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Immunoevasins are viral proteins that prevent antigen presentation
on major histocompatibility complex (MHC) class I, thus evading
host immune recognition. Hepatitis C virus (HCV) evades immune
surveillance to induce chronic infection; however, how HCV-infected
hepatocytes affect immune cells and evade immune recognition re-
mains unclear. Herein, we demonstrate that HCV core protein func-
tions as an immunoevasin. Its expression interfered with the
maturation of MHC class | molecules catalyzed by the signal peptide
peptidase (SPP) and induced their degradation via HMIG-CoA reduc-
tase degradation 1 homolog, thereby impairing antigen presentation
to CD8" T cells. The expression of MHC class I in the livers of HCV core
transgenic mice and chronic hepatitis C patients was impaired but
was restored in patients achieving sustained virological response.
Finally, we show that the human cytomegalovirus US2 protein, pos-
sessing a transmembrane region structurally similar to the HCV core
protein, targets SPP to impair MHC class | molecule expression. Thus,
SPP represents a potential target for the impairment of MHC class |
molecules by DNA and RNA viruses.

HCV | MHC class | | signal peptide peptidase | antigen presentation

epatitis C virus (HCV) infection is strongly associated with

the development of liver steatosis, cirrhosis, hepatocellular
carcinoma (HCC) (1), and extrahepatic manifestations, such as
type 2 diabetes, mixed cryoglobulinemia, and non-Hodgkin lym-
phoma (2). Approximately 80% of patients with HCV develop
chronic infections, whereas only 5% of those infected with hepa-
titis B virus acquire chronic infections (3). Although immune cells
(i.e., T cells, NK cells, and dendritic cells) have been shown to be
functionally impaired in patients with chronic hepatitis C (CHC)
(4), how HCV-infected hepatocytes affect immune cells remains
unclear.

In CHC patients, the administration of direct-acting antivirals
dramatically improves sustained virological response (SVR) (5);
however, liver disease is not ameliorated due to prolonged liver
damage (6). In addition, the elimination of HCV does not fully
restore immune cell proliferation and function (7, 8), suggesting
that liver damage caused by HCV infection may affect the res-
toration of immune cell function. Thus, the characterization of
viral and host factors involved in immune modulation during HCV
infection is necessary to decrease the risk of HCC development in
CHC patients after achieving SVR.

HCYV belongs to the genus Hepacivirus (family Flaviviridae) and
harbors a positive-sense, single-stranded RNA genome; its viral
RNA is translated into a single polyprotein of ~3,000 amino acids
that is subsequently processed into 10 viral proteins through
cleavage by host and viral proteases (9). The core protein is the
first to be translated and cleaved off the polyprotein by host signal
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peptidase. The signal sequence in the C-terminal region of the im-
mature core protein is further processed by the host protease, signal
peptide peptidase (SPP), before maturation (10). We previously
demonstrated that SPP is essential for stable expression of the core
protein (Fig. 14, Upper). Moreover, we reported that SPP inhibition
induces proteasome-dependent degradation of the core protein,
mediated by an E3 ligase, a 3:8 chromosomal translocation in he-
reditary renal cancer (TRCS8) (11) (Fig. 14, Lower), and efficiently
suppresses production of infectious HCV particles (12). SPP has
also been reported to cleave cellular proteins, such as human leu-
kocyte antigen-A (HLA-A), heme oxygen-1 (HO-1), X-box binding
protein 1u (XBP1u), and prolactin (13-16). However, the biological
significance of these cleavage events is not fully understood.
Several viruses possess immunoevasins to inhibit antigen pre-
sentation on MHC class I molecules. For instance, the Epstein—
Barr virus encoding nuclear antigen 1 inhibits antigen presentation
on MHC class I molecules via a Glycine—Alanine repeat (17, 18).
The herpes simplex virus (HSV) encoding ICP47 and the human
cytomegalovirus (HCMV) encoding US6 modulate TAP functions
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Fig. 1. SPP is essential for the stable expression of MHC | molecules. (A) Schematic representation of the maturation steps (Upper) and the degradation

pathway (Lower) of the HCV core protein. (B) The structure of the bicistronic vector used. ((-G) WT, SPPKO, and SPPKO Huh7 cells expressing SPP were
lentivirally transduced with the core protein (C), HLA-A (D), HO-1 (E), XBP1u (F), and prolactin (G). (H and /) Lentiviral vectors encoding HLA-B (H) or HLA-C (/) were
transduced in WT, SPPKO, and SPPKO Huh7 cells expressing SPP. (J) SPPKO Huh7 cells were transduced with the lentivirus vector expressing SPP and SPPKO Huh7
cells exogenously expressing gradual levels of SPP were established. (K) SPPKO Huh7 cells expressing various concentrations of SPP were lentivirally expressed
HLA-A. (L-N) WT and sgSPP HEK293T (L), HepG2 (M), and Hela cells (N) were infected with the lentivirus expressing HLA-A. (O) HEK293T cells were transfected
with HA-tagged SPP and FLAG-tagged core or EE-tagged HLA-A. The immunoprecipitated samples (IP) and whole-cell lysates (WCL) were subjected to sodium
dodecyl-sulfate polyacrylamide gel electrophoresis and immunoblotting. The data shown in C-O are representative of three independent experiments.

to inhibit the translocation of antigenic peptides to the endoplasmic
reticulum (ER) lumen (19-21). Adenoviruses encode E3-19K
protein to retain MHC class I molecules within the ER, whereas
human immunodeficiency viruses encode Nef to induce the trans-
location of MHC class I molecules from the trans-Golgi network to
the lysosome, thereby blocking their cell surface expression (22, 23).
Meanwhile, Ebola virus possesses glycoprotein that interact with
MHC class I molecules expressed on the cell surface to prevent
their antigen presentation via steric shielding (24). Moreover, the
viral E3 ligase K3 encoded by murine y-herpes virus and the gly-
coproteins US2 and US11 encoded by HCMV induce the degra-
dation of MHC class I molecules (25-28).

HLA-A, a substrate of SPP, is a member of the classical
major histocompatibility complex (MHC) class I gene family.
Intracellular peptides derived from pathogens are loaded on
MHC class I molecules presenting on cell surfaces and are
recognized by the CD8* T cells. In this study, we investigated
whether SPP substrates induce degradation following SPP
inhibition.
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Results

SPP Is Crucial for the Expression of MHC Class | Molecules. We con-
structed bicistronic lentiviral vector expressing SPP substrates
(Fig. 1B) and found that the core protein expression was sup-
pressed in SPPKO Huh?7 cells, as reported previously (Fig. 1C).
Expression of HLA-A was reduced in SPPKO cells (Fig. 1D),
whereas that of HO-1, XBP1u, and prolactin showed no signif-
icant difference between the wild-type (WT) and SPPKO cells
(Fig. 1 E-G). Moreover, SPP deficiency did not impact the ex-
pression of other membrane proteins, such as transferrin receptor
1 (TFR1, SI Appendix, Fig. S14). Taken together, these results
suggest that HLA-A expression is dependent on SPP.

HLA-A, -B, and -C are classical MHC class I molecules, which
are highly polymorphic proteins and are widely expressed in all
tissues, whereas HLA-E, -F, and -G are nonclassical MHC class I
molecules, which are usually nonpolymorphic proteins and show
restricted expression patterns. To examine whether the expression
of other MHC class I molecules is also dependent on SPP, these

Hirano et al.

Hepatitis C virus modulates signal peptide peptidase to alter host protein processing

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026184118/-/DCSupplemental
https://doi.org/10.1073/pnas.2026184118

molecules were expressed in SPPKO Huh7 cells. We found that
expression of HLA-B and -C was impaired in SPPKO Huh7 cells
(Fig. 1 H and I) but that of HLA-E, -F, and -G was not (S Ap-
pendix, Fig. S1B). These data suggest that the expression of clas-
sical MHC class I molecules is dependent on SPP.

Next, we generated SPPKO Huh7 cells exogenously expressing
gradual levels of SPP (Fig. 1J). The expression of HLA-A and
the core protein was restored by SPP expression (Fig. 1K and SI
Appendix, Fig. S1C). In addition, we confirmed the impaired
expression of MHC class I molecules in HEK293T, HepG2, and
HelLa cells expressed single-guided (sg) SPP and Cas9 (Fig. 1 L-N
and SI Appendix, Fig. S1D). Finally, coimmunoprecipitation assay
revealed that SPP specifically interacted with the core protein and
HLA-A but not with TFR1 (Fig. 10 and SI Appendix, Fig. S1E).
Collectively, our data revealed that SPP is a regulator of classical
MHC class I molecules.

Proteolytic Activity of SPP Regulates the Expression of MHC Class I.
To examine the effect of SPP inhibitors (29) on the expression of
HLA-A, Huh7 cells stably expressing HLA-A were treated with
various concentrations of these inhibitors. Treatment with YO-
01027, LY-411575, and RO-4929097 but not DAPT, which is an
inactive relevant to YO-01027, efficiently suppressed HLA-A
expression in a dose-dependent manner (Fig. 24). In addition,
YO-01027 treatment suppressed the expression of HLA-B and
-C but not of HO-1, XBP-1u, and prolactin (Fig. 2B and SI
Appendix, Fig. S2 A-C). The impairment of HLA-A expression
by YO-01027 was also confirmed in HEK293T, HepG2, and
HeLa cells (Fig. 2C). These data suggest that the inhibition of
the protease activity of SPP impairs the expression of MHC
class I molecules.

SPP has two putative protease active sites at Asp219 and
Asp265. We found that HLA-A expression was only restored in
SPPKO Huh?7 cells expressing WT SPP, not those expressing the
mutant variant (Fig. 2 D and E). We also examined SPPKO Huh7
cells producing immature and uncleaved HLA-A and found that
HLA-A fused with FLAG and HA at the N and C terminus, re-
spectively (FLAG-HLA-A-HA, Fig. 2F), was expressed in SPPKO
Huh?7 cells as well as in those expressing SPP. Although uncleaved
HLA-A was not observed in either cell line, treatment with a
proteasome inhibitor Ac-Leu-Leu-Nle-Aldehyde (ALLN) mark-
edly restored the expression of uncleaved HLA-A in SPPKO
Huh?7 cells (Fig. 2G). These data suggest that immature HLA-A is
quickly degraded by proteasomes.

We then investigated the cell surface expression of MHC class
I molecules in SPPKO cells using flow cytometry. Expression of
endogenous MHC class I molecules, not TFR1, was impaired in
SPPKO Huh?7 cells; however, it was restored by exogenous ex-
pression of SPP (Fig. 2H and SI Appendix, Fig. S2D). Moreover,
treatment with YO-01027, not DAPT, also impaired expression of
endogenous MHC class I molecules (SI Appendix, Fig. S2E).
Furthermore, the stability of MHC class I molecules was impaired
in SPPKO Huh7; however, it was restored via exogenous expres-
sion of SPP (Fig. 2I). Collectively, these data suggest that the
proteolytic activity of SPP is required for the stable expression of
MHC class I molecules.

The molecular mechanism underlying the degradation of im-
mature MHC class I molecules in SPPKO cells was also elucidated.
B2M is essential for stable expression of MHC class I molecules
(30) (Fig. 27). Moreover, we observed that p2M overexpression
caused a slight enhancement of HLA-A levels in WT Huh7 cells
but not in SPPKO Huh?7 cells (Fig. 2K). Additionally, although the
HLA-A messenger RNA (mRNA) levels were comparable be-
tween WT and SPPKO Huh7 cells (SI Appendix, Fig. S2F), ex-
pression of MHC class I molecules was restored by treatment with
ALLN (81 Appendix, Fig. S2G). Previous studies have reported that
TRC8 and HMG-CoA reductase degradation 1 homolog (HRD1)
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are functional E3 ligases for MHC class I molecules (25, 31, 32).
The core protein expression was clearly restored in sgTRC8/SPPKO
Huh7 cells but not in sgHRD1/SPPKO Huh7 cells (Fig. 2L).
Meanwhile, loss of HRD1 but not TRC8 in SPPKO Huh7 cells
inhibited the degradation of HLA-A, -B, and -C (Fig. 2 M and N).
Expression of endogenous MHC class I molecules was also restored
in sgHRD1/SPPKO Huh7 cells (SI Appendix, Fig. S2H). Addition-
ally, treatment with PNGase F, which is an enzyme to remove
N-linked glycosylation, revealed that the glycosylation status of
immature MHC class I molecules in SPPKO Huh?7 cells was similar
to that of SPPKO Huh7 cells expressing SPP (S Appendix, Fig.
S2[). Meanwhile, immunoprecipitation results showed that SPP
interacted with both TRC8 and HRD1 but not with green fluo-
rescent protein (GFP) or TFR1 (Fig. 20 and SI Appendix, Fig. SIE
and S2J). Collectively, these data suggest that immature MHC class
I molecules produced in SPPKO cells are recognized and that their
degradation is induced by HRDI.

Considering that we have also previously shown that TRCS-
mediated degradation of the immature core represents a type of
ER quality control (12), we next examined the effect of immature
HLA-A on ER stress. While deficiency of SPP did not contribute
to the induction of ER stress (SI Appendix, Fig. S2K), the immature
core protein produced in sgTRCS/SPPKO Huh7 cells but not the
immature HLA-A produced in sgHRD1/SPPKO Huh7 cells in-
duced ER stress (SI Appendix, Fig. S2L), suggesting that induction
of ER stress by immature SPP substrate occurs in a substrate-
specific manner.

SPP Regulates Antigen Presentation on MHC Class | Molecules. Next,
we determined whether SPP deficiency functionally impairs anti-
gen presentation on MHC class I molecules. Although IFN-y
production was dependent on the coculture with CD8™ T cells and
the addition of OVA peptide (Fig. 34 and SI Appendix, Fig. S2M),
it was significantly impaired in the supernatants of SPP~~ mouse
embryonic fibroblasts (MEFs) and CD8" T cell coculture system
(Fig. 3B). In addition, the exogenous expression of WT SPP but
not of mutant SPP restored IFN-y production in SPP~~ MEFs
(Fig. 3B). Furthermore, treatment of WT MEFs with YO-01027
but not with DAPT suppressed IFN-y production (Fig. 3C). Col-
lectively, these results suggest that proteolysis of MHC class 1
molecules by SPP plays a crucial role in the antigen presentation
to activate CD8* T cells.

As the expression of both SPP and MHC class I molecules was
impaired in liver-specific SPP-knockout mice (SPPLKO, Fig. 3 D-F),
we sought to determine the effects of SPP deficiency on liver
pathogenicity. Liver sections of 2-mo-old SPPLKO mice showed no
apparent abnormality. Moreover, no obvious steatosis, macro-
phage, CD3™T cell infiltration, or activated satellite cells was ob-
served (Fig. 3G). We also confirmed that the transcriptional levels
of inflammatory genes were comparable between the WT and
SPPLKO mice (Fig. 3H). Hence, loss of SPP does not appear to
impact the expression of inflammatory genes or tissue structure;
however, it does impair the expression of MHC class I molecules.

HCV Core Protein Promotes the Degradation of MHC Class | Molecules.
Next, we examined the involvement of the HCV core protein on
MHC class I expression and found that the HCV core protein
suppress HLA-A expression, whereas that of Japanese encepha-
litis virus, which matures independently of SPP (33), had no effect
(Fig. 4 A and B). Furthermore, we observed that HCV infection
significantly reduced HLA-A expression in Huh7 cells expressing
HLA-A (Fig. 4C).

We also examined the effects of the HCV genotypes on im-
paired HLA-A expression. Each of the core proteins derived from
the seven genotypes (GT1 to GT7) exhibited impaired HLA-A
expression. Among these, the effects of core proteins derived
from GT3, GT4, and GT6 were the most potent (SI Appendix,
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Fig. 2. SPP cleavage is required for the stable expression of MHC class | molecules. (A) Huh7 cells stably expressing HLA-A were treated with YO-01027, LY-

411575, RO-4929097, and DAPT. (B) Huh7 cells stably expressing HLA-B (Upper) or HLA-C (Lower) were treated with YO-01027. (C) HEK293T (Upper), HepG2
(Middle), and HelLa (Lower) cells stably expressing HLA-A were treated with YO-01027. (D) SPPKO Huh7 cells were infected with the lentivirus expressing HA-
tagged SPP (WT), SPP D219A (mutant 1; M1), SPP D265A (mutant 2; M2), or SPP D219/D265A (mutant 3; M3). (E) SPPKO Huh7 cells stably expressing WT or SPP
mutants were infected with the lentivirus expressing HLA-A. (F) Structure of the N-terminal FLAG-tagged and C-terminal HA-tagged HLA-A (FLAG-HLAA-HA)
and GFP under the control of the ubiquitin promoter. (G) SPPKO and SPPKO Huh7 cells expressing SPP were infected with the lentivirus expressing HLA-A and
treated with ALLN. (H) Surface expression of MHC class | molecules in WT (Left), SPPKO (Middle), and SPPKO Huh7 cells expressing SPP (Right) were deter-
mined using flow cytometry. (/) Stability of HLA-A was examined by treatment with cycloheximide (CHX) and ALLN in SPPKO (Left), and SPPKO Huh7 cells
expressing SPP (Right) (J) WT and sgB2M Huh7 cells and (K) WT and SPPKO Huh7 cells expressing p2M were infected with the lentivirus expressing HLA-A.
HLA-A expression was detected using immunoblotting 48 h post-transduction using anti-HA antibodies. (L and M) The sgTRC8/SPPKO and sgHRD 1/SPPKO
Huh7 cells were infected with the lentivirus expressing (L) the core protein and (M) HLA-A. (N) The sgHRD1/SPPKO Huh7 cells were infected with lentivirus
expressing HLA-B or -C. (0) HEK293T cells were transfected with HA-tagged SPP and Glu-Glu (EE)-tagged TRC8 or EE-tagged HRD1. The immunoprecipitated
samples (IP) and whole-cell lysates (WCL) were subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis and immunoblotting. The data shown
in A-E, G, and J-O are representative of three independent experiments; those in H and / are representative of two independent experiments.
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Fig. S34). Furthermore, an experiment using cycloheximide -C. While expression of the core protein reduced the expression
showed that HLA-A stability was impaired by exogenous ex- HLA-A, -B, and -C (Fig. 4E), these effects were restored by
pression of the core protein (Fig. 4D). Next, to examine whether ~ sgHRDI1 transduction (Fig. 4F). Thus, our data suggest that the
n was expressed  HCV core protein induces HRD1-mediated degradation of MHC
2 HLA-A, -B, or  class I molecules during HCV infection.
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Fig. 4. Core protein impairs the interaction between SPP and MHC class | molecules and induces the degradation of MHC class | molecules. (A and B) Huh7
cells stably expressing HLA-A were transfected with 0.1, 0.2, 0.4, or 0.8 ug of the (A) pCAG OSF-HCV or (B) pCAG FLAG-JEV core. (C) Huh7 cells stably expressing
HLA-A were infected with HCV at a multiplicity of infection of 5.0 or 10.0 and incubated for 96 h. (D) Huh7 cells stably expressing HLA-A were transduced with
the core protein. Stability of HLA-A was evaluated by treatment with cycloheximide (CHX) and ALLN. (E) Huh7 cells stably expressing HLA-A (Left), HLA-B
(Middle), and HLA-C (Right) were transfected with pCAG OSF-HCV core. (F) The WT or sgHRD1 Huh7 cells stably expressing HLA-A (Left), HLA-B (Middle), and
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blotting. The data are representative of three independent experiments.

Lastly, we investigated how the core protein induces MHC class
I molecule degradation. Immunoprecipitation analysis revealed
that SPP could specifically interact with HLA-A and the core
protein (Figs. 10 and 4G; lanes 3 and 4), while interactions be-
tween SPP and HLLA-A was impaired by the interaction between
SPP and the core protein (Fig. 4G, lanes 5 and 6), indicating that
the core protein suppressed the interaction between SPP and
MHC class I molecules. In addition, expression of the core protein
produced uncleaved HLA-A as shown in Fig. 2F (SI Appendix, Fig.
S3B). Taken together, our data suggest that the core protein di-
rectly binds to SPP and attenuates SPP activity, thus producing
immature MHC class I molecules and inducing HRD1-mediated
degradation. Because SPP is expected to have other substrates in
addition to those we tested in Fig. 1, we speculate that the HCV-
core-mediated modulation of SPP activity may globally alter
protein processing.

HCV Core Protein Antagonizes the MHC Class | Antigen Presentation
Machinery. We found that the expression of endogenous MHC
class I molecules but not TFR1 was down-regulated by the
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expression of core protein (Fig. 54 and SI Appendix, Fig. S3C).
Moreover, IFN-y produced by the CD8* T cells cocultured with
MEFs expressing the core protein was significantly decreased
compared with those cultured with MEFs expressing GFP
(Fig. 5B). In the livers of CoreTg mice, the expression of MHC I
class I molecules was significantly impaired (Fig. 5 C and D).
Consistent with the MEF results, IFN-y production by CD8™
T cells cocultured with the hepatocytes of CoreTg mice was
significantly impaired compared with that of WT mice (Fig. 5E).
We next investigated the liver samples of CHC patients who un-
derwent surgical resection. Similar to the results described above,
expression of MHC class I molecules in the livers of CHC patients
was significantly impaired compared with normal livers (Fig. 5F),
while core protein levels did not correlate with that of MHC class I
molecules. Next, we examined the effects of HCV elimination on
the expression of MHC class I molecules in the livers of CHC pa-
tients and other hepatic diseases. Although the expression of MHC
class I molecules in the SVR group was slightly higher compared
to that of the control group, no statistically significant differences
were observed between this group (Fig. 5G) and the control and
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nontumor tissues of those with nonalcoholic steatohepatitis or al-
coholic hepatitis (Fig. 5H). Collectively, these data suggest that
HCYV infection specifically impaired the expression of MHC class 1
molecules thereby evading immune system recognition, which might
be associated with the promotion of viral survival.

SPP Is a Common Target for the Down-Regulation of MHC Class |
Molecules by Viruses. SPP has been suggested to interact with
the HCMV-encoded US2 protein and is involved in the degra-
dation of MHC class I molecules (34). Therefore, we compared
the roles of HCMV US2 and the HCV core protein in the down-
regulation of MHC class I molecules. Results show that HLA-A
expression was significantly decreased following US2 expression
(Fig. 6 A and B). Immunoprecipitation results further revealed that
SPP with mutated protease active sites exhibited enhanced inter-
action with US2 compared with WT SPP (Fig. 6C), suggesting that
the proteolytic activity of SPP participates in the interaction be-
tween US2 and SPP. Moreover, alignment using HHpred revealed
that the transmembrane region of HCV core protein was partially
shared with that of US2 (Fig. 6D). In addition, in silico modeling of
HCV core protein and HCMV US?2 revealed similar helix struc-
ture, suggesting that US2 is a potential target of SPP (Fig. 6E). To
determine whether US2 is a substrate of SPP, US2 fused with HA
and FLAG at the N and C terminus, respectively (Fig. 6F), was
expressed in HEK293T cells and treated with YO-01027. Although
the molecular size of US2 showed no change following YO-01027
treatment (Fig. 6G), that of the HCV core protein was higher. In
addition, uncleaved HCV core protein was detected by YO-01027
treatment (Fig. 6H). These data suggest that US2 is not cleaved by
SPP. In US2-expressing Huh7 cells, we observed severely impaired
expression of the mature HLA-A detected by the anti-HA anti-
body, and ALLN treatment enhanced the expression of immature
HLA-A detected (Figs. 2F and 61). These data suggest that US2
expression inhibited the cleavage of HLA-A by SPP.

Next, we examined whether US2-mediated HLA-A degradation
is dependent on TRC8 or HRD1. HLA-A expression was restored
in sgTRC8 Huh7 cells (Fig. /), suggesting that US2 expression
induced the TRCS-dependent HLA-A degradation as previously
reported (25). Furthermore, immunoprecipitation results revealed
that SPP interacted with TRCS8 and US2 (SI Appendix, Fig. S3D).
In contrast to the core protein, US2 expression did not affect the
interaction between SPP and HLA-A (Fig. 6K). This indicates that
the HCV core, as well as HCMV-derived US2, target SPP for the
degradation of MHC class I molecules, albeit with different
molecular mechanisms.

Overall, we demonstrated the viral strategies, utilizing SPP,
for the down-regulation of MHC class I molecules. HCMV US2
interacts with SPP to inhibit the maturation of MHC class I
molecules via SPP inhibition, thereby inducing TRC8-dependent
degradation without cleavage by SPP (Fig. 6L). Meanwhile, HCV
core protein interacts with SPP and inhibits the maturation of
MHC class I molecules through cleavage by SPP, thus inducing
HRD1-dependent degradation (Fig. 6M). These two viruses utilize
SPP to down-regulate MHC I molecules and evade immune rec-
ognition by CD8* T cells (Fig. 6N).

Discussion

SPP cleaves the core proteins of viruses belonging to the genera
Pestivirus and Hepacivirus and is critical for core protein matu-
ration. We have previously demonstrated its key role in the for-
mation of infectious particles and liver pathogenesis of HCV (12,
29). Although SPP cleaves cellular proteins (13-16), to the best of
our knowledge, there is no report on its role in the expression of
cellular substrates. Therefore, we investigated whether other SPP
substrates also undergo degradation due to SPP inhibition. We
also examined whether the expression of the core protein inter-
feres with their maturation.

Hirano et al.

Among the SPP substrates, MHC class I molecules, namely
HLA-A, -B, and -C but not -E, -F, and -G, were degraded by SPP
inhibition, indicating that SPP is essential for the maturation of
classical MHC class I molecules. HLA-A, -B, and -C are report-
edly cleaved by SPP, the cleaved products are then loaded on
HLA-E and play a role in “self” recognition by immune cells, such
as NK cells (13). We further showed that SPP inhibition induces
the HRD1-mediated degradation of classical MHC class I mole-
cules and that SPP is important for antigen presentation to CD8*
T cells. Once the signal peptides of the N terminus of HLAs are
cleaved by the signal peptidase, mature HLAs can be produced
before cleavage by SPP. However, it remains unclear as to why the
signal peptide cleaved by SPP is critical for HLA maturation.
Although this peptide is loaded on HLA-E for “self” recognition
to inhibit NK cells, our data suggest that it also stabilizes mature
MHC class I molecules.

The expression of mature MHC class I molecules is tightly
regulated at the transcriptional and post-translational levels. For
example, the binding immunoglobulin protein, calnexin, calreti-
culin, and the protein disulfide isomerase family A member 3 are
required for MHC class I expression (35-38). In addition, the
interaction between MHC class I molecules and $2M is essential
for subsequent formation of the peptide-loading complex, com-
prising a transporter associated with antigen processing (TAP)
and Tapasin (39). In this study, we have revealed that the cata-
Iytic cleavage by SPP is required for the expression of MHC class
I molecules.

The degradation of MHC class I molecules has been extensively
studied. Cells lacking p2M induce the HRD1-dependent degra-
dation of MHC I molecules (31, 40). Furthermore, the HLA-B27
of MHC class I molecules is strongly associated with ankylosing
spondylitis (41). HLA-B27 is prone to induce its misfolding,
resulting in its degradation (42). In addition, the homeostatic
iron regulator (HFE) is also a member of the MHC class I
protein family. The HFE containing the Cys282 mutation to Thy
(HFE-C282Y) has impaired surface expression and is strongly
associated with the development of hereditary hemochromatosis
(43). Interestingly, both the HLA-B27 and HFE-C282Y are de-
graded by HRD1 (31). Although it remains unclear whether the
machinery for HRD1-mediated degradation is similar to that of
HLA-A, -B, and -C (i.e., via SPP inhibition) we revealed that
immature MHC class I molecules produced via SPP inhibition
utilized HRD1 as a ubiquitin ligase similar to HLA-B27 and HEF-
C282Y. The pathological consequences of the down-regulation
of classical MHC class I molecules by SPP inhibition should be
explored in future studies.

Our data indicated that the HCV core protein inhibited the
cleavage of MHC class I molecules and induced their degradation
similar to US2, thus strongly suggesting that the core protein
functions as an immunoevasin. US2, a glycoprotein possessing a
type I transmembrane domain, interacts with SPP (34) and in-
duces the TRCS8-dependent degradation of MHC class I mole-
cules (25). We revealed that the active sites of SPP are involved in
interaction with US2, while US2 inhibits the proteolysis of MHC
class I molecules to induce TRC8-dependent degradation. Al-
though it remains unclear how the tertiary complex of SPP,
MHC class I molecules, and US2 or the core protein is formed
at the ER, SPP may be a suitable target for the suppression of
MHC class I molecules in DNA and RNA viruses. Moreover,
the core protein modulates other SPP substrates, which might
be involved in other cellular functions, such as HCV-induced
liver pathogenesis.

In addition, SPP cleaves the viral proteins of the Bunyamwera
virus and HSV (glycoprotein K) (44—46) and plays an important
role in their propagation. Therefore, the biological significance
of using the host SPP in these viruses should be further investi-
gated. Pestivirus and Hepacivirus utilize SPP for the maturation
of the core protein. Interestingly, the expression of MHC class I
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Fig. 5. Core protein impairs antigen presentation on MHC | molecules. (A) Endogenous expression of TFR1 (Upper) or HLA-A, -B, and -C (Lower) in Huh7 cells
expressing glutathione S-transferase (GST) or the core protein was analyzed using flow cytometry. (B) The WT MEFs expressing GFP or the core protein were
treated with OVA peptides (1.0 nM) and cocultured with OVA-specific CD8* T cells for 72 h. (C) Liver lysates from WT and CoreTg male mice (n = 4, 2-mo old)
and (D) the expression of MHC class | molecules. (E) Hepatocytes derived from WT or CoreTg mice were treated with OVA peptides and cocultured with OVA-
specific CD8" T cells. (F) Nontumor samples from normal livers (normal) and HCV-positive livers (HCV*) (n = 4). Quantification of the expression of MHC class |
molecules (Left) and their normalization (Right). (G) Nontumor samples from normal livers (normal) and livers of SVR patients (HCV-SVR) (n = 4; Left). (H)
Nontumor samples from normal livers (normal) and livers of patients with nonalcoholic steatohepatitis (NASH) or alcoholic hepatitis (AH) (n = 3; Left). IFN-y
levels were determined using enzyme-linked immunosorbent assay. Liver lysates were subjected to immunoblotting, and the expression of MHC class |
molecules was quantified and normalized to that of actin. The data are representative of two independent experiments and are presented as the mean + SD
shown in (n =3 in B, E, and H; n = 4 in D and F-H. Significance (*P < 0.05; **P < 0.01; n.s., not significant) was determined using Student'’s t test.

molecules was reduced in cells infected with bovine diarrhea
virus and border disease virus (47, 48). Thus, the core protein has
been proposed to play a key role in the impairment of the MHC
class I expression in cells infected with Pestivirus. Further studies
are warranted to identify the virus-specific differences in the
maturation between the core protein by SPP and the viral protease
in the Flaviviridae family.

The down-regulation of MHC class I molecules by SPP inhi-
bition or the expression of the core protein might impair “self”
recognition and activate NK cells. We demonstrated that the
degradation of classical MHC class I molecules was induced in
SPPKO cells and core-expressing cells. NKG2D is a major ac-
tivating receptor expressed in NK cells and recognizes the
MHC class I polypeptide-related sequence A, MHC class I
polypeptide-related sequence B, and ULBP1-6 rather than the
classical MHC class I molecules in humans (49). The heterodimer
of CD94 and NKG2A of NK cells recognizes HLA-E to inhibit the
activation of NK cells (49). Therefore, not only classical MHC
class I molecules but also other molecules (i.e., nonclassical MHC
class I molecules) participate in the regulation of NK cells. We
observed that the livers of SPPLKO mice did not exhibit inflam-
mation. Moreover, those of ﬁZM_/‘ mice, which lack the cell
surface expression of MHC class I molecules, exhibited no in-
flammation (50). Although some of the nonclassical MHC class I
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molecules can mature independently of p2M, how SPP contributes
to the regulation of NK cells requires further investigation.

In summary, we showed that SPP is required for the stable ex-
pression of MHC class I molecules and that their catalytic cleavage
by SPP is crucial for antigen presentation to, and subsequent rec-
ognition by, CD8" T cells. We also demonstrated how the HCV
core protein evades antigen presentation on MHC class I mole-
cules; particularly, SPP inhibition and the expression of the core
protein induced the HRD-1-dependent degradation of MHC class
I molecules. Finally, we confirmed the impairment of MHC class I
molecules in CoreTg mice and patients infected with HCV. Our
findings illustrate an immune evasion strategy of HCV to avoid
recognition by host (SI Appendix, Fig. S4). Specifically, the core
protein was found to interfere with the interaction between SPP
and HLA-A, thereby inducing accumulation of immature HLAs
and subsequent HRD1-dependent degradation by proteasomes.

Materials and Methods

Cell Lines and Virus. Human hepatoma cell lines (i.e., Huh7, Huh7.5.1, and
HepG2), human embryonic kidney cell line (HEK293T), and Hela cells derived
from cervical carcinoma cells were obtained from the National Institute of
Infectious Disease. MEFs were generated from E14.5 embryos as described
previously (12). The SPP, TRC8, and SPP/TRC8 knockout Huh7 cells and MEFs
were previously described (12). All cell lines were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS),
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Fig. 6. The HCV core protein and the HCMV-derived US2 protein target SPP to down-regulate MHC class | molecules. (A) Huh7 cells were transduced with the
lentivirus vector expressing US2. (B) Huh7 cells and Huh7 cells stably expressing US2 were infected with the lentivirus expressing HLA-A. (C) HEK293T cells
were transfected with HA-US2 and FOS-tagged SPP (WT), SPP-FOS D219A (M1), SPP-FOS D265A (M2), or SPP-FOS D219/265A (M3). The immunoprecipitated
samples (IP) and whole-cell lysates (WCL) were subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis and immunoblotting. (D) Comparison
of the amino acids in the transmembrane domain of US2 and the core protein. Amino acids predicted as a homolog by HHpred are indicated in red; the
cleavage site of the core protein by SPP is indicated by the arrow. (E) Homology modeling of the HCMV US2 (Upper) and the HCV core protein (Lower) was
conducted using MODELER. Each helix structure is illustrated, and the side chains of the helix regions are represented by sticks. (F) Structure of the US2-
tagged HA and FLAG in the N and C terminus, respectively (HA-US2-FLAG). (G and H) HEK293T cells were transfected with (G) US2 and (H) the core protein and
treated with YO-01027. (/) SPPKO and SPPKO Huh7 cells expressing SPP were infected with the lentivirus expressing FLAG-HLA-A-HA and treated with ALLN.
(J) The sgTRC8 or sgHRD1 Huh7 cells stably expressing US2 were infected with the lentivirus expressing HLA-A. (K) HEK293T cells were transfected with
HLA-A-EE, HA-US2, and SPP-FOS D219/265A (M3). The IP and WCL were subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis and im-
munoblotting. (L-N) Schematic representation of the HCMV US2 protein and the HCV core protein utilizing SPP. (L) US2 interacts with SPP and inhibits its
activity, thus resulting in the TRC8-dependent degradation of MHC class | molecules. (M) The core protein also interacts with SPP and interferes with binding
of HLA-A to SPP, thereby inducing the HRD1-dependent degradation of MHC class | molecules. (N) The HCV core protein and the US2 both target SPP to
induce the degradation of MHC class | molecules. Both viral proteins function as immunoevasins to evade host surveillance by CD8" T cells (N). The data are
representative of two independent experiments.
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100 U/mL penicillin, and 100 pg/mL streptomycin. HCV derived from the JFH-1
strain containing adaptive mutations in E2, p7, and NS2 (51) was prepared by
serial passages of Huh7.5.1 cells as previously described (29).

Mice. SPPLKO mice were generated by mating SPP™ mice (12) and Alb-Cre
transgenic mice, which express the Cre recombinase gene under the albumin
promoter (52). CoreTG (53) and OT-I Tg mice (54) have been previously de-
scribed. Mice (8 to 10 wk old) were gender-matched randomly assigned to
experimental groups and were maintained under 12-h light/dark cycle (lights
on at 08:00 AM) at 23 + 2 °C with free access to food and water. All animal
experiments were approved by the Institutional Committee of Laboratory
Animal Experimentation of the Research Institute for Microbial Diseases,
Osaka University (R01-11-0). All efforts were made to minimize animal suf-
fering and to reduce the number of animals used in the experiments.

Antibodies and Reagents. The following antibodies were used: horseradish
peroxidase-conjugated anti-FLAG mouse monoclonal antibody (Sigma, clone
M2), anti-HA rat monoclonal antibody (Roche, clone 3F10), anti-GFP mouse
monoclonal antibody (Clontech, JL-8), anti-actin mouse monoclonal antibody
(Sigma, A2228), anti-HCV core mouse monoclonal antibody (Fujirebio), anti-
NS5A mouse monoclonal antibody (5A27) (55), anti-EE mouse monoclonal
antibody (Covance, MMS-115R), anti-EE rabbit polyclonal antibody (Covance,
PRB-115C), anti-glutathione S-transferase goat polyclonal antibody (GE
Healthcare, 27-4577-01), anti-human and mouse MHC class | rabbit polyclonal
antibodies (Proteintech, 15240-1-AP), anti-human MHC class | monoclonal
antibody (Medical & Biological Laboratories Co., Ltd. (MBL); EMR8-5), anti-
human MHC class | mouse monoclonal antibody (W6/32) (Santa Cruz Bio-
technology, sc-32235), anti-mouse CD8a rat monoclonal antibody (BioLegend,
53-6.7), and anti-mouse CD4 rat monoclonal antibody (BioLegend, GK1.5). The
anti-SPP rabbit polyclonal antibody was generated as described previously
(12). YO-01027 was synthesized by SYNthesis med chem. LY-411575 (29), cy-
cloheximide, and ALLN were purchased from Sigma, whereas RO-0492907 and
DAPT were obtained from Selleck Chemicals. Thapsigargin (Wako) and H-2KP
OVA peptide were purchased from FUJIFILM Wako Pure Chemical Corpora-
tion and MBL, respectively. PNGase F was purchased from New England Biolabs
(P0704).

Plasmids. The plasmid vectors used are summarized in S/ Appendix, Table S1.
All complementary DNAs (cDNAs) were amplified using PCR using the Tks Gflex
DNA Polymerase (Takara-Bio) and cloned into the indicated plasmids using an In-
Fusion HD cloning kit (Clontech). The sequences of all plasmids were confirmed
using the ABI Prism 3130 genetic analyzer (Applied Biosystems).

Lentivirus Transduction. HEK293T cells (2 x 10°) were seeded on a 10-cm dish and
incubated at 37 °C for 24 h. The cells were then transfected with pCMV-VSV-G
(1.0 pg), pMDLG/PRRE (1.5 pg), pRSV-Rev (1.5 pg), and lentiviral transfer vector
(FUIGW, FUIPW, or lentiCRISPR version 2; 1.5 pg) using the TransIT-LT1 Transfec-
tion Reagent (Mirus Bio) according to the manufacturer’s protocol. The super-
natant was collected after 24 h post-transfection and passed through a 0.45-pm
filter. For transduction, target cells (2 x 10°) were seeded on a 6-well plate and
incubated for 24 h, followed by addition of the supernatant containing the len-
tivirus and hexadimethrine bromide (4 pg/mL; Sigma). The samples were centri-
fuged at 2,500 rpm for 45 min at 32 °C, and the supernatant was replaced with a
fresh medium 3 h postinfection. To generate stable cell lines, the cells infected
with the lentivirus were selected using puromycin 48 h postinfection.

Immunoblotting. The cells were washed once with phosphate-buffered saline
(PBS) and lysis buffer containing 20 mM Tris-HCl (pH = 7.4), 135 mM Nadl,
10% glycerol, 1% Triton X-100, and a protease inhibitor mixture (cComplete,
Roche) was added. The cell lysates were incubated for 20 min on ice, and the
supernatants were collected after centrifugation at 15,000 rpm for 5 min at
4 °C. The liver tissues were incubated with lysis buffer, homogenized using the
BioMasher Il Micro Tissue Homogenizer (DWK Life Sciences), and centrifuged
at 15,000 rpm for 5 min at 4 °C. Total protein from the supernatants was
quantified using a Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad)
according to the manufacturer’s protocol. Equal amounts of proteins were
mixed with sodium dodecyl sulfate (SDS) gel-loading buffer (2x) containing
50 mM Tris-HCl (pH = 6.8), 4% SDS, 0.2% bromophenol blue, 10% glycerol,
and 200 mM p-mercaptoethanol at 4 °C for 1 h, resolved using sodium dodecyl-
sulfate_polyacrylamide gel electrophoresis (NUPAGE_gel, Life Technologies),
transferred onto nitrocellulose membranes (iBlot, Life Technologies), blocked
with PBS containing 0.05% Tween20 (PBS-T) supplemented with 5% skim milk
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for 1 h, and incubated with the primary antibodies (1:2,000 dilution) at 4 °C for
24 h. After washing three times with PBS-T, the blots were incubated with
secondary antibodies (1:2,000 dilution). The immune complex was visualized
using the Super Signal West Femto substrate (Pierce) and detected using the
LAS-4000 mini image analyzer system (FUJIFILM). The signal intensity of the
proteins was calculated using the Multi Gauge software (FUJIFILM).

Immunoprecipitation. HEK293T cells (2 x 10°) were seeded on a 10-cm dish and
incubated at 37 °C for 24 h. The cells were transfected with the plasmids via
liposome-mediated transfection using polyethyleneimine (40 uL; 1 mg/mL, mo-
lecular weight, 25,000; Polysciences, Inc.). The mixtures were incubated for
20 min, added to HEK293T cells, and incubated for 48 h. The cell lysates were
incubated with the antibodies at 4 °C for 24 h and with Protein G Sepharose 4B
(GE Healthcare) at 4 °C for 1 h. The beads were washed five times with the lysis
buffer, boiled at 60 °C for 20 min with the sample buffer, and subjected to
immunoblotting.

Generation of SPP, TRC8, and HRD1-Knockout Cell Lines. To construct the
single-guide RNA targeting the SPP, TRC8, and HRD1, the targeting se-
quences were designed using three different sequences for each gene as
previously described (56), synthesized using DNA oligos (Eurofins Genetics),
and cloned into the lentiCRISPR version 2 (Addgene, no. 52961) digested by
BmsBI (New England Biolab). The following target sequences were used:
HRD1 5-GGAAGACAAGGACAAAGGCC-3', 5'-GTGAAGAGTGCAACAAAG-
CG-3’, and 5'-GAAAGAGCCAGGAGATGTTG-3’; TRC8 5-GCGCCGCCCAGA-
CCTGCTGA-3/, 5-GCTTTGGCTGGAATCCGGGT-3/, and 5-GGTGCGGATGGC-
CCATCAGC-3’; and SPP 5'-GCCCTCAGCGATCCGCATAA-3', 5'-CACGCCCGAGGG-
CATCGCGC-3, and 5'-GTCCATGTATTTCTTCGTGC-3'. Lentiviruses expressing
three kinds of target sequences per gene were mixed, introduced into the
target cells, and maintained in a culture medium supplemented with 1 pg/mL
puromycin for 3 wk.

Flow Cytometry. Cells (2 x 10°) were collected and resuspended in fluorescence-
activated cell sorting (FACS) buffer containing 2% FBS in PBS and incubated
with the anti-MHC class | antibody (W6/32; Santa Cruz Biotechnology, sc-
32235) at 4 °C for 30 min. After washing twice with the FACS buffer, the cells
were further incubated at 4 °C for 30 min with the AF488-conjugated anti-
mouse antibody and washed with the FACS buffer. The surface expression of
MHC | was measured using FACSAria (BD Immunocytometry System) and an-
alyzed using FlowJo (FlowJo LLC).

Quantitative RT-PCR. Total RNA was extracted from the liver lysates using ISOGEN Il
(Nippon Gene) according to the manufacturer’s protocol. Subsequently, cDNAs
were synthesized using a high-capacity RNA-to-cDNA kit (Applied Biosystems)
according to the manufacturer’s instructions and those of HLA-A, IFNa1, IFNB1,
IL6, TNFa, IP10, CCL5, and p-actin were quantified using Fast SYBR Green Master
Mix (Thermo Fisher Scientific) and ViiA7 RT-PCR system (Thermo Fisher Scientific).
The following primers were used: HLA-A, 5'-GGCCCTGACCCAGACCTG-3' and 5'-
GCACGAACTGCGTGTCGTC-3; IFNal1, 5-AGCCTTGACACTCCTGGTACAAATG-3
and 5-TGGGTCAGCTCACTCAGGACA-3’; IFNB1, 5-ACACCAGCCTGGCTTCCATC-3'
and 5-TTGGAGCTGGAGCTGCTTATAGTTG-3'; IL6, 5-CCACTTCACAAGTCGGAG-
GCTTA-3" and 5-GCAAGTGCATCATCGTTGTTCATAC-3’; TNFa, 5-CAGGAGGGA-
GAACAGAAACTCCA-3' and 5-CCTGGTTGGCTGCTTGCTT-3; IP10, 5'-ACACCA-
GCCTGGCTTCCATC-3" and 5-TTGGAGCTGGAGCTGCTTATAGTTG-3'; CCL5, 5-
AGATCTCTGCAGCTGCCCTCA-3' and 5-GGAGCACTTGCTGCTGGTGTAG-3; and
p-actin, 5-TTGCTGACAGGATGCAGAAG-3’ and 5'-GTACTTGCGCTCAGGAGGAG-
3. The relative mRNA expression was calculated using the delta-delta Ct method,
with B-actin as the internal control.

Luciferase Assay. Cells were seeded on a 24-well plate and incubated at 37 °C
for 24 h. pERAI-Luc, pRL-SV40 and the HCV core, HLA-A, Prolactin, HO-1, or
XBP1u were transfected into the cells using TransIT-LT1 (Mirus Bio) according
to the manufacturer’s protocol. The cells were incubated for 24 h after
transfection, and luciferase activity was detected using the Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s protocol.

In Vitro Antigen Presentation Assay. CD8* T cells derived from the spleen of
OT-I transgenic mice were isolated using a CD8" T cell Isolation kit (Miltenyi
Biotec). MEFs expressing GFP alone or GFP and the core protein were identi-
fied using a cell sorter (SONY SH800S). Hepatocytes derived from the WT or
CoreTg were isolated using a perfusion method described previously (57).
Briefly, the mice were euthanized by inhalation of isoflurane anesthesia, and
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livers were perfused using Hank’s balanced salt solution containing 0.5 mM
egtazic acid followed by perfusion using a liver digest medium (Thermo
Fisher). Isolated hepatocytes were purified using a Percoll gradient. MEFs or
hepatocytes (2 x 10%) were seeded on a 96-well plate, incubated for 24 h, and
further incubated with the H-2K® OVA peptide (1.0 nM; TS-50001-P, MBL Life
Science) for 7 h. The cells were washed once with PBS and fixed with 0.01%
glutaraldehyde in PBS for 30 s. The reaction was quenched by adding 0.2 M
glycine in PBS, and the cells were washed twice with PBS and once with
Roswell Park Memorial Institute-1640 supplemented with 10% FBS, 2 mM
L-Glutamine (Gibco), 1 mM sodium pyruvate (Wako), 100 U/mL penicillin, and
100 pg/mL streptomycin and cocultured with CD8" T cells. Culture supernatants
were collected after 72 h, and IFN-y production was quantified.

Enzyme-Linked Immunosorbent Assay. IFN-y in culture supernatants of mouse
CD8* T cells were quantified using enzyme-linked immunosorbent assay MAX
Deluxe Set Mouse IFN-y (BioLegend) according to the manufacturer’s protocol.

Preparation of Human Liver Tissues. Liver samples were obtained from 18 pa-
tients with HCC who underwent curative liver resection at the Cancer Institute
Hospital of Japanese Foundation for Cancer Research. The study protocol
adhered to the ethical guidelines of human clinical research established by the
Japanese Ministry of Health, Labor and Welfare and was approved by the ethics
committees of the participating facilities (NCGM-A-000227, Japanese Foun-
dation for Cancer Research under Clinical Research Number 2017-1118).
Written informed consent was obtained from all patients during enroliment.

Freshly frozen tissue samples from normal adjacent tissues were obtained
from patients with liver metastasis of colon cancer, chronic hepatitis C infection,
SVR, or nonalcoholic fatty liver disease (S/ Appendix, Table S2). The liver tissues
were added to the lysis buffer, homogenized using a BioMasher Il Micro Tissue
Homogenizer (DWK Life Sciences), and centrifuged at 15,000 rpm for 5 min at
4 °C. The total protein concentration of the supernatants was quantified using
a Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad) according to the
manufacturer’s protocol, and equal amounts of proteins were subjected to
immunoblotting.
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Histological Analysis. Liver tissues were fixed with 10% formalin, impregnated
with 30% sucrose, and frozen with the Tissue-Tek OCT compound (Sakura
Finetek). Next, 10-um-thick tissue sections were prepared and stained with he-
matoxylin and eosin. Additionally, Oil red O staining was performed on frozen
sections that were washed once with running tap water for 5 min, rinsed with
60% isopropanol for 1 min, stained with the staining solution for 15 min, rinsed
with 60% isopropanol, and subjected to light staining of the nuclei with he-
matoxylin for 15 s. All sections were observed under a microscope (Olympus).

Homology Modeling of the Core and US2 Proteins. Structural information for
the HCV core protein (JFH1 strain) was obtained from the Protein Data Bank
(PDB ID code: 2LIF) and was used as a template to model the core protein (J1 strain)
and US2 protein, and their sequences were aligned using HHpred. Their structural
models were built using the MODELER program, and the images were constructed
using the open-source PyMOL Molecular Graphics System version 1.8.6.0.

Quantification and Statistical Analysis. All statistical analyses were conducted
using the GraphPad Prism version 8.4.3 (GraphPad Software). Student’s t test
was used to determine significant differences, and the statistical details of
the experiments are indicated in the figure legends.

Data Availability. All study data are included in the article and/or supporting
information.
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