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Abstract
Kupffer cells (KCs) constitute an important component of hepatic immune cells
and are crucial for maintaining tissue homeostasis and mounting rapid responses
to liver injury. Complement receptor of the immunoglobulin superfamily (CRIg)
is a receptor protein on the KC membrane that can capture pathogenic microor-
ganisms flowing through hepatic blood via complement binding and mediate
hepatic immune responses by regulating immune cells within the liver. Recent
studies on CRIg have further established its key role in regulating liver immu-
nity. This review primarily summarizes the mechanisms of CRIg action and the
latest research advances in its regulation of hepatic immune responses.
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Abstract

Kupffer cells (KCs) constitute a crucial component of the hepatic immune sys-
tem, playing a vital role in maintaining tissue homeostasis and mounting rapid
responses to liver injury. Complement receptor of immunoglobulin superfam-
ily (CRIg) is a receptor protein expressed on the KC membrane that captures
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pathogenic microorganisms from hepatic blood flow through complement bind-
ing while also mediating hepatic immune responses by regulating immune cells
within the liver. Recent studies have further established the pivotal role of CRIg
in modulating liver immunity. This review summarizes the mechanisms of CRIg
action and the latest research progress in its regulation of hepatic immune re-
sponses.

Keywords: CRIg; Kupffer cells; hepatic immunity; pathogenic microorganisms

The liver serves as a critical immune organ in the human body, and Kupffer
cells (KCs), as liver-resident macrophages, are key regulators of hepatic im-
mune responses. KCs are widely distributed within hepatic sinusoids, where
they not only phagocytose pathogens entering through portal venous or arte-
rial circulation but also activate other immune cells in the blood to eliminate
pathogenic microorganisms. Blood flow increases the difficulty of capturing
pathogens, necessitating complement assistance for KCs to rapidly seize mi-
croorganisms. While complement can recognize and bind pathogens, nearly all
complement receptors fail to fully engage their ligands under shear flow con-
ditions. Currently, only CRIg, specifically expressed on macrophage surfaces,
can bind pathogens under such dynamic conditions. Recent research on CRIg
has further confirmed its essential role in clearing pathogenic microorganisms
and regulating immune cells. This article reviews recent findings on CRIg’s
mechanisms in hepatic immune modulation to provide a theoretical foundation
for future investigations.

1 Overview of CRIg
CRIg, also known as V-set and immunoglobulin domain-containing protein
4 (VSIG4), is a 399-amino-acid protein encoded by a gene spanning 18.3 kb
with eight exons, located in the border region between markers DXS1213
and DXS1194 on the human X chromosome. As a type 1 transmembrane
immunoglobulin superfamily member belonging to the B7 family-related
proteins, CRIg exhibits functional similarities to both B7 family co-inhibitory
molecules and complement receptors. It possesses the capacity to inhibit T cell
proliferation and differentiation characteristic of the B7 family, while also main-
taining complement receptor functions for pathogen clearance. Structurally,
CRIg comprises either IgV and IgC2 domains (huCRIg(L)) or a single IgV-type
immunoglobulin domain (huCRIg(S)) and muCRIg. In terms of distribution,
CRIg is primarily expressed on subsets of tissue-resident macrophages, with
KCs representing the largest population, making the liver the principal site
for CRIg-mediated immune regulation. Beyond macrophages, CRIg is also
present on dendritic cells, and its expression pattern partially determines its
immunological properties. As an essential component of the innate immune
system, CRIg plays important roles in maintaining immune tolerance, host
defense, and other immunomodulatory functions.
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2 Mechanism of Action of CRIg
CRIg participates in hepatic immune responses primarily through complement
binding. The complement system comprises serum proteins and cell surface
receptors, with the liver serving as the main production site for complement
proteins. As part of the innate immune system, complement can utilize pre-
existing IgM antibodies as recognition mechanisms while also directly binding
and killing pathogenic microorganisms. Complement integrates with adaptive
immunity by promoting B cell-mediated antibody responses during early im-
mune reactions, thereby regulating adaptive immune defense. Complement C3
contains eight macroglobulin-like domains (MG1-MG8). Upon pathogen con-
tact, C3 undergoes continuous structural changes [Figure 1: see original pa-
per]. The TED domain masks most binding surfaces for other complement
components, whereas in C3b, the CUB and TED domains undergo substantial
movement, exposing the thioester site for covalent binding to pathogens while
simultaneously unfolding the B factor binding site, which drives C3 conversion
and initiates activation. Following CRIg binding to C3b, only the variable re-
gion MG6 exhibits minor loop movements. Moreover, the CRIg binding site and
TED domain are located on opposite sides of the 𝛽-chain, enabling macrophage-
expressed CRIg to readily bind C3b covalently attached to pathogens. Addition-
ally, research indicates that complement enables platelet binding to pathogens,
expanding the size of viral complexes and facilitating CRIg-mediated pathogen
capture, although this pathway contributes more significantly to splenic immu-
nity. Beyond complement-mediated binding, CRIg can also directly bind and
clear bacteria. To avoid degradation, CRIg is actively transferred from phago-
somes to recycling endosomal pools before lysosomal fusion, after which it is
recruited back to the plasma membrane to ensure continued participation in
phagocytic activity. Since macrophages are the most important effector cells
for CRIg, regulating macrophages represents its primary mechanism of partici-
pating in hepatic immunity.

Figure 1. Structural changes from C3 to C3b and CRIg binding sites

3 Unique Immune Environment of the Liver
The liver serves as the primary surveillance organ for intravascular infections,
with approximately 30% of total blood volume passing through the liver each
minute. Hepatic blood supply originates mainly from the portal vein and hep-
atic artery, with nearly 70% of blood coming from the portal vein. As the first
extra-intestinal organ connected to venous blood from the small and large in-
testines via the portal vein, the liver is uniquely susceptible to bacterial products
translocated from the intestinal lumen into the portal circulation. While some
pathogens flow through lymphatic vessels into mesenteric lymph nodes to initi-
ate adaptive immune responses, most bypass splenic and lymph node immune
surveillance and travel via the portal vein to the liver. Portal venous blood en-
ters hepatic sinusoids, where pathogens and antigens activate various immune
cells including KCs, T cells, and natural killer T cells within the sinusoidal
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space. Although rapid blood flow hinders immune cell-pathogen binding, the
slowed blood flow within hepatic sinusoids prolongs the interaction time between
immune cells and pathogens. Despite reduced flow velocity, pathogen capture
remains challenging. KCs account for 90% of all tissue-resident macrophages
in the body, and as the principal immune cells in the liver, they are crucial for
intercepting bacterial pathogens and maintaining blood sterility. Functionally,
KCs primarily adhere to the surface of hepatic sinusoidal endothelial cells, and
this unique positioning brings KCs into close proximity with pathogens, cre-
ating favorable conditions for CRIg-mediated pathogen capture. Overall, the
liver’s unique immune environment is characterized by two key features: first,
the liver is the primary organ mediating intravascular immunity, with surveil-
lance and clearance of blood-borne pathogens representing a critical task for
hepatic immune cells; second, Kupffer cells constitute the largest population
of resident macrophages in the body, which partially determines their central
role in hepatic immunity. Consequently, CRIg, which is both KC-associated
and participates in blood immunity, may represent a key regulator of hepatic
immune responses.

4 Role of CRIg in Hepatic Immunity
The liver’s unique physiological structure creates a distinctive immune environ-
ment. As the“right-hand man”for KCs in grasping pathogenic microorganisms,
CRIg is currently the primary complement receptor capable of binding pathogen-
complement complexes under shear flow conditions. Furthermore, CRIg can
mediate the activation of KCs and other immune cells. The specific functions
of CRIg are discussed below.

4.1 CRIg: The “Best Catcher”of Pathogenic Microorganisms

Fungal dissemination into the bloodstream can cause invasive fungal infections,
with the liver being a key organ for fungal clearance. Clinical studies have
observed that patients with liver cirrhosis or end-stage liver disease are more
susceptible to Cryptococcus neoformans brain infections. Following intravenous
injection of C. neoformans, CRIg knockout mice show significantly reduced
fungal burden in the liver but increased burden in other organs. CRIg defi-
ciency impairs KC phagocytic capacity and increases the probability of fungal
escape, suggesting that loss of CRIg clearance function may elevate disease risk
in other organs. Bacteria possess immune evasion capabilities; Staphylococcus
aureus produces complement inhibitors and extracellular fibrinogen-binding pro-
teins that inhibit C3b deposition on its surface, thereby blocking complement-
mediated clearance. Bacterial lipoteichoic acid (LTA) is a critical molecule for
bacterial growth and cell division. CRIg can directly recognize bacterial LTA,
reducing the time required for KCs to capture Gram-positive bacteria, thus func-
tioning as a pattern recognition receptor. Blood-borne parasites have complex
survival mechanisms in blood. Research demonstrates that antibody-activated
complement is essential for CRIg-mediated KC capture of circulating parasites.
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However, this study also observed that CRIg cannot act as a pattern recognition
receptor for direct binding of circulating African trypanosomes by KCs, suggest-
ing limitations of the direct binding mechanism. CRIg also plays an important
role in mediating viral invasion immunity. One study showed that complement
C3b covalently binds to adenovirus, and CRIg mediates KC binding to C3b.
After adenovirus phagocytosis, the capsid releases membrane-lytic protein VI,
inducing KC death. Blocking CRIg prevents KC death following low-dose ade-
novirus inoculation, confirming that CRIg is an important protein involved in
adenovirus capture. Overall, complement receptor function represents the pri-
mary mechanism by which CRIg mediates pathogen clearance. Although direct
binding can capture pathogens more rapidly, this pathway requires further in-
vestigation [Figure 2: see original paper].

Figure 2. CRIg capture of pathogenic microorganisms within hepatic sinusoids

4.2 CRIg: The “Inhibitor”of Immune Cells

CRIg can respond to inflammatory stimuli and regulate macrophage activation.
CRIg transmits feedback signals to activate the PI3K-Akt-STAT3 signaling axis,
which upregulates pyruvate dehydrogenase kinase 2 and inhibits mitochondrial
pyruvate metabolism, inducing PDH phosphorylation and suppressing mito-
chondrial reactive oxygen species (ROS) secretion and M1-like gene expression,
thereby inhibiting macrophage activation. Additionally, antibody stimulation of
CRIg induces recruitment of the adaptor protein MS4A6D in surface inhibitory
signal complexes, subsequently activating the JAK2-STAT3-A20 signaling cas-
cade to inhibit nuclear factor-�B, which reduces expression of NOD-like receptor
thermal protein domain associated protein 3 and interleukin-1𝛽. Thus, CRIg
plays an important role in suppressing macrophage activation and negatively
regulating macrophage-driven intracellular inflammation. Beyond macrophage
regulation, CRIg can inhibit proliferation of both mouse and human T cells.
Programmed death-ligand 1 (PD-L1) effectively inhibits T cell activation, and
in vitro experiments show that CRIg inhibition is similar to PD-L1. In vivo
studies demonstrate that CRIg-Ig fusion molecules can suppress induction of
cytotoxic T lymphocyte responses and development of T helper cell-dependent
IgG responses, while blocking Th cell cytokine production simultaneously in-
hibits B cell activation. Subsequent research also shows that CRIg blocks T
helper cell-dependent isotype switching by inhibiting activation and differentia-
tion of helper T cells as well as isotype switching-induced cytokines produced by
helper T cells, establishing CRIg as an effective negative regulator of T cell and
Th cell responses. Notably, a recent study revealed that CRIg transmits direct
co-inhibitory signals to CD8+ T cells through an unknown counter-receptor on
activated CD8+ T cells, providing compelling evidence for CRIg regulation of
T cell activation despite requiring further validation. Animal experiments show
that CRIg-deficient mice fail to induce tolerance of liver T cells and natural
killer T cells to their cognate antigens, demonstrating that CRIg inhibition also
manifests in hepatic immune tolerance. Therefore, CRIg participates in hepatic
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immune responses by regulating multiple immune cell types including T cells
and B cells, primarily acting as an“inhibitor”to prevent excessive immune cell
activation, thereby reducing excessive inflammatory and autoimmune responses
in the liver [Figure 3: see original paper].

Figure 3. CRIg regulation of immune cells (All figures created with BioRender)

4.3 CRIg: A Potential Therapeutic Target for Liver Diseases

CRIg plays an important role in ameliorating liver diseases. Studies show that
alcohol-related liver injury alters hepatic macrophage composition and pheno-
type, and reduced numbers of CRIg-expressing KCs impair pathogen clearance
capacity. CRIg deficiency further exacerbates ethanol-induced liver disease in
mice, while CRIg-Ig injection improves liver injury and excessive inflammatory
responses. Additionally, reports indicate that in high-fat diet-induced nonalco-
holic fatty liver disease (NAFLD), CRIg expression is significantly downregu-
lated in both NAFLD patients and obese mice with fatty liver, which enhances
the pro-inflammatory state of macrophages and activates nuclear factor-�B sig-
naling to accelerate inflammatory responses. CRIg knockout also accelerates
insulin resistance and lipid deposition metabolic dysfunction in HFD mice, but
both metabolic and inflammatory abnormalities return to normal upon CRIg
restoration. In nonalcoholic steatohepatitis (NASH), single-cell RNA sequenc-
ing shows that the lipotoxic environment significantly reduces the number of
CRIg-expressing KCs. In NASH mouse liver tissue, CRIg-expressing KCs are
concentrated primarily in the central venous zone, while overall hepatic CRIg
is markedly reduced, with CRIg expression negatively correlating with NASH
severity. In hepatocellular carcinoma, CRIg expression is also significantly down-
regulated in pathological tissues, which may be closely associated with poor prog-
nosis in hepatitis B virus-positive patients or hepatocellular carcinoma patients,
further supporting the link between CRIg and liver-related diseases. From ini-
tial hepatic inflammation and injury to liver cancer, CRIg is generally in a
suppressed state, which both exacerbates excessive inflammatory responses in
the liver and impairs pathogen clearance mechanisms. Therefore, restoring nor-
mal CRIg function holds promise as a potential therapeutic target for multiple
types of liver diseases.

5 Summary and Outlook
In summary, the liver’s unique structure determines the distinctiveness of hep-
atic immunity. Activating innate hepatic immunity and regulating adaptive
immune responses are crucial for maintaining systemic immune homeostasis.
CRIg plays important roles in clearing pathogens flowing through hepatic si-
nusoids, regulating the activity of intrahepatic immune cells, and modulating
autoimmune diseases. CRIg primarily participates in pathogen clearance within
hepatic sinusoids in the form of a complement receptor. Regarding immune cell
regulation, CRIg functions predominantly as an immunosuppressive agent, al-
leviating excessive inflammatory responses and autoimmunity in the liver. As
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KCs are the main participants in hepatic immunity, stabilizing CRIg levels as
a key“pathogen-fighting”receptor on KCs is beneficial for maintaining hepatic
immune homeostasis.

Only two decades have passed since CRIg’s discovery, and its mechanisms in
regulating hepatic immunity remain incompletely elucidated. Notably, CRIg
primarily intervenes in immune responses through immunosuppression, which
mitigates excessive inflammatory reactions. However, its role remains contro-
versial in diseases such as cancer that require moderate immune cell activation
to block disease progression, with studies suggesting its potential to promote tu-
mor growth. Therefore, research on CRIg must clarify its mechanisms in cancer
and determine whether CRIg activation produces other adverse effects. Future
studies should first elucidate the precise mechanisms through which CRIg func-
tions in known immune environments and validate how to better exploit its
immunosuppressive effects. Second, its role in adaptive immunity should be
explored, such as whether it can directly bind Gram-negative bacteria or other
pathogens. Finally, the safety of CRIg activation must be verified. Although
the mechanisms of CRIg action remain to be fully defined, advances in detec-
tion technology and subsequent research will hopefully provide new directions
for treating hepatic immune diseases.
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