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Abstract: Kupffer cells (KCs) are resident macrophages in the liver. Recent studies have revealed
that KCs are closely related to inflammatory liver diseases, including nonalcoholic liver diseases
(NAFLD). From this point of view, KC transplantation can be a candidate for immunotherapy against
inflammatory diseases. Similar to general macrophages, KCs show several different phenotypes
according to their environment. Activated KCs are involved in either proinflammatory responses or
anti-inflammatory responses. Thus, to manipulate KCs for immunotherapy; it is crucial to control the
direction of KC activation. Here, we summarize the outlook and the issues hindering immunotherapy
using KC transplantation.
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1. Introduction

Immunotherapy using macrophage-based approaches has received increasing atten-
tion in recent years. Macrophages have high plasticity that serves multiple functions,
including phagocytosis against cellular debris (e.g., microbial products, apoptotic or dam-
aged cells), the classical M1 proinflammatory phenotype (induced by TLR ligands and
IFN-y) or the alternative M2 anti-inflammatory phenotype (induced by IL-4/IL-13) [1].
According to the multiple phenotypes, macrophages are sometimes associated with the
development of inflammatory diseases, including cancer. Several strategies have been
developed to target tumor-associated macrophages (TAMs) with the tumor-promoting
roles [2].

Kupffer cells (KCs) are resident macrophages in the liver. They have a high phago-
cytic competency, allowing them to remove the foreign medium, for example, viruses and
bacteria, apoptotic cells, and cellular debris. Accordingly, KCs in the liver sinusoids serve
a crucial role as gatekeepers in the hepatic immune system [3]. KCs play a central role
in immunity, tissue injury, and repair in the liver [4,5]. KCs generate various inflamma-
tory mediators containing cytokines, prostaglandins, and reactive oxygen species mainly
through NADPH-oxidase or inducible NO-synthase (iNOS) activities [4,5]. There is no
doubt that KC dysfunction contributes to the pathogenesis of nonalcoholic fatty liver dis-
eases (NAFLD) [6,7]. Nevertheless, the role of KCs in regulating liver metabolism and the
incidence of metabolic disease remains unknown [8]. Thus, if KCs were transplanted effica-
ciously in the liver with engraftment and long-term survival, the main issues regarding
their characteristics in microbial clearance, antigen presentation, and tissue inflammation
or repair could be addressed [9-11]. Some studies have shown that KC transplantation is
helpful [12,13]. On the other hand, the kinetics of how the administered KCs settle in the
liver remain unclear.

2. The Importance of KCs as a Therapeutic Target for Inflammatory Diseases

Nutrients absorbed from the small intestine flow through the portal vein or lymph
vessels to the liver, where they are metabolized as an energy source [14-16]. An excessive
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influx of nutrients can impose excessive stress on the liver by promoting the production
of reactive oxygen species and waste products during metabolism. In addition, various
infectious microorganisms and wastes, including hepatitis viruses, enter the liver through
the circulatory system, causing damage to the liver. The liver is equipped with a hepatic
immune system to counter these factors. KCs reside in sinusoids and monitor blood
influx to the liver. KCs have also been reported to be involved in lipid metabolism and
iron metabolism derived from aged red blood cells [17]. KCs are supposed to be directly
involved in various liver diseases, including infectious diseases, lifestyle-induced alcoholic
and nonalcoholic liver diseases, autoimmune diseases, and drug-induced diseases. In each
case, the inflammatory response progresses as the disease progresses, and in some cases,
the disease becomes more severe, leading to cirrhosis and hepatocellular carcinoma (HCC).
Some studies have reported the involvement of KCs in these diseases [18,19]. Based on
these studies, there is no doubt about the importance of KCs as a therapeutic target for the
inflammatory diseases.

3. KC Transplantation as an Immunotherapeutic Method

Several reports have demonstrated the usefulness of KC transplantation in several
animals. Cheng et al. reported that the transplantation of KCs into the liver by administra-
tion via the portal vein in rats reduced liver injury at the time of liver transplantation and
improved the liver transplantation rate [20]. Merlin et al. also reported a liver transplanta-
tion method using transvenous administration of KCs in a mouse system [13]. We recently
established a method for intraperitoneal administration of KCs [21].

4. Migration Pathway of Intraperitoneally Administered KCs to the Liver

The route of translocation of intraperitoneally administered KCs to the liver is not
clear. In the intraperitoneal administration of drugs, there are four possible routes by
which administered drugs reach the liver: (1) diffusion and absorption from the wall-
side intraperitoneal capillary bed via the portal vein, (2) absorption from the visceral
side intraperitoneal capillary bed via the body’s circulatory system, (3) via the lymphatic
vascular system, and (4) direct absorption from the liver surface. According to Nishida
et al., the critical size of molecules that can be absorbed from the liver surface covered by the
capsule is estimated to be about 70,000 [22]. This is slightly larger than the 6.6 K molecular
weight of albumin. This suggests that it would be very difficult for KCs to pass directly
through the liver surface. Hoppo et al. reported that hepatocytes enter the lymphatic
system via lymph vessels [23]. Considering the possibility of lymphatic mediation, we
investigated the spleen and lymph nodes to confirm the presence of transplanted KCs but
we were unable to detect them [21]. Given the affinity of KCs for sinusoidal cavities, they
most likely migrated via the portal vein from the wall-side intraperitoneal capillary bed.
Further clarification of the kinetics of KCs administered in vivo is essential for establishing
a highly efficient KC transplantation method.

5. Nucling/NF-«kB Signal and KC Activation

Nucling/UACA (uveal autogatigen with coiled coil domains and ankyrin repeats), a
novel NF-kB regulatory molecule, is crucial for maintaining KCs [24]. Nucling/UACA is a
novel apoptosis-associated molecule regulating the apoptosome pathway, galectin-3 and
NF-«B [25]. The NF-«kB signal is spontaneously activated in cells or tissues prepared from
Nucling-knockout (KO) mice compared with those prepared from wild-type mice. Espe-
cially in the liver, KCs prepared from Nucling-KO mice expressed inflammatory cytokines
(TNFe, IL-1p3, IL-6) with NF-kB activation. Based on the above findings, we hypothesize
that KCs normally act protectively as scavengers against the initiation of inflammation
(Figure 1). When a robust inflammatory response begins, they rapidly remove the diseased
cells by apoptosis through a proinflammatory reaction as one of their diverse functions
as macrophages. At this point, KCs are shifted to the M1 dominant phenotype. Severely
damaged hepatocytes are removed by apoptosis through a proinflammatory reaction. The
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liver is a unique organ with a strong regenerative capacity. When pathological hepatocytes
are removed by apoptosis, they are quickly regenerated. However, if they are continuously
exposed to an inflammatory environment, healthy hepatocytes cannot be regenerated in
time, leading to fibrosis and cancer in the liver [26,27]. In other words, proinflammatory
KCs may act as an aggravating factor in a highly inflammatory environment.

Pre-activated (scavenger)
NF-<B PPAR

HFD, SFA
PA, LPS
lipid

n-3 PUFA
DHA, TZD

M1 M2
NF-xB

IL-10
ROS, NO,
TNFa, IL-1f Mrc2
-8, IL=1
Inflammation

HSCs—Fibrocytes

Figure 1. KCs maintain a heterogeneous population of macrophages. KCs act as scavengers (preacti-
vated (unpolarized) phase) for debris from dead cells or damaged cells to maintain normal conditions.
Spontaneous KC damage or depletion may lead to the accumulation of damaged cells in the liver,
followed by the prevalence of NAFLD. TGF-§ and IL-10 may skew KCs to the M2 phenotype. Pro-
fibrotic cytokines (TNF-a and TGF-f3) also promote HSCs to fibrogenesis, followed by cirrhosis.
Hepatic stressors include overnutrition (HFD, SFA, lipids) and endotoxins (e.g., LPS). HFD, high-fat
diet; SFA, saturated fatty acid; PA, palmitic acid; LPS, lipopolysaccharide; PUFA, polyunsaturated
fatty acid; DHA, docosahexaenoic acid; TZD, thiazolidinedione.

6. KCs-HSCs Axis

As a type of macrophage, KCs undergo transdifferentiation into several cell types.
Thus, it is crucial to keep KCs in a healthy, stable state for use in immunotherapy. When
inoculated KCs enter the injured hepatic parenchyma, they can be differentiated into
specific phenotypes by activated hepatic stellate cells (HSCs). Transdifferentiation of KCs
has been well studied in NAFLD. KCs and HSCs play vital roles in the development
of NAFLD. It is well documented that HSCs directly participate in the development of
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fibrosis through their transdifferentiation into myofibroblasts with excessive fibrotic matrix
deposition [28]. A recent study revealed that KCs also participate in liver fibrosis through
transdifferentiation into fibrocytes [29]. In the context, Li et al. mention two distinct parallel
processes of HSCs and KCs. KCs make cytokines that cause HSC transdifferentiation, but
that KCs also undergo transdifferentiation in an autocrine manner.

7. Discussion

It is crucial to maintain proper characteristics to manipulate KCs as a material for
immunotherapy because KCs exhibit multiple properties according to their conditions.
KCs present heterogeneity in terms of their volume, phagocytotic activity, and enzymatic
activities, even in typical physiological situations. The smaller inactive cells predominantly
localize in the central zone of the liver lobule [30,31]. The larger active cells are localized
much more in the periphery of the liver lobule. The physiological conditions can change the
heterogeneity because KCs can transdifferentiate into several cell fates. There are differences
in the direction of KC involvement. In the pathogenesis of NAFLD, accumulated lipids
and their metabolites activate KCs [32]. Activated KCs release proinflammatory cytokines
that promote NAFLD development. Progressive NAFLD further stimulates KC activation,
aiding the progression to hepatitis, cirrhosis, and HCC.

On the other hand, there are also reports of cases in which KCs act protectively against
liver injury [33]. Many of these differences are supposed to arise from differences in the
activation direction of KCs (so-called M1/M2 polarization). In other words, KCs secrete
pro-(M1 phenotype) or anti-inflammatory cytokines (M2 phenotype) depending on the
direction of their activation, which may exacerbate inflammation in some cases and protect
against inflammation in others. The critical mediators for M1/M2 polarization are the
nuclear factor-kappa B (NF-«B) signaling pathway and peroxisome proliferator-activated
receptor vy (PPAR-y) [34].

Administration of HFD, SFA, PA, and lipids induces NF-«B activation in KCs. LPS
also induces NF-«B activation of KCs to enter the M1 phase [35]. NF-«B activation enters
KCs into the M1 phenotype, which produces tumor necrosis factor (TNF)-«, interleukin
(IL)-1, IL-6, IL-12, transforming growth factor (TGF)-$3, IFN-vy, etc. These proinflammatory
cytokines induce further activation of KCs into the M1 phase and act as pathogenic or
exacerbating factors for NAFLD, NASH, and HCC [36]. TNF-« and IL-6 play crucial roles
in the process of steatosis. Meanwhile, TGF-3 promotes the activation of HSCs, which play
a central role in the development of fibrosis, leading to the progression of cirrhosis [28].
On the other hand, n-3 PUFA, DHA, and TZD induce PPAR-y activation and induce KCs
to enter the M2 phenotype. The resulting IL-10, Mrc2, etc., may suppress inflammation
and prevent NAFLD (Figure 1). TGF-§3, together with IL-10, skews macrophages to the M2
subset in cancer [37]. These studies suggest that synergistic immunomodulation among
M1/M2 KCs and HSCs plays a crucial role in NAFLD development.

In addition, KCs have the potential to transdifferentiate into alternative phenotypes.
It has been reported that KCs participate in liver fibrosis through transdifferentiation
into fibrocytes [29]. KCs originate from two cell lineages, circulating monocytes and yolk
sac erythro-myeloid progenitors. The significant population in the adult murine liver
comes from embryonic precursors. Embryo-derived KCs maintain self-renewal and are
better resistant to cellular stresses than their monocyte-derived counterparts [38]. This
heterogeneity contributes to the expression profile of cytokines. The expression level of
cytokines in KCs is directly linked to the effect of immunotherapy using KC transplantation.
These facts suggest the importance of KC maintenance for effective transplantation therapy.

8. Conclusions

Abnormalities in the number and activation state of KCs may be risk factors for the
development of inflammatory liver diseases (such as NAFLD, NASH, or HCC) and their
related disorders (e.g., metabolic syndrome). As a regulatory factor of NF-«B signaling
in KCs, Nucling/UACA is supposed to be one of these markers. However, KCs are
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undoubtedly a powerful tool for treating inflammatory liver diseases. In vivo or ex vivo
manipulation of KC status may be a therapeutic strategy for these disorders. In recent
years, cancer therapy targeting tumor-associated macrophages (TAMSs) has attracted much
attention [2], and related studies have shown that the activation status of TAMs is critical.
Based on these findings, the regulation of KC activation is crucial in progressive phases of
diseases such as NASH and HCC. Novel therapeutic strategies for the in vivo modulation
of KCs by chemicals, diet or exercise or ex vivo methods using KC transplantation are
expected to be established.

The usefulness of T cells as tools for cancer immunotherapy has been attracting
attention, as well as macrophages. However, as with the KCs transplantation described
here, several problems must be overcome in the T cell transplantation method. One of the
main problems is T cell dysfunction at the time of transplantation [39], and macrophage-
derived cytokines are deeply involved in the state of T cells. Further research on KC and
T cell transplantation are expected to establish a powerful immuno-cell transplantation
method with synergistic effects.
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