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Abstract
Kupffer cells, which have a characteristic morphology and a kind of phenotype, are the
resident macrophages in liver, serve as the largest population mononuclear phagocytes
in the body, and are localized in the periportal zone. They have phagocytosis capacity
and release all kinds of cytokines, chemokines, and soluble biological mediators. Owing
to the different functions of Kupffer cells, they play an important role in liver diseases. In
this chapter, we review the role of Kupffer cells in infectious disease, fatty liver disease,
liver fibrosis, liver ischemia-reperfusion injury, liver transplantation immunology, as
well as liver cancer and metastases.
Keywords: Kupffer cell, infectious disease, fatty liver disease, fibrosis, ischemiareperfusion injury, liver transplantation immunology, liver cancer, metastases

1. Introduction
Kupffer cells (KCs), as the largest population mononuclear phagocytes in the body, account for
80–90% of the total number of natural macrophages and 20% of the liver nonparenchymal cells
[1]. They form a self-renewing pool of organ-resident macrophages independent of the myeloid
monocyte compartment and derive from resident stem cells which originate from the fetal yolk
sac before [2–4]. Other studies also found that KCs derived from embryonic progenitors colonize
the tissues before birth [5–11], but with the growth of mouse, bone marrow-derived monocytes
will fill up additional macrophage niches that become available, competing with the resident
population. This situation occurs in the liver and spleen, but not in the brain and lung [12].
KCs have a characteristic morphology with amoeboid lamellipodia and an irregular surface
containing many microvilli [13], located at the luminal side of liver sinusoidal endothelium or
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the lamellipodia extended into the Disse space through the fenestrae. This is an ideal position
for their main function in the liver. This state can filter the blood that enters the liver from both
the portal vein and the hepatic artery, which is an important part of the cellular immunity system of the mammalia (Figure 1). So, the structure of KCs plays a role in the mutual coordination
and influence of liver parenchymal cells and other nonparenchymal cell functions and makes
up these cells’ important versatile constituents of the liver [14–16]. Now, according to the function of KCs, they could be distinguished as two groups: the one with higher phagocytosis capacity and the other with preference toward cytokines and chemokines production [17, 18]. Some
studies found that there were large KCs in rats. They are localized in the periportal zone and
have increased phagocytosis and increased production of biological mediators. These large
KCs can be identified by the expression of CD163, also described as ED2 antigen, which is a
scavenger receptor [19]. KCs (Table 1) can also be identified by the expression of CD68 (ED1); they were called small KCs in rats. The general macrophage marker F4/80 or by ED-1 was
expressed on the surface of mice KCs, which is present in all KCs regardless of their location
[20]. In mice, KCs can be distinguished from monocytes among the F4/80+ cells as Ly6C low
CD11b low-cell population [21, 22]. Additionally, macrophages are functionally grouped into
two classes, M1 and M2. M1 (termed classically activated) macrophages are pro-inflammatory
and could produce pro-inflammatory cytokines and chemokines, while the M2 (termed alternatively activated) macrophages are suppressive and involved in cellular repair [23]. According to
this situation, KCs as one kind of macrophages also have these functions and play a fundamental role in homeostasis and diseases [24]. KCs also have a unique KCs gene Clec4f to distinguish
with other macrophage; Clec4F has been previously described as a KCs-specific marker [25–27].

Direction of blood flow
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Figure 1. Schematic representation of the liver microanatomical structure and Kupffer cell localization in lower
magnification.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

Origin

Rat

Derived from
the fetal yolk
sack and
embryonic
progenitors
Mouse
colonize the
tissues. Liverresident Express
Human Clec4F gene

Marker

PRR

PAMP DAMP Immunogenic

Polarization of
macrophages

CD68/ED1
CD163/ED2

Scavengers
receptors (CDl3,
CD14, CDl5, CD68,
CD163) Mannose
receptors Fc
receptors (CD64,
CD32, CDl6)
Complement
receptor (CR1,
CR3, CR4) I regionassociated antigen

TLR1-TLR9
NLR

M1

Proinflammatory
antitumoral

M2

Antiinflammatory
Immune
suppressive
protumoral

F4/80 CD68
CD11blow
CD68 CD14

TLR1-TLR9
NLR RLR
TLR2 TLR3
TLR4 NLR

MHC-II CD80
CD86 PDL-1
(CD274)

Table 1. This table is used for KC identification and major surface receptors and moleculars involved in the function in
human, mouse, and rat.

In vivo, under steady condition, the KCs are resting situation; they play a role in eliminating
macromolecules, immune complexes, toxins, and degenerated cells from circulation. Pattern
recognition receptors (PRRs) on the KCs are the main factor to eliminate the debris, toxins,
and insoluble macromolecules, such as scavengers receptors (CDl3, CD14, CDl5, and CD68,
CD163), mannose receptors, Fc receptors (including CD64, CD32, and CDl6), complement
receptor (including the complement receptor L, complement receptor 3, and complement
receptor 4), I region-associated antigen, which are able to bind to toxins lipopolysaccharide
(LPS), immune complexes, or opsonized cells [28]. Since KCs reside in the liver sinusoids in
large numbers and are adherent to the endothelial cells, they are able to sample the blood
entering the liver from the gut as well as from the main circulation. KCs also could remove the
senescent or damaged erythrocytes. In this process, following phagocytosis and hemolysis,
KCs could express HO (including HO-1, HO-2, and HO-3) to degrade hemoglobin, which is
part of erythrocytes component. HO-1 catalyzes the degradation of heme into iron, biliverdin, and carbon monoxide, which are all considered to be hepatoprotective at low quantities
under steady-state conditions [29, 30].
Pathogen- and damage-associated molecular patterns (PAMPs and DAMPs, respectively)
were two kinds of PRRs to express on the surface of KCs. They included multiple families, such as Toll-like, RIG-like, and NOD-like receptors (TLR, RLR, and NLR, respectively),
and C-type lectin receptors (CLR) [31]. Mouse KCs can express TLR1-TLR9, all of which
appear to be functional [32]. Human KCs, so far, have only been described to express TLR2,
TLR3, and TLR4 [33, 34]. Furthermore, in the Listeria monocytogenes (Lm) infection model,
mouse KCs are shown to express RIG-like receptor I [35]. Hepatocytes and CD68+ liver
mononuclear cells (presumably KCs) express NLRC2 (NOD2) [36]. When the KCs were
activated by the emergence of endotoxins and harmful exogenous particles from the portal
vein and circulation, their functions were enhanced. They could produce all kinds of cytokines and chemokines significantly. In the presence of TLR ligands, such as LPS and CpG,
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the CD14-positive KCs were stimulated by TLR4, which activates the intracellular signal
pathway via myeloid differentiation factor 88 (MyD 88), resulting in NF-κB activation to
produce the pro-inflammation cytokines IL-6, TNF-α, IL-1β, ICAM-1, VCAM-1, and VAP-1
[37], and the CD14 expression on KCs is increased [31]. CD14-transgenic mice that overexpress CD14 on monocytes have increased sensitivity to LPS [38]. As a receptor of dsRNA,
TLR3 on KCs is one of the primary triggers in the defense of viral diseases. TLR3 activation
induces the strongest IFN-γ response. KCs were activated presumably due to the induction
of IL-12 in the absence of IL-10 coproduction, which was observed upon TLR2 and TLR4
ligation [39]. Activation of TLR7 triggers the secretion of type I interferons and activation of
subsequent genes encoding CXCL10, CXCL11, Mx1 (antiviral G-Protein), CCL2 (also known
as MCP-1), also secretion of IL-10, leading to enhanced viral clearance [40]. TLR9 activation
on KCs attenuates inflammation by the secretion of IL-10, suppressing the activation of infiltrating monocyte-derived macrophages in mice. This finding supports a dual role of TLR9
engagement, which depends on the target T-cell type [41]. LPS, DNA, SFA, amyloid cholesterol, cathepsin κ, and reactive oxygen species (ROS) and so on have been suggested as
NLPR3 activators, which comprise the NOD-like receptor NLRP3, the apoptosis-associated
speck-like protein containing a caspase recruitment domain, and the effector molecule procaspase inflammation [42].
KCs likely derived from infiltrating monocytes express MHC-II antigens and costimulatory molecules (CD80 and CD86), which can present foreign antigens to the reactive
T cells, induced T cell responses, and thus conferred tolerance to induce regulatory T cells in
immune response [28]. IL-10 and PDL-1 (also known as CD274) participated in the immune
tolerance, which reduce the antigen-presenting capacity of KCs by downregulating the
expression of MHC molecules and costimulators, but without strongly affecting the scavenger function of KCs.
KCs not only can interact with T cells but can also interact with many cellular components
in the liver. For instance, KCs can initiate the recruitment of other monocytes to the liver
in case of injuries, which is important for liver regeneration, and they also interact with
hepatic stellate cells (HSCs) to play a role in liver diseases and repair [43, 44]. TLR4 signal on
KCs indirectly silences patrolling NK cells by MYD88-dependent IL-10 secretion, whereas
TLR2 or TLR3 induces IL-18 and IL-1β, leading to NK-cell activation in liver inflammation
[45]. Traditionally, M1 macrophage phenotype is marked by the release of pro-inflammatory cytokines like TNF-κ, IL-1, and IL-12. Alternative activation of M2 phenotype is more
heterogeneous, as different stimuli are main to release anti-inflammation cytokines (such
as IL-10). Typically, the increased expression of arginase 1, the secretion of immune-modulatory cytokines (such as IL-10 and TGF-κ), and the involvement in tissue repair phase
are considered as indicators of M2 macrophage differentiation. Different origin of the cells
together with the functional plasticity of macrophages can explain the phenotypic and functional heterogeneity of KCs observed upon different triggers of liver pathology [46, 47]. On
the basis of these concepts, in the next sections, we summarize the role of KCs to various
diseases involving the liver, in particular infectious disease, fatty liver disease, liver fibrosis
and cirrhosis, ischemia and reperfusion (I/R) injury, liver cancer as well as liver transplantation immunology (Figure 2).
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Figure 2. KCs interact with other cells in liver diseases and have the bidirectional function.

2. Kupffer cells in infectious disease
KCs and the sinusoidal endothelial cells are the first barriers for pathogens to enter the liver
via the portal vein [48]. Their endocytic capacity, the expression of different PRRs, MHC,
and costimulatory molecules, and the ability to produce a variety of physiologically active
substances (mediators of the inflammatory process) when they were stimulated make them
as the potent immune cells that aim to either pathogen clearance or persistence. The liver is
constantly exposed to non–self-protein which is derived from nutrients or microbiota, and
bacterial endotoxins would trigger immune response to induce inflammation. These pathogens may activate KCs that lead to produce anti-inflammation cytokines and chemokines
for the inhibition of pathogen replication, or recruit and activate other immune cells to liver
to participate in the inflammation reaction. So the inflammation process is a multifactor and
multicell interaction to participate in. In this process, KCs can recruit other immune cells
such as monocytes into the liver, which are then polarized into regulatory IL-10+IL-12−DCs by
hepatocyte growth factor [49], macrophage colony-stimulating factor (M-CSF) [50], through
inducing activation of the signal of STAT3 and SMAD, then blocking NF-κB [51], and then
producing anti-inflammation cytokines. At the same time, stimulation of the body-wide
DCs response by the administration of Fms-related tyrosine kinase 3 ligand (Flt3L), granulocyte colony-stimulating factor (G-CSF), or granulocyte-macrophage colony-stimulating
factor (GM-CSF) reverses endotoxin-related immunoparalysis that probably over produces
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unprimed myeloid cells, which in turn are capable of developing into TNF-IL-12-DCs after
stimulation with LPS and other pathogens [52]. This approach may effect on patients with
acute-on-chronic liver failure to overcome immunoparalysis [53].
NK cells are important during liver inflammation, TLR2 or TLR3 signal on KCs are activated
to induce cytokines IL-18 and IL-1β production, then lead to NK cells activation to immune
responses [54]. The chemokine CXCL16 secretion from KCs could guide the CXCR6+ NKT-cell
trafficking in the liver to regulate immune responses during microbial infection, and KCs
might interact with patrolling NKT cells via glycolipid receptors such as CD1d to produce
pro-inflammation cytokines IL-4, IFN-γ, and then provide cytotoxic activity [55–57]. When
KCs were activated, they become immunogenic to induce CD8 T cells activation, and the
generation of efficient CLT response [58, 59]. Thus, during liver infection, KCs support the
development of antimicrobial T cell responses. Besides CD8 T cells responses, recent studies
describe that naive CD4 T cells also could be activated in the murine liver disease [60].
The interaction of KCs with membrane-bound as well as soluble mediators expressed by
infiltrating immune cells probably leads to further regulation of KCs function. Several studies have reported the involvement of adhesion molecule vascular endothelial growth factor-1
(VEGF-1), which is expressed by KCs, in liver inflammation. In common with endothelial
cells which express both VCAM-1 and VEGF-Rs, KCs also could express several antigens
that functionally regulate the bioactivities of KCs, including cytokine activation and production, cytoskeleton rearrangement, survival, and chemotaxis in liver inflammation [61–68].
The infiltration of neutrophils is commonly seen in all types of liver disease, especially in
liver inflammation [69]. Neutrophils also could activate KCs and endothelial cells, leading to
upregulation of cellular adhesion molecules such as ICAM-1, VCAM-1, or VAP-1 to induce
neutrophils infiltration and endocytose the microbe [70]. Furthermore, KCs might play a dual
effect in liver inflammation, and pathogens may exploit the tolerogenic capacities of KCs to
evade immunity and may have evolved to inhibit the immunogenic functions of KCs. Then,
we provide examples of the various roles of KCs in bacterial, viral, and parasitic infection.
2.1. Liver infection by bacteria
Kupffer cells act as sentinels capturing antigens and pathogens and are key contributors
of host defense against enteroinvasive bacteria [5]. L. monocytogenes (Lm) is a very wellcharacterized facultative intracellular model microorganism [71]. Lm, which could be captured by KCs, triggers a massive recruitment of monocytes leading to the formation of liver
Lm-containing microabscesses 2–3 days post inoculation [72]. These microabscesses contain
M1 macrophages, TNF/iNOS-producing dendritic cells (Tip-DCs), and neutrophils to play a
critical role in the rapid control of the infection [73, 74]. Infected KCs secrete inflammation
mediators such as IL-1β and IL-4 to inhibit proliferation of the microorganism [75]. At the
same time, infected KCs could secret chemokines such as MIP-1α (CCL3), MIP-1β (CCL4),
MCP-1 (CCL2), and MIP-2 (CXCL2/-3), leading to “pro-inflammatory” M1 macrophages that
express the chemokine receptor CCR2 recruitment to the liver, which egress from the bone
marrow, then control the infection [76, 77]. But some studies indicate that KCs undergo a
rapid necroptotic death upon the first hours of their infection by Lm. KCs necroptosis triggers
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hepatocytes to release the alarmin interleukin-33 (IL-33), which triggers basophil IL-4 production [78], then in turn causes recruited monocyte-derived macrophages to proliferate and
shift from an M1 to M2 phenotype. This allows ultimately the replacement of dead KCs by
M2 macrophages after Lm infection. During infection with Lm, tissue-resident KCs are quantitatively replaced by monocytes, which develop into tissue-resident macrophages. The lethal
irradiation also led to the replacement of embryo-derived KCs by bone-marrow-derived
macrophages, which acquired a highly similar cell identity as indicated by the adoption of
a KCs characteristic global enhancer landscape. Initially, these cells contribute to antibacterial immunity in a typical IFN-γ-driven inflammatory response. In the second phase, KCs
necroptosis also initiates a cascade of IL-4-driven events inducing proliferative expansion
and phenotypic changes of monocyte-derived macrophages that promote restoration of tissue integrity after bacterial clearance. Similar results were obtained with the enteroinvasive
bacterium of Salmonella enterica [79]. This is a new field of investigations for infection control
and tissue return to homeostasis.
When liver infection with Francisella tularensis occurs, it is able to infect and replicate within
Kupffer cells which release pro-inflammatory cytokines TNFα, IL-1β, and IL-6, leading to
sepsis [80]. But hepatocytes as well as dendritic cells may support the intracellular replication
of F. tularensis without undergoing proptosis or apoptosis, because the hepatocytes could
release chemokines FKN to reverse this process [81, 82]. So, KCs inactivation or depletion
results in impaired bacterial clearance. Although KCs play a critical role in infection, various
studies indicate that the actual elimination of the bacteria taken up by the liver depends on a
complex interaction of KC and other inflammation cells.
2.2. Liver infection by viruses
Both hepatitis B virus (HBV) and hepatitis C virus (HCV) are blood-borne viruses, when
infected by them can result in chronic liver disease with an increased risk for liver fibrosis/cirrhosis, hepatic failure, and liver cancer [83, 84]. Studies suggested that hepatic macrophages played an important role in viral hepatitis. KCs have a beneficial antiviral effect on
the early phase after infection. During systemic viral infection, liver resident KCs are essential for the efficient capture of the virus and preventing viral replication. The next involves
fast induction of an antiviral status in KCs by producing IFN-γ and prevents viral spread to
neighboring hepatocytes [85, 86]. Activated KCs express high levels of immunogenic MHC
II and can thereby activate virus-specific CD4+ T cells in liver; CD4+ T cells also can produce
IFN-γ in response to antigen exposure. At the same time, under an antiviral status, this might
enhance the phagocytic capacity of KCs, which might additionally contribute to control
virus replication [87, 88]. Some studies make use of a short-term LCMV-Cl13 infection in
mice to examine phenotypic and functional changes in inflammatory monocytes and F4/80high-Kupffer cells instead of virus infection animal models; these cells are the first innate
immune cells to encounter a viral pathogen in liver. They observed F4/80-high-Kupffer cells,
which maintain their endocytic activity and increase the expression of several pro- and antiinflammatory cytokines and chemokines after LCMV infection. KCs from LCMV-infected
mice clearly show the induction of pro- and anti-inflammatory cytokines and chemokines,
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including TNF, IL-6, IL-10, MCP, CXCL-10, and others. The active uptake of LCMV by KCs
limits viral spread and immunopathology [89, 90].
In human body, when they are infected by HBV particles and HBs, the virus induces IL-1β,
IL-6, IL-18, CXCL8, and TNF production by human CD68+ KCs via NF-кB activation leading
to NK cell activity and then NK cells produce IFN-γ, which plays an important role in antiviral immunity.
KCs have two functional AIM2 and NLRP3 inflammasomes, and that AIM2 production of
IL-1β and IL-18 is essential for IL-8 transcription as well as activating liver and peripheral
blood NK cells, respectively [91, 92]. Some studies demonstrated that rat ED1+-adherent
KCs exposed to HBV virus hardly expressed IL-1β, IL-6, or TNF, but produced the immunoregulatory cytokine TGF-β, because hepatitis B surface Ag blocks IRF7 binding to the AIM2
promoter. Targeting AIM2 prevents the recognition of dsDNA expressed by the HBV, and
that the limited innate response observed upon HBV infection may be due to viral-mediated
immune evasion [93, 94]. Another link between hepatic inflammation and disease in patients
with chronic HCV was attributed to IL-1β secretion following the activation of the NLRP3
inflammasome in liver macrophages (CD68+/CD14+) [95].
Chronic infection associated with hepatitis B virus (HBV) is a major cause of liver fibrosis and
cirrhosis. The activation of NADPH oxidase during the phagocytosis of HBV particles, and
signal transducers and activators of transcription-3 (STAT-3) binding to elements in the TGF-β
promoter may also be involved to increase TGF-β production. So KCs could produce the profibrogenic/anti-inflammatory cytokine TGF-β rather than the pro-inflammatory cytokines
IL-6, IL-1, and TNF-α. This may partly explain why overt liver fibrosis is still present when
chronic hepatitis B virus infection occurs with minimal (or no) necroinflammation [93, 96, 97].
KCs in the HBs-Tg mice expressed higher level of CD205 and produced greater amounts of
interleukin (IL)-12 than did those in the WT mice. Depletion of KCs, neutralization of IL-12,
or specific silencing of CD205 on KCs significantly inhibited CpG-oligodeoxynucleotides
(CpG-ODN)-induced liver injury and NKT cells activation in the HBs-Tg mice. These data
CD205-expressing KCs respond to CpG-ODNs and subsequently release IL-12 to promote
NKT cell activation. Activated NKT cells induce liver damage through the Fas-signaling
pathway in HBs-Tg mice [98].
HCV infection also could make KCs and liver-infiltrating lymphocytes the major sources of
TGF-protein, leading to liver fibrosis [99]. The cellular protein, glucose-regulated protein 94
(GRP94), which is directly mediated by NF-κB activation to interact with HCV E2, plays an
important role in TGF-protein induction, suggesting that GRP94 is a potential target for the
development of drugs that prevent hepatic fibrosis caused by HCV infection. Moreover, TGF
plays a pivotal role in the generation of Treg cells from precursor cells, such that a GRP94inhibiting drug would also likely boost immunity against HCV infection by blocking the
induction of Treg cells, which direct the immune tolerance against HCV [100, 101].
KCs with heme are metabolized and detoxified by heme oxygenase-1 (HMOX1) to carbon
monoxide (CO), biliverdin, and free iron (which induces ferritin). The HMOX1 and metabolites of heme besides possessing anti-inflammatory and antioxidant properties have been
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noted to have antiviral effects in hepatitis C-infected cell lines. Additionally, these substances
have been shown to enhance the response to IFN-α by restoring interferon-stimulated genes
(ISGs) [102].
Only few studies on HEV-infected animals and humans have been published. But through
immunohistochemistry, HEV antigens were detected mainly in KCs and liver sinusoidal
endothelial cells, partially associated with hepatic lesions and infiltrates of CD3-positive cells.
Since KCs and liver sinusoidal endothelial cells have antigen-presenting functions, they may
also play a role in the host defense mechanisms and immunopathogenesis [103, 104].
In contrast to HBV and HCV, infection of HAV is self-limiting and does not induce chronic
infectious disease. HAV reaches hepatocytes via KCs that bind complexes of HAV- and
HAV-specific IgA antibodies via the Fcα receptor [105], and subsequently transfer the virus
to hepatocytes. Different from HBV and HCV, HAV requires the disruption of host cell membranes to release its progeny. These dying hepatocytes may provide DAMP, which can be
recognized by KCs and other intrahepatic immune cells, leading to the activation of these
cells that can overcome viral immune escape and liver-intrinsic tolerogenic mechanisms [106].
2.3. Liver infection by parasites
Infection by the Echinococcus larval stages (larval echinococcoses) can affect humans [107],
which are thus accidental to be intermediate hosts. Intermediate host infection occurs after
the ingestion of eggs (passed out with the definitive host feces), which hatch releasing
oncospheres that penetrate the intestinal wall, and then are carried by blood or lymph to
organs. Lectins are central players in innate immune to pathogens. A screen among lectins
known to be expressed in mammalian macrophages identified only the mouse Kupffer cells
receptor (KCR; CLEC4F) as a lectin able to bind the Echinococcus granulosus LL [108]. KCs in
particular are known to be tolerogenic, as opposed to conventional priming in the lymph
nodes draining the organ [52]. Thus, the new data are consistent with the hypothesis that the
LL carbohydrates are evolutionarily optimized for ensuring the clearance of shed LL particles
by KCs. This hypothesis includes the possibility that KCR engagement favors the KCs release
of anti-inflammatory mediators to participate in the infectious process to alleviate the liver
injury [109–111].
Infection by the protozoan parasite Entamoeba histolytica causes hepatocyte damage in focal
areas leading to amebic liver abscess (ALA). Selective depletion of KCs using liposomeentrapped clodronate or the inhibition of monocytes infiltration using CCR22/2 mice revealed
that KCs and inflammatory Ly-6Chi monocytes, through producing TNF-α, are the main
effector cells responsible for liver destruction during ALA [112].
KCs also represent the port of liver entry for Plasmodium and Leishmania, which parasitize KCs and then infect other liver cells [113]. Parasites enter into the skin after a mosquito
bite, and the rapid migration of sporozoites allows them to escape clearance by local tissue
phagocytic cells and to enter lymphatics and blood vessels. Via the blood, sporozoites rapidly
reach the liver and, after gliding on HSPG in liver sinusoids, they use circumsporozoite
protein (CSP) and thrombospondin-related anonymous protein (TRAP) to bind to KCs.
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KCs are the potent target of Leishmania donovani amastigotes; early studies identified this on
the basis of KCs characteristic morphology and anatomical position within the sinusoids
[114, 115]. In these processes, hepatocytes infection is through KCs [116], indicating that these
parasites use KCs to overcome the sinusoidal barrier and, ultimately, to infect hepatocytes.
TREM2 expression by KCs appears to be an important determinant in resistance to liver-stage
infection against Plasmodium parasites [117]. Once invading a hepatocyte, the parasites
develop into merozoites, which will be released from the liver to infect erythrocytes [118].
Taken together, these data show that sporozoites not only use their migratory capacity to
escape elimination by phagocytic and immune cells but also interact with and use KCs to
increase their efficiency at infecting hepatocytes.

3. Kupffer cells in fatty liver disease
KCs have been implicated in various liver diseases with different etiologies that are associated with metabolic complications, such as over-nutrition, and may lead to fatty liver disease.
Nonalcoholic fatty liver diseases (NAFLDs) are a series of disorders that include nonalcoholic
fatty liver (NAFL), steatosis with inflammation, and nonalcoholic steatohepatitis. NAFLD
could cause insulin resistance and is known to increase morbidity and mortality, particularly
due to an increased cardiovascular risk [119–121]. KCs, liver-resident macrophages, display
a critical mediator in the development of NAFLD. PAMPs and DAMPs are well known to
be able to activate various Toll-like receptors (TLR) such as TLR2, 4, and 9 present on KCs,
by recruiting MyD88 and engaging MAP kinases and activating NF-κB signaling, and could
be responsible for the inflammatory reaction at different disease stages. Obese and steatotic
patients corroborate the observation highlighting an increased CD68 mRNA of KCs with
obesity, and upregulation of many other genes such as chemoattractant protein-1 (MCP-1),
which is also named chemokine ligand 2 (CCL2). So CCR2-deficient animals show decreased
steatosis. Soluble CD163 would also correlate with nonalcoholic fatty liver disease activity
and fibrosis. Deletion of ED2-positive KCs by GdCl3 or clodronate attenuates pro-inflammatory and profibrogenic cytokines release, thereby protecting fatty livers from progression to
NAFLD [122–125].
More recently, it was shown that over-expression of CD14, a coreceptor of TLR4, in KCs of
mice with high-fat diet (HFD)-induced steatosis increased the hypersensitivity to low-dose
LPS [126]. TLR4 in KCs mediates the progression of simple steatosis to NAFLD, by inducing ROS-dependent activation of X-box–binding protein-1 [127]. When KCs are activated by
LPS through TLR4, they display an M1 TNF-expressing pro-inflammatory phenotype and
increase triglyceride accumulation, decrease fatty acid oxidation and insulin responsiveness
of hepatocytes. KC-derived TNF production seems to be central in NAFLD development,
when silencing liver TNF or using TNFR1/2-deficient mice attenuating liver steatosis compared with wild-type mice [128, 129].
NOD-like receptors of KCs (NLRs) are intracellular PRRs that are part of the inflammasomes
briefly mentioned above. Inflammasomes are multiprotein complexes that through NLRs
sense intracellular danger signals and initiate an activation cascade of events that culminate
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with autoactivation of caspase 1 and cleavage of promoting IL-1κ and IL-18 production. By
controlling the release of these important inflammatory cytokines, inflammasomes play an
important role in the inflammatory process underlying NAFLD [130].
Interestingly, it was recently shown that IL-10 released by activated KCs stimulated apoptotic
death of pro-inflammatory cells [131]. This mechanism mediated resistance to hepatocyte
steatosis and subsequently death. Fatty liver disease mechanism caused by excessive alcohol consumption is similar as NAFLD. In the same way, the depletion of KCs in mice also
attenuates alcohol-induced diseases. Then it demonstrated a central role of KCs in fatty liver
diseases [132].

4. Kupffer cells in liver fibrosis
Fibrogenesis development has many pathological factors, such as inflammation derived from
Kupffer cells, angiogenesis, and hepatic stellate cell (HSC) activation, and interacts with each
other, leading to collagen deposition. Cirrhosis is the most advanced stage of fibrosis, with
septa and nodule formation being the most notable features [133]. KCs or resident hepatic
macrophages carry out an important role in modulating inflammation in liver fibrosis
development. KCs produce reactive oxygen species, a variety of pro-inflammatory cytokines,
such as TNF-α, IL-1β, and macrophage inflammatory protein (MIP)-1, which could provoke
HSC activation to produce pro-fibrotic cytokines TGF-β and platelet-derived growth factor
(PDGF) and subsequently contribute to hepatic injury [134, 135].
The accumulation of circulating Ly6Chi monocytes within the liver is greatly dependent on
CCR2/CCL2 and CCL1/CCR8 axis, in the pathogenesis process, KCs also express multiple
chemokines and matrix metalloproteinases (MMP-9, -12, and -13) that recruit immune cells
and promote extracellular matrix degradation, thus favoring the resolution of fibrosis [136].
Then, senescent hepatocytes and NF-κB-inducing kinase (NIK) activation in hepatocytes lead
to the release of numerous chemokines. These chemokines can influence the migration or
activation state of macrophages that in turn induce hepatocyte apoptosis. Accordingly, the
NIK in vivo triggers massive liver inflammation and hepatocyte apoptosis leading to liver
fibrosis. The fact that on the basis of above experiments KCs depletion using clodronate
reversed NIK-induced damage [137, 138].
Some studies indicate that activating CX3CR1 on KCs increases their IL-10 expression and
reduces their TNF and TGF-β [139], IL-10 is a potent anti-inflammatory mediator that has
been shown to inhibit the production of TNF-α and IL-1 and to suppress the activation of
NF-κB . IL-10 reduces macrophage production of nitric oxide (NO) and reactive oxygen intermediates, and also reduces the expression of adhesion molecules and chemokines [140, 141].
Thus, fractalkine (the ligand of CX3CR1) represents a negative feedback on the extension of
liver inflammation through affecting KCs.
An antifibrotic effect of liver macrophages was also demonstrated when macrophage infiltration was blocked during the induction of fibrogenesis in rats. Delta-like ligand 4 (Dll4) is a kind
of antifibrotic factor. It was expressed in patients’ KCs and liver sinusoidal endothelial cells.

63

64

Biology of Myelomonocytic Cells

In vitro, rDll4 significantly decreased lipopolysaccharide-dependent chemokine expression
in both KCs and HSCs. Then the inflammatory cell infiltration and their chemokine ligand 2
(CCL2) expression were significantly reduced in rDll4-receiving bile duct ligation mice. Dll4
expression was inversely associated with CCL2 abundance. Mechanistically, Dll4 regulated
CCL2 expression via NF-κB. Taken together, Dll4 modulates liver inflammatory response by
downregulating chemokine expression and then participates in the role of antifibrosis of liver
[142, 143]. With regard to recovery from fibrosis, KCs and macrophages secrete proteinases
that promote the degradation of scarring extracellular matrix proteins.

5. Kupffer cells in liver ischemia-reperfusion injury
Liver ischemia reperfusion (I/R) injury refers to the paradoxic aggravation of ischemic liver
resulting from the return of blood flow and oxygen delivery, which is encountered frequently
in a variety of clinical situations, including liver transplantation, trauma, hepatic resection, or
hypovolemic shock. If hepatic I/R injury progresses out of control, it can lead to liver failure,
systemic inflammatory response syndrome, and multiple organ failure, and lastly leading to
death [144, 145]. Oxidative stress is the major contributor for I/R-induced injury, so the therapeutic strategies to antioxidants have gained interest. In I/R injury, KC activation is presumed
to occur first, resulting in generation of reactive oxygen species (ROS) and preinflammatory
cytokines such as TNF-α, IL-1β, nitric oxide, and chemokines, which contribute to hepatocyte
death, endothelial damage and recruitment, and activation of leukocytes [146].
KCs secrete CCL2 to promote CCR2-expressing neutrophil recruitment from the bone marrow
and subsequent infiltration into the liver during I/R [147], and secrete matrix metalloproteinases (MMPs) to increase graft dysfunction [148]. In this process, platelets could be adherent
to the KCs, which reflect the activation of KCs and lead to leukocyte accumulation affecting
sinusoidal perfusion, causing liver failure [149].
Large amounts of endotoxin contact KCs through the portal circulation following IR after
liver transplantation. The LPS first binds to CD14, triggering KCs activation, then integrates
with TLR4, and further increases the expression of CD14, the activation signals are transduced into cytoplasm, resulting in NF-κB nuclear translocation and cytokines such as TNF-α
and IL-6 release, harming the liver graft. TLR4 knockout mice are protected from endothelial
overactivation in the absence of KCs after IR injury [150]. At the same time, endoplasmic
reticulum (ER) stress of KCs in evoking liver inflammation following reperfusion contributed
to the conversion of natural Tregs to Th17 cells due to IL-6 release, resulting in liver injury
[151]. Whereas the inhibition of high-mobility group box 1 production by KCs after I/R in
rats could prevent liver injury [152], suppression of TNF-α–mediated apoptotic signaling by
glutathione (GSH) pretreatment can attenuate hepatic I/R injury in young and aged rats [153].
In IR injury, activated KCs could produce pro-inflammation cytokine IL-18, blocking of IL-18
by IL-18-binding protein may inhibit KCs activation, resulting in a reduction of KC-derived
harmful stimuli, then ameliorates I/R injury [154]. KCs also could protect liver grafts against
liver-transplant–induced I/R injury. The protection appears to be mediated by the release
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of anti-inflammatory IL-10 and the production of antioxidant heme oxygenase by KCs [41,
155]. The IL-10 secreted by KCs controls pro-inflammatory mediators released from LSEC in
response to LPS challenge, KCs depletion has also been shown to impair hepatic IL-10 production after partial hepatectomy. Pretreatment with IL-10 protects steatotic livers undergoing
I/R, and that active KCs retain a hepatoprotective role in the steatotic environment [156, 157].
Heme oxygenase-1 (HO-1) is a rate-limiting enzyme of heme degradation, exerts antioxidative, antiapoptotic, anti-inflammatory, and vasoactive effects through its byproducts or itself.
HO-1 and its byproducts (CO, biliverdin, and iron ion) induction could protect the graft from
IR injury after liver transplantation in several experimental studies [158]. Our study also has
the same results. Our results of immunofluorescence also demonstrated that preconditioning
with Nodosin perfusion induced HO-1 expression mainly in KCs at 24 h after transplantation
[159] (Figure 3). HO-1 upregulation in KCs plays a protective role in modulating immune
responses of I/R-injured tissues, or reducing apoptosis induced directly by TNF-α [160].
Preincubation of KCs with CO upregulated heat-shock protein 70 (HSP70) and inhibited
ROS generation. CO-pretreated liver grafts showed less upregulation of TNF-α and inducible nitric oxide synthase messenger RNA (mRNA), reduced expression of pro-apoptotic B
cell lymphoma 2-associated X protein mRNA, cleaved caspase-3, and poly(adenosine diphosphate ribose) polymerase. So, pretreatment of donors with CO ameliorates LT-associated I/R
injury with increased hepatic HSP70 expression, particularly in the KCs population [161].

Figure 3. Immunofluorescence double staining for cellular localization of heme oxygenase 1 (HO-1) expression in the
rat liver after nodosin perfusion. Liver sections are stained for HO-1 (green) and the Kupffer cell marker ED2 (red).
Colocalization of these two colors can be recognized by the yellow color. (a) Control group; (b) Nodosin group; (x40) [165].

6. Kupffer cells in liver transplantation immunology
Liver transplantation is an effective treatment for advanced liver diseases, but immune rejection is a major obstacle after transplantation. KCs not only can engulf and kill pathogenic
microorganisms, rid of endotoxin, but also have effects of antigen presentation, secretion of
cytokines, and immune regulation. They can express high levels of MHC and costimulatory
molecules and are capable of activating naive T cells [17]. At the same time, they could be
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activated by antigen to produce T1 cytokines IL-2, IL-1, IL-6, TNF-α, and IFN-γ. They interact
with the recipient T cells that migrate into the graft and play an important role in immune
response [162]. Furthermore, the replacement of KCs by recipient bone marrow-derived cells
(BMDCs) was observed in the liver graft, and functional inhibition of KCs by GdCl3 abrogated
prolonged survival. Analysis of mRNA expression levels in liver grafts showed a shift of the
Th1/Th2 balance toward reducing rejection in the BMC groups. So replacement of KCs by
recipient BMDCs may play an important role in this mechanism of inhibiting rejection [163].
After liver transplantation, the reduction of B7 expression in donor KCs could suppress the
activation of recipient T lymphocytes and secretion of IL-2 via the CD28/B7 costimulatory
pathway and may induce immune tolerance [164]. The cytokines TNF-α expression in KCs is
a marker of activated KCs after transplantation and it may be a good target for reversing acute
rejection post transplantation [165]. GdCl3 depletion of KCs also plays a protective role in liver
transplantation through suppressing bile duct cell apoptosis, including decreasing expression
of ALT, ALP, TBIL, and TNF-α, and suppressing Fas-FasL-Caspase signal transduction [166].
KCs not only play a role in immune response directly but also activate the immature DCs or
recruit immature DCs to liver to mature DCs to take part in immune response, by producing
pro-inflammation cytokines and chemokines .Then, mDCs could express costimulatory molecules highly and present antigen to T cells [167, 168].
Recently, it has found that KCs can induce T lymphocyte apoptosis and play an important role
in the regulation of liver transplantation tolerance. They also could produce high levels of Th2
cytokines IL-10 and TGF-β and low levels of IL-12 to protect the graft [169]. Although KCs can
promote immature DCs to mature DCs as immunogenic APCs, they are frequently accompanied by an upregulation of PD-L1 [170], release of IL-10 and TGF-β [171], prostaglandin E2
(PGE2) [172], IDO [173, 174] and/or arginase [175], which inhibit DC-mediated T cell activation within the sinusoids, and the presentation of high-affinity peptide by KCs results in the
deletion of CD8+ T cell tolerance. Furthermore, they promote the suppressive capacity of Tregs
(CD4+CD25+FoxP3+ T cells) toward hepatic antigens to induce tolerance [176]. KCs could also
recruit TH17 cells and also γδ T cells are facilitated by CCR6 and possibly also CCR4 via CCL17,
CCL22, and CCL20. A broad variety of chemokine receptors have been linked to Treg cell migration (e.g., CCR1, CCR4, CCR5, and CCR6) showing a functional tolerance [28]. KCs mediate
CD8+ T cells apoptosis by expressing Fas ligand (FasL), which can ligate Fas on CD8+ T cells
[177]. V-set and Ig domain-containing 4 (VSIG4, CRIg, or Z39Ig), a newly identified B7-related
cosignaling molecule, exclusive expression on liver KCs is a complement receptor for C3b and
iC3b and a coinhibitory ligand that negatively regulates T-cell immunity, VSIG4+ KCs play a
critical role in the induction and maintenance of liver T- and NKT-cell tolerance [178]. So, KCs
have a dual effect after liver transplantation immunology

7. Kupffer cells in liver cancer and metastases
Persistent hepatic inflammation resulting from hepatitis B or C virus infections (HBV or
HCV, respectively), NAFLD, or alcohol abuse is a hallmark feature of chronic liver diseases
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and appears to be an essential prerequisite of hepatocarcinogenesis. The results of this
activation involve the production of multiple inflammatory cytokines, ROS, growth control mediators, various chemokines, which orchestrate the interaction between parenchymal and nonparenchymal liver cells, especially KCs to be activated in the process of
hepatic carcinogenesis. They are also involved in the enhancement of clonal expansion of
preneoplastic cells, then leading to neoplasia [179]. In diethylnitrosamine-induced HCC
in mice, pro-inflammatory activation of KCs during the early stages of chemical-induced
carcinogenesis is important in tumor development. Then, the antitumor effects of KCs are
widely studied, such as to release TNF-α and iNO to recruit cytotoxic T cells and NK cells,
to induce apoptosis of cancer cells and phagocytose cancer cells [180]. And some studies
demonstrated that the expression of TREM-1 by mouse KCs plays a crucial role in their
activation upon the recognition of necrotic hepatocytes and tumor cells [181]. Activated
KCs suppress tumor cells through the ADCC pathway via FcγRIII (CD16) and directly
or indirectly by cytokines. The existence of CD16a in KCs and that the activation of KCs,
which mainly resulted in CD16a expression, then via NK cells, mediated ADCC reactions
to induce NK cell cytotoxicity to tumor cells.
The activated KCs kill target cells directly by swallowing and releasing lysosomal enzyme,
NO, and peroxidase; they also cooperate to resist tumor cells by secreting cytokines including
TNF-α, IL-1, IL-6, and granulocyte-macrophage colony-stimulating factor (GM-CSF) [182, 183].
IL-6 is highly produced by KCs, it has been related with tumor progression and angiogenesis in several tumors, and it is overproduced in HCC. So decreasing the IL-6 production by
KCs inhibits hepatocellular carcinoma growths [184]. KCs derived from male but not female
SART1+/− mice produced increased levels of the hypoxia inducible factor (HIF-1)-dependent
chemokine (RANTES) and cytokine promoting oxidative damage and inflammation, driving
progression to hepatocellular carcinoma. Reventing inappropriate HIF-1 activation in male
mice, as a novel therapeutic target for hepatocellular carcinoma [185, 186].
KCs play an essential function in the host tumoral surveillance system. Their strategic position in liver allows them to discriminate and remove neoplastic cells that develop in liver.
Besides primary liver cancer, liver metastases are frequently observed, especially in gastrointestinal malignancies. The metastatic cells migrate via the bloodstream into the portal circulation, and they are entrapped in the liver sinusoids [187]. KCs play an important role in
tumor growth, angiogenesis, and metastasis through the production of a number of growth
factors (PDGF-β, vascular endothelial growth factor (VEGF), TGF-β, and EGFR ligands),
cytokines (IL-6, TNFα, and IL-10), chemokines (CCL17, CCL22, CCL24, CXCL12, and IL-8),
as well as other soluble factors (MMPs, osteopontin, and cyclooxyganse-2). In the liver, CEA
binds with heterogeneous nuclear RNA-binding protein M (hnRNP M) receptor on KCs
and causes activation and production of pro- and anti-inflammatory cytokines including
IL-1, IL-10, IL-6, and TNF-α. These cytokines affect the upregulation of adhesion molecules
on the hepatic sinusoidal endothelium and protect the tumor cells against cytotoxicity by
nitric oxide (NO) and other reactive oxygen radicals. This activation is the key to the role of
CEA in liver metastasis. A large number of clinical studies have shown correlations between
serum CEA levels and advanced colorectal cancer, in particular, in the presence of liver
metastasis [188].
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KCs were found to have promoted tumor invasion and exacerbated the metastasis and they
are responsible for the accumulation of liposomes. In the metastatic hepatic cancer, KCs taking up liposomes were significantly increased, and PEGylated can reverse this result through
a reduction in tumor-supportive KCs [189]. Primary pancreatic tumor cells release exosomes
that contain migration inhibitory factor (MIF) into the blood circulation. These PDAC-derived
exosomes are selectively taken up by liver KCs, leading to the MIF-dependent production
of fibrotic cytokines by KCs. These fibrotic cytokines, particularly TGF-β, activate liver
HSCs to produce fibronectin. Deposition of fibronectin in the liver leads to the formation of
a fibrotic microenvironment that promotes the recruitment of bone marrow-derived cells.
These sequential events establish a premetastatic niche, which permits the survival and proliferation of disseminated PDAC cells and the formation of metastases in the liver [190]. Some
studies demonstrated that KCs could help metastatic cancer cells extravasate from vessel via
CXCL12/CXCR4 pathway.
KCs in liver can interact with myeloid-derived suppressor cells (MDSCs) and cause their upregulation of PD-L1, a negative T cell costimulatory molecule, and ultimately lead to tumor immunosuppression in accordance with further tumor progression and metastasis. They can suppress
CD8+ T cells function via B7-H1/programmed death-1 interactions, which diminishes antitumor
effect of CD8+ T cells. The metastatic tumor cells entering the liver from portal vein triggered
KCs and mediated also upregulation of vascular endothelial cell adhesion receptors, such as
E-selectin to help metastatic tumor cells arrest and extravasate [191–193]. KCs themselves are
controversial, in metastatic colon tumors, the cytokines produced by KCs (IL-12 and IFN-α) are
indeed important for the activation of NK cells and NKT cells and for preventing tumor liver
metastases, depletion of KCs by gadolinium chloride or clodronate liposomes increased the
number of liver metastasis in some reports [194]. Other studies have demonstrated that KCs
induce Fas expression in colon cancer cells and malignant glioma cells leading to Fas-mediated
apoptosis and death in the presence of tumor-infiltrating lymphocytes or TNF-α [195].

8. Conclusion
Kupffer cells have various functions in liver injury and repair. KCs, as liver-resident macrophages, localize within the lumen of the liver sinusoids and are adherent to the endothelial
cells that compose the blood vessel walls. They are the first immune cells in the liver that come
in contact with the gut bacteria, gut bacterial endotoxins, and microbial debris derived from
the gastrointestinal tract that have been transported to the liver via the portal vein. They also
interact with other hepatic cells to play an essential role in the host defense. They are responsible for the development of liver diseases including infectious disease, fatty liver disease, liver
fibrosis and cirrhosis, ischemia and reperfusion injury, liver transplantation immunology as
well as liver cancer. But KCs express various phenotypes to have various functions. Because
of the highly overlapping characteristics of these cells, their functions are controversial. The
complex roles of KCs in both protective and harmful responses make the liver diseases treatment interesting but difficult. So, further efforts should therefore focus on regulatory mechanisms in specific subpopulations of KCs differentiation and function.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

Acknowledgements
The authors thank the National Natural Science Foundation of China (grant nos. 81270555
and 81470897) and the Program for New Century Excellent Talents in University (grant no.
NECT-13-0422) for their support.

Author details
Yuan-yuan Ma1, Mu-qing Yang2, Zhi-gang He2, Qing Wei1 and Ji-yu Li2*
*Address all correspondence to: leejiyu@sina.com
1 Department of Pathology, Shanghai Tenth People’s Hospital, Tongji University, Shanghai,
PR China
2 Department of General Surgery, Shanghai Tenth People’s Hospital, Tongji University,
Shanghai, PR China

References
[1] Duarte N, Coelho IC, Patarrão RS, et al. How inflammation impinges on NAFLD: a role
for Kupffer cells. BioMed Res Int. 2015:984578. doi:10.1155/2015/984578.
[2] Gomez P, Klapproth K, Schulz CE, et al. Tissue-resident macrophages originate
from yolk-sac-derived erythro-myeloid progenitors. Nature. 2015;518(7540):547–551.
doi:10.1038/nature13989.
[3] Ramachandran P, Pellicoro A, Vernon MA, et al. Differential Ly-6C expression identifies the recruited macrophage phenotype, which orchestrates the regression of
murine liver fibrosis. Proc Natl Acad Sci USA. 2012;109:E3186–E3195. doi:10.1073/
pnas.1119964109.
[4] Schulz C, Gomez PE, Chorro L, et al. A lineage of myeloid cells independent of Myb and
hematopoietic stem cells. Science. 2012;336(6077):86–90. doi:10.1126/science.1219179.
[5] Tacke F, Zimmermann HW, et al. Macrophage heterogeneity in liver injury and fibrosis.
J Hepatol. 2014;60(5):1090–1096. doi:10.1016/j.jhep.2013.12.025.
[6] Zimmermann HW, Trautwein C, Tacke F, et al. Functional role of monocytes and macrophages for the inflammatory response in acute liver injury. Front Physiol. 2012;3:56.
doi:10.3389/fphys.2012.00056.
[7] Bain CC, Bravo-Blas A, Scott CL, et al. Constant replenishment from circulating monocytes maintains the macrophage pool in the intestine of adult mice. Nat Immunol.
2014;15(10):929–937. doi:10.1038/ni.2967.

69

70

Biology of Myelomonocytic Cells

[8] Yona S, Kim KW, Wolf Y, et al. Fate mapping reveals origins and dynamics of monocytes
and tissue macrophages under homeostasis. Immunity. 2013;38(1):79–91. doi:10.1016/j.
immuni.2012.12.001.
[9] Guilliams M, De Kleer I, Henri S, et al. Alveolar macrophages develop from fetal monocytes that differentiate into long-lived cells in the first week of life via GM-CSF. J Exp
Med. 2013;210(10):1977–1992. doi:10.1084/jem.20131199.
[10] Hoeffel G, Wang Y, Greter M, et al. Adult Langerhans cells derive predominantly from
embryonic fetal liver monocytes with a minor contribution of yolk sac-derived macrophages. J Exp Med. 2012;209(6):1167–1181. doi:10.1084/jem.20120340.
[11] Hoeffel G, Chen J, Lavin Y, et al. C-myb(þ) erythro-myeloid progenitor-derived fetal
monocytes give rise to adult tissue-resident macrophages. Immunity. 2015;42(4):665–
678. doi:10.1016/j.immuni.2015.03.011.
[12] Charlotte LS, Fang Z, Patrick De B, et al. Bone marrow-derived monocytes give rise to selfrenewing and fully differentiated Kupffer cells. Nat Commun. 2016;7:10321. doi:10.1038/
ncomms10321.
[13] Naito M, Hasegawa G, Ebe Y, et al. Differentiation and function of Kupffer cells. Med
Electron Microsc. 2014;37(1):16–28. doi:10.1007/s00795-003-0228-x.
[14] Xing XK, Wu HY, Feng HG, et al. Immune function of nonparenchymal liver cells. Genet
Mol Res 2016;15(1):gmr.15018524. doi:10.4238/gmr.15018524.
[15] Heymann F, Tacke F, et al. Immunology in the liver -from homeostasis to disease Nat
Rev Gastroenterol Hepatol. 2016;13(2):88–110. doi:10.1038/nrgastro.2015.200.
[16] Hashimoto D, Chow A, Noizat C, et al. Tissue- resident macrophages self-maintain
locally throughout adult life with minimal contribution from circulating monocytes.
Immunity. 2013;38(4):792–804. doi:10.1016/j.immuni.2013.04.004.
[17] Kinoshita M, Uchida T, Sato A, et al. Characterization of two F4/80-positive Kupffer
cell subsets by their function and phenotype in mice. J Hepatol. 2010;53(5):903–910.
doi:10.1016/j.jhep.2010.04.037.
[18] Bouwens L, Baekeland M, De Zanger R, et al. Quantitation, tissue distribution and proliferation kinetics of Kupffer cells in normal rat liver. Hepatology. 1986;6(4):718–722.
doi:10.1002/hep.1840060430.
[19] Laskin DL, Weinberger B, Laskin JD, et al. Functional heterogeneity in liver and lung
macrophages. J Leukoc Biol. 2001;70(2):163–170.
[20] Horst AK, Neumann K, Diehl L, et al. Modulation of liver tolerance by conventional
and nonconventional antigen-presenting cells and regulatory immune cells. Cell Mol.
Immunol. 2016;13(3):277–292. doi:10.1038/cmi.2015.112.
[21] Nascimento M, Huang SC, Smith A, et al. Ly6Chi monocyte recruitment is responsible
for Th2 associated host-protective macrophage accumulation in liver inflammation due
to schistosomiasis. PLoS Pathog. 2014;10:e1004282. doi:10.1371/journal.ppat.1004282.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[22] Zigmond E, Samia-Grinberg S, Pasmanik-Chor M, et al. Infiltrating monocyte-derived
macrophages and resident Kupffer cells display different ontogeny and functions
in acute liver injury. J Immunol. 2014;193(1):344–353. doi:10.4049/jimmunol.1400574.
[23] Davies LC, Jenkins SJ, Allen JE, et al. Tissue-resident macrophages. Nat Immunol.
2013;14:986–995. doi:10.1038/ni.2705.
[24] Breous E, Somanathan S, Vandenberghe LH, et al. Hepatic regulatory T cells and Kupffer
cells are crucial mediators of systemic T cell tolerance to antigens targeting murine liver.
Hepatology. 2009;50(2):612–621. doi:10.1002/hep.23043.
[25] Lavin Y, Winter D, Blecher-Gonen R, et al. Tissue-resident macrophage enhancer
landscapes are shaped by the local microenvironment. Cell. 2014;159(6):1312–1326.
doi:10.1016/j.cell.2014.11.018.
[26] Gautier EL, Shay T, Miller J, et al. Gene-expression profiles and transcriptional regulatory pathways that underlie the identity and diversity of mouse tissue macrophages.
Nat Immunol. 2012;13(1):1118–1128. doi:10.1038/ni.2419.
[27] Yang C-Y, Chen J-B, Tsai T-F, et al. CLEC4F is an inducible C-type lectin in F4/80-positive
cells and is involved in alpha-galactosylceramide presentation in liver. PLoS One.
2013;8:e65070. doi:10.1371/journal.pone.0065070.
[28] Heymann F, Peusquens J, Ludwig-Portugall I, et al. Liver inflammation abrogates
immunological tolerance induced by Kupffer cells. Hepatology. 2015;62(1):279–291.
doi:10.1002/hep.27793.
[29] Deshane J, Wright M, Agarwal A, et al. Heme oxygenase-1 expression in disease states.
Acta Biochim Pol. 2005;52(2):273–284.
[30] Kikumi S, Ozaki S, Kimura N, et al. Use of carbon monoxide in minimizing ischemia/
reperfusion injury in transplantation. Transplant Rev. 2012;26(2):125–139. doi:10.1016/j.
trre.2011.01.004.
[31] Ellett JD, Atkinson C, Evans ZP, et al. Toll-like receptor 4 knockout mice are protected
from endothelial overactivation in the absence of Kupffer cells after total hepatic ischemia/reperfusion. Liver Transpl. 2011;17(9):1089–1098. doi:10.1002/lt.22333.
[32] Wu J, Meng Z, Jiang M, et al. Hepatitis B virus suppresses toll-like receptor mediated
innate immune responses in murine parenchymal and non-parenchymal liver cells.
Hepatology. 2009;49(4):1132–1140. doi:10.1002/hep.22751.
[33] Visvanathan K, Skinner NA, Thompson AJ, et al. Regulation of toll-like receptor-2
expression in chronic hepatitis B by the precore protein. Hepatology. 2007;45(1):102–110.
doi:10.1002/hep.21482.
[34] Takii Y, Nakamura M, Ito M, et al. Enhanced expression of type I interferon and tolllike receptor-3 in primary biliary cirrhosis. Lab. Invest. 2005;85(7):908–920. doi:10.1038/
labinvest.3700285.

71

72

Biology of Myelomonocytic Cells

[35] Imaizumi T, Sashinami H, Mori F, et al. Listeria monocyto- genes induces the expression of retinoic acid-inducible gene-I. Microbiol Immunol. 2006;50(10):811–815.
doi:10.1111/j.1348-0421.2006.tb03857.
[36] Body-Malapel M, Dharancy S, Berrebi D, et al. NOD2: a potential target for regulating
liver injury. Lab Invest. 2008;88(3):318–327. doi:10.1038/labinvest.3700716.
[37] Su GL. Lipopolysaccharides in liver injury: molecular mechanisms of Kupffer cell activation. Am J Physiol. 2002;283(2):G256–G265. doi:10.1152/ajpgi.00550.2001.
[38] Ferrero E, Jiao D, Tsuberi BZ, et al. Transgenic mice expressing human CD14 are hypersensitive to lipopolysaccharide. Proc Natl Acad Sci USA. 1993;90(6):2380–2384.
[39] Tu Z, Bozorgzadeh A, Pierce RH, et al. TLR-dependent cross talk between human
Kupffer cells and NK cells. J Exp Med. 2008;205(1):233–244. doi:10.1084/jem.20072195.
[40] Boltjes A, Movita D, Boonstra A, et al. The role of Kupffer cells in hepatitis B and hepatitis
C virus infection. J Hepatol. 2014;61(3):660–671. doi:10.1016/j.jhep.2014.04.026.
[41] Bamboat ZM, Ocuin LM, Balachandran VP, et al. Conventional DCs reduce liver ischemia/reperfusion injury in mice via IL-10 secretion. J Clin Invest. 2010;120(2):559–569.
doi:10.1172/JCI40008.
[42] Szabo G, Csak T. Inflammasomes in liver diseases. J Hepatol. 2012;57(3):642–654.
doi:10.1016/j.jhep.2012.03.035.
[43] Elsegood CL, Chan CW, Degli-Esposti MA, et al. Kupffer cell-monocyte communication is essential for initiating murine liver progenitor cell-mediated liver regeneration.
Hepatology. 2015;62(4):1272–1284. doi:10.1002/hep.27977.
[44] Seki E, De MS, Osterreicher CH, et al. TLR4 enhances TGF-beta signaling and hepatic
fibrosis. Nat Med. 2007;13(1):1324–1332. doi:10.1038/nm1663.
[45] Hemmi H, Kaisho T, Takeuchi O, et al. Small anti-viral compounds activate immune
cells via the TLR7 MyD88-dependent signaling pathway. Nat Immunol. 2002;3(2):196–
200. doi:10.1038/ni758.
[46] Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev
Immunol. 2008;8(12):958–969. doi:10.1038/nri2448.
[47] Hutchinson JA, Riquelme P, Sawitzki B, et al. Cutting edge: immunological consequences and trafficking of human regulatory macrophages administered to renal transplant recipients. J Immunol. 2011;187(5):2072–2078. doi:10.4049/jimmunol.1100762.
[48] Vollmar B, Menger MD. The hepatic microcirculation: mechanistic contributions
and therapeutic targets in liver injury and repair. Physiol Rev. 2009;89(4):1269–1339.
doi:10.1152/physrev.00027.2008.
[49] Rutella S, Bonanno G, Procoli A, et al. Hepatocyte growth factor favors monocyte differentiation into regulatory interleukin (IL)-10++IL-12low/neg accessory cells with dendritic-cell features. Blood. 2006;108(1):218–227. doi:10.1182/blood-2005-08-3141.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[50] Li G, Kim YJ, Broxmeyer HE. Macrophage colony-stimulating factor drives cord blood
monocyte differentiation into IL-10highIL-12absent dendritic cells with tolerogenic
potential. J Immunol. 2005;174(8):4706–4717. doi:10.4049/ jimmunol.174.8.4706.
[51] Crispe IN. The liver as a lymphoid organ. Annu Rev Immunol. 2009;27:147–163.
doi:10.1146/annurev.immunol.021908.132629.
[52] Thomson AW, Knolle PA. Antigen-presenting cell function in the tolerogenic liver environment. Nat Rev Immunol. 2010;10(11):753–766. doi:10.1038/nri2858.
[53] Kedarisetty CK, Anand L, Bhardwaj A, et al. Combination of granulocyte colony-stimulating factor and erythropoietin improves outcomes of patients with decompensated
cirrhosis. Gastroenterology. 2015;148(7):1362–1370.e7. doi:10.1053/j.gastro.2015.02.054.
[54] Geissmann F, Cameron TO, Sidobre S, et al. Intravascular immune surveillance by
CXCR6+ NKT cells patrolling liver sinusoids. PLoS Biol. 2005;3(4):e113. doi:10.1371/
journal.pbio.0030113.
[55] Wehr A, Baeck C, Heymann F, et al. Chemokine receptor CXCR6-dependent hepatic
NK T cell accumulation promotes inflammation and liver fibrosis. J Immunol. 2013;
190(10):5226–5236. doi:10.4049/jimmunol.1202909.
[56] Trobonjaca Z, Leithäuser F, Möller P, et al. Activating immunity in the liver. I. Liver
dendritic cells (but not hepatocytes) are potent activators of IFN-γ release by liver NKT
cells. J Immunol. 2001;167(3):1413–1422. doi:10.4049/ jimmunol.167.3.1413.
[57] Schmieg J, Yang G, Franck R, et al. Glycolipid presentation to natural killerT cells differs in an organ-dependent fashion.Proc Natl Acad Sci USA. 2005;102(4):1127–1132.
doi:10.1073/pnas.0408288102.
[58] Lee WY, Moriarty TJ, Wong CH, et al. An intravascular immune response to Borrelia
burgdorferi involves Kupffer cells and iNKT cells. Nat Immunol. 2010;11(4):295–302.
doi:10.1038/ni.1855.
[59] Beattie L, Phillips R, Brown N, et al. Interferon regulatory factor 7 contributes to the
control of Leishmania donovani in the mouse liver. Infect Immun. 2011;79(3):1057–1066.
doi:10.1128/IAI.00633-10.
[60] Tay SS, Wong YC, Roediger B, et al. Intrahepatic activation of naive CD4+ T cells
by liver-resident phagocytic cells. J Immunol. 2014;193(5):2087–2095. doi:10.4049/
jimmunol.1400037.
[61] Afford SC, Humphreys EH, Reid DT, et al. Vascular cell adhesion molecule 1 expression
by biliary epithelium promotes persistence of inflammation by inhibiting effector T-cell
apoptosis. Hepatology. 2014;59(5):1932–1943. doi:10.1002/hep.26965.
[62] Watanabe Y, Morita M, Ikematsu N, et al. Tumor necrosis factor a and interleukin-1β but
not interferon induce vascular cell adhesion molecule-1 expression on primary cultured
murine hepatocytes. Biochem Biophys Res Commun. 1995;209:335–342. doi:10.1006/
bbrc.1995.1508.

73

74

Biology of Myelomonocytic Cells

[63] John B, Crispe IN. Passive and active mechanisms trap activated CD8+ T cells in the liver.
J Immunol. 2004;172(9):5222–5229. doi:10.4049/ jimmunol.172.9.5222.
[64] Morita M, Watanabe Y, Akaike T. Inflammatory cytokines up- regulate intercellular adhesion molecule-1 expression on primary cultured mouse hepatocytes and T-lymphocyte
adhesion. Hepatology. 1994;19(2):426–431. doi:10.1002/hep.1840190222.
[65] Muehlen KA, Schuemann J, Wittke F, et al. NK cells, but not NKT cells, are involved
in Pseudomonas aeruginosa exotoxin A-induced hepatotoxicity in mice. J Immunol.
2004;172(5):3034–3041. doi:10.4049/ jimmunol.172.5.3034.
[66] Oosten MV, Bilt EVD, Vries HED, et al. Vascular adhesion molecule-1 and intercellular
adhesion molecule-1 expression on rat liver cells after lipopolysaccharide administration in vivo. Hepatology. 1995;22(5):1538–1546. doi:10.1002/hep.1840220529.
[67] Wiiluweit A, Sass G, Sch€oneberg A, et al. Chronic inflammation and protection from
acute hepatitis in transgenic mice expressing TNF in endothelial cells. J Immunol.
2001;167(7):3944–3952. doi:10.4049/ jimmunol.167.7.3944.
[68] Okada T, Kimura A, Kanki K, et al. Liver resident macrophages (Kupffer cells) share
several functional antigens in common with endothelial cells. Scand J Immunol.
2016;83(2):139–150. doi:10.1111/sji.12402.
[69] Xu R, Huang H, Zhang Z, et al. The role of neutrophils in the development of liver diseases. Cell Mol Immunol. 2014;11(3):224–231. doi:10.1038/cmi.2014.2.
[70] Ramadori G, Moriconi F, Malik I, et al. Physiology and pathophysiology of liver inflammation, damage and repair. J Physiol Pharmacol 2008;59:S107–S117.
[71] Disson O, Grayo S, Huillet E, et al. Conjugated action of two species-specific invasion
proteins for fetoplacental listeriosis. Nature. 2008;455(7216):1114–1118. doi:10.1038/
nature07303.
[72] Serbina NV, Pamer EG. Monocyte emigration from bone marrow during bacterial infection requires signals mediated by chemokine receptor CCR2. Nat Immunol.
2006;7(3):311–317. doi:10.1038/ni1309.
[73] Shi C, Velá zquez P, Hohl TM, et al. Monocyte trafficking to hepatic sites of bacterial
infection is chemokine independent and directed by focal intercellular adhesion molecule-1 expression. J Immunol. 2010;184(11):6266–6274. doi:10.4049/jimmunol.0904160.
[74] Shi C, Hohl TM, Leiner I, et al. Ly6G+ neutrophils are dispensable for defense against systemic Listeria monocytogenes infection. J Immunol. 2011;187(10):5293–5298. doi:10.4049/
jimmunol.1101721.
[75] Jenkins SJ, Ruckerl D, Cook PC, et al. Local macrophage proliferation, rather than recruitment from the blood, is a signature of TH2 inflammation. Science. 2011;332(6035):1284–
1288. doi:10.1126/science.1204351.
[76] Ebe Y, Hasegawa G, Takatsuka H, et al. The role of Kupffer cells and regulation of neutrophil migration into the liver by macrophage inflammatory protein-2 in primary listeriosis in mice. Pathol Int. 1999;49(6):519–532. doi:10.1046/j.1440-1827.1999.00910

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[77] Salkowski CA, Detore G, Franks A, et al. Pulmonary and hepatic gene expression following cecal ligation and puncture: monophosphoryl lipid A prophylaxis attenuates
sepsis-induced cytokine and chemokine expression and neutrophil infiltration. Infect
Immun.1998;66(8):3569–3578.
[78] Pecaric-Petkovic T, Didichenko SA, Kaempfer S, et al. Human basophils and eosinophils are the direct target leukocytes of the novel IL-1 family member IL-33. Blood.
2009;113(7):1526–1534. doi:10.1182/blood-2008-05-157818.
[79] Blériot C, Dupuis T, Jouvion G, et al. Liver-resident macrophage necroptosis orchestrates type 1 microbicidal inflammation and type-2-mediated tissue repair during bacterial infection. Immunity. 2015;42(1):145–158. doi:10.1016/j.immuni.2014.12.020.
[80] Molawi K, Sieweke MH. Monocytes compensate Kupffer cell loss during bacterial infection. Immunity. 2015;42(1):10–12. doi:10.1016/j.immuni.2014.12.032.
[81] Sharma J, Li Q, Mishra BB, et al. Lethal pulmonary infection with Francisella novicida is
associated with severe sepsis. J Leukoc Biol. 2009;86(3):491–504. doi:10.1189/jlb.1208728.
[82] Parmely MJ, Fischer JL, Pinson DM. Programmed cell death and the pathogenesis of tissue injury induced by type A Francisella tularensis. FEMS Microbiol Lett. 2009;301(1):1–11.
doi:10.1111/j.1574-6968.2009.01791.x.
[83] Rennert K, Otto P, Funke H, et al. A human macrophage – hepatocyte coculture model
for comparative studiesof infection and replication of Francisella tularensis LVS strain
and subspecies holarctica and mediasiatica. BMC Microbiol. 2016;16:2. doi:10.1186/
s12866-015-0621-3.
[84] Ganem D, Prince AM. Hepatitis B virus infection-natural history and clinical consequences. N Engl J Med. 2004;350(11):1118–1129. doi:10.1056/NEJMra031087.
[85] Lang PA, Recher M, Honke N, et al. Tissue macrophages suppress viral replication
and prevent severe immunopathology in an interferon-I- dependent manner in mice.
Hepatology. 2010;52(1):25–32. doi:10.1002/hep.23640.
[86] Cervantes-Barragan L, Kalinke U, Zust R, et al. Type I IFN-mediated protection of macrophages and dendritic cells secures control of murine coronavirus infection. J Immunol.
2009;182(2):1099–1106. doi:10.4049/ jimmunol.182.2.1099.
[87] Raveh D, Kruskal BA, Farland J, et al. T(h)1 and T(h)2 cytokines cooperate to stimulate
mannose-receptor-mediated phagocytosis. J Leukocyte Biol. 1998;64(1):108–113.
[88] Lang KS, Lang PA. Balancing viral replication in spleen and liver determines
the outcome of systemic virus infection. Z Gastroenterol. 2015;53(12):1432–1435.
doi:10.1055/s-0041-109631.
[89] Wilsson A, Lind S, Ohman L, et al. Apoptotic neutrophils containing Staphylococcus epidermidis stimulate macrophages to release the proinflammatory cytokines tumor necrosis factor-alpha and interleukin-6. FEMS Immunol Med Microbiol. 2008;53(1):126–135.
doi:10.1111/j.1574-695X.2008.00412.x.

75

76

Biology of Myelomonocytic Cells

[90] Movita D, van de Garde MDB, Biesta P, et al. Inflammatory monocytes recruited to the
liver within 24 hours after virus-induced inflammation resemble Kupffer cells but are
functionally distinct. J Virol. 2015;89(9):4809–4817. doi:10.1128/JVI.03733-14. Epub 11
Feb 2015.
[91] Hösel M, Quasdorff M, Wiegmann K, et al. Not interferon, but interleukin-6 controls
early gene expression in hepatitis B virus infection. Hepatology. 2009;50(6):1773–1782.
doi:10.1002/hep.23226.
[92] Boltjes A, van Montfoort N, Biesta PJ, et al. Kupffer cells interact with hepatitis B surface antigen in vivo and in vitro, leading to proinflammatory cytokine production
and natural killer cell function. J Infect Dis. 2015;211(8):1268–1278. doi:10.1093/infdis/
jiu599.
[93] Li H, Zheng HW, Chen H, et al. Hepatitis B virus particles preferably induce Kupffer
cells to produce TGF-β1 over pro-inflammatory cytokines. Dig Liver Dis. 2012;44(4):328–
333. doi:10.1016/j.dld.2011.11.005.
[94] Zannetti C, Roblot G, Charrier E, et al. Characterization of the inflammasome in
human Kupffer cells in response to synthetic agonists and pathogens. J Immunol.
2016;197(1):356–367. doi:10.4049/jimmunol.1502301.
[95] Jo J, Tan AT, Ussher JE, et al. Toll-like receptor 8 agonist and bacteria trigger potent
activation of innate immune cells in human liver. PLoS Pathog. 2014;10:e1004210.
doi:10.1371/journal.ppat.1004210.
[96] Ogata H, Chinen T, Yoshida T, et al. Loss of SOCS3 in the liver pro-motes fibrosis by
enhancing STAT3-mediated TGF-beta1 production. Oncogene. 2006;25(17):2520–2530.
doi:10.1038/sj.onc.1209281.
[97] Liu RM, Gaston PKA. Oxidative stress and glutathione in TGF-beta-mediated fibrogenesis. Free Radic Biol Med. 2010;48(1):1–15. doi:10.1016/j.freeradbiomed.2009.09.026.
[98] Hou X, Hao X, Zheng M, et al. CD205-TLR9-IL-12 axis contributes to CpG-induced
oversensitive liver injury in HBsAg transgenic mice by promoting the interaction of NKT cells with Kupffer cells. Cell Mol Immunol. 2016;13:1–10. doi:10.1038/
cmi.2015.111.
[99] Li S, Vriend LE, Nasser IA, et al. 2012. Hepatitis C virus-specific t-cell-derived transforming growth factor beta is associated with slow hepatic fibrogenesis. Hepatology.
2012;56(6):2094–2105. doi:10.1002/hep.25951.
[100] Wan YY, Flavell RA. ‘Yin-Yang’ functions of transforming growth factor-beta
and T regulatory cells in immune regulation. Immunol Rev. 2007;220:199–213.
doi:10.1111/j.1600-065X.2007.00565.x.
[101] Jee MH, Hong KY, Park JH, et al. New mechanism of hepatic fibrogenesis: hepatitis
C virus infection induces transforming growth factor β1 production through glucoseregulated protein 94. J Virol. 2015;90(6):3044–3055. doi:10.1128/JVI.02976-15.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[102] Soota K, Maliakkal B. Ribavirin induced hemolysis: a novel mechanism of action
against chronic hepatitis C virus infection. World J Gastroenterol. 2014;20(43):16184–
16190. doi:10.3748/wjg.v20.i43.16184.
[103] Crispe IN. Liver antigen-presenting cells. J Hepatol. 2011;54:357–365. doi:10.1016/j.
jhep.2010.10.005.
[104] Schlosser J, Eiden M, Vina-Rodriguez A, et al. Natural and experimental hepatitis E
virus genotype 3 - infection in European wild boar is transmissible to domestic pigs. Vet
Res. 2014;45:121. doi:10.1186/s13567-014-0121-8.
[105] van Egmond M, van Garderen E, van Spriel AB, et al. FcalphaRI-positive liver Kupffer
cells: reappraisal of the function of immuno- globulin A in immunity. Nat Med.
2006;6(6):680–685. doi:10.1038/76261.
[106] Canbay A, Feldstein AE, Higuchi H, et al. Kupffer cell engulfment of apoptotic bodies stimulates death ligand and cytokine expression. Hepatology. 2003;38(5):1188–1198.
doi:10.1053/jhep.2003.50472.
[107] Brunetti E, White AC Jr. Cestode infestations: hydatid disease and cysticercosis. Infect
Dis Clin North Am. 2012;26(2):421–435. doi:10.1016/j.idc.2012.02.001.
[108] Hsu TL, Lin G, Koizumi A, et al. The surface carbohydrates of the Echinococcus granulosus larva interact selectively with the rodent Kupffer cell receptor. Mol Biochem
Parasitol. 2013;192(1–2):55–59. doi:10.1016/j.molbiopara.2013.12.001.
[109] Díaz A, Casaravilla C, Allen JE, et al. Understanding the laminated layer of larval
Echinococcus II: immunology. Trends Parasitol. 2011;27(6):264–273. doi:10.1016/j.
pt.2011.01.008.
[110] Díaz A, Casaravilla C, Irigoín F, et al. Understanding the laminated layer of larval Echinococcus I: structure. Trends Parasitol. 2011;27(5):204–213. doi:10.1016/j.
pt.2010.12.012.
[111] Díaz A, Fernández C, Pittini A, et al. The laminated layer: recent advances and insights
into Echinococcus biology and evolution. Exp Parasitol. 2015;158:23–30. doi: 10.1016/j.
exppara.2015.03.019.
[112] Helk E, Bernin H, Ernst T, et al. TNFalpha-mediated liver destruction by Kupffer
cells and Ly6Chi monocytes during Entamoeba histolytica infection. PLoS Pathog.
2013;9:e1003096. doi:10.1371/journal.ppat.1003096.
[113] Tavares J, Formaglio P, Thiberge S, et al. Role of host cell traversal by the malaria sporozoite during liver infection. 2013;210(5):905–915. doi:10.1084/jem.20121130.
[114] Baer K, Roosevelt M, Clarkson AB Jr, et al. Kupffer cells are obligatory for
Plasmodium yoelii sporozoite infection of the liver. Cell Microbiol. 2007;9(2):397–412.
doi:10.1111/j.1462-5822.2006.00798.x.
[115] McElrath MJ, Murray HW, Cohn ZA. The dynamics of granuloma formation in experimental visceral leishmaniasis. J Exp Med. 1988;167:1927–1937.

77

78

Biology of Myelomonocytic Cells

[116] Mota MM, Hafalla JCR, Rodriguez A. Migration through host cells activates Plasmodium
sporozoites for infection. Nat Med. 2002;8(11):1318–1322. doi:10.1038/nm785.
[117] Goncalves LA, Rodrigues-Duarte L, Rodo J, Vieira de Moraes L, et al. TREM2 governs Kupffer cell activation and explains belr1 genetic resistance to malaria liver
stage infection. Proc Natl Acad Sci USA. 2013;110(48):19531–19536. doi:10.1073/
pnas.1306873110.
[118] Sturm A, Amino R, van de Sand C, et al. Manipulation of host hepatocytes by the
malaria parasite for delivery into liver sinusoids. Science. 2006;313(5791):1287–1290.
doi:10.1126/science.1129720.
[119] Lanthier N. Molendi-Coste O, Horsmans Y, et al. Kupffer cell activation is a causal
factor for hepatic insulin resistance. Am J Physiol Gastrointest Liver Physiol.
2010;298(1):G107–G116. doi:10.1152/ajpgi.00391.2009.
[120] Lanthier N, Leclercq IA. Liver and systemic insulin resistance. Hepatology.
2014;60:1113–1114. doi:10.1002/hep.27017.
[121] Pais R, Charlotte F, Fedchuk L, et al. A systematic review of follow-up biopsies reveals
disease progression in patients with non-alcoholic fatty liver. J Hepatol. 2013;59(3):550–
556. doi:10.1016/j.jhep.2013.04.027.
[122] Bertola A, Bonnafous S, Anty R, et al. Hepatic expression patterns of inflammatory and
immune response genes associated with obesity and NASH in morbidly obese patients.
PLoS One. 2010;5:e13577. doi:10.1371/journal.pone.0013577.
[123] Ganz M, Szabo G. Immune and inflammatory pathways in NASH. Hepatol Int.
2013;7(Suppl 2): 771–781. doi:10.1007/s12072-013-9468-6.
[124] Baeck C, Wei X, Bartneck M, et al. Pharmacological inhibition of the chemokine C-C
motif chemokine ligand 2 (monocyte chemoattractant protein 1) accelerates liver fibrosis regression by suppressing Ly-6C(+) macrophage infiltration in mice. Hepatology.
2014;59(3):1060–1072. doi:10.1002/hep.26783.
[125] Mueller JL, Feeney ER, Zheng H, et al. Circulating soluble CD163 is associated with
steatohepatitis and advanced fibrosis in nonalcoholic fatty liver disease. Clin Transl
Gastroenterol. 2015;6:e114. doi:10.1038/ctg.2015.36.
[126] Imajo K, Fujita K, Yoneda M, et al. Hyperresponsivity to low- dose endotoxin during
progression to nonalcoholic steatohepatitis is regulated by leptin-mediated signaling.
Cell Metab. 2012;16(1):44–54. doi:10.1016/j.cmet.2012.05.012.
[127] Ye D, Li FY, Lam KS, et al. Toll-like receptor-4 mediates obesity-induced non-alcoholic steatohepatitis through activation of X-box binding protein-1 in mice. Gut.
2012;61(7):1058–1067. doi:10.1136/gutjnl-2011-300269.
[128] Lanthier N, Molendi-Coste O, Cani PD, et al. Kupffer cell depletion prevents but has no
therapeutic effect on metabolic and inflammatory changes induced by a high-fat diet.
FASEB J. 2011;25(12):4301–4311. doi:10.1096/fj.11-189472.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[129] Tosello-Trampont AC, Landes SG, Nguyen V, et al. Kuppfer cells trigger nonalcoholic steatohepatitis development in diet-induced mouse model through tumor necrosis factoralpha production. J Biol Chem. 2012;287(48):40161–40172. doi:10.1074/jbc.M112.417014.
[130] McClain C, Barve S, Joshi-Barve S, et al. Dysregulated cytokine metabolism,
altered hepatic methionine metabolism and proteasome dysfunction in alcoholic
liver disease. Alcohol Clin Exp Res. 2005;29(11-Suppl):180S–188S. doi:10.1097/01.
alc.0000189276.34230.f5.
[131] Wan J, Benkdane M, Teixeira-Clerc F, et al. M2 Kupffer cells promote M1 Kupffer cell
apoptosis: a protective mechanism against alcoholic and non-alcoholic fatty liver disease. Hepatology. 2014;59(1):130–142. doi:10.1002/hep.26607.
[132] Nath B, Szabo G. Alcohol-induced modulation of signaling pathways in liver parenchymal and nonparenchymal cells: implications for immunity. Semin Liver Dis.
2009;29(2):166–177. doi:10.1055/s-0029-1214372.
[133] Hernandez-Gea V, Friedman SL. Pathogenesis of liver fibrosis. Annu Rev Pathol.
2011;28:425–456. doi:10.1146/annurev-pathol-011110-130246.
[134] Liu C, Tao Q, Sun M, et al. Kupffer cells are associated with apoptosis, inflammation and fibrotic effects in hepatic fibrosis in rats. Lab Invest. 2010;90(12):1805–1816.
doi:10.1038/labinvest.2010.123.
[135] Pradere JP, Kluwe J, De MS, et al. Hepatic macrophages but not dendritic cells contribute to liver fibrosis by promoting the survival of activated hepatic stellate cells in mice.
Hepatology. 2013;58(4):1461–1473. doi:10.1002/hep.26429.
[136] Baeck C, Wehr A, Karlmark KR, et al. Pharmacological inhibition of the chemokine
CCL2 (MCP-1) diminishes liver macrophage infiltration and steatohepatitis in chronic
hepatic injury. Gut. 2012;61(3):416–426. doi:10.1136/gutjnl-2011-300304.
[137] Irvine KM, Skoien R, Bokil NJ, et al. Senescent human hepatocytes express a unique
secretory phenotype and promote macrophage migration. World J Gastroenterol.
2014;20(47):17851–17862. doi:10.3748/wjg.v20.i47.17851.
[138] Shen H, Sheng L, Chen Z, et al. Mouse hepatocyte over- expression of NF-kappaBinducing kinase (NIK) triggers fatal macrophage- dependent liver injury and fibrosis.
Hepatology. 2014;60:2065–2076. doi:10.1002/hep.27348.
[139] Aoyama T, Inokuchi S, Brenner DA, Seki E. CX3CL1-CX3CR1 interaction pre- vents
carbon tetrachloride-induced liver inflammation and fibrosis in mice. Hepatology.
2010;52(4):1390–1400. doi:10.1002/hep.23795.
[140] Gao B. Hepatoprotective and anti-inflammatory cytokines in alcoholic liver disease.
J Gastroenterol Hepatol. 2012;27(Suppl 2):89–93. doi:10.1111/j.1440-1746.2011.07003.x.
[141] de Araújo Júnior RF, Garcia VB, de Carvalho Leitão RF, et al. Improves inflammatory response, oxidative stress and fibrosis in the alcohol-induced liver injury in rats
by regulating Kuppfer cells and hepatic stellate cells. PLoS One. 2016;11(2):e0148868.
doi:10.1371/journal.pone.0148868.

79

80

Biology of Myelomonocytic Cells

[142] Shen Z, Liu Y, Dewidar B, et al. Delta-like ligand 4 modulates liver damage by downregulating chemokine expression. Am J Pathol. 2016;6(7):1874–1889. doi:10.1016/j.
ajpath.2016.03.010.
[143] Imamura M, Ogawa T, Sasaguri Y, et al. Suppression of macrophage infiltration inhibits activation of hepatic stellate cells and liver fibrogenesis in rats. Gastroenterology.
2005;128(1):138–146. doi: http://dx.doi.org/10.1053/j.gastro.2004.10.005.
[144] Shi J, Shao W, Yang D, et al. Hydrodynamics-based transfection of plasmid encoding receptor activator for nuclear factor kappa B-Fc protects against hepatic ischemia/
reperfusion injury in mice. Liver Transpl. 2010;16(5):611–620. doi:10.1002/lt.22030.
[145] Monson KM, Dowlatshahi S, Crockett ET. CXC-chemokine regulation and neutrophil
trafficking in hepatic ischemia-reperfusion injury in P-selectin/ICAM-1 deficient mice.
J Inflamm. 2007;4:11. doi:10.1186/1476-9255-4-11.
[146] Abu-Amara M, Yang SY, Tapuria N, et al. Liver ischemia/reperfusion injury: processes
in inflammatory networks-a review. Liver Transpl. 2010;16(9):1016–1032. doi:10.1002/
lt.22117.
[147] Zhang J, Xu P, Song P, et al. CCL2-CCR2 signaling promotes hepatic ischemia/reperfusion. Injury J Surg Res. 2016;202(2):352–362. doi:10.1016/j.jss.2016.02.029.
[148] Palladini G, Ferrigno A, Richelmi P, et al. Role of matrix metalloproteinases in cholestasis and hepatic ischemia/reperfusion injury: a review. World J Gastroenterol.
2015;21(42):12114–12124. doi:10.3748/wjg.v21.i42.12114.
[149] Nakano Y, Kondo T, Matsuo R, et al. Platelet dynamics in the early phase of postischemic liver in vivo. J Surg Res. 2008;149(2):192–198. doi:10.1016/j.jss.2007.09.016.
[150] Luan X, Liu Y, Li M. The role of CD14 and toll-like receptor 4 of Kupffer cells in hepatic
ischemia-reperfusion injury in rats. Transpl Proc. 2012;44(4):937–941. doi:10.1016/j.
transproceed.2011.11.001.
[151] Gao J, Jiang Z, Wang S, et al. Endoplasmic reticulum stress of Kupffer cells involved in
the conversion of natural regulatory T cells to Th17 cells in liver ischemia-reperfusion
injury. J Gastroenterol Hepatol. 2016;31(4):883–889. doi:10.1111/jgh.13163.
[152] Ogiku M, Kono H, Hara M, et al. Glycyrrhizin prevents liver injury by inhibition of
high-mobility group box 1 production by Kupffer cells after ischemia-reperfusion in
rats. J Pharmacol Exp Ther. 2011;339(1):93–98. doi:10.1124/jpet.111.182592.
[153] Arumugam S, Chitteti R, Ramachandran M, et al. TNF-α suppression by glutathione
preconditioning attenuates hepatic ischemia reperfusion injury in young and aged rats.
Inflamm Res. 2015;64(1):71–81. doi:10.1007/s00011-014-0785-6.
[154] Ouzounidis N, Giakoustidis A, Poutahidis T, et al. Interleukin 18 binding protein
ameliorates ischemia/reperfusion-induced hepatic injury in mice. Liver Transpl.
2016;22(2):237–246. doi:10.1002/lt.24359.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[155] Ellett JD, Atkinson C, Evans ZP, et al. Murine Kupffer cells are protective in total
hepatic ischemia/reperfusion injury with bowel congestion through IL-10. J Immunol.
2010;184(10):5849–5858. doi:10.4049/jimmunol.0902024.
[156] Meijer C, Wiezer MJ, Diehl AM, et al. Kupffer cell depletion by CI2MDP-liposomes
alters hepatic cytokine expression and delays liver regeneration after partial hepatectomy. Liver. 2000;20(1):66–77. doi:10.1034/j.1600-0676.2000.020001066.
[157] Sutter AG, Palanisamy AP, Ellet JD, et al. Intereukin-10 and Kupffer cells protect steatotic mice livers from ischemia-reperfusion injury. Eur Cytokine Netw. 2014;25(4):69–
76. doi:10.1684/ecn.2015.0359.
[158] Waller HL, Harper SJ, Hosgood SA, et al. Differential expression of cytoprotective and apoptotic genes in an ischaemia-reperfusion isolated organ perfusion
model of the transplanted kidney. Transpl. Int. 2007;20(7):625–631. doi:10.1111/
j.1432-2277.2007.00489.x.
[159] Wang C-F, Wang Z-Y, Tao S-F, et al. Preconditioning donor liver with Nodosin perfusion lessens rat ischemia reperfusion injury via heme oxygenase-1 upregulation. J
Gastroenterol Hepatol. 2012;27(4):832–840. doi:10.1111/j.1440-1746.2011.06966.x.
[160] Wang Y, Singh R, Lefkowitch JH, et al. Tumor necrosis factor-induced toxic liver injury
results from JNK2-dependent activation of caspase-8 and the mitochondrial death
pathway. J Biol Chem. 2006;281(22):15258–15267. doi:10.1074/jbc.M512953200.
[161] Lee L-Y, Kaizu T, Toyokawa H, et al. Carbon monoxide induces hypothermia tolerance
in Kupffer cells and attenuates liver ischemia/reperfusion injury in rats. Liver Transpl.
2011;17(12):1457–1466. doi:10.1002/lt.22415.
[162] Stienstra R, Saudale F, Duval C, et al. Kupffer cells promote hepatic steatosis via interleukin-1beta-dependent suppression of peroxisome proliferator-activated receptor
alpha activity. Hepatology. 2010;51(2):511–522. doi:10.1002/hep.23337.
[163] Endo K, Hori T, Jobara K, et al. Pretransplant replacement of donor liver grafts with
recipient Kupffer cells attenuates liver graft rejection in rats. J Gastroenterol Hepatol.
2015;30(5):944–951. doi:10.1111/jgh.12872.
[164] Li T, Zhu J-Y, Wang F-S, et al.Down-regulation of donor Kupffer cell B7 expression
reduced recipient lymphocyte activation and secretion of interleukin-2 in vitro. Transpl
Proc. 2015;47(10):2985–2990. doi:10.1016/j.transproceed.2015.10.038.
[165] Chen Y, Liang S, Long F, et al. Augmenter of liver regeneration attenuates acute rejection after rat liver transplantation. Am J Surg. 2016;212(1):128–137. doi:10.1016/j.
amjsurg.2015.10.036.
[166] Wang B, Zhang Q, Zhu B, et al. Protective effect of gadolinium chloride on early warm
ischemia/reperfusion injury in rat bile duct during liver transplantation. PLoS One.
2013;8(1):e52743. doi:10.1371/journal.pone.0052743.

81

82

Biology of Myelomonocytic Cells

[167] Guermonprez P, Valladeau J, Zitvogel L, et al. Antigen presentation and T cell stimulation by dendritic cells. Annu Rev Immunol. 2002;20:621–667. doi:10.1146/annurev.
immunol.20.100301.064828.
[168] Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells. Nat Rev Immunol. 2015;15(8): 471–485. doi:10.1038/nri3865.
[169] Gordon S. Alternative activation of macrophages. Nat Rev Immunol. 2003;3:23–35.
doi:10.1038/nri978.
[170] Wu K, Kryczek I, Chen L, et al. Kupffer cell suppression of CD8+ T cells in human hepatocellular carcinoma is mediated by B7-H1/ programmed death-1 interactions. Cancer
Res. 2009;69(20):8067–8075. doi:10.1158/0008-5472.CAN-09-0901.
[171] Zhang M, Xu S, Han Y, et al. Apoptotic cells attenuate fulminant hepatitis by priming
Kupffer cells to produce interleukin-10 through membrane- bound TGF-β. Hepatology.
2011;53(1) 306–316. doi:10.1002/hep.24029.
[172] You Y, Zhang J, Gong J, et al. Mesenchymal stromal cell-dependent reprogramming of
Kupffer cells is mediated by TNF-α and PGE2 and is crucial for liver transplant tolerance. Immunol Res. 2015;62(3):292–305. doi: 10.1007/s12026-015-8660-2.
[173] Yan ML, Wang YD, Tian YF, et al. Inhibition of allogeneic T-cell response by Kupffer
cells expressing indoleamine 2,3-dioxygenase. World J Gastroenterol. 2010;16(5):636–
640. doi:10.3748/wjg.v16.i5.636.
[174] Luan X, Liao W, Lai X, et al. Dynamic changes of indoleamine 2,3-dioxygenase of Kupffer
cells in rat liver transplant rejection and tolerance. Transpl Proc. 2012 ;44(4):1045–1047.
doi:10.1016/j.transproceed.2012.01.033.
[175] Callery MP, Mangino MJ, Flye MW. Arginine-specific suppression of mixed lymphocyte culture reactivity by Kupffer cells e a basis of portal venous tolerance. Transplant
ation.1991;51:1076–1080.
[176] He F, Chen Z, Xu S, et al. Increased CD4+CD25+Foxp3+ regulatory T cells in tolerance induced by portal venous injection. Surgery. 2009;145(6):663–674. doi:10.1016/j.
surg.2009.01.016.
[177] Fu W, Zhu J, Qiu Y, et al. Induction of CD4+CD25+T cells and control of cardiac
allograft rejection by CD40/CD40L costimulatory pathway blockade in mice. Transpl
Proc. 2013;45(2):611–617. doi:10.1016/j.transproceed.2012.10.044.
[178] Jung K, Kang M, Park C, et al. Protective role of V-set and immunoglobulin domaincontaining 4 expressed on Kupffer cells during immune-mediated liver injury by inducing tolerance of liver T- and natural killer t-cells. Hepatology. 2012;56(5):1838–1848.
doi:10.1002/hep.25906.
[179] Cattley RC, DeLuca J, Elcombe C, et al. Do peroxisome proliferating compounds pose
a hepatocarcinogenic hazard to humans? Regul Toxicol Pharmacol. 1998; 27(1):47–60.

The Biological Function of Kupffer Cells in Liver Disease
http://dx.doi.org/10.5772/67673

[180] Kolios G, Valatas V, Kouroumalis E. Role of Kupffer cells in the pathogenesis of
liver disease. World J Gastroenterol. 2006;12(46):7413–7420. doi: 10.3748/wjg.v12.
i46.7413.
[181] Wu J, Li J, Salcedo R, et al. The proinflammatory myeloid cell receptor TREM-1 controls
Kupffer cell activation and development of hepatocellular car- cinoma. Cancer Res.
2012;72(16):3977–3986. doi:10.1158/0008-5472.CAN-12-0938.
[182] Ehling J, Tacke F. Role of chemokine pathways in hepatobiliary cancer. Cancer Lett.
2016;379(2):173–183. doi:10.1016/j.canlet.2015.06.017.
[183] Li XY, Wu L, Li SW, et al. Effect of CD16a, the surface receptor of Kupffer cells, on
the growth of hepatocellular carcinoma cells. Int J Mol Med. 2016;37(6):1465–1474.
doi:10.3892/ijmm.2016.2561.
[184] Piccioni F, Fiore E, Bayo J, et al. 4-methylumbelliferone inhibits hepatocellular carcinoma growth by decreasing IL-6 production and angiogenesis. Glycobiology. 2015
;25(8):825–835. doi:10.1093/glycob/cwv023.
[185] Wilson CL, Jurk D, Fullard N, et al. NF[kappa]B1 is a suppressor of neutrophil-driven
hepatocellular carcinoma. Nat Commun. 2015;6:6818. doi:10.1038/ncomms7818.
[186] Koh MY, Gagea M, Sargis T, et al. A new HIF-1α/RANTES driven pathway to hepatocellular carcinoma mediated by germline haploinsufficiency of SART1/HAF Hepatology.
2016;63(5):1576–1591. doi:10.1002/hep.28468.
[187] Van den Eynden GG, Majeed AW, Illemann M, et al. The multifaceted role of the
microenvironment in liver metastasis: biology and clinical implications. Cancer Res.
2013;73(7):2031–2043. doi:10.1158/0008-5472.CAN-12-3931.
[188] Palermo NY, Thomas P, Murphy RF, et al. Hexapeptide fragment of carcinoembryonic antigen which acts as an agonist of heterogeneous ribonucleoprotein. J Pept Sci.
2012;18(4):252–260. doi:10.1002/psc.2393.
[189] Ukawa M, Fujiwara Y, Ando H, et al. Hepatic tumor metastases cause enhanced
PEGylated liposome uptake by Kupffer cells. Biol Pharm Bull. 2016;39(2):215–220.
doi:10.1248/bpb.b15-00611.
[190] Zhang Y, Wang X-F. A niche role for cancer exosomes in metastasis. Nat Cell Biol.
2015;17(6):709–711. doi:10.1038/ncb3181.
[191] Ilkovitch D, Lopez DM. The liver is a site for tumor-induced myeloid-derived suppressor cell accumulation and immunosuppression. Cancer Res. 2009;69(13):5514–5521.
doi:10.1158/0008-5472.CAN-08-4625.
[192] Copple BL, Bai S, Moon JO. Hypoxia-inducible factor-dependent production of
profibrotic mediators by hypoxic Kupffer cells. Hepatol Res. 2010;40(5):530–539.
doi:10.1111/j.1872-034X.2010.00635.x.

83

84

Biology of Myelomonocytic Cells

[193] Auguste P, Fallavollita L, Wang N, et al. The host inflammatory response promotes
liver metastasis by increasing tumor cell arrest and extravasation. Am J Pathol.
2007;170(5):1781–1792.doi:10.2353/ajpath.2007.060886.
[194] Seki S, Nakashima H, Nakashima M, Kinoshita M. Antitumor immunity produced
by the liver Kupffer cells, NK cells, NKT cells, and CD8+ CD122+ T cells. Clin Dev
Immunol. 2011;2011:868345. doi:10.1155/2011/868345.
[195] Lau WY, Chen GG, Lai PB, et al. Induction of Fas and Fas ligand expression on malignant glioma cells by Kupffer cells, a potential pathway of antiliver metastases. J Surg
Res. 2001;101(1):44–51. doi:10.1006/jsre.2001.6253.

