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ABSTRACT

Natural killer (NK) cells and the complement system play critical roles in the first line of defense against pathogens. The synthe-
sis of complement components C4 and C3 is transcriptionally downregulated by hepatitis C virus (HCV) core and NS5A pro-
teins, and this negative regulation is apparent in chronically HCV-infected patients. In this study, we have examined the poten-
tial contribution of an NK cell line as a model in regulating complement synthesis. Coculture of NK cells (NK3.3) with human
hepatoma cells (Huh7.5) expressing HCV core or NS5A protein led to a significant increase in C4 and C3 complement synthesis
via enhanced specific transcription factors. Reestablishment of complement protein expression was found to be mediated by
direct interaction between NKG2D on NK cells and the hepatocyte protein major histocompatibility complex class I-related
chains A and B (MICA/B) and not to be associated with specific cytokine signaling events. On the other hand, C4 and C3 synthe-
sis remained impaired in a coculture of NK cells and Huh7.5 cells infected with cell culture-grown HCV. The association between
these two cell types through NKG2D and MICA/B was examined further, with MICA/B expression in HCV-infected hepatocytes
found to remain inhibited during coculture. Further experiments revealed that the HCV NS2 and NS5B proteins are responsible
for the HCV-associated decrease in MICA/B. These results suggest that HCV disables a key receptor ligand in infected hepatoma
cells, thereby inhibiting the ability of infected cells to respond to stimuli from NK cells to positively regulate complement syn-
thesis.

IMPORTANCE

The complement system contributes to the protection of the host from virus infection. However, the involvement of complement
in viral hepatitis has not been well documented. Whether NK cells affect complement component expression in HCV-infected
hepatocytes remains unknown. Here, we have shown how HCV subverts the ability of NK cells to positively mediate complement
protein expression.

Natural killer (NK) cells represent a large proportion of the
lymphocyte population in the liver and are involved in the

early innate immune response to pathogen infection (1–3). Dur-
ing infection, there is a remarkable increase of hepatic NK cells,
possibly due to the expansion of resident liver NK cells and/or
recruitment of NK cells from the blood. The liver maintains intra-
hepatic NK cells in a functionally hyporesponsive state compared
to splenic NK cells. NK cells in the liver display a reduced gamma
interferon (IFN-�) response to interleukin-12 (IL-12)/IL-18 stim-
ulation (3). The liver contains a large population of functionally
hyporesponsive NK cells that express high levels of the inhibitory
receptor NKG2A and lack expression of major histocompatibility
complex (MHC) class I-binding Ly49 receptors (4). NK cells from
hepatitis C virus (HCV)-infected patients overexpress inhibitory
receptors and produce cytokines, such as transforming growth
factor � (TGF-�) and IL-10, and attenuate the adaptive immune
response (5).

HCV affects NK cell activity through direct cell-to-cell interac-
tion via CD81 or NK cell receptors or in an indirect manner via
cytokine or TRAIL release (6–9). HCV E2 glycoprotein is sug-
gested to inhibit NK cells directly by cross-linking CD81 (6, 10).
However, E2 does not efficiently cross-link CD81 on NK cells
when it is part of infectious virions, and NK cell function remains
intact after in vitro exposure to cell culture-grown HCV (11). NK
cells interact with hepatocytes through the interaction between
NKG2D from NK cells and NKG2D ligands from hepatocytes.
Major histocompatibility complex class I-related chains A and B

(MICA/B) constitute one of the NKG2D ligands, which are ex-
pressed in human hepatocellular carcinoma (HCC) tissues and
hepatoma cell lines (12). Although the expression of NKG2D li-
gands on HCV- or HBV-infected hepatocytes in humans has not
yet been explored, it is expected to be elevated because in several
murine models of liver injury, upregulated ligands have been de-
tected on stressed hepatocytes (13, 14). In this study, we also ex-
amined the regulation of MICA/B in HCV-infected or uninfected
hepatoma cells.

Activation of the complement system triggers a wide range of
cellular responses, ranging from apoptosis to opsonization. Com-
plement activation indirectly activates dendritic cell-mediated NK
cell activation by inducing TGF-�1 (15). Although the comple-
ment system contributes to the protection of the host from virus
infection, the involvement of complement in viral hepatitis has
not been well documented. The complement system may inacti-
vate NK cell function through C3 and TGF-�1 induction (15, 16),
but whether NK cells affect complement component expression in
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HCV-infected hepatocytes remains unknown. In this study, we
have examined the regulation of complement components by an
established NK cell line (NK3.3) as a model (17) in the presence of
HCV. Our results suggest that repression of C4 and C3 by Huh7.5
cells expressing HCV core or NS5A can be relieved by coculture
with NK cells. However, NK cells exposed to cell culture-grown
HCV-infected hepatocytes were unable to increase complement
synthesis due to inhibition of MICA/B protein expression, thereby
maintaining a potential lesion in the innate immune response via
a decrease in the ability of the infected cell to respond to mitigating
cellular factors.

MATERIALS AND METHODS
Cells, transfections, and NK cell stimulation. Plasmid DNA from a
mammalian expression vector (pcDNA3) carrying the HCV genotype 1a
specific genomic region under the control of a cytomegalovirus promoter
was transfected into Huh7.5 cells using Lipofectamine 2000 (Life Tech-
nologies, Inc., MD). Stable cell colonies were selected using neomycin and
were pooled to avoid artifactual results from clonal variation. Stable trans-
fectants of Huh7.5 cells were maintained in Dulbecco’s modified Eagle
medium containing 10% fetal calf serum and selection antibiotic. The
expression of HCV proteins (core or NS5A) was verified by immunoflu-
orescence or Western blot analysis (18, 19). Immortalized human hepa-
tocytes (IHH) were generated and maintained as previously described
(20). The NK3.3 cell line (17), kindly provided by Jackie Kornbluth (Saint
Louis University, MO), was maintained in RPMI 1640 supplemented with
15% fetal bovine serum (FBS), 1% glutamine, 1% penicillin-streptomy-
cin, and 200 IU/ml recombinant IL-2 (rIL-2) (R & D Systems, Inc., MN).
Huh7.5 control cells or HCV core- or NS5A-expressing Huh7.5 cells were
seeded on 35-mm dishes. NK cells stimulated with or without IL-2 were
likewise seeded, and both cells were grown overnight. NK cells were trans-
ferred for coculture with the hepatoma cell line or to Transwells chamber
(0.45-�m pore size, 24-mm diameter; Corning Costar Corporation, MA)
for subsequent experiments. NK cells were cocultured with hepatoma
cells (1:1 ratio). NK cells were exposed to cell culture-grown HCV at a
multiplicity of infection (MOI) of �1 or to conditioned medium (CM)
from infected hepatoma cells as a control for 24 h. After washing nonad-
herent HCV with PBS, NK cells were cocultured with hepatoma cells and
subjected to flow cytometry.

Generation of cell culture-grown HCV. IHH were used to grow HCV
genotype 1a (clone H77) or 2a (clone JFH1), as previously described (21).
Cell culture supernatant was filtered through a 0.45-�m cellulose acetate
membrane (Nalgene, NY), aliquoted as virus stocks, and stored at �70°C
for single use. HCV RNA was quantified (IU/ml) by real-time PCR (Prism
7500 real-time thermocycler; ABI, CA) with the use of analyte-specific
reagents (ASR, Abbott, IL) in the Pathology Clinical Laboratory at Saint
Louis University. The infectious HCV titer from cell culture supernatant
was also measured by fluorescence-focus forming units (FFU) using an
NS5A-specific monoclonal antibody (9E10) kindly provided by Charlie
Rice (Rockefeller University, NY). Expression of HCV core and NS5A was
verified by immunofluorescence as previously described (22, 23).

Western blots analysis. Proteins in cell lysates were resolved by SDS-
PAGE, transferred onto nitrocellulose membranes, and blotted with a
rabbit anti-C4 primary antibody. Positive signals were detected using a
peroxidase-conjugated secondary antibody and an enhanced chemilumi-
nescence Super Signal West Pico detection kit (Thermo Chemical Com-
pany, IL). Cellular actin was detected similarly for comparison of the
protein load in each lane. Experiments were done at least three times and
exhibited consistent results. Representative data are shown in Results.

Flow cytometry. NK cells incubated with cell culture-grown HCV or
mock treated were analyzed for surface expression of NKG2D by flow
cytometry. NK cells were also cocultured with HCV-infected Huh7.5 cells
for 24 h for comparison. For fluorochrome staining, cells were incubated
with an antibody to NKG2D (Santa Cruz, CA) in phosphate-buffered

saline (PBS) containing 0.5% bovine serum albumin (BSA) for 30 min at
room temperature. After washing, cells were treated with Alexa Fluor
647-conjugated secondary antibody for 30 min and resuspended in PBS.
NKG2D-stained cells were gated according to their size (forward light
scatter) and granularity (side light scatter) using a flow cytometer (Becton
Dickinson, CA). Surface marker expression on gated cells was analyzed
using CellQuest software (BD Immunocytometry Systems).

Antibodies. Western blot analyses were performed using antibodies to
C4, C3, IRF-1, USF-1, C/EBP-�, phospho-C/EBP-�, or NKG2D (Santa
Cruz Biotechnology, CA) or MICA/B (R & D Systems, MN). Matched
control unrelated antibodies, goat antiserum to thrombin R, and mouse
monoclonal antibody (MAb) IgG2a to HNF3� (Santa Cruz) were also
used.

Statistical analysis. Results were expressed as the mean � standard
deviation (SD), and statistical analyses were performed using the 2-tailed
unpaired Student t test in GraphPad Prism 5 (GraphPad, La Jolla, CA). A
P value of �0.05 was considered statistically significant.

RESULTS
Interactions between NK cells and hepatoma cells expressing
HCV protein induce an increase in C4 synthesis. Hepatocytes in
the liver are the primary host for HCV replication and are the
main source for complement synthesis. We have previously iden-
tified C4 downregulation in hepatoma cells expressing HCV core
or NS5A protein (24). NK cells play an important role in control-
ling viral hepatitis, liver fibrosis, and liver tumorigenesis and also
contribute to the pathogenesis of liver injury and inflammation
(25). Thus, we examined the effect of activated NK cells on C4
recovery. IL-2, a cytokine with pleotropic effects, is required for
proliferation and activation of many cell types, including T and
NK lymphocytes. IL-2 drives the secretion of IFN-� and other
cytokines and the expression of the activation markers CD25 and
CD69 on the NK cell surface. Since IL-2 increases activation of NK
cells (26), we used rIL-2 (200 IU/ml) in our experiment. IL-2-
treated NK cell activation induced C4 recovery in Huh7.5 cells
expressing HCV core or NS5A, while untreated NK cells did not
(Fig. 1A). Prior to lysis of Huh7.5 cells, NK cells were removed and
the adherent cell layer was rinsed. Thus, the observations sug-
gested that coculture with NK cells leads to recovery of C4 expres-
sion and that cell activation is important for C4 recovery in HCV
core- or NS5A-expressing cells.

Since activated NK cells secret both proinflammatory and im-
munosuppressive cytokines in the culture medium (27), we exam-
ined the effect of NK cell conditioned medium (NKCM) on recov-
ery of C4 from HCV protein-mediated suppression in Huh7.5
cells (Fig. 1B). C4 expression was inhibited by HCV core- or
NS5A-expressing Huh7.5 cells compared to the parental control.
NKCM did not promote C4 recovery, suggesting that soluble fac-
tors generated from NK cells may not have a role in upregulation
of C4 synthesis. To further verify whether soluble factors affect C4
recovery in HCV core- or NS5A-expressing cells, NK cells were
maintained in a transwell chamber (0.45-�m pore size) above
cultured Huh7.5 cells for 24 h. As expected, C4 recovery was not
observed during coculture in the transwell chamber (Fig. 1C),
indicating that soluble cytokines or chemokines from NK cells did
not promote C4 recovery under our experimental conditions.
Thus, the results suggested that a contact between NK cells and
hepatocytes is necessary to promote C4 expression.

NKG2D and MICA/B interaction promotes C4 synthesis.
NKG2D is one of the activation receptors expressed by NK cells, and
it helps in associating with NKG2D ligands on hepatoma cells. To
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examine whether cell-to-cell interaction plays a role in the C4 recov-
ery, we blocked the interaction between these two cell types using
NKG2D-specific neutralizing antibody. The use of antibody led to a
loss in C4 induction in HCV core- or NS5A-expressing cells in the
coculture with NK cells (Fig. 2A). On the other hand, a significant loss
of C4 induction was not observed when goat antiserum or a mouse
monoclonal antibody (isotype 2a) to unrelated antigens was used as a
negative control. Jinushi et al. (12) have shown that MICA/B is ex-
pressed in human HCC tissues and hepatoma cell lines. The expres-
sion of MICA/B on hepatocytes is involved in susceptibility to the
effects of NKG2D by NK cells (28). We have observed that the use of
a neutralizing MICA/B antibody blocks recovery of C4 in HCV core-
or NS5A-expressing cells upon coculture with NK cells. Therefore,
interactions between these two cell receptors appear to be important
in modulating C4 expression.

We have previously observed that C4 synthesis is mediated by
USF-1 and IRF-1 transcription factors (24), and thus we examined
whether cell-to-cell interaction affects the status of these tran-
scription factors for C4 synthesis. IRF-1 was expressed at a modest
level in untreated cells, while a dramatic recovery of IRF-1 and
USF-1 was observed after coculture of IL-2-activated NK cells and
hepatoma cells (Fig. 2B). Recovery of the transcription factors did

not occur when cells were treated with neutralizing antibody to
NKG2D or MICA/B (Fig. 2A). Together, these results suggested
that a cell-to-cell interaction between NK and hepatoma cells via
NKG2D and MICA/B helps in the recovery of IRF-1 and USF-1
transcription factors for C4 synthesis.

NK cells fail to recover C4 expression in the presence of HCV.
C4 production from Huh7.5 cells was examined after exposure to
HCV 2a and coculture with NK cells by Western blotting. NK cells
in the absence of HCV increased C4 production in Huh7.5 cells,
while HCV 2a exposure failed to increase C4 production (Fig. 3A).
Densitometric scanning of the Western blot result displaying the
relative induction of the C4 level is shown separately (Fig. 3B).
Next, we examined the status of the IRF-1 and USF-1 transcrip-
tion factors during coculture of Huh7.5 and NK cells in the pres-
ence of cell culture-grown HCV. The levels of IRF-1 in mock-
infected Huh7.5 cells and HCV-infected cells were similar, and
this could be due to a low basal expression in control cells. NK cell
coculture with Huh7.5 cells increased both IRF-1 and USF-1 pro-
duction. Interestingly, expression of these transcription factors
was inhibited in the presence of HCV and NK cells (Fig. 3C).
Coculture of NK cells and Huh7.5 cells increased IRF-1 and USF-1
expression, but it decreased in the presence of HCV 2a. Densito-

FIG 1 Association between activated NK cells and hepatoma cells and role of cytokines in augmenting C4 expression by HCV proteins. (A) NK3.3 cells were
preincubated with or without 200 IU/ml rIL-2 for 24 h and cocultured for 24 h with Huh7.5 cells stably transfected with HCV core or NS5A. (B) Huh7.5 cells
stably transfected with HCV core or NS5A were incubated with NK3.3 conditioned medium (NKCM) for 24 h. NKCM containing rIL-2 was collected after 24
h of culture. Cell lysates were analyzed for C4 protein by Western blotting. (C) Huh7.5 cells stably transfected with HCV core or NS5A were cocultured separately
with rIL-2-activated NK3.3 cells in a transwell chamber for 24 h. Hepatoma cells were lysed and C4 expression status analyzed by Western blotting.

FIG 2 NKG2D and MICA/B interaction promotes C4 synthesis. rIL-2-activated NK3.3 and Huh7.5 cells stably transfected with HCV core or NS5A were
preincubated for 30 min with anti-NKG2D, anti-MICA/B, or negative-control antibody and cocultured for 24 h. Nonadherent NK cells were removed, and the
Huh7.5 cell monolayer was washed and analyzed for C4, IRF-1, USF-1, and actin expression by Western blotting. Cellular actin was used for comparison of
protein load in each experiment.
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metric scanning of the Western blot result displayed relative ex-
pression of IRF-1 and USF-1 (Fig. 3D and E). Thus, the results
suggest that HCV can impair NK cell function on C4 regulation
via a mechanism that is independent of the effects of HCV core or
NS5A, which occur prior to modulation of C4-specific transcrip-
tion factors.

NK cells fail to recover C3 expression in the presence of HCV.
C3 is another important component of complement-mediated im-
munity. We previously reported that C3 synthesis in hepatocytes is
inhibited by NS5A (29). C3 expression could be rescued in coculture
of NS5A-expressing Huh7.5 cells with NK cells (Fig. 4A). The C3
promoter is regulated primarily via the activation of the transcription
factor C/EBP-�. Thus, we examined whether cell-to-cell interaction
affects C/EBP-� regulation. We examined the C/EBP-� activation
status in NS5A-expressing Huh7.5 cells incubated alone or cocul-
tured together with NK cells for 2 h. After removal of nonadherent
NK cells, hepatoma cells were harvested and lysed for C/EBP-� ex-
pression and phosphorylation status from Western blot analysis (Fig.
4B). C/EBP-� production was inhibited in NS5A-expressing cells,
while its expression was dramatically increased upon coculture with
NK cells. Similarly, the presence of the phosphorylated form of
C/EBP-� was inhibited by NS5A protein, while it was increased upon
coculture with NK cells. The recovery of C3 in NS5A-expressing
Huh7.5 cells after coculture with NK cells, however, did not occur in
the presence of the neutralizing antibodies anti-NKG2D and anti-

MICA/B (Fig. 4C), indicating that C3 induction in NS5A-expressing
Huh7.5 cells is mediated by cell-to-cell interaction. Next, we exam-
ined the C3 level from HCV 2a-infected Huh7.5 cells after coculture
with NK cells. Similar to the case for C4, C3 production was increased
by NK cells in the absence of HCV, while it remained decreased in
HCV 2a-infected Huh7.5 cells (Fig. 4D). We also examined the status
of C/EBP-� during coculture of Huh7.5 and NK cells in the presence
or absence of cell culture-grown HCV. Coculture of control NK cells
with Huh7.5 cells increased both C/EBP-� and phospho-C/EBP-�
production. However, activation of C/EBP-� was inhibited in the
presence of HCV (Fig. 4E). Coculture of HCV-infected Huh7.5 cells
with NK cells led to a significant decrease in C/EBP-� production as
well as phosphorylation of C/EBP-�. Together, our results suggest
that HCV impairs the ability of NK cells to positively regulate C3
production in hepatoma cells by the regulation of C/EBP-�.

HCV inhibits MICA/B expression in hepatoma cells but does
not significantly inhibit NKG2D. NKG2D appeared to play an im-
portant role in the recovery of C4 complement expression in a cocul-
ture of NK cells and Huh7.5 cells. We evaluated the expression of the
NKG2D receptor following HCV exposure of NK cells or coculture
with HCV-infected Huh7.5 cells. NKG2D expression on the NK cell
surface was not significantly decreased (Fig. 5A) upon HCV exposure
compared to that for mock-treated NK cells (71.2% for mock-in-
fected versus 68.2% for HCV-exposed cells). NKG2D expression was
also not significantly decreased in the coculture with HCV-infected

FIG 3 NK cells fail to promote C4 augmentation in the presence of HCV. (A) rIL-2-activated NK cells were cocultured with Huh7.5 cells infected with HCV
genotype 2a for 24 h. Mock-infected cells were cocultured similarly to the control. After removal of nonadherent NK cells, Huh7.5 cells were lysed and subjected
to Western blot analysis for C4 protein expression. (B) Densitometric scanning of the Western blot displaying relative C4 inhibition. The results are from 3
independent experiments, with standard deviations indicated by error bars. The P value for the Huh7.5 control versus HCV 2a-infected cells was 0.0011, that for
the control versus coculture with NK cells was 0.0179, and that for the control versus HCV 2a-infected cells and coculture with NK cells was 0.0006. (C) The
expression status of transcription factors IRF-1 and USF-1 from cell lysates was examined by Western blotting. Cellular actin was used for comparison of protein
loads in each experiment. (D and E) Results are from 3 independent experiments, with standard deviations indicated by error bars. The difference in IRF-1
expression between Huh7.5 control and HCV 2a-infected cells was not statistically significant (P 	 0.05). However, changes in IRF-1 or USF-1 expression were
statistically significant in comparison among Huh7.5 control and all other experimental samples (P 
 0.004 to 0.0001).
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Huh7.5 cells and NK cells (70.5% for NK plus Huh7.5 cells versus
63.8% for NK plus Huh7.5 cells plus HCV).

MICA/B is expressed in human HCC tissues and hepatoma cell
lines (12). MICA/B expression was significantly decreased in
HCV-infected Huh7.5 cells. NK cell coculture increased the ex-
pression of MICA/B in Huh7.5 cells to a level above that seen in
the mock-treated control. Interestingly, MICA/B protein expres-
sion remained at a very low level in HCV-infected Huh7.5 cells
despite the presence of NK cells (Fig. 5B), indicating that the pres-
ence of HCV strongly inhibits their expression in hepatocytes.
Thus, the results suggest that the expression of MICA/B may be
inhibited in hepatocytes of chronically HCV-infected patients, re-
sulting in inefficient interaction with NK cells and failure to re-
cover C4 synthesis.

HCV NS2 and NS5B inhibit MICA/B expression in Huh7.5

cells. As prior analysis indicated that HCV NS5A or core was
unable to inhibit NK cell-mediated enhancement of complement
protein synthesis, we examined which HCV protein(s) may act to
inhibit MICA/B expression in Huh7.5 cells. The MICA/B expres-
sion level was analyzed in cells transfected with empty vector,
HCV core, E1/E2/p7, and an HCV subgenomic replicon encoding
nonstructural proteins (BB7) after 24 h of coculture with NK cells.
MICA/B expression in hepatoma cells expressing HCV structural
proteins was increased by NK cell coculture compared to Huh7.5
cells alone, and a significant increase was seen in E1/E2/p7-ex-
pressing cells. MICA and B expression in BB7 cells remained in-
hibited after coculture with NK cells (Fig. 6A), indicating that one
of the nonstructural proteins is involved in the inhibition of NK
cell-mediated MICA/B expression in hepatoma cells. Further
study revealed that among the nonstructural proteins, both HCV

FIG 4 NK cells fail to promote C3 augmentation in the presence of HCV. (A) C3 expression in Huh7.5 cells stably transfected with NS5A following coculture
with rIL-2-activated NK3.3 cells for 24 h was determined by Western blotting. (B) Huh7.5 cells stably transfected with HCV NS5A were cocultured with
rIL-2-activated NK3.3 cells for 2 h, and cell lysates were analyzed for total and phospho-C/EBP-� expression by Western blotting. (C) rIL-2-activated NK3.3 and
Huh7.5 cells stably transfected with HCV NS5A were preincubated for 30 min with anti-NKG2D and anti-MICA/B antibody and cocultured for 24 h. Nonad-
herent NK cells were removed, and the Huh7.5 cell monolayer was washed and analyzed for C3 expression by Western blotting. (D) rIL-2-activated NK cells were
cocultured with Huh7.5 cells infected with HCV genotype 2a for 24 h. Mock-infected cells were cocultured similarly to the control. After removal of nonadherent
NK cells, Huh7.5 cells were lysed and subjected to Western blot analysis for C3 protein expression. (E) The expression status of total C/EBP-� and phosphorylated
C/EBP-� from a similar experiment was analyzed by Western blotting. Cellular actin was used for comparison of protein loads in each experiment.

FIG 5 HCV-infected cells inhibit the expression of NKG2D or MICA/B. (A) Cell surface expression of NKG2D was analyzed in mock-treated NK cells, NK cells
after coculture with Huh7.5, NK cells infected with HCV 2a, or NK cells incubated simultaneously with Huh7.5 cells and HCV genotype 2a. Representative results
of fluorescence-activated cell sorter (FACS) analysis with anti-NKG2D antibody, followed by Alexa 647 Fluor-conjugated donkey anti-goat treatment, are shown.
(B) Mock-treated or HCV genotype 2a-infected Huh7.5 cells were cocultured with NK cells. Hepatoma cells were lysed after removal of nonadherent NK cells and
subjected to Western blot analysis for MICA/B. Cellular actin was used for comparison of protein loads in each well. In both the experiments, NK cells were
activated with rIL-2 (200 IU/ml).

Kim et al.

2568 jvi.asm.org Journal of Virology

http://jvi.asm.org


NS2 and NS5B may play a role in MICA/B inhibition during co-
culture of HCV-infected Huh7.5 cells with NK cells (Fig. 6B). As
expected, no regulation of MICA/B was apparent in HCV core- or
NS5A-expressing cells, allowing for the NK cell-mediated en-
hancement of C3 and C4 synthesis noted in these cell lines, which
previously exhibited suppression of these proteins. Our results
suggest that HCV NS2 and NS5B inhibit MICA/B expression in
Huh7.5 cells, which might lead to limited interaction between
HCV-infected Huh7.5 cells and NK cells, resulting in the impair-
ment of NK cell-mediated C4 or C3 synthesis during HCV infec-
tion.

DISCUSSION

We have shown that HCV attenuates innate immune function in
infected human hepatoma cells by reducing the ability of NK3.3
cells to stimulate C4/C3 complement synthesis. NK cells may di-
rectly target HCV-infected hepatocytes or indirectly influence im-
mune cells, such as dendritic cells (DCs) or T cells for viral clear-
ance. Perturbations in NK cell frequency, phenotype, and
function have been shown in chronically HCV-infected patients
(30). The peripheral blood NK cell number and percentage of total
lymphocyte population are lower in HCV-infected individuals
(8). Additionally, the proportion of NKp30- and NKp46-express-
ing cells is reduced in patients with chronic hepatitis C (31).
NKG2D expression is lowered on circulating NK cells from pa-
tients with chronic hepatitis C (32). These features may lead to
failure of C4/C3 recovery in chronically HCV-infected patients
(8). Here, we have shown that IL-2-activated NK cells promote C4
recovery via the interaction between NKG2D and MICA/B, indi-
cating that activation by cell-to-cell interaction may be important
for complement regulation.

NK cells recover C4 production in core- or NS5A-expressing
Huh7.5 cells through the augmentation of the IRF-1 and USF-1
transcription factors. However, NK cells fail to recover C4 aug-
mentation in HCV-infected Huh7.5 cells. The fate of NK cells in
HCV infection may be determined by the integration of signals
generated by direct cell-to-cell interaction and cytokine stimula-
tion. Engagement of CD81 to plate-bound anti-CD81 or recom-
binant HCV-E2 inhibits NK cell activation (6). Exposure to inhib-
itory cytokines, such as IL-10 and TGF-�, suppresses NK cell
cytotoxicity, while chronic exposure to activating cytokine IFN-�
contributes to the polarization of NK cells toward cytotoxicity (8).
NK cells kill MHC class I-negative tumor targets (33). An interac-
tion between MHC I (HLA-ABC) of the target cell and KIR of the
NK cell surface inhibits NK cell activation. NK cells also seem to be

inactivated by hepatocytes. Our cytokine array data have shown
decreased expression of cytokines, including IFN-� from NK cells
in a coculture with hepatocytes (data not shown). Yoon et al. (9)
have shown that NK cells increase NKG2D expression after cocul-
ture with Huh7.5 cells; however, NKG2D expression is inhibited
following incubation with HCV-infected hepatocytes. On the
other hand, coculture of Huh7.5 cells was shown to increase the
expression of inhibitory receptors KIR2DL1 and KIR2DL2/DL3 in
NK cells but not NKG2A. Thus, the interaction between NK cells
and HCV-infected hepatocytes may result in inactivation of NK
cells.

MICA/B plays an important role in the interaction between
hepatocytes and NK cells. We have shown that MICA/B expres-
sion in hepatoma cells is downregulated upon HCV infection, and
NKG2D expression from NK3.3 cells is also reduced by HCV.
Therefore, cell-to-cell contact with HCV-infected cells negatively
modulates the functional capacity of NK cells, and inhibition of
NK cell function is associated with downregulation of activating
receptors on NK cell surfaces. Physical interaction between
NKG2D and MICA/B may increase cytokine and chemokine pro-
duction from NK cells and hepatocytes, which may accelerate the
synthesis of complement components in hepatocytes. However,
C4/C3 production is not increased by NKCM or treatment with
individual cytokines (TNF-�, IFN-�, IL-2, or IL-6). NK cells ex-
press a low level of C3/C4 complement components (references 34
and 35 and our unpublished data). The variability in the levels of
C3/C4 in our Western blots may result from contributions of NK
cells. However, if NK cells have a significant influence, C3 and C4
would increase in the blocking experiments, instead of being de-
creased by anti-NKG2D or anti-MIC/B antibody in the coculture.
Further studies are necessary to elucidate how the interaction be-
tween NK cells and hepatocytes may positively affect immune
function against HCV infection.

IFN-� is the major cytokine that NK cells secrete and is a crit-
ical factor for inhibition of viral replication (36). It is known that
concurrent engagement of activating receptors and cytokine re-
ceptors on NK cells induces IFN-� secretion by NK cells (8).
Therefore, a decrease in activating receptor expression would
likely be correlated with IFN-� inhibition by CD56dim NK cells
(1). In another study, a polarized NK cell phenotype was induced
by chronic exposure to HCV-induced IFN-�. This phenotype
may contribute to liver injury through TRAIL expression and cy-
totoxicity, whereas the lack of increase in IFN-� production may
facilitate the inability to clear HCV (37).

FIG 6 HCV NS2 and NS5B inhibit MICA/B expression in Huh7.5 cells in a coculture with NK cells. (A) MICA/B expression in HCV genomic region-transfected
Huh7.5 cells was analyzed by Western blotting following coculture with rIL-2-activated NK cells. Stable transfectants with empty vector, core, nonstructural
proteins (BB7), or E1/E2/p7 were used. (B) Huh7.5 cells transiently transfected with NS2, NS3/4A, NS5A, or NS5B were cocultured with rIL-2-activated NK cells,
and MICA/B expression in Huh7.5 cells was analyzed by Western blotting. Cellular actin was used for comparison of protein loads in each experiment.
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NK cells may directly target infected hepatocytes or may act
indirectly by influencing other immune cells such as DCs or T
cells. In the acute phase of HCV infection, expression of the acti-
vating receptor NKG2D is increased. Functional experiments also
showed augmented IFN-� production and cytotoxicity in these
patients. Therefore, in the acute phase of HCV infection, there is
activation of NK cells, indicating their role in the immune re-
sponse, whereas chronically HCV-infected patients have shown
perturbations in NK cell frequency, phenotype, and function.

Peripheral blood NK cell frequencies, both absolute numbers
and percentages of the total lymphocyte population, are reduced
in chronically HCV-infected patients compared to healthy indi-
viduals. The reduction of NK cell frequency and function may lead
to failure of C4 recovery in chronically HCV-infected hepatocytes
(8). Natural killer cells elaborate IFN-� to mediate antiviral ef-
fects. However, HCV E2 protein binds the NK CD81 receptor,
decreasing the release of IFN-� and cytotoxic granules by NK cells
(6, 10).

The expression of NKG2D ligands on HCV- or HBV-infected
hepatocytes in humans has not yet been examined. However,
NKG2D ligands are expected to be elevated, since several murine
models of liver injury upregulated these ligands on stressed hepa-
tocytes (38). Here, we examined the expression of one of NKG2D
ligands, MICA/B. Interestingly, expression of MICA/B was ob-
served in uninfected hepatoma cells but not in HCV-infected hep-
atoma cells following coculture with NK3.3 cells. In particular,
MICA/B expression was downregulated by NS2 and NS5B protein
expression, resulting in a loss of the C3/C4 recovery mechanism
conveyed by NK cells in culture. We have also shown that the
inhibition between MICA/B and NKG2D using neutralization an-
tibodies results in an inhibition of C4/C3 production. NKG2D is a
relatively conserved protein on NK cells, the function of which
appears to be important for C3/C4 recovery as indicated by our
observations. Its interaction with MICA/B is also well defined in
the literature (30) and is the mechanism which we now believe to
be relevant in C3/C4 synthesis and modulation in the face of
added NK cell-mediated immune modulation.

In summary, our study suggests a multifaceted approach un-
dertaken by HCV to impair normal immune function beyond the
initial reduction of C3/C4 seen in HCV-infected patients. Further
analysis details how HCV subverts the ability of NK3.3 cells to
positively mediate complement protein expression via an addi-
tional inhibition of MICA/B signaling. This study highlights the
cooperative approach of individual HCV proteins in the control of
host immune function at multiple points to perpetuate virus fit-
ness.
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