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Abstract

Kupffer cells (KCs) are macrophages that are found in the sinusoids of the liver. KCs are a crucial part of the
innate immune system, acting as scavengers and phagocytes. KCs and sinusoidal endothelial cells together
form the firstimmune barrier of the portal system. Studies show that KCs can not only maintain homeosta-
sis in the immune response, but also facilitate the pathogenesis of type B and type C hepatitis (HBV/HCV)
through their antigen-presenting function and secretion of soluble mediators. KCs can express toll-like re-
ceptors (TLRs), Fas ligand (FasL) and programmed cell death ligand 1 (PD-L1), and secrete large amounts
of inflammatory factors leading to immune tolerance toward HBV/HCV. On the one hand, KCs contribute to
the clearance of HBV/HCV due to their nature as innate immune cells. At the same time, KCs induce immune
tolerance toward HBV/HCV, which leads to chronicity of the infection. The dual role of KCs in the immune
response toward HBV/HCV means it is a gigantic challenge for scientists to illuminate the detailed mecha-
nisms involved, but it also offers important potential therapeutic targets.
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Worldwide, more than 500 million people are suffering
from chronic infection with type B or type C hepatitis
(HBV/HCYV), especially in developing countries.! Such in-
fections may gradually induce liver fibrosis and cirrhosis,
and eventually hepatocellular carcinoma among the in-
fected patients. Research into the pathogenesis of HBV/
HCV is urgently needed.

Kupffer cells (KCs) are among the innate immune cells
found in the liver. KCs make up 80-90% of macrophages
and compose 15% of the cells in the liver. KCs are a cru-
cial part of the systemic mononuclear phagocyte system,
playing a significant role in the development of liver
diseases. As an innate immune cell, KCs are capable of
pathogen capturing, recruiting additional immune cells
and antigen-presenting cells that are essential in the
clearance of HBV/HCV.2 This is the beneficial side of KCs
in the immune response to HBV/HCV. However, studies
have also proven the role of KCs in inducing immune tol-
erance toward HBV/HCV.? The dual role of KCs in the
immune response to HBV/HCV infection makes it dif-
ficult for scientists to thoroughly study the mechanisms
involved, and KCs are inevitably part of the study of the
pathogenesis of HBV/HCV.

The immune response mediated
by KCs in HBV/HCV infection

Little evidence has been reported to elucidate the
mechanism by which HBV/HCV particles may stimu-
late KCs. The complicated protein structure of HBsAg
is conducive to KCs and epithelial cells up-taking the
hepatitis B virus, after which KCs initiate clearance of
virus. Scientists have tested liver samples from patients
chronically infected with HBV/HCV, and the number of
KCs observed is apparently larger than in healthy people.*
Furthermore, exposing KCs to HBsAg in vitro can cause
stronger production of pro-inflammatory cytokines.®
This is especially true in the hepatic portal area. In the
immune-active phase of chronic hepatitis B infection KCs
are much more numerous than in the immune-suppres-
sion phase. When compared with splenic and peritoneal
macrophages, KCs outweigh them in the ability to up-take
particles in circulation and can produce more reactive
oxygen species (ROS).® The existing evidence shows that
KCs may be able to control HBV/HCYV infection through
cytokine production, synergistic effects with other cells
and mediation of virus-specific immunity.

KC receptors activated during
HBV/HCV Infection

Macrophages have been shown to express scavenger
receptors, toll-like receptors (TLRs), RIG-like receptors
(RLRs), NOD-like receptors (NLRs) and C-type lectins
both in vivo and in vitro.” However, few studies have been
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carried out to clarify whether such receptors are also
expressed by KCs. In human, rat and mice KCs, the ex-
pression of C-type lectins and scavenger receptors closely
related to the mediation of phagocytosis has been con-
firmed.® Human KCs have been proven to express TLR
2-4, while expression of TLR1-9 and retinoic-acid-induc-
ible genel(RIG-I) have been detected in KCs from rats and
mice.”? KCs also express mannose receptors and CD14.?
The detailed mechanisms of the interaction between KC
receptors and HBV/HCYV viral protein still remain to be
elucidated. Although researchers have not found any di-
rect evidence from KCs, studies on THP-1 monocytes,
monocytes and dendritic cells have shown that surface
receptors binding with HBV or HBV proteins will even-
tually activate the cells through TLRs, HSPG, CD14 and
mannose receptors.t! For example, HBcAg can be recog-
nized by THP-1 monocytes through TLR2 and heparan
sulfate proteoglycan (HSPG), and the activated THP-1
cell will produce interleukin-6 (IL-6), I[L-12p40 and tu-
mor necrosis factor-alpha (TNF-a).!12

The mechanism of the interaction between HCV and
KCs has been elucidated more clearly than the mecha-
nism of HBV infection. HCV infects hepatocytes through
binding with HSPG, low-density lipoprotein receptors
and scavenger receptor Bl, which are also expressed by
KCs. HCV-E2 binding to KCs is CD81-dependent when
it is co-incubated with KCs. DC-SIGN is also activated to
facilitate the binding of HCV and KCs. HCV can activate
KCs to produce cytokines such as IL-1f, IL-6, IL-10 and
TNF-q, through TLR2 and TLR4.13

Signaling pathway activation during
HBYV infection

Further studies on the signaling pathways activated
during HBV infection are still needed. Hosel et al. showed
that HBV particles and HBsAg induce CD68+ non-pa-
renchymal cells from the liver to secrete IL-10, IL-6, che-
mokine (C-X-C motif) ligand 8 (CXCLS8) and TNF-«a by
activating the nuclear factor kappa B (NF-xB) pathway.!*
The IL-6 and TNF-a secreted is able to inhibit the rep-
lication of HBV in hepatocytes, while TNF-a causes no
damage to the target cells.!®> Once KCs recognize HBV,
the NF-xB pathway is activated, accompanied by the pro-
duction of certain inflammatory cytokines, such as IL-6,
IL-8, IL-1 and TNF-a. The IL-6 secreted by KCs control
HBYV gene expression and replication in hepatocytes on
the transcription level. Hosel et al. pointed out that the
recognition of HBV by cells like KCs and the accompa-
nying temporary activation of the NF-xB pathway may
ensure homeostasis and the survival of the infected cells,
guaranteeing a favorable environment for HBV repli-
cation. This is a brand new mechanism to support the
replication of HBV through the production of cytokines.
Attenuated early immune response generated by IL-6 is
favorable for HBV.1
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Signaling pathway activation during
HCV infection

Once CD14+ KCs or other macrophage-derived mono-
cytes are bound to HCV core protein and NS3, they can
produce inflammatory cytokines, including IL-1p, IL-6,
interferon beta (IFNp) and TNF-q, to inhibit HCV repli-
cation, accompanied by secretion of immune-suppressing
mediator IL-10. HCV core protein and a type of ligand of
TLR2 are involved in immune regulation. Tu et al. found
that when recombinant HCV core protein was added to
a culture, human KCs would significantly increase the
production of IL-1B, TNF-a and IL-10.!* After bonding to
HCV core protein, KCs activate a myeloid differentiation
molecular 88 (MYD88) dependent pathway to produce
a large number of pro-inflammatory cytokines. Mean-
while, HCV core protein can bind to the C1q complement
receptor expressed by macrophages and dendritic cells,
which leads to a reduction in IL-12 secretion.!®

The TLR-signaling pathway is also crucial in KCs’ interac-
tion with HCV. KCs can recognize NS3 through TLR4, while
TLR4 can transfer the signaling to KCs, activating NF-xB and
promoting secretion of TNF-a.'” KC-derived TNF-a could
increase the permeability that allows HCV to enter host cells
more easily. Lipopolysaccharide (LPS) could stimulate KCs
to produce TNF-q, indirectly promoting HCV infection.!8

Interactions between KCs and other cells
in the immune response

KCs could indirectly take part in the liver immune re-
sponse via secretion of related cytokines to recruit leuko-
cytes to the liver and activate them as well, thus interact-
ing with hepatocytes, resident immune cells and infiltrating
leukocytes.” CXCL8 produced by KCs can recruit natural
killer (NK) cells and NK T cells to the liver in the early stage
of infection, and then such cells can be activated by cyto-
kines.?® Dendritic cells can also be attracted to the liver by
KCs, leading to an antigen-specific T cell response. KCs pres-
ent HBV/HCV to CD4+ and CD 8+ T cells through their
antigen-presenting function, and promote the production
of IFN-y. In addition, KCs can express cytotoxic molecules
such as TNF-related apoptosis-inducing ligand (TRAIL), Fas
ligand (FasL), granzyme B, perforin and ROS, promoting ly-
sis of infected hepatocytes. However, once non-specific KC-
mediated cytolysis of hepatocytes is initiated, the lysis effect
will no longer be limited to infected hepatocytes.! KC cy-
totoxicity therefore leads to more severe damage to organs.

Immune tolerance mediated
by KCs in HBV/HCV

Despite the fact that KCs have the ability to clear the
HBV/HCYV virus, in actual conditions the virus interferes
with KCs’ pro-inflammatory role to escape the host’s im-
mune response. Studies have shown that HBV/HCV may
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interfere with the TLR pathway, the RIG-I pathway and
the follow-up pro-inflammatory activity of hepatocytes
or immune cells.?? Blood-borne pathogens, including
HBV/HCYV, take advantages of KC endocytosis to enter
the liver and to escape the host cell’s immune system. KCs
are continuously exposed to a variety of pathogens from
the gut. In order to prevent excessive inflammation that
would cause liver damage, KCs initiate immune toler-
ance to limit the effect of sustained activation of the im-
mune system.?® Pathogen-associated molecular patterns
(PAMPs) can activate KCs and promote the secretion of
IL-6 by binding to pattern recognition receptors (PRRs)
on the surface of KCs. This process in turn enhances the
pathogen-binding ability and phagocytosis of KCs, and
reduces the expression of harmful proteins in the acute
phase, including the complement system, C reactive pro-
tein and TNF-a. The activation of PRRs initiates KCs’
expression of IL-10, TGFB and prostaglandin. Arginase
and indoleamine 2,3-dioxygenase (IDO) from the liver
can suppress the reproduction of pathogens, but mean-
while they inhibit the metabolism of amino acids that are
crucial to the replication of immune cells.?* Overall the
expression of PRRs activates innate immunity and allows
systemic antibacterial activity, and also limit the local
adaptive immune response.

The TLR pathway

The TLR family plays an indispensable role in the in-
nate immune system of mammals.?> At least 10 members
of the TLRs family have been discovered, and it has been
confirmed that many of them are expressed by KCs. Im-
mune tolerance of HBV mediated by TLRs is mainly real-
ized by 2 mechanisms. One is to reduce TLRs on surface
of immune cells, including KCs. The other is to reduce
the effect of TLRs in the innate immune system. Visva-
nathan et al. found reduced expression of TLR2, TLR3
and TLR4 on KCs in HBeAg+ patients.?® TLR2-mediated
phosphorylation of p38 mitogen-activated protein ki-
nases (MAPKSs) and c-Jun N-terminal kinases (JNKs) and
the production of IL-6, TNF-a and IL-12 were inhibited
in monocytes when they were co-incubated with HB-
sAg and HBeAg. Subsequent experiments demonstrated
that the activation level of JNK in monocytes and CD14+
macrophages declined significantly.?” It is safe to specu-
late that through TLRs, HBeAg may down-regulate the
surveillance capability in HBV-infected KCs and even-
tually lead to immune escape. Wu et al. confirmed that
TLR3 and TLR4-activated KCs can inhibit the replica-
tion of the HBV virus. The antiviral effect of TLR3 is
achieved through binding to its ligand and production
of IFNP.2® Although the antiviral effects of KCs can be
achieved through the activation of TLRs, 5-10% of HBV
patients still develop the immune tolerant phase. Stud-
ies have confirmed that certain viruses could sabotage
the host’s immune defense by delaying the functioning
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of TLRs in the innate immune system.? TLR-mediated
antiviral activity, along with the expression of IFN-f, in-
terferon regulatory transcription factor 3 (IRF-3), NF-xB
and ERK1/2 MAPKs, was almost completely inhibited by
HBeAg, HBsAg and viral particles in HBV-treated liver
non-parenchymal cells, including KCs. The mean fluo-
rescence intensity in the immunofluorescent staining of
TLR3 in monocytes from the peripheral blood of HBV
infected patients was lower than in the control group.°
Along with the obvious reduction of TLR in HBeAg+ pa-
tients, pro-inflammatory cytokines and other cytokines
secreted by KCs also decrease. Thus the inhibitory effect
of KCs on the replication of the virus is severely reduced.

In HCV infection, the increase in TLRs on the surface
of KCs and secretion of inflammatory factors increase
the risk of liver damage. The activation of TLR 1-9 on
non-parenchymal liver cells, including KCs, leads to the
production of IFN- in mice, which inhibits the replica-
tion of HCV.3! Studies have shown that the level of TLR3
and TLR7 in HCV-infected patients’ peripheral blood
are both lower than in healthy controls, and that these
levels correlate with the level of IFN-a.® The reduction
of TLRs on KCs may be closely related to immune toler-
ance toward and chronicity of HCV. In vitro experiments
have shown that TLR7 mRNA decreases in hepatocytes
infected with HCV; after the HCV infection is cleared,
TLR7 expression recovers.’? If a single TLR signaling
pathway in KCs is continuously activated, tolerance of
that pathway might be induced and its reactivity might
be reduced. Chung et al. found that when they stimulated
the TLR2 signaling pathway activated by HCV with li-
gands of TLR2 and TLR4, this led to a decrease in the
IL-6 produced by APC.?* This phenomenon shows that
activation of one TLR signaling pathway can inhibit other
TLR signaling pathways through negative feedback regu-
lation, which is considered one of the mechanisms that
might induce chronicity of HCV infection.

IL-10 and TGF-

HBV/HCV can not only interfere with TLR signaling
pathways in KCs, but also affect the secretion of KC-de-
rived anti-inflammatory factors, including both IL-10 and
TGF-B, inducing immune tolerance in the liver.? IL-10 is
a kind of soluble protein secreted by immune cells, includ-
ing KCs, and it has strong immunosuppressive properties.
The development of inflammation is controlled by the
concomitant production of IL-10 and TGF-f, or by non-
or-low response of KCs to subsequent stimulation. This
low-response state to PAMPs in KCs is called endotoxin
tolerance, and is caused by negative regulation of the TLR
signaling pathway, soluble immune regulatory molecules
or even epigenetic modification.3* A higher level of IL-10
mRNA expression was detected in monocytes from
chronic HCV patients.>> Studies have shown that HCV
core protein induces KCs to secrete IL-10, in order to sup-
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press secretion of pro-inflammatory factors.® IL-10 can
also down-regulate major histocompatibility complex
(MHC) class Il molecules and costimulatory molecules, so
interaction between KCs and NK cells, as well as their an-
tigen-presenting function, can be suppressed.®® IL-10 can
not only terminate the immune response of T cells, but
can also suppress T cells’ immune activities toward the vi-
rus.?” The direct influence of IL-10 on antigen-presenting
cells can reduce the expression of the stimulating factor,
inhibiting the secretion of cytokines and eventually mak-
ing it hard to activate T cells.® In an HBV-infected mouse
model, when KCs were removed, the production of IL-10
and IFN-y decreased sharply. Researchers co-cultured KCs
and CD4+T cells, and found that KCs from mice infected
with HBV could induce CD4+T cells to produce IL-10
and generate Trl-like cells.?® Thus it can be concluded
that immune tolerance of HBV/HCV is partly achieved
through the secretion of IL-10 by KCs.

TGEF-P is a crucial cytokine for maintaining immune
tolerance by mediating the proliferation, differentiation
and survival of lymphocytes in the immune system.?’
Ithasbeen reported that when stimulated by HBV, Kupffer
cells produce TGEF-f instead of pro-inflammatory cyto-
kines IL-1 and IL-6.%° TGF-B can activate hepatic stel-
late cells (HSCs) to secrete extracellular matrix protein,
which initiates cirrhosis. This phenomenon may help to
answer the question of why minimal necro-inflammation
is detected in chronic HBV-infected patients’ liver tissue,
while liver fibrosis is obvious. In addition, some studies
have shown that KCs from HBV-infected mice produced
TGE-B rather than pro-inflammatory factors.* TGF-f3
can inhibit T cell proliferation by decreasing IL-2 through
the SMAD3 gene and via down-regulation of cyclin D2
and cyclin E, cyclin-dependent kinase 4 (CDK4) and c-
myc.*! The inhibitory effects of TGF-f are also detected
in the differentiation of T cells. It is safe to assume that
KCs can suppress the adaptive immune response toward
HBV through the production of TGE-f.

The PD-1/PD-L1 signaling pathway

Programmed cell death protein (PD-1), a crucial im-
mune suppressive molecule, is a member of the CD28
family. PD-1 widely exists in T cells, B cells and myeloid
cells, especially in activated T cells. PD-1 binds to two
specific types of ligands: programmed cell death ligand 1
(PD-L1) and PD-L2. PD-L1 can be detected in non-paren-
chymalliver cells like sinusoidal endothelial cells and KCs.
The level of PD-1, PD-L1 and PD-L2 in patients suffering
chronic hepatitis is much higher than that in healthy peo-
ple, and correlates with the severity of the disease.*? In in-
fections or inflammations, KCs inhibit the replication of
activated T cells and their immune function through the
PD-1/PD-L1 signaling pathway and interaction between
cells mediated by the T cell immunoglobulin and mucin-
domain containing-3 (TIM-3) protein. An increase in ga-
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lectin-9, the ligand of TIM-3, can be detected in chronic
HCV patients.*> Using immunofluorescence, researchers
found that KCs might be a source of galectin-9, which
could induce the apoptosis of HCV- specific cytotoxic T
lymphocytes. A double block of TIM-3 and PD-L1/2 had
a synergistic effect on the recovery of HBV-specific CD8+
T cells.®® A high level of PD-1 expression was found in
apoptotic T lymphocytes; the number, antiviral effect
and immune function of T lymphocytes were obviously
promoted when the PD-1/PD-L1 signaling pathway was
blocked by a PD-L1 antibody. Thus it may be concluded
that negative regulation of the replication and immune
function of T lymphocytes depends on the activation of
the PD-1/PD-L1 signaling pathway by the binding of PD-
L1 expressed by KCs and PD-1 expressed by T lympho-
cytes. HBV’s escape from host immune surveillance, the
chronicity of HBV infection and immune tolerance are
closely related to the PD-1/PD-L1 signaling pathway. Al-
though it has been stated that HCV core protein can in-
duce PD-L1 expression, it is not clear whether it is caused
by the direct influence of the virus or the negative feed-
back system induced by continuous infection.?

The Fas/FasL system

The Fas/FasL system is the mechanism that mainly
mediates cell apoptosis. The apoptosis of a host’s cells is
a crucial part of the pathogenesis of viral infection. When
cells are infected with HBV, the abnormality in the ex-
pression and distribution of Fas/FasL leads to host cell
apoptosis; thus, hepatocytes are damaged. When the
body is infected with HBV, a high expression of Fas is de-
tected in hepatocytes, and KCs promote the secretion of
FasL. The higher the expression rate of Fas/FasL is, the
higher the degree of inflammation and tissue damage.**

The Fas/FasL system is a double-edged sword in the
immune system of the liver. On the one hand, FasL ex-
pressed by KCs can bind to Fas expressed by hepatocytes
infected with HBV to promote apoptosis of the infected
hepatocytes, contributing to the clearance of HBV.%®
On the other hand, Fas is also expressed on lymphocytes,
thus apoptosis of hepatocytes is accompanied by the
apoptosis of lymphocytes, which can devastate specific
humoral and cellular immunity.*® Unfortunately the lat-
ter effect can be stronger than the former. Fas/FasL-me-
diated apoptosis of lymphocytes is beneficial to immune
tolerance, so KCs may induce tolerance of HBV partly
though the Fas/FasL system.

The NLRP3 inflammasome

HBV/HCYV can activate the NLRP3 inflammasome, and
at the same time they also inhibit the activity of the NLRP3
inflammasome in KCs, suppressing their secretion activ-
ity. Negash et al. found that KCs can secrete IL-1p, which
induces a variety of pro-inflammatory mediators via cas-
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pase-1 or the NLRP3 inflammasome in KCs, eventually
causing inflammation and fibrogenesis. The maturation
of IL-1B induced by HCV was suspended in caspase-1 or
NLRP3 knockdown mice.*” The HCV virus can also block
IL-1p directly by suppressing the activity of NF-kB, so the
secretion of pro-inflammatory factors by KCs is severely
inhibited. In patients infected with HCV, the level of IL-1p3
and caspase-1 in KCs decreases significantly after they
are treated with pyrrolidineditiocarbamate and/or bafilo-
mycin A.*® The increase in the NLRP3 inflammasome
mRNA in the livers of chronic HBV patients illustrates
the up-regulation of NLRP3 expression in KCs, which
has been proven by immunohistochemistry.*’ As a result,
HBV/HCYV tolerance might be induced by blocking IL-1B
through suppression of the NLRP3 inflammasome in KCs.

Conclusions

Due to the dual role of KCs in the immune response
to HBV/HCYV, it is exceedingly difficult for researchers
to elucidate the detailed mechanisms involved. Studies
on the role of KCs in viral hepatitis are beneficial to the
body of knowledge on this disease, and can help us not
only to get a better understanding of the pathogenesis of
HBV/HCYV, but also to find potential therapeutic targets
that are theoretically possible. For example, researchers
found they could prevent the exhausting of T lympho-

Fig. 1. Negative feedback regulation of the TLR signaling pathways exists
in KCs. Activation of one specific TLR signaling pathway can inhibit other
TLR signaling pathways. Anti-inflammatory cytokines IL-10 and TGF-3
secreted by KCs can inhibit immune cells, including NKand T cells, in

the immune response to HBV/HCV. PD-L1 and FasL produced by KCs

can induce the apoptosis of T cells and B cells, which eventually leads

to immune tolerance to HBV/HCV. FasL can also lead to the apoptosis of
HBV/HCV-infected hepatocytes, facilitating the clearance of HBV/HCV
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cytes and promote the clearance of the HBV/HCV virus
by blocking IL-10 receptors. Mechanisms that can be car-
ried out just by blocking a single factor will undoubtedly
bring promising progress to the treatment of HBV/HCV.
The effect of the PD/PD-L1 signaling pathway is to sup-
press the immune function of HBV specific T cells, which
is crucial to the chronicity of HBV infection. Interfering
with this signaling pathway can provide significant ther-
apeutic benefits. It is an inescapable conclusion that KCs
are the hinge of the immune response toward HBV/HCV
infection, so more effort should be devoted to elucidating
the role of KCs in the pathogenesis of HBV/HCV.
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