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Figure 3. ER-localized host factors RTN1 and RTN3 were found to interact (blue edges) with NSSA in an Y2H screening of human liver cDNA

library using NS5A as bait.
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Figure 4. Effects of knockdown of RTN1 and RTN3 on HCV propagation and replication. Host factors RTN1 and RTN3 were suppressed by RNAi
(A) in Huh7OKI1 cells infected with HCV JFHL strain (genotype 2a). The amounts of viral titer (B) and intracellular viral RNA (C) were estimated.
Each value was represented as percentage of the cells transfected with the control siRNA. FFU: Focus-forming units; *: p < 0.05, **: p < 0.01.

Cellular Transport

Cellular factors associated with endocytic trafficking are key
facilitators of the HCV life cycle, particularly HCV entry into
the hepatic cells.”* ™ Endocytosis of the extracellular growth
factor receptor (EGFR) in association with the cell surface
glycoprotein CD81 plays a crucial role in HCV internalization
and entry and is, therefore, an attractive target of anti-HCV
strategies.”* In the NSSA infection network, NS3A interactors
ARAP1 and HSPAIA together with two bottlenecks (SRC,
TGFBR1) were mapped to the enriched KEGG pathway
“Endocytosis” (p = 2.97 X 1075 Supporting Information,
Tables S7a, S8a). ARAPI, a Golgi associated protein, negatively
regulates EGFR trafficking, and decreased ARAP1 expression
contributes to enhanced EGER endocytosis.”® Therefore, NS5A

interaction with ARAP1 may facilitate EGFR internalization
and thus viral entry in HCV infection.

NS5A Interacting Host Proteins RTN1 and RTN3 Function in
HCV Propagation but Not Replication

Traditionally, viral and host proteins associated with the HCV
lifecycle (internalization, replication, assembly and release)
have been preferred targets in the anti-HCV studies. During
infection, HCV localizes to the detergent-resistant membrane
fraction (DRM) derived from the ER, where the viral
replication and assembly take place.* Thus, of the novel
interactions identified in our Y2H assay, we focused on two ER-
localized host factors RTN1 and RTN3 (Figure 3). RTN1 and
RTN3 belong to a group of proteins named Reticulons, which
are integral to maintaining the shape and organization of the
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ER and have been implicated in facilitating the replication of
various positive-strand RNA viruses.”* *® Furthermore, both
RTN1 and RTN3 have been specifically detected in the very
low density lipoprotein (VLDL) transport vesicle (VIV);”
VTV is a key component of the VLDL secretory pathway,
which plays an essential role in the production and the release
of the infectious HCV particles.'® Therefore, NS5A
interactions with RTN1 and RTN3 suggested novel and
potentially crucial roles of the two host proteins in the
replication and/or release stages of the HCV lifecycle.

We performed cellular assays to assess the impact of RTN1
and RTN3 siRNA knockdowns on HCV replication and
release. Since the HCV-production systems using the HCV
JFH1 infectious strain (genotype 2a) isolates alone are capable
of both efficient replication and the production of the infectious
HCV particles, JEH1 was used to infect the Huh7OK1 cell line
24h after transfection with each siRNA (see Materials and
Methods). The infected cells were harvested after 72 h
postinfection, and the expression of each host protein was
assessed by qRT-PCR (Figure 4A). The viral titer was
significantly decreased by individual and double knockdowns
of RTN1 and RTN3 (Figure 4B). However, RTN1 and RTN3
knockdowns had no effect on the intracellular viral RNA levels
in the HCV infected cells (Figure 4C), suggesting that RTN1
and RTN3 regulate HCV propagation but not HCV replication.

B CONCLUSIONS

We describe here our observations of PPIs between HCV
NSSA and host proteins. By employing a multifold approach
involving an experimental Y2H assay and literature mining, we
derived a comprehensive set of experimentally determined
binary interactions between NSSA and host proteins. We
proceeded to map the combined NSSA—host interactions onto
an overall interaction network, which comprised a repertoire of
connections, which potentially enable NSS5A to link up with and
modulate the components of the host cellular networks. We
then employed a network-based approach to understand the
biological context of these connections in HCV pathogenesis
with the help of the TargetMine data warehouse.

A functional analysis of the PPI networks highlighted NSSA
interactions with several well connected host factors (hubs) and
centrally located “bottlenecks” in the host cellular networks that
function in cellular pathways associated with immune system
and cell signaling, cellular adhesion and cell transport, cell
growth and cell death and ER homeostasis among others. The
“bottlenecks” include several proteins that were previously
implicated in HCV pathogenesis, thereby suggesting that NSSA
interactions with centrally connected host factors may enable
the virus to influence strongly the host cellular processes in
HCV infection. Notably, many bottlenecks were mapped to
pathways associated with the infectious diseases induced by
diverse bacterial and viral pathogens of the human host. These
observations thus suggest the presence of some common
themes underlying the onset of various human diseases
associated with pathogenic infection in humans, a better
understanding of which may be helpful in optimizing broad
spectrum approaches to counteracting a wide range of
pathogenic infections.

Cellular assays based on siRNA knockdowns in the HCV
infected and replicon cells demonstrated RTN1 and RTN3,
ER-localized NSSA interacting proteins, to be novel regulators
of HCV propagation, but not replication, and thus promising
novel candidates for anti-HCV therapy.

2547

Our analysis therefore provides further insights into the role
of NSSA—host interactions in HCV infection, a deeper
understanding of which may aid in the identification of new
clinically relevant targets for optimizing the therapeutic
strategies to manipulate HCV—host interactions and thus
more effectively combating HCV infection. Our analysis also
emphasizes the importance of elaborate network-based
computational approaches that integrate diverse biological
data types in investigating host—pathogen interactions.
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ABSTRACT

Liver transplantation (LT) is a life-saving treatment for liver cirrhosis patients with hepato-
cellular carcinoma (HCC). However, 10%—-20% HCC recurrence rate after LT is due to the
immunosuppression inducing tumor growth. We recently reported a novel immunotherapy
with donor liver natural killer (NK) cells to prevent HCC and hepatitis C virus (HCV)
recurrence after LT. In this cell processing procedure, Muromonab-CD3 (Orthoclone OKT3,
an anti-CD3 antibody) was added to the culture medium to deplete CD3™ T cells to prevent
graft-versus-host disease. However, the manufacture of OKT3 was discontinued in 2010, when
other treatments with similar efficacy and fewer side effects became available. In this study, we
examined alternative reagents for T-cell depletion-MACS GMP CD3 pure (GMP CD3),
antithymocyte globulin, and alemtuzumab-for NK cell immunotherapy in the allogeneic
setting. We observed that GMP CD3 showed exactly the same effects on liver mononuclear
cells as OKT3, including activation of NK cells and depletion of T cells. Interestingly, binding
of T-cell depletion antibodies to NK cells led to an anti-HCV effect via interferon-y
production. These results with the use of in vitro culture systems suggested that antibodies

which produce T-cell depletion affected NK cell function.

Liver failure and hepatocellular carcinoma (HCC)
caused by chronic hepatitis C virus (HCV) infection
are the most common indications for liver transplantation
(LT). The incidences of both conditions have been pro-
jected to increase further. On the one hand, the rate of
HCC recurrence after LT is 10%-20%."2 On the other
hand, recurrent HCV infection in the allograft, which is
universal, occurs immediately after LT and is associated
with accelerated progression to liver cirrhosis, graft loss,
and death.®>* These recurrences remains the most serious
issue with LT. The use of postoperative immunosuppres-
sants poses an additional risk for recurrences and hinders
the use of chemotherapeutic or interferon (IFN) agents.>®
However, no definitive treatment or prevention for HCC
recurrence after LT is known.

Natural killer (NK) cells are innate immune lymphocytes
that are identified by their expression of the CD56 surface
antigen and the absence of CD3 markers.”® NK cells can

. directly kill targets through the release of granzymes, which
are granules containing perforin and “serine proteases,
and/or by surface-expressed ligands that engage and acti-
vate death receptors expressed on target cells. Unlike T
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cells, NK cells do not require the presence of a specific
antigen to kill cancer cells, modified cells, or invading
infectious microbes. NK cells are abundant in the liver, in
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contrast to their relatively small distribution in peripheral
lymph and lymphatic organs in rodents”'' and hu-
mans.’*!? In addition, hepatic NK cells in humans have
been shown to mediate cytotoxic activity against HCC'? and
to display anti-HCV effects'* compared with their periph-
eral blood counterparts. We have successfully applied adop-
tive immunotherapy with liver NK cells to LT recipients
with HCC in Japan and the United States.’*™'¢ In this
regimen, LT recipients are injected intravenously with
interleukin (IL) 2-activated NK cells derived from the
donor liver allograft. After treatment with IL-2 and OKT3
(Orthoclone OKT3, an anti-CD3 monoclonal antibody
[mAb]; Ortho Biotech, Raritan, NJ), liver NK cells ex-
pressed significantly elevated levels of the tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), a cru-
cial molecule for killing of tumor cells. Furthermore, these
cells showed great cytotoxicity against HCC without any
effect on normal cells.'?

OKTS3, a potent immunosuppressant, has been shown to
reverse renal allograft rejection episodes.'”*® It has also
been widely used for immunotherapy, as well as to expand
cytotoxic T cells'® and enhance the activity of lymphokine-
activated killer (LAK) cells,?®> and prevent graft-versus-
host disease (GVHD).**~*° In the latter setting, adminis-
tration of OKT3-coated T cells in vivo opsonizes for the
reticuloendothelial system to subsequently trap or lyses
cells.?®=32 This method has been used for clinical NK
therapy in Japan, achieving protection against GVHD.*
However, because of its numerous side effects, the avail-
ability of better-tolerated alternatives, and its declining use,
OKTS3 has been recently removed from the market. There-
fore, alternative reagents need to be evaluated for this
immunotherapy. In the present study, we evaluated the
effect of alternative reagents-GMP CD3 (MACS GMP CD3
pure; Miltenyi Biotec, Bergisch Gladbach, Germany), anti-
thymocyte globulin (Thymoglobulin; Genzyme, Cambridge,
MA), and alemtuzumab (Campath; Genzyme) using culture
systems with NK and T cells for subsequent application in
clinical trials.

MATERIALS AND METHODS
Isolation of Liver Mononuclear Cells

Liver mononuclear cells (LMNCs) from liver perfusates were
isolated by gradient centrifugation with Ficoll-Hypaque (GE
Healthcare, Pittsburgh, PA) before suspension in X-Vivo 15 me-
dium (Lonza, Walkersville, MD) supplemented with 100 pg/mL
gentamicin (APP Pharmaceuticals, Schaumburg, IL), 10% human
AB serum (Valley Biomedical, Winchester, VA), and 10 U/mL
sodium heparin (APP Pharmaceuticals), as previously described.'®
Our Institutional Review Board (IRB) approved this study.

Cell Culture

LMNCs were cultured with 1,000 U/mL human recombinant 1L-2
(Proleukin; Novartis, Emeryville, CA) in culture medium at 37°Cin
an atmosphere supplemented with 5% CO,. LMNCs were exposed
to a OKT3 (1 pg/mL), GMP CD3 (1 pg/mL), antithymocyte
globulin (100 pg/mL), or alemtuzumab (100 pg/mL) at 1 day

OHIRA, NISHIDA, MATSUURA ET AL

before cell harvest. After 4 days of culture, cells were subjected to
further analyses.

Flow Cytometry

All flow cytometry (FCM) analyses were performed on an LSR IT
Flow Cytometer (BD Biosciences, San Jose, CA). The following
mAbs were used for surface staining of the lymphocytes: fluores-
cein isothiocyanate-conjugated anti-CD3 (HIT3a; BD Pharmin-
gen, San Diego, CA) or anti-CD36 (B159; BD Pharmingen);
phycoerythrin (PE)-conjugated anti-TRAIL (RIK-2; BD Pharmin-
gen), anti-NKp44 (P44-8.1; BD Pharmingen), or anti-CD158b
(CH-L; BD Pharmingen); allophycocyanin (APC)-conjugated an-
ti-CD56 (B159; BD Pharmingen), anti-CD25 (M-A251; BD
Pharmingen), or anti-NKG2A (Z199; Beckman Coulter, Fullerton,
CA); APC-eFluor780-conjugated anti-CD3 (UCHT1; eBiosci-
ence. San Diego, CA): PE-Cy7-conjugated anti-CD69 (FN50;
Biolegend, San Diego, CA), or anti-NKG2D (1D11; Biolegend);
eFluor 605NC-conjugated anti-CD16 (eBioCB16; eBioscience);
Alexa Fluor 647-conjugated anti-NKp30 (P30-15; Biolegend);
peridinin chlorophyll protein complex (PerCP)-Cy5.5-conjugated
anti-CD158a (HP-MAA4; eBioscience); and biotin-conjugated anti-
CD122 (Mik-b3; BD Pharmingen), anti-NKp46 (9E2; Biolegend),
or CD132 (TuGh4; BD Pharmingen). The biotinylated mAbs were
visualized with the use of PerCP-Cy5.5-streptavidin (eBioscience)
or PE-Cy7-streptavidin (Biolegend). Dead cells were excluded by
light scatter and 4'.6-diamidino-2-phenylindole staining (DAPI;
Invitrogen, Carlsbad, CA). FCM analyses were performed with
Flowjo software (Tree Star, Ashland, OR).

Cytotoxic Assay

The cytotoxicity assay was performed by FCM as previously de-
scribed.'® Briefly, target cells labeled with 0.1 pmol/L carboxyfluores-
cein diacetate succinimidyl ester Cell Tracer Kit (Invitrogen) for 5
minutes at 37°C in 5% CO, were washed twice in phosphate-buffered
saline solution, resuspended in complete medium, and counted with
the use of trypan blue staining. The effector and target cells were
coincubated at various ratios for 1 hour at 37°C in 5% CO,. As a
control, target cells or effector cells were incubated alone in complete
medium to measure spontaneous cell death after DAPI was added to
each tube. The data were analyzed with the use of Flowjo software.
Cytotoxic activity was calculated as a percentage with the following
formula: % cytotoxicity = [(% experimental DAPI* dead targets) —
(% spontaneous DAPI' dead targets))/[(100 — (% spontaneous
DAPI" dead targets)] X 100.

ELISA

IFN-y production of LMNCs during the culture was measured by
enzyme-linked immunosorbent assay (ELISA) (Biolegend). Super-
nates collected after the incubation were stored at —80°C until
further use. IFN-y ELISA was performed according to the manu-
facturer’s instructions.

Coculture with HCV Replicon Cells

The Huh7/Rep-Feo cell line (HCV replicon cells) was kindly
provided by Dr N Sakamoto (Department of Gastroenterology and
Hepatology, Tokyo Medical and Dental University, Tokyo, Japan).
The HCV subgenomic replicon plasmid, pRep-Feo, was derived
from pRep-Neo (originally pHCVIbneo-delS).?* pRep-Feo carries
a fusion gene comprising firefly luciferase and neomycin phospho-
transferase, as described elsewhere.*** After culture in the pres-
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ence of G418 (Invitrogen), Huh7/Rep-Feo cell lines showed stable
expression of the replicons. We used transwell tissue culture plates
(pore size 1 um; Costar, Cambridge, MA) for coculture experi-
ments. HCV replicon cells (10° cells) were incubated in the lower
compartment with various numbers of lymphocytes in the upper
compartment. The HCV replicon cells in the lower compartments
were collected at 48 hours after the coculture for luciferase assays
in duplicate with the use of a luminometer (TriStar LB 941;
Berthold Technologies, Oak Ridge, TN) with the Bright-Glo
Luciferase Assay System (Promega, Madison, WI).

Statistical Analysis

Data are presented as mean * SEM. The statistical difference
between results were analyzed by Student ¢ test (2 tailed), using the
Statistical Package for the Social Sciences (SPSS) software version
19 for Windows (IBM Corp, Armonk. NY). P values of =.05 were
considered to be statistically significant.

RESULTS
Effect on the Surface Phenotype of LMNCs

In 5 LMNC preparations, the addition of OKT3 GMP CD3 to
IL-2-stimulated LMNCs decreased CD3CD536~ T cells to
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02% = 0.1% and 0.2% = 0.1%, respectively, from the IL-2-only
control value of 28.1% *+ 12.3%. In contrast, CD3'CD56~ T
cells were retained among LMNCs with the addition of antithy-
mocyte globulin or alemtuzumab: 3.3% = 2.0% and 17.2% =+
7.3%, respectively. The proportion of CD3~CD56" NK cells
increased by ~10% in all groups (Fig 1A).

Addition of OKT3 or GMP CD3 to IL-2-stimulated
LMNCs maintained both activation and inhibitory markers
on NK cells. Interestingly, the expressions of TRAIL, CD25
(IL-2aR), and CD132 (IL-2yR) were increased in the
antithymocyte globulin group. Furthermore, both antithy-
mocyte globulin and alemtuzumab completely blocked the
expression of CD16 on NK cells (Fig 1B).

Cytotoxic Capacity

Cytotoxicity assays were performed with the use of freshly
isolated cultured LMNCs as effectors and K562 cells as
targets. Fig 2 shows freshly isolated LMNCs barely medi-
ated cell death, whereas IL-2-stimulated LMINCs produced
significant cytotoxicity. Although the ratios of CD3~CD36™
to CD3"CD56™ cells varied after treatment with various
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IL-2 only IL-2+ OKT3 IL-2+ GMP CD3 iL-2 + ATG -2+ AL
= g o 668 < | 82
g i o A ™
B~ g {
8 " S !*’ 4 3
* « « 17.2
2T Fig 1. Effect of the T-cell deple-
tion antibodies on the phenotypic
characteristics of liver mononu-
B D16 D25 D69 clear cells (LMNCs). LMNCs ob-
tained from cadaveric donors
AL / k were stimulated with IL-2 (1000
ATG —_A U/mL) for 4 days. Anti-CD3 mAb
GMP CD3 7\ (OKT3; 1 pg/mL), MACS GMP
OKT3 7L / \ CDS3 pure (GMP CD3; 1 ug/mL),
It-2 only = antithymocyte globulin (ATG; 100
Isotype e @ = @ pg/mb), or alemtuzumab (AL; 100
e wg/mL) was added to the culture
TRAIL medium 1 day before cell har-
A vesting. (A) The LMNCs were
AL ,__*// ____| stained with monoclonal antibod-
ATG | ies against CD3 and CD56. The
GMP CD3 A\ numbers indicate the mean per-
OKT3 7\ centages of the population. (B) His-
1L-2 only | Wiy tograms show the logarithmic fluo-
Isotype < W wt et rescence intensities obtained on
e staining for each surface marker
after gating on the CD3~CD56™
NK cells. Dotted lines indicate neg-
AL ative control samples with isotype-
ATG matched mAbs. The flow cytom-
GMP CD3 etry dot plot and histogram
OKT3 profiles represent 5 independent
iL-2 only experiments. TRAIL, tumor ne-
Isotype crosis factor-related apoptosis-

inducing ligand.
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T-cell depletion reagents for 4 days in culture, all cultured
LMNCs exhibited vigorous cytotoxicity against KS562.
LMNGCs treated with antithymocyte globulin showed
slightly decreased cytotoxicity compared with the other
groups, but the difference was not significant. This tendency
was similar to that reported in an earlier study.>® The
cultured LMNCs did not show cytotoxicity against self-
lymphoblasts (data not shown).

Anti-HCV Activity

IL-2—cultured LMNGCs inhibited 40% luciferase reporter activity
compared with freshly isolated LMINCs (Fig 3A). As we have
reported before, the anti-HCV effect of IL-2-activated LMNCs
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was strongly enhanced by OKT3 treatment."* GMP CD3 treat-
ment showed ~80% decreased HCV replication, which was
almost the same effect as that caused by OKT3. Surprisingly,
antithymocyte globulin and alemtuzumab treatment also elicited
robust anti-HCV effects on LMNCs. We previously reported that
IFN-v secreted from LMNCs activated by IL-2 and OKT3 was
responsible for the anti-HCV activity of these cells."* Cultured
LMNG:s also actively produced large amounts of IFN-vy (Fig 3B),
which probably played a pivotal role in their anti-HCV activity.

DISCUSSION

In this study, we discovered GMP CD3 to be an alternative
reagent to OKT3 for immunotherapy using liver NK cells.
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Fig 3. Anti-hepatitis C virus (HCV) effect of the T-cell depletion antibodies on IL-2-stimulated liver mononuclear cells (LMNCs). The
LMNCs cultured for 4 days in the presence of IL-2 and various reagents were incubated with HCV replicon-containing cells for 48
hours in transwell tissue culture plates (effector-to-target ratio, 10:1). (A) Luciferase activity of HCV replicon—containing cells in the
presence of effectors, normalized to luciferase activity in the absence of effectors. The difference in anti-HCV effect between the
reagent-treated LMNCs and the freshly isolated LMNCs was statistically significant (5 LMNCs; *P < .01; *P < .05 vs untreated group,
t test). (B) IFN-v production during the culture, as measured by ELISA [mean = SEM (5 samples; P < .01; *P < .05 vs untreated group,
t test)].
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