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REVIEW

NK cell receptor imbalance and NK cell dysfunction in HBV
infection and hepatocellular carcinoma

Cheng Sun', Haoyu Sun', Cai Zhang® and Zhigang Tian"

Hepatocellular carcinoma (HCC) is currently the third leading cause of cancer mortality and a common poor-prognosis
malignancy due to postoperative recurrence and metastasis. There is a significant correlation between chronic hepatitis B
virus (HBV) infection and hepatocarcinogenesis. As the first line of host defense against viral infections and tumors,
natural killer (NK) cells express a large number of immune recognition receptors (NK receptors (NKRs)) to recognize
ligands on hepatocytes, liver sinusoidal endothelial cells, stellate cells and Kupffer cells, which maintain the balance
between immune response and immune tolerance of NK cells. Unfortunately, the percentage and absolute number of liver
NK cells decrease significantly during the development and progression of HCC. The abnormal expression of NK cell
receptors and dysfunction of liver NK cells contribute to the progression of chronic HBV infection and HCC and are
significantly associated with poor prognosis for liver cancer. In this review, we focus on the role of NK cell receptors in
anti-tumor immune responses in HCC, particularly HBV-related HCC. We discuss specifically how tumor cells evade
attack from NK cells and how emerging understanding of NKRs may aid the development of novel treatments for HCC.
Novel mono- and combination therapeutic strategies that target the NK cell receptor-ligand system may potentially lead

to successful and effective immunotherapy in HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is currently the third leading
cause of cancer mortality and a common poor-prognosis ma-
lignancy due to postoperative recurrence and metastasis.
Common clinical risk factors for HCC include hepatitis B virus
(HBV)/hepatitis C virus (HCV) infection, heavy alcohol intake,
steatohepatitis and diabetes.” Approximately 50% of HCC cases
worldwide can be attributed to chronic HBV infection (CHB)
and almost 75% of HCC cases occur in developing countries
where HBV is endemic.>® According to statistics, older male
patients who are infected with HBV genotype C or co-infected
with HCV, have high levels of viral load and have been exposed
to the aflatoxin, or older male patients who have a family his-
tory of HCC tend to have a high risk of developing HCC.””
Accumulating clinical and epidemiological evidence shows a
significant correlation between chronic HBV infection and
hepatocarcinogenesis. However, the underlying mechanisms

are still not completely understood. It has been demonstrated
that tumor-infiltrating immune cells play an important role in
host immune defense against tumor progression in various can-
cers.*!! These observations seem to provide a reasonable treat-
ment direction and impel an increasing number of researchers
to focus on immune responses in the tumor microenvironment.

The first line of host defense against viral infections and
tumors is innate immunity. Interestingly, innate immune lym-
phocytes (including natural killer (NK), NK T and ydT)
account for more than half of the total number of liver lym-
phocytes, of which NK cells account for a large proportion.'?
More importantly, the percentage of NK cells in the liver is
known to be nearly five times greater than the percentages in
blood or spleen.'*'* These liver-residing NK cells exert unique
phenotypic and functional characteristics, such as immuno-
logical memory, suggesting the critical role of NK cells in the
liver.!>'® However, the percentage and absolute number of
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liver NK cells decrease significantly during the development and
progression of HCC. Lower NK cell numbers are significantly
associated with poor prognosis for liver cancer.*!” Furthermore,
NK cell-related genes are closely associated with NK cell func-
tion, and data from microarray experiments suggest that a series
of NK cell-associated genes accurately predicts the clinical out-
come of HCC patients, especially in early stages.® NK cells
express a large number of immune recognition receptors
(NKRs) to recognize ligands on hepatocytes, liver sinusoidal
endothelial cells, stellate cells and Kupffer cells, which maintain
the balance between immune response and immune tolerance of
NK cells. One particular strategy that tumors have to escape the
immune system is to target receptor-ligand systems to impair
NK cytotoxicity. Consistent with the view that NKRs are
important components of anti-tumor immune responses, se-
veral mechanisms that tumors use to evade NKR-induced NK
cell-mediated killing of tumor cells have been identified.'®
Despite these associations, the mechanisms linking NKRs and
HCC are not completely understood. In this review, we focus on
the role of these NK cell receptors in anti-tumor immune res-
ponses. We discuss specifically how tumor cells evade NK cell
attack and how the emerging understanding of NKRs may aid
the development of novel treatments of HCC.

NK RECEPTORS IN TUMORS

Historically, the term ‘natural killer cells’ came from their abi-
lity to recognize and kill invading pathogens and cancer cells.
This capability depends on the integrated balance of activating
and inhibitory receptor signaling. NK cells express a wide range

Table 1 NK cell receptors and function in tumors

of activating and inhibitory receptors to recognize specific
ligands on target cells. The main triggering activating receptors
expressed by NK cells include CD16, NKG2D, NKG2C, CD226
(DNAM-1), CD244 (2B4) and the natural cytotoxicity recep-
tors.'®** The ligands for the activating receptor NKG2D are
cellular stress inducible molecules: MICA, MICB, and
ULBPs.” The main inhibitory receptors are killer cell immuno-
globulin-like receptors (KIRs), CD94/NKG2A and leukocyte
immunoglobulin-like receptor 1 (CD85), most of which recog-
nize MHC class I molecules. The activation of NK cells is domi-
nated by inhibitory receptors that bind to MHC-I molecules on
target cells. Normal ‘self’ cells can abundantly express MHC-I
molecules, leading to de-activation of NK cells. The missing
self-recognition is one common process by which NK cells
recognize target tumor cells deficient in MHC-I expression.
Although NK cells have powerful cytotoxic activity against
tumor cells, tumor cells and the tumor microenvironment have
evolved several mechanisms to negatively influence the activity
and function of NK cells, thus leading to impairment of NK
cell-mediated anti-tumor function. More and more experi-
mental evidence has shown that cancer cells evade NK cell
anti-tumor immunity by modulating expression of NK cell
receptors and their ligands (Table 1). Decreased expression of
NKG2D has been observed in most cancer patients, which
include breast cancer (BC), lung cancer (LC), colorectal cancer
(CRC), cervical cancer (CC), pancreatic cancer (PC), gastric
cancer (GC) and HCC.>*>! With disease progression, decreased
expression of NKG2D can be correlated with decreased NK cell
function, most notably reduced cytotoxicity. The significantly

Receptors Ligand Tumor Expression Outcome Refs
Activating
NKp30 B7-H6, BAG6 BC, HCC, PC, GC, CRC, Decreased Decreased NK cell function, most notably 20,26-28,32,33
LCC, CLL, AML, CC-2 cytotoxicity
NKp44 PCNA Hela Cells Decreased NK cell functions 36
NKp46 Vimentin PC, GC, CRC, AML, CC-2  Decreased Indicators of disease progression 27,28,33
NKG2D MICs, ULBPs BC, LC, CRC, CC-1, Decreased Decreased NK cell function, most notably 26-31,41
PC, GC, CC-2 cytotoxicity; indicators of disease progression
NKG2C HLA- E AML Decreased Inadequate tumor immune surveillance 33
by NK cells
CD226 CD155, CD112 BC, CC-1, AML Decreased Decreased NK cell function, most notably 26,33,41
cytotoxicity; suppress the activation of NK cells
CDl6 1gG BC, MM Decreased Decreased NK cell function, most notably 26,34
cytotoxicity.
CD244 CD48 AML Decreased Inadequate tumour immunosurveillance 33
by NK cells
Inhibitory
NKG2A HLA- E BC, CRC Increased Poor prognosis 26,37
KIR3DL1 HLA- A, -B, -C PC, GC, CRC Increased Not associated with disease progression 27
KIR2DL2/L3 HLA-C Melanoma Increased 35
CD200R CD200 AML, CLL, MM Suppression of natural killer cell function; 38-40

CD200 blocking antibody recovers NK cell activity

Abbreviations: AML, acute myeloid leukemia; BC, breast cancer; CC-1, colon carcinoma; CC-2, cervical cancer; CLL, chronic lymphocytic leukemia;
CRC, colorectal carcinoma; GC, gastric cancer; LC, lung cancer; MM, multiple myeloma; NK, natural killer; PC, pancreatic cancer; PCNA, proliferating

cell nuclear antigen.
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downregulated expression of NKp30 represents an escape
mechanism associated with low NK cell activity and with
tumor progression. Downregulation of NKp30 has been
observed in both solid tumors and hematological malignan-
cies.2%26-28:32.33 Giyidies on patients with PC, GC, CRC and
acute myeloid leukemia (AML) indicate that the impaired
function of NK cells in patients with these cancers arises from
a decreased percentage of NKp46 " NK cells.”*® Similar down-
regulation of other activating receptors, such as CD16,
NKG2C, CD226, CD244 and NKp44, have been observed in
both solid tumors and hematological malignancies.”>**>*¢

Moreover, these alterations are not limited to activating
receptors on NK cells. There are several studies that show that
NK cell dysfunction is correlated with increased expression of
the inhibitory receptor NKG2A and HLA-E.***” Another study
provided evidence of a significantly increased level of
KIR3DL1-positive NK cells in patients with PC, GC and
CRC. However, this increase was not associated with tumor
progression.”” It was shown that an increased level of CD158b
was observed in involved lymph nodes compared to unin-
volved lymph nodes of melanoma patients.”> In addition,
CD200, the ligand of the inhibitory receptor CD200R, has been
found to be over-expressed in multiple hematological malig-
nancies, such as B-cell chronic lymphocytic leukemia, multiple
myeloma and acute myeloid leukemia.”®*° CD200 has a direct
suppressive effect on NK cell anti-tumor activity in AML patients
and contributes to the increased relapse rate in CD200"
patients.”® These data therefore demonstrate that cancer cells
may alter their expression of surface ligands for NK receptors
to escape from NK cell-mediated anti-tumor immunity.

Furthermore, release of soluble activating NKR ligands has
been frequently observed in most tumors, >4
NKG2D ligands are often upregulated on a wide range of tumor
cells in response to cellular stress during malignant transforma-
tion. However, as tumors progress, soluble MICA/B or ULBPs
are often shed from the membranes of tumor cells. The shed-
ding of NKG2D ligands has been frequently observed in most
tumors, and leads to downregulation of NKG2D on NK cells
and reduced NK cell cytotoxicity.”**** It has also been found
that downregulation of B7-Hé6 (a ligand for the activating
receptor NKp30) on various tumor cell lines or release of
BAG6/BTA3 (a soluble ligand for NKp30) from chronic lym-
phocytic leukemia cells reduces the NKp30-dependent effector
functions of NK cells.® Suppressive cytokines (such as trans-
forming growth factor (TGF)-fB and IL-10) and regulatory T
(Treg) cells within tumor microenvironments have been
shown to suppress NKG2D and NKp30 expression on NK or
CD8™ T cells and also reduce MICA and ULBP expression on
malignant cells.**™*® These cytokines and Treg cells strongly
contribute to the tumor’s escape from NK cell-mediated
anti-tumor immune response.

ABNORMAL NK CELLS IN HCC PATIENTS

Depressed NK cytolytic activity has been found in various
mouse models of cancer and is associated with poor clinical
outcome in patients.'®**~>> NK cell dysfunction in patients
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with HCC and liver cirrhosis has been observed since the
1980s.”* The cytolytic activity of NK cells from HCC patients
was significantly lower than that of NK cells from LC patients
or healthy controls.”> Importantly, NK cell dysfunction plays
key roles in controlling liver carcinogenesis, as decreased NK
activity appears to be one of the promoting factors for HCC
development and also acts as a predictor for HCC.”*>”

Circulating NK cells in HCC

The percentage and absolute number of circulating NK cells
have been found to be reduced in HCC patients. Though an
earlier investigation from 28 HCC patients in TNM stage I
showed that the proportion of NK cells in the peripheral blood
mononuclear cells (20.51%*10.24%) did not differ from that
of healthy controls (20.71% *+ 7.96%),°” most of the subsequent
studies have found a reduction in the proportion of NK cells in
peripheral blood of HCC patients. A reduction of NK cells has
been observed in 51 HCC patients (18.77%*10.67%) with
stage III compared with healthy subjects (20.71%=*7.96).”®
Another study found a dramatic reduction in the NK propor-
tion of total peripheral blood (14.29%*0.96%) in 110 HCC
patients at various stages compared with healthy control sub-
jects (23.41%=*1.59%). Moreover, the ratio of CD56"" 8" and
CD56%™ NK cells was dramatically increased in HCC patients
because CD56™8"CD16~ NK cells were expanded and
CD56%™CD16™ NK cells were reduced.” The absolute counts
of CD56"¢" and CD56%™ NK cells were found reduced in
peripheral blood from 20 Egyptian patients with HCC com-
pared to 152 healthy control subjects.*

Liver NK cells in HCC

Due to the limited supply of fresh liver tissue samples from
patients, the majority of NK cells that have been studied were
derived from circulating NK cells in HCC. However, more
studies on intrahepatic NK cells are needed. Some papers have
reported elevated infiltration by NK cells of tumor tissue com-
pared to that of non-tumor tissue in HCC patients at various
stages (II/I11/IV).°" However, other groups disputed these find-
ings. Cai et al,” in a study of 110 HCC patients at various
stages (I/II/III: 20/35/55), found that NK cells accumulated
largely in liver tissues of HCC patients whose total peripheral
NK cell numbers were significantly decreased. In addition,
non-tumor infiltrating lymphocytes contained more NK cells
(approximately 19.7%) than tumor infiltrating lymphocytes
(TILs) (approximately 5.34%) in HCC. Furthermore, the fre-
quency of NK cells in TILs was found to be significantly
decreased compared with the frequency in non-tumor infilt-
rating lymphocytes in six stage III HCC patients. This decrease
was mainly due to the reduction of CD56"™CD16 " NK cells.”
Similar evidence was also provided by another study with
50 HCC patients at various stages (I/II/III/IV:15/23/8/4).%
Results from immunohistochemical staining showed that NK
cells were predominant in normal liver, chronic hepatitis liver
and non-tumor liver but not in tumor tissue. Such reductions
in NK cell numbers are particularly characteristic of advanced
stages of HCC.®® These results suggest that the proportion of
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NK cells in TILs tends to significantly decrease in advanced
TNM stage patients. Taken together, these observations suggest
that the reduced frequency of intrahepatic NK cells in HCC
patients might be one of the mechanisms by which tumors
escape from NK cell-mediated anti-tumor immune responses,
which contributes to the progression of HCC.

Functional impairment of NK cells from CHB and HCC
patients
Chronic HBV infection is the key driving force for the develop-
ment of hepatic cirrhosis and HCC. In developing countries,
there is a 70% risk factor for developing HBV-related HCC.
The frequencies, activation and cytokine production of cir-
culating NK cells were significantly reduced in CHB patients
compared with healthy controls. Higher secretion of the
immunosuppressive cytokine IL-10 in CHB patients sup-
presses NK cell function, which contributes to immune tol-
erance and facilitates viral persistence. Blocking IL-10 or
administering anti-viral therapy restored NK cell activation
and interferon gamma (IFN-v) production.®*®> Impaired NK
cell function induced by persistent HBV infection and chronic
inflammation contributes to the progression of HCC.
Accumulating evidence from peripheral blood mononuclear
cells and TILs indicates that NK cells in HCC patients
have functional defects in cytotoxicity and cytokine secre-
tion.!7?*727:3%6667 Cytotoxicity of NK cells from both peri-
pheral blood and TILs of HCC patients was markedly reduced
compared to healthy controls."” The production of cytoplasmic
granules (which involve granzyme A, granzyme B and perforin)
by circulating NK cells was markedly decreased in advanced
patients (stages II and III) compared with healthy donors. A
similar decrease was also observed when comparing NK cells
from TILs with those from non-tumor infiltrating lymphocytes
or comparing NK cells from stage II patients with stage I
patients.”® It has been found that the patients with lower NK

Table 2 NK cell receptors and function in HCC

cell activity tend to have venous invasion or have both lobes
involved, which indicates poor clinical outcome.”’” A recent
detailed study of 294 untreated HCC patients showed that
functional NK cell accumulation in HCC tissues can predict
improved survival of patients.®” These data strongly suggest that
the functional impairment of NK cells might contribute to the
pathogenesis of HCC.

NK RECEPTORS AND THEIR LIGANDS IN HCC

The development and function of immune cells is largely influ-
enced by microenvironmental factors. The inflammatory
microenvironment in the livers of HCC patients can also
impair the function of intrahepatic immune cells. As a large
proportion of lymphocytes in the liver, hepatic NK cells exhibit
unique phenotypic and functional characteristics due to the
surrounding liver microenvironment and are also influenced
by the inflammatory tumor microenvironment, which modu-
lates expression of activating and inhibitory NK cell receptors
(Table 2), thereby contributing to impaired NK cell function
and to HCC progression (Figure 1).

Downregulated activating receptors

Accumulating evidence indicates that the expression of NK cell
activating receptors is often decreased during the development
and progression of cancers such as HCC.**">>*® The immuno-
suppressive cytokine TGF-B and the cells that are its main
source, Treg cells, have been reported to downregulate surface
expression of NKG2D and other activating NK cell receptors in
the tumor microenvironment, thereby impairing NK cell func-
tion and further promoting tumor progression.*>*® PGE2 and
IDO derived from tumor cells can also downregulate NKG2D
expression.®”’? Elevated levels of SMICA are associated with
downregulated NKG2D expression and impaired activation of
NK cells in advanced HCC patients.®® Another suppressive cell,
the myeloid-derived suppressor cell, in patients with HCC

No. of
Source Age (years)  Sex (M/F) cases  TNM (I/1I/111/1V) Receptors Ligand Cytolysis References
Activating receptors
Blood 68+9 177:55 232 59/68/64/39  NKG2D| sMICA/B7 98
52:8 60 NKG2D| sMICAT 96
Blood 26 NKG2D| sMICAT Cytolysis| 66
Blood 70.2+7.99 33:28 61 KIR2DS57 (with TTRT, OST)  HLA-Bw4T807 67
KIR3DS1t
Tissue 65.4+10.8 44:10 54 NKG2D| ULBP17 CD107a] 99
68+9 177:55 232 59/68/64/39  NKG2D| sMICA/B7 98
Inhibitory receptors
Blood 57.1 (42-74) 17:1 18 KIR, KIR2DL, and CD94: NS 80
70.2+7.99 33:28 61 KIR2DL2 (with OS|, TTRT) HLA-C1 67
Tissue 57.1 (49-68) 5:2 7 KIR| (8.9% vs. 37.85%), 80
CD94| (21% vs. 45.95%)
compared to HC
Tissue 22 KIR], CD94| 79
Tissue 46 KIR] Cytolysis| 81

Abbreviations: HC, healthy control; HCC, hepatocellular carcinoma; NK, natural killer; NS, not significant; OS, overall survival; TTR, time to recurrence.
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the HCC microenvironment. The phenotype and function of NK cells are

influenced by the surrounding liver and tumor microenvironment. The imbalance of NK cell receptors is characterized by downregulated activating
receptors and increased expression of inhibitory receptors, which contribute to the dysfunction of NK cells and progression of HCC. For example,
TGF-pB secreted by Treg or HCC cells downregulates the surface expression of NKG2D or other activating NK cell receptors. PGE2 and IDO derived
from tumor cells or activated TAFs can also downregulate NKG2D expression. sMICA or sULBP shed from tumor cells is associated with down-
regulated NKG2D expression and impairs the activation of NK cells. The suppressive cells—MDSCs, monocytes/macrophages from intratumoral
tissues and M2-polarized TAMs—also suppress the expression of NK cell-activating receptors and impair NK cell function by secreting TGF-p and
|IL-10 or IDO. In addition, persistent HBV infection, the main risk factor for HCC, increases the expression of inhibitory receptors (e.g., NKG2A and
Tim-3) and reduces the expression of activating receptors on NK cells. HBV, hepatitis B virus; HCC, hepatocellular carcinoma; MDSC, myeloid-
derived suppressor cell; NK, natural killer; TAF, tumor-associated fibroblast; TAM, tumor-associated macrophage; TGF, transforming growth

factor; Treg, regulatory T.

induced NK cell dysfunction characterized by impaired cyto-
toxicity and cytokine secretion. Furthermore, the suppression
of NK cells is dependent on cell contact mediated by the NKp30
receptor on NK cells.'” Macrophage infiltration of peritumoral
stroma in HCC patients was recently reported to positively
correlate with NK cell defects in intratumoral areas and to lead
to impaired production of tumor necrosis factor alpha (TNF-
) and IFN-v.”" Moreover, NK cell dysfunction induced by
monocytes/macrophages is mediated by CD48/2B4 interac-
tions but not by NKG2D and NKp30. Monocytes isolated from
intratumoral tissues express significantly higher levels of the
CD48, the ligand for 2B4. Expression of Ki67, CD69, TRAIL
and granzyme B in NK cells was significantly reduced after NK
cells were co-cultured with monocytes from tumor areas for 8
days.®” Tumor progression is now recognized as an outcome of
evolving crosstalk between different cell types within tumors
and in the tumor-surrounding stroma. Fibroblasts are recog-
nized as the dominant tumor-surrounding stromal cell type
important for tumorigenesis. Several studies have indicated
that fibroblasts derived from HCC tissues suppress the func-
tion of NK cells. It has been shown that PGE2 and IDO derived
from activated fibroblasts impair cytotoxicity and cytokine

production by NK cells. Exposing HCC-associated fibro-
blasts to anti-PGE2 and anti-IDO antibodies significantly
restored NK cell function.”””*> These results indicate that
fibroblasts in HCC patients play an important role in trig-
gering NK cell dysfunction in HCC. In addition to killing
tumor cells, NK cells also downregulate fibrosis by inducing
apoptosis of activated stellate cells without affecting qui-
escent stellate cells.”*7°

Changes of inhibitory receptors

Binding of killer inhibitory receptors (e.g., KIR, KIR2DL and
CD94 family) to their respective ligands on target cells can inhibit
the cytolytic responses of NK cells. It is generally accepted that
cancer cells induce downregulation of NK-activating receptors as
well as upregulation of inhibitory receptors to evade NK cell-
mediated anti-tumor immune responses.'®***>*® Importantly,
anti-KIR antibodies that block KIR-mediated inhibition of NK
cells has shown therapeutic anti-tumor effects especially for
patients with hematopoietic malignancy.>””’® However, there
is nearly no direct data showing increased expression of inhi-
bitory NK cell receptors on hepatic NK cells in HCC patients. On
the contrary, NK cells in TILs from primary HCC patients have
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shown significantly decreased expression of KIR2DL1 (p58.1)
and CD94 compared to hepatic lymphocytes from control sub-
jects. Similarly, NK T cells in TILs have also shown remarkably
lower expression of KIR2DLI and KIR2DL2 (p58.2) compared
to control subjects.””* However, no differences in the expression
of KIR2DL1, KIR2DL2 and CD94 were found on NK cells in
peripheral blood mononuclear cells from HCC patients com-
pared to control subjects.** In another study, human liver NK
cells from 46 metastatic and primary HCC patients had reduced
lytic potential compared with NK cells from blood due to their
limited expression of inhibitory KIRs, which suggested a
decreased number of licensed NK cells that express inhibitory
receptors for self MHC-I in liver.®'

Notably, persistent HBV or HCV infection, which is the
main risk factor for HCC, has been shown to influence NK cell
phenotype, especially by increasing expression of inhibitory
receptors and reducing expression of activating receptors
(Table 3).3% In one study, NK cells from chronic HCV
patients had a significantly reduced expression of NKp46 and
NKp30 and an increased expression of NKG2A compared with
NK cells from healthy and HBV infected subjects.®® Our group
recently found a higher percentage of NKG2A™ NK cells in
peripheral blood from patients with active CHB patients than
from patients with inactive CHB or from control patients. The
percentage of NKG2A ™ NK cells was decreased in patients who
had received antiviral therapy and had reduced HBV loads. The

increased NKG2A expression was upregulated by IL-10 pro-
duced by hepatic Treg cells. Importantly, blocking the inter-
action between NKG2A and HLA-E or Qa-1 restored NK cell
cytotoxicity and promoted viral clearance in an NK cell-
dependent manner.”” The expression of the co-inhibitory
receptor Tim-3 was significantly increased on circulating NK
cells and liver-infiltrating lymphocytes from 40 CHB patients
compared to those of 18 healthy controls and 9 patients with
fatty liver disease. Blocking Tim-3 signaling with anti-Tim-3
antibodies or with Tim-3-Fc fusion proteins resulted in
increased cytolysis and elevated IFN-y production by NK
cells.®” The imbalance of NK cell receptor expression and dys-
function of NK cells during persistent HBV/HCYV infection in
the premalignant stage of HCC might promote the develop-
ment and progression of HCC.

Soluble ligands of NKG2D

In most instances, the mechanisms by which tumor cells escape
from NK cell-mediated surveillance include quantitative and
qualitative deficiencies of NK cells that are caused by increased
inhibition or decreased activation of signaling pathways via
engagement of inhibitory and activating NK receptors.
NKG2D, an activating receptor whose ligands include MICA,
MICB and the ULBPs, has a crucial role in NK cell activation.
Although NKG2D ligands are usually upregulated on a wide
range of tumor cells due to cellular stress during malignant

Table 3 NK cell receptors and function in HBV or HCV infection

No. of
Source Age (years) Sex (M/F) % or no. of NK cells Receptors Cytokine  Cytolysis cases References
HBV
Blood % Reduced Higher NKp30, NKp46 IFN-v| Increased 22 82
and NKG2C than HCV, TNF-or|
lower NKG2A than HCV
Blood 34.5+13.6 55:21 TIM37 76 83
Blood Lower % NKcellsin ~ NKG2AT IL-107 Decreased 73 90
active CHB patients
Tissue 34.5+13.6 55:21 TIM37 76 83
HCV
Blood 56 (25-88) 40:30 TNKp44, NKp46, CXCR4, 70 84
NKG2A
INKp30, KIR3DL1
Blood 50 (26-64) 17:11 Reduced (8.6% vs. 28 85
13.3%)
Blood TNKp30, NKp46 15 86
Blood INKp30, NKp46 30 87
TNKG2A
Blood Reduced % KIR3DL1] Increased 35 82
Blood Reduced % | Cytolysis 36 88
Blood Reduced % Not differ 28 89
Tissue 50 (26-64) 17:11 1CD158*"" and |CD158% 28 85
Tissue 56 (25-88) 40:30 TNKp44, NKp46, CXCR4, I TRAIL 70 84
NKG2A |CD107a

INKp30, KIR3DL1

Abbreviations: AN, absolute number; CHB, chronic hepatitis B; HBV, hepatitis B virus; HC, healthy controls; HCV, hepatitis C virus; IFN, interferon; LC,

liver cirrhosis; NK, natural killer; TNF, tumor necrosis factor.
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transformation, accumulating evidence indicates that soluble
MICA/B or ULBPs can be shed from the membranes of tumor
cells. This shedding reduces the expression of NKG2D ligands
on NK cells and, in turn, severely impairs the responsiveness of
NK cells.”>”'* These findings have been widely confirmed in
different tumor models including HCC.®**>?® Serum sMICA
was studied in 26 patients with HCC and significant amounts
of sMICA were detected in 11 of the patients, while no sMICA
was detected in chronic HBV/HCV patients or healthy controls
except for five cases with marginal positivity. More impor-
tantly, the percentage of sMICA-positive patients is higher
among advanced HCC patients (stage III or IV) than in stage
I or II patients (71% versus 8.4%). Not only reduced NKG2D
expression on NK cells but also impaired NKG2D-mediated
cytolytic activity of NK cells was observed in these sMICA-
positive patients.®® The expression level of NKG2D on NK cells
was negatively correlated with the sSMICA level. Survival ana-
lysis also showed that higher sMICA levels were related with
poor prognosis in HCC patients, and sMICA is regarded as a
predictive biomarker for HBV-induced HCC.”>*” Significantly
higher levels of sMICA/B were also observed in patients with
chronic liver disease compared with healthy volunteers.”®
Reduced expression of another NKG2D ligand, ULBPI, has
also been observed in HCC, and soluble ULBP1 prevented
effective NKG2D-mediated killing and led to early recurrence
of HCC after hepatectomy.”

NKR expression by activating cytokines

The expression of NK cell receptor and their ligands is influ-
enced by factors in the tumor microenvironment such as acti-
vating and inhibitory cytokines. It has been shown that IL-12,
IL-15 and IFN-ao are capable of inducing the expression of
NKG2D on NK cells.'”'%% IEN-o stimulates the expression
of NKG2D but inhibits the expression of the inhibitory recep-
tor NKG2A. IFN-a therefore alters the balance of stimulatory
and inhibitory receptors in favor of activation, leading to NK
cell-mediated cytotoxicity, whereas IFN-v exerts the opposite
effect.'® We also found similar opposing effects of these two
types of interferons on the expression of MICA, the ligand for
NKG2D.'™ Cytokine-induced changes in the tumor micro-
environment in HCC patients modulate expression of NK cell
receptors and their ligands, thus influencing NK cell anti-
tumor responses and HCC progression. It has been found that
higher levels of IL-2 and IL-15, which can enhance NK cell
proliferation and cytotoxicity, in peritumoral hepatic tissues
compared to tumor tissues, were associated with a low incid-
ence of recurrence and a prolonged overall survival of HBV-
related HCC patients.'”” Univariate analysis in tumor and
non-tumor liver tissues identified the expression of TNF, IL-
6 and CCL2 within tumors as positively associated with the
survival of HCC patients. TNF was determined to be an inde-
pendent predictor of survival in a multivariate analysis.'"® The
pro-inflammatory cytokines IL-1, IFN-y and TNF were down-
regulated in livers with metastatic HCC, while the anti-inflam-
matory cytokines IL-4, IL-5, IL-8 and IL-10 were upregulated.'”’
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NKR expression by inhibitory cytokines

Immunosuppressive cytokines (such as TGF-P and IL-10) that
are upregulated in tumors are involved in inhibiting NK cell-
activating receptors and enhancing the expression of inhibitory
receptors. High levels of TGF-B1 have been found in HCC
patients with severely impaired NK cell function. Blocking
TGEF-B by using small molecule inhibitors of TGF-B or anti-
TGF antibodies appears to inhibit HCC cell migration and to
attenuate tumor cell-mediated NK-cytotoxicity inhibition,'*1°
Interestingly, in human lung cancer or colorectal cancer
patients, elevated TGF-B1 secretion is inversely correlated with
the expression of NKG2D and cytotoxicity of NK cells. TGF-1
neutralization by anti-TGF-B1 monoclonal antibodies in vitro
can restore NKG2D expression."'! Likewise, TGF-B1 downre-
gulates the expression of NKG2D and 2B4 on NK cells and
subsequently impairs NK cell function in persistent HBV infec-
tion."'* Previous studies have shown that the impairment of
both peripheral and tumor-infiltrating NK cells is associated
with increased CD4"CD25" Treg cells in HCC patients.”
Accumulating evidence suggests that Tregs suppress NK cell
function by expressing high levels of membrane-bound TGF-
B or secreting high levels of soluble TGF-f, which downregu-
lates the expression of NKG2D and other activating receptors
on NK cells. These observations indicate that inhibiting Tregs
and TGF-P can restore NK-mediated anti-tumor immune res-
ponses in HCC patients.”>!'>!1*

Other suppressive cells that are abundant in tumors includ-
ing HCC, such as myeloid-derived suppressor cells and M2-
polarized tumor-associated macrophages, also suppress the
expression of NK cell-activating receptors and impair NK cell
function by secreting TGF-B and IL-10 or IDO."”*®!"> In addi-
tion, tumor-associated fibroblasts prevent IL-2-induced upre-
gulation of the activating receptors NKp44, DNAM-1 and
NKp30, which depend on cell-to-cell contact and PGE2 release;
thus, tumor-associated fibroblasts strongly inhibit NK-cell
function."'® Similar studies have also reported that HCC-
associated fibroblasts trigger NK cell dysfunction via PGE2
and IDO.” Studies on the roles of fibroblast growth factor-2
in HCC development have indicated that fibroblast growth
factor-2 levels in patients with liver cirrhosis or HCC were
significantly higher than in healthy controls. Fibroblast growth
factor-2 stimulation increased the expression of the MICA and
decreased the expression of HLA class I molecules on HCC
cells, resulting in enhanced NK sensitivity against HCC cells.'"”

NK function and chemokines

Chemokines also stimulate NK cell cytotoxicity and attract NK
cells to the tumor microenvironment.''® High NK cell infiltra-
tion in tumor sites correlates with a better prognosis and
improved survival."! NK cells express chemokine receptors,
such as CCR2, CCR5, CXCR3 and CX3CR1, and can migrate
to inflamed sites or to tumors in response to their respective
chemokines. CXCR3 and CX3CRI are key chemokine recep-
tors responsible for NK cell migration to tumors. The tumor
type and chemokine profile in the tumor microenvironment
also influence the recruitment of NK cells.*® CD56%™ NK cells
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with high cytolytic potential are preferentially recruited to
inflamed peripheral tissues, e.g., inflamed liver and lungs, most
likely aided by the CXCR1/CXCLS8 axis."'® The recently iden-
tified chemokines CCL5, CCL2 and CXCL10 drive NK-cell
infiltration into tumors, leading to cancer cell death in HCC.
TNF-o, IFN-y and TLR3 ligands stimulate intratumoral pro-
duction of CXCL10 and CCL5, which induces infiltration of
tumors by CD8" T and NK cells. Furthermore, enhancement
of IFN-y expression by NK cells further augments CXCL10
production, resulting in a positive feedback loop.® CCL2 and
TNEF-o or IL-6 in the inflammatory environment of HCC were
shown to be associated with the infiltration and proliferation of
NK and T cells, which are predictors of increased survival in
HCC patients.”” Similarly, in a mouse model of liver carcin-
oma, CCL2 secreted by senescent tumor cells was shown to play
a predominant role in recruiting NK cells to tumors, leading to
NKG2D-dependent elimination of senescent tumors by NK
cells.!'® Therefore, new strategies to increase the recruitment
of NK or T cells will improve tumor elimination.

CONCLUSION AND PERSPECTIVE

The balance between activating and inhibitory receptor signal-
ing is a complex process requiring several NK cell surface recep-
tors acting synergistically. Tumor cells can become ‘invisible’ to
immune surveillance by inducing the upregulation of inhi-
bitory receptors and downregulation of activating receptors
on NK cells. Conversely, NK cell dysfunction may promote
the escape of tumor cells and indicates a poor prognosis of
patients with cancer.

In the last few years, several developments have been made
on the characterization of receptor-ligand interactions
involved in NK cell activation. Several therapeutic strategies
have been explored to enhance NK cell immunity by interfering
with the expression of activating and inhibitory receptors. One
challenge these strategies face is avoiding systemic toxicity,
which requires optimal dosage and timing of treatment.
Further research is required to determine the molecular
mechanisms by which these activating and inhibitory receptors
are regulated in patients to design new therapeutic strategies to
enhance NK cell function in patients with cancer. Although
studies to date have shown promising progress in understand-
ing the activation of NK cells in the context of anti-tumor
immune responses, there are still many important questions
to explore. Some recent studies indicated that NK cells have a
suppressive role in anti-viral immunity (e.g., during LCMV
and HBV infection).'?*'*! NK cells were shown to negatively
regulate antiviral immunity in chronic HBV infection by elim-
inating HBV-specific CD8 " T cells in a contact-dependent man-
ner by inducing apoptosis.'*' Apoptosis induction by NK cells
might be one of the reasons HCC-specific CD8" T cells are
reduced in HBV-related HCC.'* Further studies are needed to
delve into the opposing roles of NK cells in CHB to substan-
tively exploit the potential of NK cells to treat chronic HBV
infection and HCC. In addition, how NK cells quantitatively
evaluate the strength of activating and inhibitory signals is
unknown, as is the mechanism by which NK cells set their
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own activation threshold or become self-tolerant during tumor
evasion. A better understanding of these issues will certainly
contribute to developing successful therapies for chronic HBV
infection and HCC.

In summary, NK cell surface receptors play a pivotal role
in NK cell-mediated immunity against HCC. Emerging
knowledge of the molecular mechanisms of activating and
inhibitory receptors functions will allow novel mono- and
combination therapeutic strategies to be envisioned, which
can potentially lead to successful and effective immu-
notherapies for HCC.
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