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Abstract
The anatomic localization and unique vasculature of the liver, along with its cell properties, make this organ an efficient line of defense
against blood-borne infections, either systemic or arising in the abdomen. Liver cells can modify the host immune response by releasing
immunomodulatory molecules, interacting with cells of the immune system and acting as scavengers for inflammatory mediators. However,
these defensive functions do not protect the liver itself from the severe injury that may be caused by pathogens, toxins or pollutant xenobiotics.
Therefore, the mammalian liver has developed a unique adaptation in the form of an astonishing regenerative capability. The complexity of
regeneration requires a well-orchestrated system to control this process. Growing evidence suggest the importance of immune mechanisms
as a part of this system. It seems likely that the mechanisms that serve to eliminate infections (and may simultaneously cause liver injury) are
also active in restoring the structural and functional integrity of the damaged liver.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Occupying a strategic position between the gastrointestinal tract and the rest of the body, the liver plays a crucial role in
maintaining metabolic homeostasis. Its functions include the
processing of dietary amino acids, carbohydrates, lipids and
vitamins; phagocytosis of particulate material in the portal
circulation; synthesis of serum proteins; biotransformation
of circulating metabolites; detoxification and excretion of
endogenous waste products and pollutant xenobiotics into the
bile (Crawford, 1994). Its unique dual blood supply, which
Abbreviations: CCl4 , carbon tetrachloride; IB␣, inhibitor of nuclear
factor-kappa B alpha; LPS, lipopolysaccharide; NF-B, nuclear factor-kappa
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includes the portal venous system, makes the liver an intermediate filter for most of the venous drainage of the abdominal
viscera (Wanless, 1999) (Fig. 1).
These anatomical properties not only support the physiological functions of the liver but also make it vulnerable to a
wide variety of metabolic, toxic, microbial, circulatory and
neoplastic insults. Some of these insults may cause primary
hepatic diseases, such as viral hepatitis and hepatocellular
carcinoma. More often, however, hepatic involvement is secondary to extra-hepatic disorders that include some of the
most common diseases in humans, such as cardiac decompensation, disseminated cancer, alcoholism and extra-hepatic
infections (Isselbacher and Podolsky, 1991). Inflammatory
disorders of the liver dominate the clinical practice of hepatology, in part because nearly any insult to the liver can kill
hepatocytes and induce the recruitment of inflammatory cells.
Indeed, the liver is almost inevitably involved in blood-borne
infections, whether systemic or arising within the abdomen
(Crawford, 1994).
Although the enormous functional reserve of the liver
masks, to a certain extent, the clinical impact of early liver
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hepatitis, including viral or alcoholic etiology. These examples indicate that both processes – the inflammatory reaction
in the liver parenchyma and its regeneration – often co-exist
in various clinical situations. However, it is not clear whether
the inflammation that occurs in a variety of liver pathologies
and is responsible for tissue damage can simultaneously be
involved in the initiation and regulation of the regenerative
process.
This review focuses on findings that demonstrate the
involvement of inflammatory mediators, innate immunity,
and in particular, the complement system (an integral part of
innate immunity) in the regulation of liver regeneration, and
discusses some of the liver functions that extend beyond the
traditional role of this organ as a “metabolic factory.” Specifically, we will discuss the liver’s participation in the immune
response as an important line of host defense against invading
pathogens. The fact that the liver can act as an immune organ
under some circumstances and that liver cells have properties
that are traditionally associated with cells of the immune system makes the hypothesis that inflammatory mediators may
be involved in regeneration more plausible. Here, we will
describe the various liver cell populations and their associations with the immune system. This will be followed by an
overview of the regulation of liver regeneration by mediators
of innate immunity.
Fig. 1. Dual blood supply to the liver. The liver receives blood to be filtered
from the gastrointestinal tract through the portal vein, while oxygenated
blood arrives through the hepatic artery. Blood drains from the liver through
hepatic veins, which empty into the inferior vena cava.

damage, the progression of diffuse liver disease or strategic
disruption of bile flow may lead to life-threatening consequences (Isselbacher and Podolsky, 1991). Therefore, it is
expected that an organ accomplishing such important physiological functions and simultaneously being exposed to a wide
variety of harmful insults would be additionally equipped
with amazing regenerative capabilities, assuring restoration
of structural and functional integrity even after severe damage to the parenchyma (Taub, 2004). The liver’s capacity
to regenerate is evident in the complete recovery occurring
after fulminant hepatitis (due either to viral or toxic agents),
if the patient can be sustained through the period of acute
injury. In this particular situation, the regenerative capabilities of the liver are crucial for the patient’s survival after
toxic or inflammatory insult. However, this is not always a
beneficial process. Architecturally disordered regeneration,
in concert with fibrosis, is an essential factor in the development of cirrhosis, and it leads to both disruption of blood flow
through the hepatic parenchyma and to uneven hepatocellular function due to the distortion of normal lobular structure
(Isselbacher and Podolsky, 1991).
In both fulminant hepatitis and cirrhosis, the regeneration
of liver parenchyma is a consequence of cell injury resulting
from an inflammatory reaction that occurs in the liver tissue.
However, fulminant hepatitis is an example of acute inflammation, while liver cirrhosis is most often related to chronic

2. Liver cells and their immune functions
The hepatic parenchyma is organized into cribriform,
anastomosing sheets or “plates” of hepatocytes, seen in
microscopic sections as cords of cells radially disposed about
a central vein. Between the cords of hepatocytes are vascular sinusoids. Hepatocytes are therefore bathed on two sides
by a mixture of portal venous and hepatic arterial blood that
represents 25% of the cardiac output, thus making hepatocytes some of the most richly perfused cells in the body. The
sinusoids are lined by fenestrated and discontinuous endothelial cells, which demarcate an extrasinusoidal space of Disse,
into which protrude the abundant microvilli of the hepatocytes. Scattered Kupffer cells (tissue liver macrophages) of
the monocyte–phagocyte system are attached to the luminal
faces of the endothelial cells. Occasional fat-containing hepatic stellate cells (HSC, Ito cells) are localized in the space of
Disse. In addition, certain populations of lymphocytes reside
within the liver as part of a defense mechanism against infectious agents (Isselbacher and Podolsky, 1991) (Fig. 2).
2.1. Hepatocytes
2.1.1. Blood-borne infections
The major cell type of the liver that carries out most
of its metabolic functions is the hepatocyte (parenchymal
cell). Hepatocytes comprise 65% of the cells in the liver
and 80% of the hepatic volume (Wanless, 1999). Because
of its strategic location between the gastrointestinal tract
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mediators. Liver parenchymal cells express a rich repertoire
of receptors on their surface that assures the direct involvement of these mediators in cellular processes (Baumann et
al., 1987; Dinarello, 1984; Pomposelli et al., 1988).

Fig. 2. Schematic architecture of the liver at the cellular level. Hepatocyte
cords, radially arranged around central veins, are separated by sinusoids that
are lined by fenestrated sinusoidal endothelial cells (SEC). Hepatic stellate
cells (HSC) reside in the extrasinusoidal space of Disse, while Kupffer cells
are attached to the luminal face of the SEC. Resident lymphocytes, such as
NKT cells, are also present in the sinusoidal lumen. A mixture of oxygenated
and venous blood deriving from branches of the hepatic artery (HA) and
portal vein (PV), respectively, flows through the sinusoids to the central vein
(CV).

and peripheral circulation, the liver filters blood from the
splanchnomesenteric vascular bed. This region is especially
subject to vasoconstriction and bacterial translocation
during sepsis (Dhainaut et al., 2001). Hepatic dysfunction
during severe sepsis is characteristic of this disorder and
occurs most often in response to shock and hypoperfusion,
leading to severe complications that include disseminated
intravascular coagulation and often hemorrhage (Root and
Jacobs, 1991). However, the liver is not only a passive victim
of bacterial systemic infections. The liver parenchyma is
actively involved in the immune response (to promote host
defense) and in the metabolic shift toward gluconeogenesis (to reprioritize protein synthesis to ensure cellular
repair). Hepatocytes modify their metabolism toward amino
acid uptake, ureagenesis and gluconeogenesis, as well
as increased synthesis and release of pro-coagulant and
complement factors, antiproteolytic enzymes and a variety
of other acute phase proteins (Vary and Kimball, 1992).
These metabolic changes occur as a response to endotoxin,
cytokines, vasoactive substances or other inflammatory

2.1.2. Immunomodulation
Another characteristic of hepatocytes that points to their
active involvement in the immune response is the expression of various molecules on their surface that are known to
be involved in immunomodulatory activities. Resting hepatocytes express major histocompatibility complex (MHC)
class I molecules (Bumgardner et al., 1990), CD1 and intercellular adhesion molecule (ICAM)-1 (Bertolino et al., 2002).
MHC class II molecules such as CD40L and costimulatory
molecules such as CD80 are not constitutively expressed;
however, they are upregulated following inflammation.
Therefore, resting hepatocytes may only act as antigenpresenting cells (APC) for CD1- or MHC class I-restricted
T-cells, whereas after inflammation they may present antigen
to a wider range of lymphocytes. It has been reported that
hepatocytes can act as very efficient APC for naive CD8+ Tcells in vitro. T-cell activation mediated by hepatocytes has
been found to be as efficient as that by mature splenic dendritic cells (DC) in terms of the number of APC required to
achieve an equivalent degree of T-cell proliferation (Bertolino
et al., 1998). The same group has also shown that hepatocytes
may activate CD8+ T-cells in vivo. However, this activation
was found to be restricted to high-avidity naive CD8+ T-cells
that have been activated by liver parenchymal cells directly
without priming in lymph nodes (Bertolino et al., 1995).
2.2. Kupffer cells
2.2.1. Blood-borne infections
Kupffer cells (hepatic macrophages) constitute approximately 80% of body macrophages (Wanless, 1999). Like
other cells of the monocyte–phagocyte system, they have
migratory and phagocytic capabilities. They continuously
patrol liver sinusoids and establish a solid line of defense
against portal bacteremia and endotoxemia. They prevent
bacteria (Katz et al., 1991) and endotoxins (Mathison and
Ulevitch, 1979) from entering the systemic circulation. In
addition, they are able to remove bacteria from peripheral
circulating blood.
2.2.2. Immunomodulation
Kupffer cells share with other macrophages the ability to initiate and regulate immune responses through the
production and release of immunomodulatory mediators.
Once primed and activated, Kupffer cells produce cytokines
(Decker, 1990; Luster et al., 1994) that either regulate hepatocyte and endothelial cell function via paracrine interactions or are released into the systemic circulation (Fong
et al., 1990). For example, lipopolysaccharide (LPS) stimulation leads to the secretion of tumor necrosis factoralpha (TNF-␣), interleukin (IL)-1-␣/␤, IL-6, IL-12, IL-18
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and granulocyte macrophage-colony stimulating factor (GMCSF) (Freudenberg and Galanos, 1991; Groopman et al.,
1989; Van Zee et al., 1991; Wakabayashi et al., 1991). Conversely, Kupffer cells are potent scavengers of systemic and
gut-derived inflammatory mediators, immune complexes,
toxic products and cytokines (Andus et al., 1991) and thus
appear to play a crucial role in limiting the extent of the systemic inflammatory response.
Kupffer cells are ideally located to encounter circulating
lymphocytes in the sinusoidal lumen. They express MHC
class II molecules and ICAM-1 (Mehal et al., 1999), as well
as low levels of CD80 and CD86 (Leifeld et al., 1999; Lohse
et al., 1996). In vitro experiments suggest that although Kupffer cells appear to be less efficient than splenocytes and
extra-hepatic macrophages (Lohse et al., 1996; Rubinstein
et al., 1986, 1987), they can function as APC for all CD4+
T-cells (Lohse et al., 1996; Nadler et al., 1980; Richman et
al., 1979; Squiers et al., 1993) and Th1 clones (Roland et al.,
1994).
2.3. Sinusoidal endothelial cells (SEC)
2.3.1. Immunomodulation
The liver sinusoids form a specific capillary network system in which a variety of metabolic substances are exchanged
between the hepatic blood flow and parenchymal cells. The
major component of this system is the endothelium. Its structural characteristics, such as its ability to act as a membrane
sieve and its lack of a basement membrane, facilitate the
establishment of direct contact between soluble and insoluble serum substances and the hepatic parenchymal cells
(Wisse, 1970, 1972). In addition, SECs are now regarded
as scavenger endothelial cells, which have the potential to
eliminate a variety of macromolecules from the blood by
receptor-mediated endocytosis (Smedsrod et al., 1990). It has
been reported that the types of molecules preferentially eliminated by SEC are denatured or modified proteins such as
advanced glycation end products, extracellular matrix components (including hyaluronic acid) and some lipoproteins
(Blomhoff et al., 1984; Nagelkerke et al., 1983; Smedsrod
et al., 1985). In the liver, Kupffer cells and dendritic cells,
both of which belong to the macrophage lineage, are known
to have antigen-presenting functions. It has been noted that
SEC also have antigen-presenting functions, similar to those
of dendritic cells (Lohse et al., 1996); in fact, they express
molecules relevant to antigen presentation, such as CD40,
CD54, CD80, CD86 and MHC classes I and II (Knolle et al.,
1999). Furthermore, this function of SEC apparently leads to
immunological tolerance rather than enhancement of immunity against specific antigens through CD8+ T-cells, resulting
in suppression of excessive immunological responses against
various dietary antigens (Knolle and Gerken, 2000; Limmer
et al., 2000). These studies suggest a new dimension to the
function of SEC that involves regulation of the local hepatic
immune response in concert with Kupffer cells and hepatic
dendritic cells (Enomoto et al., 2004).

2.4. Liver lymphocytes
2.4.1. Innate immune response/immunomodulation
The liver is selectively enriched for cells involved in innate
immunity, including natural killer T (NKT) cells (Exley and
Koziel, 2004). This lymphocyte subset is rare in most tissues but is unusually abundant in bone marrow and liver
(Crispe and Mehal, 1996; MacDonald, 1995). NKT cells
share features of both classical T and natural killer (NK)
cells (Exley and Koziel, 2004). The major subset of these
cells is defined by reactivity against CD1d, which is one of the
known glycolipid-binding non-polymorphic major histocompatibility complex class 1-like glycoproteins (Porcelli and
Modlin, 1999). These glycoproteins facilitate the recognition
of non-protein antigens, in particular glycolipids, including
those present in mycobacterial species. CD1d is constitutively expressed on a variety of hematopoietic-derived APC
cells, as well as on parenchymal liver cells (Castano et al.,
1995; Kawano et al., 1997). Once activated, NKT cells can
produce large amounts of interferon-gamma (IFN-␥) and IL4 (Bendelac et al., 1995; Exley et al., 1997), two cytokines that
are hallmarks of Th1 and Th2 responses, respectively. These
cells also display CD1d-specific cytotoxicity, thus contributing to responses against various pathogens and tumor cells
(Cui et al., 1997; Exley et al., 1998; Kawamura et al., 1998;
Metelitsa et al., 2001).
The properties of liver cells, together with the liver’s particular anatomic localization and unique vasculature, make
it an effective barrier against both systemic infections and
those arising in the abdomen or gastrointestinal tract. Moreover, it can influence the activity of the whole immune system
through the immunomodulation mediated by certain cell populations. Finally, through its role as a scavenger, it may limit
the magnitude of the systemic inflammatory response.

3. Liver regeneration
3.1. Deﬁnition and models
Liver regeneration is a compensatory hyperplasia and
hypertrophy that occurs as a response to viral or toxic liver
injury or hepatic resection (Taub, 2004). The capacity of adult
liver cells, both parenchymal and non-parenchymal, to reenter the cell cycle reflects the uniqueness of this process
(Taub, 2004). Under normal conditions, only 0.5–1.0% of
liver cells are regularly undergoing DNA replication (Cotran
et al., 1994). However, upon stimulation, individual hepatocytes have a remarkable replicative capacity, as only a few
hepatocytes are required to restore liver mass after profound
injury (Taub, 2004). The ability of hepatocytes to undergo
cellular growth and proliferation during regeneration, while
continuing to carry out their metabolic tasks, makes possible a relatively rapid restoration of the delicate homeostatic
equilibrium even after serious insult to the liver. Liver regeneration requires the activity of multiple signaling pathways,
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assuring synchronized proliferation of liver cells, protection
from apoptotic signals, remodeling of extracellular matrix
and restoration of lobular architecture (Fausto, 2001).
The most commonly applied experimental model for
studying liver regeneration is 70% surgical resection of the
rodent liver (partial hepatectomy, PHx), a technique introduced by Higgins and Anderson (1931). In this model,
approximately two-thirds of the liver is surgically removed,
and the remaining liver lobes enlarge until the original liver
mass is restored, at which point regeneration stops. The
majority of the data elucidating the molecular mechanisms of
the regenerative response of the liver has been derived from
studies that utilized PHx. Surgical liver resection is associated
with only minimal injury; therefore, an obvious inflammatory
reaction that includes a significant inflammatory infiltrate is
not seen in the liver parenchyma under these circumstances.
However, some alterations in body homeostasis observed
after PHx indicate that an inflammatory reaction does occur
in this experimental situation. These changes include elevated levels of acute phase proteins in the blood, activation
of liver macrophages and the release of cytokines that are
involved in the regulation of inflammatory responses to various pathogens (Taub, 2004).
The liver can also regenerate after induction of parenchymal damage by hepatotoxins, such as carbon tetrachloride
(CCl4 ), or by systemic introduction of Fas ligand. In these
two models, regeneration is a response to massive liver cell
necrosis as well as secondary necrosis that occurs after apoptotic cell death (Taub, 2004). The inflammatory infiltrate seen
in histological liver sections is a naturally occurring reaction of the system to necrotic tissue. Indeed, in these models,
regeneration is unavoidably associated with significant tissue injury and an inflammatory reaction. Therefore, there
are certain doubts whether experiments employing models
of hepatic injury may clearly elucidate the molecular background of regeneration, since cell death and an inflammatory
reaction may interfere with the delicate homeostatic balance
of living systems. However, models employing cell damage as an initiator of liver regeneration might be seen as
a better reflection of liver diseases that trigger the regenerative response, such as viral hepatitis, toxic- and druginduced injury, and of the regeneration of liver parenchyma
that occurs after surgical resection carried out in response to
various pathologies, including primary or metastatic tumors
(Isselbacher and Podolsky, 1991). Nevertheless, despite the
obvious differences between the surgical and injury models,
the basic molecular mechanisms that govern the regenerative
processes seem to be quite similar.
3.2. Regulation by innate immunity
3.2.1. Cytokines
Liver regeneration is essentially regulated by the interplay between cytokines and growth factors (Taub, 2004).
Cytokines are pleoitropic molecules that are crucial for the
regulation of immune responses associated with both innate
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and adaptive immunity. In this context, they are produced in
response to pathogen recognition. Cytokines coordinate cellular and tissue events that occur during the progression of an
inflammatory response, the ultimate goal of which is to eliminate the pathogen. At the same time, the host tissue must be
protected against excessive damage caused by the actions of
these inflammatory mediators. If the innate immune response
is unable to clear the infection, an adaptive immune response
develops (Janeway et al., 2001).
Macrophages, which are widely distributed throughout
the body, are among the first responders to infections. Upon
activation, they release a variety of mediators, including
cytokines that launch an inflammatory reaction. Among these
are TNF-␣ and IL-6, which are produced as an integral part
of the induction of innate immunity (Janeway et al., 2001).
Both are also known to be involved in the priming phase of
liver regeneration (Taub, 2004). In response to PHx, Kupffer
cells release TNF-␣, which activates the nuclear factor-kappa
B (NF-B) transcription factor in macrophages and hepatocytes in both an auto- and paracrine manner (Taub et al.,
1999). This response leads to the secretion of IL-6, which in
turn activates the transcription factor signal transducer and
activator of transcription 3 (STAT3) (Cressman et al., 1995;
Yamada et al., 1997). Studies in IL-6-deficient (Cressman
et al., 1996; Sakamoto et al., 1999) and TNF-␣ receptor 1
(TNFR1)-deficient (Yamada et al., 1997) mice have shown
that normal liver regeneration requires these cytokines. To
some extent, the role of TNF-␣ in liver regeneration is mediated by IL-6, since the defect in DNA synthesis that occurs in
TNFR1-deficient mice after PHx can be corrected by administration of IL-6 (Yamada et al., 1997).
The activation of transcription factors by cytokines results
in both cellular proliferation and protection from cell death.
NF-B regulates the transcription of cyclin D1, a cell cycle
regulator that is upregulated after PHx (Cressman et al., 1996;
Guttridge et al., 1999; Hinz et al., 1999). Stimulation of the
IL-6 receptor (IL-6R/gp130) by IL-6 promotes cell growth
not only through STAT3 activation (Levy and Lee, 2002),
but also through activation of the mitogen activated protein
kinase (MAPK) signaling cascade, which is crucial for cell
proliferation (Talarmin et al., 1999).
Some recent studies have emphasized the hepatoprotective role of IL-6 more strongly than its mitogenic activity
(Blindenbacher et al., 2003; Sakamoto et al., 1999; Wuestefeld et al., 2003). IL-6 activates the pro-survival kinases phosphoinositol 3 kinase (PI3K) and Akt in addition to STAT3,
which is also involved in hepatoprotection (Alonzi et al.,
2001; Webster and Anwer, 2001). The activity of TNFR1
leads to NF-B activation; however, when this activation is
inhibited, such as through the action of a super-repressor
transgene of the NF-B inhibitor, IB␣, or of gliotoxin,
liver regeneration after PHx is impaired and apoptosis of
hepatocytes occurs instead of proliferation (Iimuro et al.,
1998; Plumpe et al., 2000). NF-B is also known to regulate
certain anti-apoptotic genes, including Fas-associated death
domain-like interleukin-1 beta-converting enzyme (FLICE)-
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inhibitory protein (FLIP), cellular inhibitor of apoptosis protein (c-IAP) 1 and inducible nitric oxide synthase (iNOS)
(Diaz-Guerra et al., 1997; Hatano et al., 2001; Krikos et al.,
1992; Manna et al., 1998; Micheau et al., 2001; Opipari et
al., 1992; Taylor et al., 1998; Wang et al., 1998), and it prevents TNF-␣-induced hepatocyte death (Beg and Baltimore,
1996; Liu et al., 1996; Reinhard et al., 1997; Van Antwerp
et al., 1996; Wang et al., 1996; Xu et al., 1998) (Fig. 3).
In summary, along with their downstream targets (transcription factors), cytokines, as mediators of innate and adaptive
immunity, coordinate proliferative and pro-survival signaling
pathways that are crucial for successful regeneration of liver
parenchyma.
3.2.2. LPS
The release and production of IL-6 and TNF-␣ are initiated, at least in part, by components of the innate immune
system (Cornell et al., 1990; Strey et al., 2003). It has been
suggested that LPS, a strong activator of innate immunity,
is present in increased concentration in the portal blood
flow after PHx (Cornell, 1985a,b). Moreover, both germ-free

Fig. 3. Cytokine signaling during liver regeneration. TNF-␣ action on Kupffer cells through the TNF receptor 1 (TNFR1) results in activation of NF-B
and production and release of IL-6. Both of these cytokines can act on hepatocytes. Induction of NF-B by TNF-␣ in these cells leads to the transcription
of genes involved in both cell growth and survival. IL-6 acts through the IL6R/gp130 complex to stimulate several signaling pathways. MAPK activity
leads cell growth, while STAT3 additionally induces anti-apoptotic gene
expression. IL-6 simultaneously activates PI3K/Akt to further promote hepatoprotection.

athymic and LPS-resistant mice show impaired regeneration
after PHx (Cornell et al., 1990). LPS resistance is associated with a mutation of the gene encoding toll-like receptor
4 (TLR4), which, via an interaction with surface CD14 on
macrophages, is involved in TNF-␣ release after LPS stimulation (Rhee and Hwang, 2000).
3.2.3. NKT cells
The liver NKT cell population expands very quickly after
PHx in mice, and this expansion is dependent upon signaling
through adrenergic receptors (Minagawa et al., 2000). These
findings raise the possibility that NKT cells play a role in
liver regeneration. The observation that adrenergic-receptor
blockers inhibit the accumulation of NKT cells in the regenerating liver suggests that these cells are activated as part
of a “stress response”. The limited diversity of their T-cell
receptor (TCR) and its specificity for glycolipids presented
by CD1 suggests that glycolipids may be “damage signals”
that recruit NKT cells regardless of the mechanism of tissue
injury (Ahmad and Alvarez, 2004; Exley and Koziel, 2004).
NKT cell expansion sometimes leads to impaired liver regeneration. The number of NKT cells can increase as a result of
IL-12 stimulation, and this increase exacerbates injury during the early phases of liver regeneration (Ito et al., 2003).
This effect is, at least to some extent, related to the increased
IFN-␥-producing capacity of NKT cells after IL-12 stimulation, given the role of IFN-␥ in hepatitis-induced acute liver
failure (Ando et al., 1993).
3.2.4. Complement
Indications of an association between liver and the complement system rely not only on the fact that liver parenchyma
is a major site of complement protein synthesis but also on
growing evidence suggesting the importance of the liver as a
target organ for effector complement compounds. This complement activity is obvious in regard to liver cells of myeloid
origin, since these cells express a rich repertoire of receptor molecules that may interact with complement proteins
(Schieferdecker et al., 2001). However, it has recently become
more apparent that complement activity in the liver is not
restricted to non-parenchymal cells, but that hepatocyte functions can also be modified by active fragments of complement
proteins (Schieferdecker et al., 2001).
Complement effector molecules can act on the liver in
a direct or indirect manner. Direct effects can be exerted
through complement receptors (for example, the receptors for anaphylatoxins) expressed on the surface of liver
cells. Indirect complement activity can be illustrated by the
release of cytokines induced by complement and their subsequent action on liver parenchyma. Sometimes direct and
indirect complement actions overlap: hepatic macrophages,
for instance, can be stimulated by direct interaction of
the C5a anaphylatoxin with its receptor (C5aR), which is
expressed on these cells, to secrete cytokines that in turn
may exert their functions on a variety of cells, including the macrophages themselves (Cavaillon et al., 1990;
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Montz et al., 1991; Okusawa et al., 1987; Scholz et al.,
1990).
Anaphylatoxins are potent effector molecules of complement as well as potent inflammatory mediators. They are
generated as a result of activation of the complement cascade through limited proteolysis of C3 and C5 by respective
convertases. As a result, C3a and C5a are released into the
circulation or interstitial fluid (Ember et al., 1998; Wetsel
et al., 2000). Anaphylatoxin effects at the periphery include
degranulation of mast cells, contraction of smooth muscle
cells, an increase in vascular permeability and the chemotaxis
and activation of neutrophils, with the release of reactive oxygen species, eicosanoids and cytokines (Ember et al., 1998;
Kohl, 2001; Mastellos and Lambris, 2002). Anaphylatoxin
functions in the liver are less well-characterized; however,
significant progress in this area has been made in recent
years. In the normal rat liver, C5aR is expressed by nonparenchymal cells (Schieferdecker et al., 2001). Therefore,
the direct effect of C5a can be seen only on these cells. C5a
enhances the LPS-dependent release of IL-6 from Kupffer
cells (Cavaillon et al., 1990; Mack et al., 2001; Montz et
al., 1991) and induces the release of prostanoids from both
Kupffer cells and HSC (Hespeling et al., 1995; Ramadori
and Christ, 1999). These mediators, in turn, influence the
function of hepatocytes. The release of prostanoids indirectly
leads to C5a-mediated enhancement of glycogen phosphorylase activity, and thus to glucose output from hepatocytes
(Puschel et al., 1996), while increased LPS-dependent IL6 secretion enhances transcription of the ␣2 -macroglobulin
gene in these cells (Schieferdecker et al., 2001). C5aR has
been found to be upregulated on hepatocytes under various
inflammatory conditions; for example, exposure of rats to
IL-6 results in de novo expression of functional C5aR in hepatocytes (Schieferdecker et al., 2000). In this experimental
model, C5a directly initiates glucose output from hepatocytes.
Recent studies in our laboratory have demonstrated that
the complement system is involved in the regulation of liver
regeneration after PHx and CCl4 -mediated injury (Mastellos
et al., 2001; Strey et al., 2003; Markiewski et al., 2004). Complement activation occurs in two waves during the course
of the regenerative process after CCl4 -mediated injury. C3
cleavage fragments appear in the serum of experimental animals in the first few hours after toxin injection (first wave of
activation), while a second, even more pronounced wave is
seen between 24 and 60 h after injection of CCl4 (Markiewski
et al., 2004). The time frame for the primary complement
activation correlates with the priming phase of liver regeneration, when cytokine signaling activates transcription factors (NF-B, STAT3) that are critical to this process. Both
peaks of complement activation in serum are associated
with deposition of complement proteins in the liver tissue
(Markiewski et al., 2004). Local deposition of complement
components indicates that activation may occur in situ, in
the liver parenchyma, as a response to stimuli that trigger
regeneration. The timing of the second peak of complement
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activation corresponds to the time at which damaged liver
tissue is being resolved by macrophages.
Since C3 fragments (C3b and iC3b) are known be involved
in the clearance of apoptotic cells (Mevorach et al., 1998),
we hypothesize that secondary complement activation may
be important for this process. Indeed, animals deficient in C3
display delayed clearance of injured liver cells (Markiewski et
al., 2004). C3 deficiency is also associated with significantly
impaired proliferation of hepatocytes in both the surgical and
the toxicity models of liver regeneration (Strey et al., 2003;
Markiewski et al., 2004). In addition, C3-deficient mice experience massive tissue injury after PHx that is usually not seen
in wild-type animals (Strey et al., 2003). A similar phenotype
is observed in C5-deficient mice, although hepatocyte proliferation is only delayed after CCl4 -mediated injury and is not
as dramatically reduced as in C3-deficient livers (Mastellos
et al., 2001; Markiewski et al., 2004). An exacerbated phenotype is seen in C3/C5 double-deficient mice, with barely
visible proliferation of hepatocytes and massive damage to
liver parenchyma (Strey et al., 2003).
The regenerative wild-type phenotype has been restored
in deficient strains through reconstitution with recombinant
and synthesized anaphylatoxins (Markiewski et al., 2004;
Mastellos et al., 2001; Strey et al., 2003); this successful
reconstitution points to the involvement of anaphylatoxins
in liver regeneration. Moreover, experiments performed with
C3aR-deficient mice and wild-type mice treated with C5aR
antagonist have confirmed that anaphylatoxins exert their
functions on liver regeneration through their respective receptors (Markiewski et al., 2004; Mastellos et al., 2001; Strey et
al., 2003). Pharmacological blockade of C5aR in the PHx
model results in decreased induction of mRNA for TNF-␣
and IL-6 in the first few hours after surgery (Strey et al.,
2003). The inhibition of cytokine induction correlates with
the lower NF-B and STAT3 binding activity observed in
nuclear extracts from livers of C5aR antagonist-treated mice
(Strey et al., 2003). Similar results regarding the activity of
transcription factors have been obtained from experiments
using C3-deficient mice (Strey et al., 2003); these findings
were expected because C3 is an upstream regulator of C5
cleavage (C3b is required to form C5 convertase, which
cleaves C5 to C5a and C5b). Summarizing, the plausible
scenario is that complement activation occurs simultaneously with the initiation of liver regeneration and leads to
the generation of potent inflammatory mediators, the anaphylatoxins C3a and C5a which, acting on their receptors
expressed on liver cells (mainly Kupffer cells), participate
in the regulation of the cytokine release and/or production that in turn stimulates the induction of transcription
factors that are crucial for regeneration (Fig. 4). The presence of massive tissue injury in complement-deficient mice
after surgical resection may also indicate the involvement
of complement in hepatoprotective functions. Whether this
involvement is only indirect, acting via cytokine signaling,
or whether other mechanisms play a role requires further
investigation.
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3.2.7. Urokinase-type plasminogen activator (uPA)
uPA and plasminogen proteases cleave pro-hepatocyte
growth factor (pro-HGF) and thereby release HGF, a potent
hepatocyte mitogen that is involved in regeneration (Currier
et al., 2003; Pediaditakis et al., 2001). Plasminogen activator (released from enodothelial cells and leukocytes activated
during the inflammatory response) cleaves plasminogen and
generates plasmin, a multifunctional protease, which in
turn can cleave C3 to produce C3 fragments; it can also
degrade fibrin to form fibrin split products, which may have
permeability-inducing properties (Collins, 1999). Plasmin
can also activate Hageman factor, which can trigger multiple cascades to amplify the inflammatory response (Collins,
1999).

4. Concluding remarks

Fig. 4. The role of anaphylatoxins in liver regeneration. Activation of the
complement cascade leads to limited proteolysis of C3 (by the C3 convertase) and release of C3a and C3b. C3a acts as a signal for Kupffer cells
through the C3a receptor (C3aR). C3b participates as part of the C5 convertase in cleaving C5. C5a, which is released as a consequence of this cleavage,
acts as a ligand for the C5a receptor (C5aR) on Kupffer cells and hepatocytes. Anaphylatoxin signaling results in activation of NF-B and release
of TNF-␣ and IL-6 from Kupffer cells. These cytokines signal through their
respective receptors on hepatocytes, along with C5a, to promote cell growth
and survival through the actions of transcription factors.

3.2.5. Acute-phase proteins (APP)
Up-regulation of APP after PHx has been noted in several reports, including our recent study on the liver proteome
(Strey et al., 2005). Increased synthesis of these proteins is
a hallmark of the acute inflammatory reactions mediated by
the innate immune system (Janeway et al., 2001).
3.2.6. Adhesion molecules
One of the most important events that occur soon after
induction of the innate immune response is the process of
leukocyte extravasation and migration to sites of inflammatory reactions. This process requires the interaction of
adhesion molecules on the surfaces of leukocytes and the
endothelium (Janeway et al., 2001). ICAMs expressed on
endothelial cells after the initiation of inflammatory reactions are crucial for leukocyte extravasation and have also
been shown to be required for normal liver regeneration after
PHx (Selzner et al., 2003).

Brief descriptions of the complex biological processes that
take place in vivo necessarily run the risk of oversimplifying
or omitting important aspects of particular biological events.
Although some of the concepts in this review have been
streamlined, our discussion represents an attempt to summarize the multifaceted involvement of inflammatory reactions
in liver regeneration. The concept that an inflammatory reaction is indeed involved in the initiation and regulation of the
liver’s regenerative response has sometimes been seen as controversial. This skepticism is due, at least in part, to a belief
that the most commonly applied model for studying liver
regeneration, PHx, is not associated with an ongoing inflammatory reaction. However, our own experience and that of
others has led us to conclude that the mechanisms used by
living organisms to neutralize infections also apply to the
control of liver regeneration.
Our understanding and appreciation for the exceptional
role of inflammation in human pathology has increased significantly since the first century a.d., when Celsus originally
defined inflammation as a process characterized by “rubor,
calor, dolor and tumor.” Inflammation is seen today as an
intellectually challenging problem in a variety of contemporary scientific fields and is one of the most common targets
for medical therapeutic interventions. Inflammation can currently be viewed, as described by Nathan (2002), “as a complex set of interactions among soluble factors and cells that
can arise in any tissue in response to traumatic, infectious,
post-ischaemic, toxic or autoimmune injury.” This process is
usually beneficial for the host and leads to both neutralization
of the causative factor and tissue recovery. However, under
certain circumstances, when the actions of the various compounds of the “inflammatory machinery” are not properly
orchestrated, inflammation may lead to significant pathology.
There is already a long list of human diseases in which an
inflammatory reaction plays a pathogenic role. Some of these
diseases were previously categorized as degenerative disorders, but new insights into the mechanisms involved in their
pathogenesis have dramatically altered this old classification.
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Examples include chronic gastric ulcer, multiple sclerosis,
atherosclerosis and a lengthy list of autoimmune disorders
(Nathan, 2002).
Finally, our view on the role of inflammation in cancer has
recently undergone important modifications. Traditionally, it
was thought that the inflammatory reaction present at the
periphery of malignant tumors represented a defense mechanism triggered by the immune system, indicating a better
prognosis for cancer patients. However, recent data have bolstered the concept that inflammation is a critical component
of tumor progression, and the presence of inflammatory cells
and mediators favors, to some extent, the growth of the tumor.
It is now becoming clear that the tumor microenvironment,
which is crucial for malignant cell proliferation, survival and
migration, is controlled by inflammatory cells (Coussens and
Werb, 2002). Several molecular mechanisms used by cancer
cells to proliferate effectively may also apply to proliferating
liver cells during regeneration, further supporting the concept that inflammatory mediators are indeed involved in the
regulation of this unique process.

Acknowledgments
The authors wish to thank Drs. M.C. Holland, C.W. Strey
and M.D. Mastellos for their helpful suggestions, as well as
Dr. Deborah McClellan for her excellent editorial assistance
with this manuscript. This work was supported by DK59422.

References
Ahmad, A., Alvarez, F., 2004. Role of NK and NKT cells in the
immunopathogenesis of HCV-induced hepatitis. J. Leukoc. Biol. 76,
743–759.
Alonzi, T., Middleton, G., Wyatt, S., Buchman, V., Betz, U.A., Muller,
W., Musiani, P., Poli, V., Davies, A.M., 2001. Role of STAT3 and PI
3-kinase/Akt in mediating the survival actions of cytokines on sensory
neurons. Mol. Cell Neurosci. 18, 270–282.
Ando, K., Moriyama, T., Guidotti, L.G., Wirth, S., Schreiber, R.D.,
Schlicht, H.J., Huang, S.N., Chisari, F.V., 1993. Mechanisms of class
I restricted immunopathology. A transgenic mouse model of fulminant
hepatitis. J. Exp. Med. 178, 1541–1554.
Andus, T., Bauer, J., Gerok, W., 1991. Effects of cytokines on the liver.
Hepatology 13, 364–375.
Baumann, H., Onorato, V., Gauldie, J., Jahreis, G.P., 1987. Distinct sets
of acute phase plasma proteins are stimulated by separate human
hepatocyte-stimulating factors and monokines in rat hepatoma cells.
J. Biol. Chem. 262, 9756–9768.
Beg, A.A., Baltimore, D., 1996. An essential role for NF-kappaB in
preventing TNF-alpha-induced cell death. Science 274, 782–784.
Bendelac, A., Lantz, O., Quimby, M.E., Yewdell, J.W., Bennink, J.R.,
Brutkiewicz, R.R., 1995. CD1 recognition by mouse NK1+ T lymphocytes. Science 268, 863–865.
Bertolino, P., Heath, W.R., Hardy, C.L., Morahan, G., Miller, J.F., 1995.
Peripheral deletion of autoreactive CD8+ T cells in transgenic mice
expressing H-2Kb in the liver. Eur. J. Immunol. 25, 1932–1942.
Bertolino, P., McCaughan, G.W., Bowen, D.G., 2002. Role of primary
intrahepatic T-cell activation in the ‘liver tolerance effect’. Immunol.
Cell Biol. 80, 84–92.

53

Bertolino, P., Trescol-Biemont, M.C., Rabourdin-Combe, C., 1998. Hepatocytes induce functional activation of naive CD8+ T lymphocytes
but fail to promote survival. Eur. J. Immunol. 28, 221–236.
Blindenbacher, A., Wang, X., Langer, I., Savino, R., Terracciano, L.,
Heim, M.H., 2003. Interleukin 6 is important for survival after partial
hepatectomy in mice. Hepatology 38, 674–682.
Blomhoff, R., Eskild, W., Berg, T., 1984. Endocytosis of formaldehydetreated serum albumin via scavenger pathway in liver endothelial cells.
Biochem. J. 218, 81–86.
Bumgardner, G.L., Matas, A.J., Chen, S., Cahill, D., Cunningham, T.R.,
Payne, W.D., Bach, F.H., Ascher, N.L., 1990. Comparison of in vivo
and in vitro immune response to purified hepatocytes. Transplantation
49, 429–436.
Castano, A.R., Tangri, S., Miller, J.E., Holcombe, H.R., Jackson, M.R.,
Huse, W.D., Kronenberg, M., Peterson, P.A., 1995. Peptide binding
and presentation by mouse CD1. Science 269, 223–226.
Cavaillon, J.M., Fitting, C., Haeffner-Cavaillon, N., 1990. Recombinant
C5a enhances interleukin 1 and tumor necrosis factor release by
lipopolysaccharide-stimulated monocytes and macrophages. Eur. J.
Immunol. 20, 253–257.
Collins, T., 1999. Acute and chronic inflammation. In: Cotran, R.S.,
Kumar, V., Collins, T. (Eds.), Pathologic Basis of Disease. W.B. Saunders, Philadelphia, pp. 50–88.
Cornell, R.P., 1985a. Gut-derived endotoxin elicits hepatotrophic factor
secretion for liver regeneration. Am. J. Physiol. 249, R551–R562.
Cornell, R.P., 1985b. Restriction of gut-derived endotoxin impairs DNA
synthesis for liver regeneration. Am. J. Physiol. 249, R563–R569.
Cornell, R.P., Liljequist, B.L., Bartizal, K.F., 1990. Depressed liver
regeneration after partial hepatectomy of germ-free, athymic and
lipopolysaccharide-resistant mice. Hepatology 11, 916–922.
Cotran, R.S., Kumar, V., Collins, T., 1994. Cellular growth and differentiation. In: Cotran, R.S., Kumar, V., Collins, T. (Eds.), Pathologic
Basis of Disease. W.B. Saunders, Philadelphia, pp. 35–50.
Coussens, L.M., Werb, Z., 2002. Inflammation and cancer. Nature 420,
860–867.
Crawford, J.M., 1994. The liver and biliary tract. In: Cotran, R.S., Kumar,
V., Collins, T. (Eds.), Pathologic Basis of Disease. W.B. Saunders,
Philadelphia, pp. 831–896.
Cressman, D.E., Diamond, R.H., Taub, R., 1995. Rapid activation of
the Stat3 transcription complex in liver regeneration. Hepatology 21,
1443–1449.
Cressman, D.E., Greenbaum, L.E., DeAngelis, R.A., Ciliberto, G., Furth,
E.E., Poli, V., Taub, R., 1996. Liver failure and defective hepatocyte
regeneration in interleukin-6-deficient mice. Science 274, 1379–1383.
Crispe, I.N., Mehal, W.Z., 1996. Strange brew: T cells in the liver.
Immunol. Today 17, 522–525.
Cui, J., Shin, T., Kawano, T., Sato, H., Kondo, E., Toura, I., Kaneko,
Y., Koseki, H., Kanno, M., Taniguchi, M., 1997. Requirement for
Valpha14 NKT cells in IL-12-mediated rejection of tumors. Science
278, 1623–1626.
Currier, A.R., Sabla, G., Locaputo, S., Melin-Aldana, H., Degen, J.L.,
Bezerra, J.A., 2003. Plasminogen directs the pleiotropic effects of
uPA in liver injury and repair. Am. J. Physiol. Gastrointest. Liver
Physiol. 284, G508–G515.
Decker, K., 1990. Biologically active products of stimulated liver
macrophages (Kupffer cells). Eur. J. Biochem. 192, 245–261.
Dhainaut, J.F., Marin, N., Mignon, A., Vinsonneau, C., 2001. Hepatic
response to sepsis: interaction between coagulation and inflammatory
processes. Crit. Care Med. 29, S42–S47.
Diaz-Guerra, M.J., Velasco, M., Martin-Sanz, P., Bosca, L., 1997. Nuclear
factor kappaB is required for the transcriptional control of type II
NO synthase in regenerating liver. Biochem. J. 326 (Pt 3), 791–
797.
Dinarello, C.A., 1984. Interleukin-1 and the pathogenesis of the acutephase response. N. Engl. J. Med. 311, 1413–1418.
Ember, J.A., Jagels, M.A., Hugli, T.E., 1998. Characterization of complement anaphylatoxins and their biological responses. In: Volanakis,

54

M.M. Markiewski et al. / Molecular Immunology 43 (2006) 45–56

J.E., Frank, M.M. (Eds.), The Human Complement System in Health
and Disease. Marcel Dekker, Inc., New York, pp. 241–284.
Enomoto, K., Nishikawa, Y., Omori, Y., Tokairin, T., Yoshida, M., Ohi,
N., Nishimura, T., Yamamoto, Y., Li, Q., 2004. Cell biology and
pathology of liver sinusoidal endothelial cells. Med. Electron Microsc.
37, 208–215.
Exley, M., Garcia, J., Balk, S.P., Porcelli, S., 1997. Requirements for
CD1d recognition by human invariant Valpha24+ CD4-CD8-T cells.
J. Exp. Med. 186, 109–120.
Exley, M., Porcelli, S., Furman, M., Garcia, J., Balk, S., 1998. CD161
(NKR-P1A) co-stimulation of CD1d-dependent activation of human T
cells expressing invariant V alpha 24 J alpha Q T cell receptor alpha
chains. J. Exp. Med. 188, 867–876.
Exley, M.A., Koziel, M.J., 2004. To be or not to be NKT: natural killer
T cells in the liver. Hepatology 40, 1033–1040.
Fausto, N., 2001. Liver regeneration. In: Arias, I.M., Boyer, J.L., Chisari,
F.V., Fausto, N., Schachter, D., Shafritz, D.A. (Eds.), The Liver: Biology and Pathobiology. Lippincott Williams & Wilkins, Philadelphia,
pp. 591–610.
Fong, Y.M., Marano, M.A., Moldawer, L.L., Wei, H., Calvano, S.E.,
Kenney, J.S., Allison, A.C., Cerami, A., Shires, G.T., Lowry, S.F.,
1990. The acute splanchnic and peripheral tissue metabolic response
to endotoxin in humans. J. Clin. Invest. 85, 1896–1904.
Freudenberg, M.A., Galanos, C., 1991. Tumor necrosis factor alpha
mediates lethal activity of killed Gram-negative and Gram-positive
bacteria in d-galactosamine-treated mice. Infect. Immun. 59, 2110–
2115.
Groopman, J.E., Molina, J.M., Scadden, D.T., 1989. Hematopoietic
growth factors. Biology and clinical applications. N. Engl. J. Med.
321, 1449–1459.
Guttridge, D.C., Albanese, C., Reuther, J.Y., Pestell, R.G., Baldwin
Jr., A.S., 1999. NF-kappaB controls cell growth and differentiation
through transcriptional regulation of cyclin D1. Mol. Cell Biol. 19,
5785–5799.
Hatano, E., Bennett, B.L., Manning, A.M., Qian, T., Lemasters, J.J.,
Brenner, D.A., 2001. NF-kappaB stimulates inducible nitric oxide synthase to protect mouse hepatocytes from TNF-alpha- and Fas-mediated
apoptosis. Gastroenterology 120, 1251–1262.
Hespeling, U., Puschel, G.P., Jungermann, K., Gotze, O., Zwirner, J.,
1995. Stimulation of glycogen phosphorylase in rat hepatocytes via
prostanoid release from Kupffer cells by recombinant rat anaphylatoxin C5a but not by native human C5a in hepatocyte/Kupffer cell
co-cultures. FEBS Lett. 372, 108–112.
Higgins, G.M., Anderson, R.M., 1931. Experimental pathology of the
liver. I. Restoration of the liver of the white rat following partial
surgical removal. Arch. Pathol. 12, 186–202.
Hinz, M., Krappmann, D., Eichten, A., Heder, A., Scheidereit, C., Strauss,
M., 1999. NF-kappaB function in growth control: regulation of cyclin
D1 expression and G0/G1-to-S-phase transition. Mol. Cell Biol. 19,
2690–2698.
Iimuro, Y., Nishiura, T., Hellerbrand, C., Behrns, K.E., Schoonhoven, R.,
Grisham, J.W., Brenner, D.A., 1998. NFkappaB prevents apoptosis
and liver dysfunction during liver regeneration. J. Clin. Invest. 101,
802–811.
Isselbacher, K.J., Podolsky, D.K., 1991. Biologic and clinical approaches
to liver disease. In: Wilson, J.D., Braunwald, E., Isselbacher, K.J.,
Petersdorf, R.G., Martin, J.B., Fauci, A.S., Root, R.K. (Eds.), Harrison’s Principles of Internal Medicine. McGraw-Hill, Inc., New York,
pp. 1301–1302.
Ito, H., Ando, K., Nakayama, T., Taniguchi, M., Ezaki, T., Saito, K.,
Takemura, M., Sekikawa, K., Imawari, M., Seishima, M., Moriwaki,
H., 2003. Role of Valpha 14 NKT cells in the development of impaired
liver regeneration in vivo. Hepatology 38, 1116–1124.
Janeway Jr., C.A., Travers, P., Walport, M., Shlomchik, M.J., 2001. Innate
immunity. In: Janeway Jr., C.A., Travers, P., Walport, M., Shlomchik, M.J. (Eds.), Immunobiology. Garland Publishing, New York,
pp. 35–292.

Katz, S., Jimenez, M.A., Lehmkuhler, W.E., Grosfeld, J.L., 1991. Liver
bacterial clearance following hepatic artery ligation and portacaval
shunt. J. Surg. Res. 51, 267–270.
Kawamura, T., Takeda, K., Mendiratta, S.K., Kawamura, H., Van Kaer,
L., Yagita, H., Abo, T., Okumura, K., 1998. Critical role of NK1+ T
cells in IL-12-induced immune responses in vivo. J. Immunol. 160,
16–19.
Kawano, T., Cui, J., Koezuka, Y., Toura, I., Kaneko, Y., Motoki, K.,
Ueno, H., Nakagawa, R., Sato, H., Kondo, E., Koseki, H., Taniguchi,
M., 1997. CD1d-restricted and TCR-mediated activation of valpha14
NKT cells by glycosylceramides. Science 278, 1626–1629.
Knolle, P.A., Gerken, G., 2000. Local control of the immune response in
the liver. Immunol. Rev. 174, 21–34.
Knolle, P.A., Schmitt, E., Jin, S., Germann, T., Duchmann, R., Hegenbarth, S., Gerken, G., Lohse, A.W., 1999. Induction of cytokine
production in naive CD4(+) T cells by antigen-presenting murine liver
sinusoidal endothelial cells but failure to induce differentiation toward
Th1 cells. Gastroenterology 116, 1428–1440.
Kohl, J., 2001. Anaphylatoxins and infectious and non-infectious inflammatory diseases. Mol. Immunol. 38, 175–187.
Krikos, A., Laherty, C.D., Dixit, V.M., 1992. Transcriptional activation
of the tumor necrosis factor alpha-inducible zinc finger protein, A20,
is mediated by kappa B elements. J. Biol. Chem. 267, 17971–17976.
Leifeld, L., Trautwein, C., Dumoulin, F.L., Manns, M.P., Sauerbruch, T.,
Spengler, U., 1999. Enhanced expression of CD80 (B7-1), CD86 (B72), and CD40 and their ligands CD28 and CD154 in fulminant hepatic
failure. Am. J. Pathol. 154, 1711–1720.
Levy, D.E., Lee, C.K., 2002. What does Stat3 do? J. Clin. Invest. 109,
1143–1148.
Limmer, A., Ohl, J., Kurts, C., Ljunggren, H.G., Reiss, Y., Groettrup, M.,
Momburg, F., Arnold, B., Knolle, P.A., 2000. Efficient presentation of
exogenous antigen by liver endothelial cells to CD8+ T cells results
in antigen-specific T-cell tolerance. Nat. Med. 6, 1348–1354.
Liu, Z.G., Hsu, H., Goeddel, D.V., Karin, M., 1996. Dissection of TNF
receptor 1 effector functions: JNK activation is not linked to apoptosis
while NF-kappaB activation prevents cell death. Cell 87, 565–576.
Lohse, A.W., Knolle, P.A., Bilo, K., Uhrig, A., Waldmann, C., Ibe,
M., Schmitt, E., Gerken, G., Meyer Zum Buschenfelde, K.H., 1996.
Antigen-presenting function and B7 expression of murine sinusoidal
endothelial cells and Kupffer cells. Gastroenterology 110, 1175–1181.
Luster, M.I., Germolec, D.R., Yoshida, T., Kayama, F., Thompson, M.,
1994. Endotoxin-induced cytokine gene expression and excretion in
the liver. Hepatology 19, 480–488.
MacDonald, H.R., 1995. NK1.1+ T cell receptor-alpha/beta+ cells: new
clues to their origin, specificity, and function. J. Exp. Med. 182,
633–638.
Mack, C., Jungermann, K., Gotze, O., Schieferdecker, H.L., 2001. Anaphylatoxin C5a actions in rat liver: synergistic enhancement by C5a
of lipopolysaccharide-dependent alpha(2)-macroglobulin gene expression in hepatocytes via IL-6 release from Kupffer cells. J. Immunol.
167, 3972–3979.
Manna, S.K., Zhang, H.J., Yan, T., Oberley, L.W., Aggarwal, B.B.,
1998. Overexpression of manganese superoxide dismutase suppresses
tumor necrosis factor-induced apoptosis and activation of nuclear transcription factor-kappaB and activated protein-1. J. Biol. Chem. 273,
13245–13254.
Markiewski, M.M., Mastellos, D., Tudoran, R., DeAngelis, R.A., Strey,
C.W., Franchini, S., Wetsel, R.A., Erdei, A., Lambris, J.D., 2004.
C3a and C3b activation products of the third component of complement (C3) are critical for normal liver recovery after toxic injury. J.
Immunol. 173, 747–754.
Mastellos, D., Lambris, J., 2002. Complement: more than a ‘guard’
against invading pathogens? Trends Immunol. 23, 485–491.
Mastellos, D., Papadimitriou, J.C., Franchini, S., Tsonis, P.A., Lambris,
J.D., 2001. A novel role of complement: mice deficient in the fifth
component of complement (C5) exhibit impaired liver regeneration.
J. Immunol. 166, 2479–2486.

M.M. Markiewski et al. / Molecular Immunology 43 (2006) 45–56
Mathison, J.C., Ulevitch, R.J., 1979. The clearance, tissue distribution,
and cellular localization of intravenously injected lipopolysaccharide
in rabbits. J. Immunol. 123, 2133–2143.
Mehal, W.Z., Juedes, A.E., Crispe, I.N., 1999. Selective retention of activated CD8+ T cells by the normal liver. J. Immunol. 163, 3202–3210.
Metelitsa, L.S., Naidenko, O.V., Kant, A., Wu, H.W., Loza, M.J., Perussia,
B., Kronenberg, M., Seeger, R.C., 2001. Human NKT cells mediate
antitumor cytotoxicity directly by recognizing target cell CD1d with
bound ligand or indirectly by producing IL-2 to activate NK cells. J.
Immunol. 167, 3114–3122.
Mevorach, D., Mascarenhas, J.O., Gershov, D., Elkon, K.B., 1998.
Complement-dependent clearance of apoptotic cells by human
macrophages. J. Exp. Med. 188, 2313–2320.
Micheau, O., Lens, S., Gaide, O., Alevizopoulos, K., Tschopp, J., 2001.
NF-kappaB signals induce the expression of c-FLIP. Mol. Cell Biol.
21, 5299–5305.
Minagawa, M., Oya, H., Yamamoto, S., Shimizu, T., Bannai, M., Kawamura, H., Hatakeyama, K., Abo, T., 2000. Intensive expansion of
natural killer T cells in the early phase of hepatocyte regeneration
after partial hepatectomy in mice and its association with sympathetic
nerve activation. Hepatology 31, 907–915.
Montz, H., Koch, K.C., Zierz, R., Götze, O., 1991. The role of C5a in
interleukin-6 production induced by lipopolysaccharide or interleukin1. Immunology 74, 373–379.
Nadler, P.I., Klingenstein, R.J., Richman, L.K., Ahmann, G.B., 1980. The
murine Kupffer cell. II. Accessory cell function in in vitro primary
antibody responses, mitogen-induced proliferation, and stimulation of
mixed lymphocyte responses. J. Immunol. 125, 2521–2525.
Nagelkerke, J.F., Barto, K.P., van Berkel, T.J., 1983. In vivo and in vitro
uptake and degradation of acetylated low density lipoprotein by rat
liver endothelial, Kupffer, and parenchymal cells. J. Biol. Chem. 258,
12221–12227.
Nathan, C., 2002. Points of control in inflammation. Nature 420, 846–
852.
Okusawa, S., Dinarello, C.A., Yancey, K.B., Endres, S., Lawley, T.J.,
Frank, M.M., Burke, J.F., Gelfand, J.A., 1987. C5a induction of human
interleukin. 1. Synergistic effect with endotoxin or interferon-gamma.
J. Immunol. 139, 2635–2640.
Opipari Jr., A.W., Hu, H.M., Yabkowitz, R., Dixit, V.M., 1992. The A20
zinc finger protein protects cells from tumor necrosis factor cytotoxicity. J. Biol. Chem. 267, 12424–12427.
Pediaditakis, P., Lopez-Talavera, J.C., Petersen, B., Monga, S.P.,
Michalopoulos, G.K., 2001. The processing and utilization of hepatocyte growth factor/scatter factor following partial hepatectomy in
the rat. Hepatology 34, 688–693.
Plumpe, J., Malek, N.P., Bock, C.T., Rakemann, T., Manns, M.P.,
Trautwein, C., 2000. NF-kappaB determines between apoptosis and
proliferation in hepatocytes during liver regeneration. Am. J. Physiol.
Gastrointest. Liver Physiol. 278, G173–G183.
Pomposelli, J.J., Flores, E.A., Bistrian, B.R., 1988. Role of biochemical mediators in clinical nutrition and surgical metabolism. JPEN J.
Parenter. Enteral Nutr. 12, 212–218.
Porcelli, S.A., Modlin, R.L., 1999. The CD1 system: antigen-presenting
molecules for T cell recognition of lipids and glycolipids. Annu. Rev.
Immunol. 17, 297–329.
Puschel, G.P., Nolte, A., Schieferdecker, H.L., Rothermel, E., Gotze, O.,
Jungermann, K., 1996. Inhibition of anaphylatoxin C3a- and C5a- but
not nerve stimulation- or noradrenaline-dependent increase in glucose
output and reduction of flow in Kupffer cell-depleted perfused rat
livers. Hepatology 24, 685–690.
Ramadori, G., Christ, B., 1999. Cytokines and the hepatic acute-phase
response. Semin. Liver Dis. 19, 141–155.
Reinhard, C., Shamoon, B., Shyamala, V., Williams, L.T., 1997. Tumor
necrosis factor alpha-induced activation of c-jun N-terminal kinase is
mediated by TRAF2. EMBO J. 16, 1080–1092.
Rhee, S.H., Hwang, D., 2000. Murine TOLL-like receptor 4 confers
lipopolysaccharide responsiveness as determined by activation of NF

55

kappa B and expression of the inducible cyclooxygenase. J. Biol.
Chem. 275, 34035–34040.
Richman, L.K., Klingenstein, R.J., Richman, J.A., Strober, W., Berzofsky,
J.A., 1979. The murine Kupffer cell. I. Characterization of the cell
serving accessory function in antigen-specific T cell proliferation. J.
Immunol. 123, 2602–2609.
Roland, C.R., Walp, L., Stack, R.M., Flye, M.W., 1994. Outcome of
Kupffer cell antigen presentation to a cloned murine Th1 lymphocyte
depends on the inducibility of nitric oxide synthase by IFN-gamma.
J. Immunol. 153, 5453–5464.
Root, R.K., Jacobs, R., 1991. Septicemia and septic shock. In: Wilson, J.D., Braunwald, E., Isselbacher, K.J., Petersdorf, R.G., Martin,
J.B., Fauci, A.S., Root, R.K. (Eds.), Harrison’s Principle’s of Internal
Medicine. McGraw-Hill, New York, pp. 502–507.
Rubinstein, D., Roska, A.K., Lipsky, P.E., 1986. Liver sinusoidal lining cells express class II major histocompatibility antigens but are
poor stimulators of fresh allogeneic T lymphocytes. J. Immunol. 137,
1803–1810.
Rubinstein, D., Roska, A.K., Lipsky, P.E., 1987. Antigen presentation by
liver sinusoidal lining cells after antigen exposure in vivo. J. Immunol.
138, 1377–1382.
Sakamoto, T., Liu, Z., Murase, N., Ezure, T., Yokomuro, S., Poli, V.,
Demetris, A.J., 1999. Mitosis and apoptosis in the liver of interleukin6-deficient mice after partial hepatectomy. Hepatology 29, 403–411.
Schieferdecker, H.L., Schlaf, G., Jungermann, K., Gotze, O., 2001. Functions of anaphylatoxin C5a in rat liver: direct and indirect actions
on nonparenchymal and parenchymal cells. Int. Immunopharmacol.
1, 469–481.
Schieferdecker, H.L., Schlaf, G., Koleva, M., Gotze, O., Jungermann, K.,
2000. Induction of functional anaphylatoxin C5a receptors on hepatocytes by in vivo treatment of rats with IL-6. J. Immunol. 164,
5453–5458.
Scholz, W., McClurg, M.R., Cardenas, G.J., Smith, M., Noonan, D.J.,
Hugli, T.E., Morgan, E.L., 1990. C5a-mediated release of interleukin
6 by human monocytes. Clin. Immunol. Immunopathol. 57, 297–307.
Selzner, N., Selzner, M., Odermatt, B., Tian, Y., van Rooijen, N., Clavien,
P.A., 2003. ICAM-1 triggers liver regeneration through leukocyte
recruitment and Kupffer cell-dependent release of TNF-alpha/IL-6 in
mice. Gastroenterology 124, 692–700.
Smedsrod, B., Kjellen, L., Pertoft, H., 1985. Endocytosis and degradation
of chondroitin sulphate by liver endothelial cells. Biochem. J. 229,
63–71.
Smedsrod, B., Pertoft, H., Gustafson, S., Laurent, T.C., 1990. Scavenger
functions of the liver endothelial cell. Biochem. J. 266, 313–327.
Squiers, E.C., Brunson, M.E., Salomon, D.R., 1993. Kupffer cells can
present alloantigen in vitro: an effect abrogated by gadolinium. J.
Surg. Res. 55, 571–574.
Strey, C.W., Markiewski, M., Mastellos, D., Tudoran, R., Spruce, L.A.,
Greenbaum, L.E., Lambris, J.D., 2003. The proinflammatory mediators C3a and C5a are essential for liver regeneration. J. Exp. Med.
198, 913–923.
Strey, C.W., Winters, M.S., Markiewski, M.M., Lambris, J.D., 2005. Partial hepatectomy induced liver proteome changes in mice. Proteomics
5, 318–325.
Talarmin, H., Rescan, C., Cariou, S., Glaise, D., Zanninelli, G., Bilodeau,
M., Loyer, P., Guguen-Guillouzo, C., Baffet, G., 1999. The mitogenactivated protein kinase kinase/extracellular signal-regulated kinase
cascade activation is a key signalling pathway involved in the regulation of G(1) phase progression in proliferating hepatocytes. Mol.
Cell Biol. 19, 6003–6011.
Taub, R., 2004. Liver regeneration: from myth to mechanism. Nat. Rev.
Mol. Cell. Biol. 5, 836–847.
Taub, R., Greenbaum, L.E., Peng, Y., 1999. Transcriptional regulatory
signals define cytokine-dependent and -independent pathways in liver
regeneration. Semin. Liver Dis. 19, 117–127.
Taylor, B.S., de Vera, M.E., Ganster, R.W., Wang, Q., Shapiro, R.A.,
Morris Jr., S.M., Billiar, T.R., Geller, D.A., 1998. Multiple NF-kappaB

56

M.M. Markiewski et al. / Molecular Immunology 43 (2006) 45–56

enhancer elements regulate cytokine induction of the human inducible
nitric oxide synthase gene. J. Biol. Chem. 273, 15148–15156.
Van Antwerp, D.J., Martin, S.J., Kafri, T., Green, D.R., Verma, I.M.,
1996. Suppression of TNF-alpha-induced apoptosis by NF-kappaB.
Science 274, 787–789.
Van Zee, K.J., DeForge, L.E., Fischer, E., Marano, M.A., Kenney, J.S.,
Remick, D.G., Lowry, S.F., Moldawer, L.L., 1991. IL-8 in septic
shock, endotoxemia, and after IL-1 administration. J. Immunol. 146,
3478–3482.
Vary, T.C., Kimball, S.R., 1992. Regulation of hepatic protein synthesis in chronic inflammation and sepsis. Am. J. Physiol. 262, C445–
C452.
Wakabayashi, G., Gelfand, J.A., Jung, W.K., Connolly, R.J., Burke,
J.F., Dinarello, C.A., 1991. Staphylococcus epidermidis induces
complement activation, tumor necrosis factor and interleukin-1,
a shock-like state and tissue injury in rabbits without endotoxemia. Comparison to Escherichia coli. J. Clin. Invest. 87, 1925–
1935.
Wang, C.Y., Mayo, M.W., Baldwin Jr., A.S., 1996. TNF- and cancer
therapy-induced apoptosis: potentiation by inhibition of NF-kappaB.
Science 274, 784–787.
Wang, C.Y., Mayo, M.W., Korneluk, R.G., Goeddel, D.V., Baldwin
Jr., A.S., 1998. NF-kappaB antiapoptosis: induction of TRAF1 and
TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8 activation. Science 281, 1680–1683.
Wanless, I.R., 1999. Physioanatomic considerations. In: Schiff, E.R., Sorrell, M.F., Maddrey, W.C. (Eds.), Schiff’s Diseases of the Liver.
Lippincott-Raven, Philadelphia, pp. 3–38.

Webster, C.R., Anwer, M.S., 2001. Phosphoinositide 3-kinase, but not
mitogen-activated protein kinase, pathway is involved in hepatocyte
growth factor-mediated protection against bile acid-induced apoptosis
in cultured rat hepatocytes. Hepatology 33, 608–615.
Wetsel, R.A., Kildsgaard, J., Haviland, D.L., 2000. Complement anaphylatoxins (C3a, C4a, C5a) and their receptors (C3aR, C5aR/CD88)as
therapeutic targets in inflammation. In: Lambris, J.D., Holers, M.V.
(Eds.), Therapeutic Interventions in the Complement System. Humana
Press, Totowa, pp. 113–153.
Wisse, E., 1970. An electron microscopic study of the fenestrated
endothelial lining of rat liver sinusoids. J. Ultrastruct. Res. 31,
125–150.
Wisse, E., 1972. An ultrastructural characterization of the endothelial
cell in the rat liver sinusoid under normal and various experimental
conditions, as a contribution to the distinction between endothelial
and Kupffer cells. J. Ultrastruct. Res. 38, 528–562.
Wuestefeld, T., Klein, C., Streetz, K.L., Betz, U., Lauber, J., Buer,
J., Manns, M.P., Muller, W., Trautwein, C., 2003. Interleukin6/glycoprotein 130-dependent pathways are protective during liver
regeneration. J. Biol. Chem. 278, 11281–11288.
Xu, Y., Bialik, S., Jones, B.E., Iimuro, Y., Kitsis, R.N., Srinivasan, A.,
Brenner, D.A., Czaja, M.J., 1998. NF-kappaB inactivation converts a
hepatocyte cell line TNF-alpha response from proliferation to apoptosis. Am. J. Physiol. 275, C1058–C1066.
Yamada, Y., Kirillova, I., Peschon, J.J., Fausto, N., 1997. Initiation of
liver growth by tumor necrosis factor: deficient liver regeneration in
mice lacking type I tumor necrosis factor receptor. Proc. Natl. Acad.
Sci. U.S.A. 94, 1441–1446.

