139
https://doi.org/10.1111/j.1478-3231.2011.02593.x
https://doi.org/10.1016/j.jhep.2017.04.023
https://www.ncbi.nlm.nih.gov/pubmed/28483682
https://doi.org/10.4049/jimmunol.175.5.3165
https://doi.org/10.1002/art.39295
https://www.ncbi.nlm.nih.gov/pubmed/26251193
https://doi.org/10.1016/j.virol.2015.02.026
https://www.ncbi.nlm.nih.gov/pubmed/25765005


Livers 2024, 4 589

169. Kuo, T.-M.; Hu, C.-P.; Chen, Y.-L.; Hong, M.-H.; Jeng, K.-S.; Liang, C.-C.T.; Chen, M.-L.; Chang, C. HBV replication is significantly
reduced by IL-6. J. Biomed. Sci. 2009, 16, 41. [CrossRef]

170. Cooper, A.M.; Khader, S.A. IL-12p40: An inherently agonistic cytokine. Trends Immunol. 2007, 28, 33–38. [CrossRef]
171. Thierfelder, W.E.; van Deursen, J.M.; Yamamoto, K.; Tripp, R.A.; Sarawar, S.R.; Carson, R.T.; Sangster, M.Y.; Vignali, D.A.A.;

Doherty, P.C.; Grosveld, G.C.; et al. Requirement for Stat4 in interleukin-12-mediated responses of natural killer and T cells.
Nature 1996, 382, 171–174. [CrossRef] [PubMed]

172. Khan, A.U.H.; Ali, A.K.; Marr, B.; Jo, D.; Ahmadvand, S.; Fong-McMaster, C.; Almutairi, S.M.; Wang, L.; Sad, S.; Harper, M.-E.;
et al. The TNFα/TNFR2 axis mediates natural killer cell proliferation by promoting aerobic glycolysis. Cell. Mol. Immunol. 2023,
20, 1140–1155. [CrossRef] [PubMed]

173. Ali, S.; Mann-Nüttel, R.; Schulze, A.; Richter, L.; Alferink, J.; Scheu, S. Sources of Type I Interferons in Infectious Immunity:
Plasmacytoid Dendritic Cells Not Always in the Driver’s Seat. Front. Immunol. 2019, 10, 778. [CrossRef]

174. Novotny, L.A.; Evans, J.G.; Su, L.; Guo, H.; Meissner, E.G. Review of Lambda Interferons in Hepatitis B Virus Infection: Outcomes
and Therapeutic Strategies. Viruses 2021, 13, 1090. [CrossRef]

175. Silva-Santos, B.; Mensurado, S.; Coffelt, S.B. γδ T cells: Pleiotropic immune effectors with therapeutic potential in cancer. Nat.
Rev. Cancer 2019, 19, 392–404. [CrossRef]

176. Mensurado, S.; Blanco-Domínguez, R.; Silva-Santos, B. The emerging roles of γδ T cells in cancer immunotherapy. Nat. Rev. Clin.
Oncol. 2023, 20, 178–191. [CrossRef]

177. Fonseca, S.; Pereira, V.; Lau, C.; Teixeira, M.D.A.; Bini-Antunes, M.; Lima, M. Human Peripheral Blood Gamma Delta T Cells:
Report on a Series of Healthy Caucasian Portuguese Adults and Comprehensive Review of the Literature. Cells 2020, 9, 729.
[CrossRef] [PubMed]

178. Sanz, M.; Mann, B.T.; Ryan, P.L.; Bosque, A.; Pennington, D.J.; Hackstein, H.; Soriano-Sarabia, N. Deep characterization of human
γδ T cell subsets defines shared and lineage-specific traits. Front. Immunol. 2023, 14, 1148988. [CrossRef]

179. Vermijlen, D.; Gatti, D.; Kouzeli, A.; Rus, T.; Eberl, M. γδ T cell responses: How many ligands will it take till we know? Semin.
Cell Dev. Biol. 2018, 84, 75–86. [CrossRef]

180. Morita, I. Distinct functions of COX-1 and COX-2. Prostaglandins Other Lipid Mediat. 2002, 68–69, 165–175. [CrossRef]
181. Morita, C.T.; Jin, C.; Sarikonda, G.; Wang, H. Nonpeptide antigens, presentation mechanisms, and immunological memory of

human Vγ2Vδ2 T cells: Discriminating friend from foe through the recognition of prenyl pyrophosphate antigens. Immunol. Rev.
2007, 215, 59–76. [CrossRef] [PubMed]

182. Zhao, Y.; Lin, L.; Xiao, Z.; Li, M.; Wu, X.; Li, W.; Li, X.; Zhao, Q.; Wu, Y.; Zhang, H.; et al. Protective Role of γδ T Cells in Different
Pathogen Infections and Its Potential Clinical Application. J. Immunol. Res. 2018, 2018, 5081634. [CrossRef]

183. Diedrich, T.; Kummer, S.; Galante, A.; Drolz, A.; Schlicker, V.; Lohse, A.W.; Kluwe, J.; Eberhard, J.M.; Schulze Zur Wiesch, J.
Characterization of the immune cell landscape of patients with NAFLD. PLoS ONE 2020, 15, e0230307. [CrossRef] [PubMed]

184. Davey, M.S.; Willcox, C.R.; Hunter, S.; Kasatskaya, S.A.; Remmerswaal, E.B.M.; Salim, M.; Mohammed, F.; Bemelman, F.J.;
Chudakov, D.M.; Oo, Y.H.; et al. The human Vδ2(+) T-cell compartment comprises distinct innate-like Vγ9(+) and adaptive Vγ9(-)
subsets. Nat. Commun. 2018, 9, 1760. [CrossRef]

185. Jia, Z.-H.; Li, Y.-Y.; Wang, J.-Y.; Zhang, J.-Y.; Huang, A.; Guo, X.-D.; Zhu, Z.-Y.; Wang, F.-S.; Wu, X.-L. Activated γδ T cells exhibit
cytotoxicity and the capacity for viral clearance in patients with acute hepatitis B. Clin. Immunol. 2019, 202, 40–48. [CrossRef]
[PubMed]

186. Chen, M.; Zhang, D.; Zhen, W.; Shi, Q.; Liu, Y.; Ling, N.; Peng, M.; Tang, K.; Hu, P.; Hu, H.; et al. Characteristics of circulating T
cell receptor gamma-delta T cells from individuals chronically infected with hepatitis B virus (HBV): An association between
V(delta)2 subtype and chronic HBV infection. J. Infect. Dis. 2008, 198, 1643–1650. [CrossRef]

187. Morandi, F.; Yazdanifar, M.; Cocco, C.; Bertaina, A.; Airoldi, I. Engineering the Bridge between Innate and Adaptive Immunity for
Cancer Immunotherapy: Focus on γδ T and NK Cells. Cells 2020, 9, 1757. [CrossRef]

188. Pegram, H.J.; Andrews, D.M.; Smyth, M.J.; Darcy, P.K.; Kershaw, M.H. Activating and inhibitory receptors of natural killer cells.
Immunol. Cell Biol. 2011, 89, 216–224. [CrossRef]

189. Guan, Y.; Li, W.; Hou, Z.; Han, Q.; Lan, P.; Zhang, J.; Tian, Z.; Zhang, C. HBV suppresses expression of MICA/B on hepatoma
cells through up-regulation of transcription factors GATA2 and GATA3 to escape from NK cell surveillance. Oncotarget 2016, 7,
56107–56119. [CrossRef]

190. Tawfik, D.; Groth, C.; Gundlach, J.P.; Peipp, M.; Kabelitz, D.; Becker, T.; Oberg, H.H.; Trauzold, A.; Wesch, D. TRAIL-Receptor 4
Modulates γδ T Cell-Cytotoxicity Toward Cancer Cells. Front. Immunol. 2019, 10, 2044. [CrossRef]

191. Brennan, P.J.; Brigl, M.; Brenner, M.B. Invariant natural killer T cells: An innate activation scheme linked to diverse effector
functions. Nat. Rev. Immunol. 2013, 13, 101–117. [CrossRef] [PubMed]

192. Marrero, I.; Maricic, I.; Feldstein, A.E.; Loomba, R.; Schnabl, B.; Rivera-Nieves, J.; Eckmann, L.; Kumar, V. Complex Network of
NKT Cell Subsets Controls Immune Homeostasis in Liver and Gut. Front. Immunol. 2018, 9, 2082. [CrossRef]

193. Kumar, V. NKT-cell subsets: Promoters and protectors in inflammatory liver disease. J. Hepatol. 2013, 59, 618–620. [CrossRef]
[PubMed]

194. Swain, M.G. Hepatic NKT cells: Friend or foe? Clin. Sci. 2008, 114, 457–466. [CrossRef] [PubMed]
195. Emoto, M.; Kaufmann, S.H. Liver NKT cells: An account of heterogeneity. Trends Immunol. 2003, 24, 364–369. [CrossRef]

https://doi.org/10.1186/1423-0127-16-41
https://doi.org/10.1016/j.it.2006.11.002
https://doi.org/10.1038/382171a0
https://www.ncbi.nlm.nih.gov/pubmed/8700208
https://doi.org/10.1038/s41423-023-01071-4
https://www.ncbi.nlm.nih.gov/pubmed/37553427
https://doi.org/10.3389/fimmu.2019.00778
https://doi.org/10.3390/v13061090
https://doi.org/10.1038/s41568-019-0153-5
https://doi.org/10.1038/s41571-022-00722-1
https://doi.org/10.3390/cells9030729
https://www.ncbi.nlm.nih.gov/pubmed/32188103
https://doi.org/10.3389/fimmu.2023.1148988
https://doi.org/10.1016/j.semcdb.2017.10.009
https://doi.org/10.1016/S0090-6980(02)00029-1
https://doi.org/10.1111/j.1600-065X.2006.00479.x
https://www.ncbi.nlm.nih.gov/pubmed/17291279
https://doi.org/10.1155/2018/5081634
https://doi.org/10.1371/journal.pone.0230307
https://www.ncbi.nlm.nih.gov/pubmed/32168345
https://doi.org/10.1038/s41467-018-04076-0
https://doi.org/10.1016/j.clim.2019.03.005
https://www.ncbi.nlm.nih.gov/pubmed/30914281
https://doi.org/10.1086/593065
https://doi.org/10.3390/cells9081757
https://doi.org/10.1038/icb.2010.78
https://doi.org/10.18632/oncotarget.11271
https://doi.org/10.3389/fimmu.2019.02044
https://doi.org/10.1038/nri3369
https://www.ncbi.nlm.nih.gov/pubmed/23334244
https://doi.org/10.3389/fimmu.2018.02082
https://doi.org/10.1016/j.jhep.2013.02.032
https://www.ncbi.nlm.nih.gov/pubmed/23669283
https://doi.org/10.1042/CS20070328
https://www.ncbi.nlm.nih.gov/pubmed/18302533
https://doi.org/10.1016/S1471-4906(03)00162-5


Livers 2024, 4 590

196. Fisicaro, P.; Valdatta, C.; Boni, C.; Massari, M.; Mori, C.; Zerbini, A.; Orlandini, A.; Sacchelli, L.; Missale, G.; Ferrari, C. Early
kinetics of innate and adaptive immune responses during hepatitis B virus infection. Gut 2009, 58, 974–982. [CrossRef]

197. Zeissig, S.; Murata, K.; Sweet, L.; Publicover, J.; Hu, Z.; Kaser, A.; Bosse, E.; Iqbal, J.; Hussain, M.M.; Balschun, K.; et al. Hepatitis
B virus-induced lipid alterations contribute to natural killer T cell-dependent protective immunity. Nat. Med. 2012, 18, 1060–1068.
[CrossRef]

198. Shibolet, O.; Alper, R.; Zlotogarov, L.; Thalenfeld, B.; Engelhardt, D.; Rabbani, E.; Ilan, Y. NKT and CD8 lymphocytes mediate
suppression of hepatocellular carcinoma growth via tumor antigen-pulsed dendritic cells. Int. J. Cancer 2003, 106, 236–243.
[CrossRef]

199. Ito, H.; Ando, K.; Ishikawa, T.; Nakayama, T.; Taniguchi, M.; Saito, K.; Imawari, M.; Moriwaki, H.; Yokochi, T.; Kakumu, S.; et al.
Role of Valpha14+ NKT cells in the development of Hepatitis B virus-specific CTL: Activation of Valpha14+ NKT cells promotes
the breakage of CTL tolerance. Int. Immunol. 2008, 20, 869–879. [CrossRef]

200. Nowak, M.; Schmidt-Wolf, I. Natural Killer T Cells Subsets in Cancer, Functional Defects in Prostate Cancer and Implications for
Immunotherapy. Cancers 2011, 3, 3661–3675. [CrossRef]

201. Wirtz, T.H.; Brandt, E.F.; Berres, M.-L. Chapter Six-Liver DCs in health and disease. Int. Rev. Cell Mol. Biol. 2019, 348, 263–299.
[PubMed]

202. Kelly, A.; Fahey, R.; Fletcher, J.M.; Keogh, C.; Carroll, A.G.; Siddachari, R.; Geoghegan, J.; Hegarty, J.E.; Ryan, E.J.; O’Farrelly, C.
CD141+ myeloid dendritic cells are enriched in healthy human liver. J. Hepatol. 2014, 60, 135–142. [CrossRef] [PubMed]

203. Yonejima, A.; Mizukoshi, E.; Tamai, T.; Nakagawa, H.; Kitahara, M.; Yamashita, T.; Arai, K.; Terashima, T.; Iida, N.; Fushimi, K.;
et al. Characteristics of Impaired Dendritic Cell Function in Patients With Hepatitis B Virus Infection. Hepatology 2019, 70, 25–39.
[CrossRef] [PubMed]

204. Xu, H.; Kang, J.; Zhong, S.; Chen, M.; Hu, P.; Ren, H.; Zhou, Z.; Lei, Y. Function and autophagy of monocyte-derived dendritic
cells is affected by hepatitis B virus infection. BMC Immunol. 2023, 24, 31. [CrossRef]

205. Yao, T.; Lv, M.; Ma, S.; Chen, J.; Zhang, Y.; Yu, Y.; Zang, G.; Chen, X. Ubiquitinated Hepatitis D Antigen-Loaded Microvesicles
Induce a Potent Specific Cellular Immune Response to Inhibit HDV Replication in Vivo. Microbiol. Spectr. 2021, 9, e0102421.
[CrossRef]

206. Cervantes-Barragan, L.; Züst, R.; Weber, F.; Spiegel, M.; Lang, K.S.; Akira, S.; Thiel, V.; Ludewig, B. Control of coronavirus
infection through plasmacytoid dendritic-cell-derived type I interferon. Blood 2007, 109, 1131–1137. [CrossRef]

207. Vincent, I.E.; Zannetti, C.; Lucifora, J.; Norder, H.; Protzer, U.; Hainaut, P.; Zoulim, F.; Tommasino, M.; Trépo, C.; Hasan, U.; et al.
Hepatitis B virus impairs TLR9 expression and function in plasmacytoid dendritic cells. PLoS ONE 2011, 6, e26315. [CrossRef]
[PubMed]

208. Dale, D.C.; Boxer, L.; Liles, W.C. The phagocytes: Neutrophils and monocytes. Blood 2008, 112, 935–945. [CrossRef]
209. Nauseef, W.M.; Borregaard, N. Neutrophils at work. Nat. Immunol. 2014, 15, 602–611. [CrossRef]
210. Wechsler, M.E.; Munitz, A.; Ackerman, S.J.; Drake, M.G.; Jackson, D.J.; Wardlaw, A.J.; Dougan, S.K.; Berdnikovs, S.; Schleich, F.;

Matucci, A.; et al. Eosinophils in Health and Disease: A State-of-the-Art Review. Mayo Clin. Proc. 2021, 96, 2694–2707. [CrossRef]
211. Chirumbolo, S. State-of-the-art review about basophil research in immunology and allergy: Is the time right to treat these cells

with the respect they deserve? Blood Transfus. 2012, 10, 148–164. [PubMed]
212. Hu, S.; Liu, X.; Gao, Y.; Zhou, R.; Wei, M.; Dong, J.; Yan, H.; Zhao, Y. Hepatitis B Virus Inhibits Neutrophil Extracellular Trap

Release by Modulating Reactive Oxygen Species Production and Autophagy. J. Immunol. 2019, 202, 805–815. [CrossRef] [PubMed]
213. Li, W.; Jin, R.; Chen, P.; Zhao, G.; Li, N.; Wu, H. Clinical correlation between HBV infection and concomitant bacterial infections.

Sci. Rep. 2015, 5, 15413. [CrossRef]
214. Cao, Z.J.; Liu, Y.H.; Zhu, C.W.; Yin, S.; Wang, W.J.; Tang, W.L.; Zhao, G.D.; Xu, Y.M.; Chen, L.; Zhou, T.H.; et al. Bacterial infection

triggers and complicates acute-on-chronic liver failure in patients with hepatitis B virus-decompensated cirrhosis: A retrospective
cohort study. World J. Gastroenterol. 2020, 26, 645–656. [CrossRef]

215. Zhai, X.-R.; Tong, J.-J.; Wang, H.-M.; Xu, X.; Mu, X.-Y.; Chen, J.; Liu, Z.-F.; Wang, Y.; Su, H.-B.; Hu, J.-H. Infection deteriorating
hepatitis B virus related acute-on-chronic liver failure: A retrospective cohort study. BMC Gastroenterol. 2020, 20, 320. [CrossRef]

216. Chua, C.; Mahamed, D.; Nkongolo, S.; Sanchez Vasquez, J.D.; Mehrotra, A.; Wong, D.K.H.; Chung, R.T.; Feld, J.J.; Janssen, H.L.A.;
Gehring, A.J. Liver-restricted Type I IFN Signature Precedes Liver Damage in Chronic Hepatitis B Patients Stopping Antiviral
Therapy. J. Immunol. 2024, 212, 1002–1011. [CrossRef]

217. Dunn, C.; Brunetto, M.; Reynolds, G.; Christophides, T.; Kennedy, P.T.; Lampertico, P.; Das, A.; Lopes, A.R.; Borrow, P.; Williams,
K.; et al. Cytokines induced during chronic hepatitis B virus infection promote a pathway for NK cell–mediated liver damage.
J. Exp. Med. 2007, 204, 667–680. [CrossRef] [PubMed]

218. Peppa, D.; Gill, U.S.; Reynolds, G.; Easom, N.J.W.; Pallett, L.J.; Schurich, A.; Micco, L.; Nebbia, G.; Singh, H.D.; Adams, D.H.;
et al. Up-regulation of a death receptor renders antiviral T cells susceptible to NK cell–mediated deletion. J. Exp. Med. 2012, 210,
99–114. [CrossRef]

219. Li, H.; Zhai, N.; Wang, Z.; Song, H.; Yang, Y.; Cui, A.; Li, T.; Wang, G.; Niu, J.; Crispe, I.N.; et al. Regulatory NK cells mediated
between immunosuppressive monocytes and dysfunctional T cells in chronic HBV infection. Gut 2018, 67, 2035–2044. [CrossRef]

220. Wang, S.; Li, J.; Wu, S.; Cheng, L.; Shen, Y.; Ma, W.; She, W.; Yang, C.; Wang, J.; Jiang, W. Type 3 innate lymphoid cell: A new
player in liver fibrosis progression. Clin. Sci. 2018, 132, 2565–2582. [CrossRef]

https://doi.org/10.1136/gut.2008.163600
https://doi.org/10.1038/nm.2811
https://doi.org/10.1002/ijc.11201
https://doi.org/10.1093/intimm/dxn046
https://doi.org/10.3390/cancers3033661
https://www.ncbi.nlm.nih.gov/pubmed/31810555
https://doi.org/10.1016/j.jhep.2013.08.007
https://www.ncbi.nlm.nih.gov/pubmed/23968887
https://doi.org/10.1002/hep.30637
https://www.ncbi.nlm.nih.gov/pubmed/30938456
https://doi.org/10.1186/s12865-023-00571-2
https://doi.org/10.1128/Spectrum.01024-21
https://doi.org/10.1182/blood-2006-05-023770
https://doi.org/10.1371/journal.pone.0026315
https://www.ncbi.nlm.nih.gov/pubmed/22046272
https://doi.org/10.1182/blood-2007-12-077917
https://doi.org/10.1038/ni.2921
https://doi.org/10.1016/j.mayocp.2021.04.025
https://www.ncbi.nlm.nih.gov/pubmed/22244003
https://doi.org/10.4049/jimmunol.1800871
https://www.ncbi.nlm.nih.gov/pubmed/30567731
https://doi.org/10.1038/srep15413
https://doi.org/10.3748/wjg.v26.i6.645
https://doi.org/10.1186/s12876-020-01473-y
https://doi.org/10.4049/jimmunol.2300569
https://doi.org/10.1084/jem.20061287
https://www.ncbi.nlm.nih.gov/pubmed/17353365
https://doi.org/10.1084/jem.20121172
https://doi.org/10.1136/gutjnl-2017-314098
https://doi.org/10.1042/CS20180482


Livers 2024, 4 591

221. Hegde, P.; Weiss, E.; Paradis, V.; Wan, J.; Mabire, M.; Sukriti, S.; Rautou, P.-E.; Albuquerque, M.; Picq, O.; Gupta, A.C.; et al.
Mucosal-associated invariant T cells are a profibrogenic immune cell population in the liver. Nat. Commun. 2018, 9, 2146.
[CrossRef] [PubMed]

222. Mabire, M.; Hegde, P.; Hammoutene, A.; Wan, J.; Caër, C.; Sayegh, R.A.; Cadoux, M.; Allaire, M.; Weiss, E.; Thibault-Sogorb, T.;
et al. MAIT cell inhibition promotes liver fibrosis regression via macrophage phenotype reprogramming. Nat. Commun. 2023,
14, 1830. [CrossRef] [PubMed]

223. Gehring, A.J.; Koh, S.; Chia, A.; Paramasivam, K.; Chew, V.S.; Ho, Z.Z.; Lee, K.H.; Maini, M.K.; Madhavan, K.; Lim, S.G.; et al.
Licensing virus-specific T cells to secrete the neutrophil attracting chemokine CXCL-8 during hepatitis B virus infection. PLoS
ONE 2011, 6, e23330. [CrossRef] [PubMed]

224. Heymann, F.; Tacke, F. Immunology in the liver--from homeostasis to disease. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 88–110.
[CrossRef] [PubMed]

225. Bencze, D.; Fekete, T.; Pázmándi, K. Type I Interferon Production of Plasmacytoid Dendritic Cells under Control. Int. J. Mol. Sci.
2021, 22, 4190. [CrossRef]

226. Kolumam, G.A.; Thomas, S.; Thompson, L.J.; Sprent, J.; Murali-Krishna, K. Type I interferons act directly on CD8 T cells to allow
clonal expansion and memory formation in response to viral infection. J. Exp. Med. 2005, 202, 637–650. [CrossRef]

227. Brunetto, M.R.; Ricco, G.; Negro, F.; Wedemeyer, H.; Yurdaydin, C.; Asselah, T.; Papatheodoridis, G.; Gheorghe, L.; Agarwal, K.;
Farci, P.; et al. EASL Clinical Practice Guidelines on hepatitis delta virus. J. Hepatol. 2023, 79, 433–460. [CrossRef]

228. Etzion, O.; Hamid, S.S.; Lurie, Y.; Gane, E.; Bader, N.; Yardeni, D.; Nevo-Shor, a.; Channa, S.; Mawani, M.; Parkash, O.; et al.
PS-052-End of study results from LIMT HDV study: 36% durable virologic response at 24 weeks post-treatment with pegylated
interferon lambda monotherapy in patients with chronic hepatitis delta virus infection. J. Hepatol. 2019, 70, e32. [CrossRef]

229. Elazar, M.; Glenn, J.S. Combination of Novel Therapies for HDV. Viruses 2022, 14, 268. [CrossRef]
230. Santer, D.M.; Minty, G.E.S.; Golec, D.P.; Lu, J.; May, J.; Namdar, A.; Shah, J.; Elahi, S.; Proud, D.; Joyce, M.; et al. Differential

expression of interferon-lambda receptor 1 splice variants determines the magnitude of the antiviral response induced by
interferon-lambda 3 in human immune cells. PLoS Pathog. 2020, 16, e1008515. [CrossRef]

231. Chan, H.L.Y.; Ahn, S.H.; Chang, T.T.; Peng, C.Y.; Wong, D.; Coffin, C.S.; Lim, S.G.; Chen, P.J.; Janssen, H.L.A.; Marcellin, P.; et al.
Peginterferon lambda for the treatment of HBeAg-positive chronic hepatitis B: A randomized phase 2b study (LIRA-B). J. Hepatol.
2016, 64, 1011–1019. [CrossRef] [PubMed]
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