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Figure 5. Combined genetic analyses of hepatitis C virus (HCV)-RNA mutations in the Core and nonstructural protein 5A regions for the prediction
of sustained viral response (SVR) in the recipients carrying the major allele homozygote who received liver transplants from donors carrying the same
allele. The interferon sensitivity score was calculated as the total number of cases positive for the following viral factors: double-wild (DW) at aa70 and
91, interferon sensitivity-determining region (ISDR) =2, and interferon/ribavirin resistance-determining region (IRRDR) =6. The achievement per-

centage of SVR among the 4 groups is indicated.

in patients predicts that they will be NR to IFN ther-
apy,'s272% and a significant association berween the
presence of genetic variations in IL28B and the re-
sponse to PEG-IFN/RBV therapy has been reported in
genome-wide association studies.'®~?! In these studies,
the expression level of IL28 mRNA in the PBMCs of
patients carrying the minor heterozygous or homozygous
allele was significantly lower.'®!* Other studies have
shown that IL28B transduces signals through the recep-
tor complexes in a manner different from other type 1
IFNs, but uses the common Janus activating kinase-
signal transducer and activation of transcription pathway
to induce ISGs.?*" The discrepancies between the im-
paired transcription of IL28B due to genetic variations
and the increased expression of ISGs suggest the partic-
ipation of other factors in determining the efficacy of
IFN therapy.

Alchough IFN-centered antiviral therapy is signifi-
cantly associated with post-transplantation graft progno-
sis in patients infected with HCV,” the efficacy of the IFN
therapy after OLT is unsatisfactory® and the treatment is
frequently accompanied by severe side effects.” Therefore,
in addition to the development of an optimal therapeutic
regimen for HCV infection after OLT, establishment of a
reliable marker or set of markers to predict the sensitivity
to IFN therapy is needed. We have previously reported
that viral RNA mutations in the Core and NSSA regions
are significantly associated with IFN sensitivity after
OLT." In addition, the current study revealed thar IL28B
genetic variation in both recipients and donors is also
associated with IFN sensitivity after OLT. Although the
sensitivity and specificity of genetic variations of IL28B

for predicting the achievement of SVR have been re-
ported to be high in chronic hepatitis C patients,'*'#!?
the current analysis revealed thar the specificity was lower
in cases of recurrent hepatitis C after OLT than in
chronic hepatitis C patients. By using a combination of
genetic analyses, the efficacy of the post-transplantation
PEG-IFN/RBV therapy might be predicted before OLT.
Large-scale prospective analyses of the association be-
tween IFN sensitivity after OLT and genetic variations in
both IL28B and HCV will be needed in future studies. In
addition, the molecular mechanism underlying the asso-
ciation between IFN sensitivity and genetic variation of
IL28B and HCV should be clarified. Furthermore, it
might be feasible to predict the IEN sensitivity based on
the genetic analyses of viral and host factors, thereby
allowing for the individualization of antiviral therapy,
including dose-escalated IFN therapy,*'** simultaneous
splenectomy for pancytopenia,®?* and the use of new
antivirals such as proteases inhibitors.** Further clinical
investigation is needed to improve the post-transplanta-
tion antiviral therapy for recurrent HCV after OLT.
Previous reports have demonstrated an association be-
tween the clinical tolerance of the graft and tissue chi-
merism, including hepatocytes.**37 In the present study,
to determine the correlation between the tissue chimer-
ism in the transplanted liver and the impact of [L28B
genetic variation in both the recipients and donors, short
tandem repeat analysis and evaluation of minor allele
frequency in the transplanted liver were performed (Sup
plementary Figure 2). Although liver tissue chimerism
after OLT was demonstrated using short tandem repeat
analysis and cloning in this study, we could not deter-
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mine the cell types present and whether the cells were
made up of hepatocytes, endothelial cells, or infilcrating
lymphocytes due ro cthe limited sample volumes. How-
ever, the coexistence of cells derived from donors and
recipients in the local environment supports the notion
that genetic variation of IL28B in both donors and re-
cipients participates in the determination of IFN sensi-
tivity after OLT.

In conclusion, the combination of genetic analysis of
IL28B in both the recipient and donor, rather than eicher
alone, together with HCV-RNA may be a reliable predic-
tor of IEN efficacy in patients with recurrent hepatitis C
after OLT. In addition, this analysis may also make it
possible to select the optimal donors exhibiting high
sensitivity to the IFN therapy after OLT.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.07.058.
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Supplementary Table 1. The Match Rate of Genetic
Variation Between rs8099917 and

rs12980275
rs8099917
SNP(+), n (%) SNP(—), n (%) n (%)
rs12980275
SNP(+) 26 (24) 3(2.8) 29 (27)
SNP(—) 4(3.7) 74 (69) 78(73)
30(28) 77(72) 108

Concordance rate: 93.5%.
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Supplementary Figure 2. To determine the tissue chimerism following orthotopic liver transplantation (OLT), genotyping by short tandem repeat
analysis (microsatellite analysis) of DNA samples extracted from the resected liver derived from the recipient, donated liver derived from the donor,
and biopsied liver after OLT were performed in 15 cases. Five loci in 5 chromosomes were examined for each sample (D25123, D5S107, D10S197,
D118904, and D13S175). Polymerase chain reaction products for the loci were analyzed with an Applied Biosystems 3130 genetic analyzer using
Genemapper software (Applied Biosystems). To analyze the minor allele-positive rate in the transplanted liver after OLT in the case of the combination
of minor allele heterozygotes in the recipient and the major allele homozygote in donor, cloning and sequencing of rs8099917 was performed.
Extraction of DNA was performed on the resected liver derived from the recipient, donated liver derived from the donor, and biopsied liver after OLT.
The products were cloned by the pT7BIue T-Vector (Takara Bio Inc). Short tandem repeat analyses (microsatellite analyses) at the D2S204 locus of
the resected livers from recipients (A), the liver grafts from donors (B), and the transplanted livers (C). The black and gray peaks correspond to the
alleles of recipients and donors, respectively. (D) A case of OLT for a recipient who carried the minor allele heterozygote who received the transplant
from a donor who had the major allele homozygote.
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Supplementary Figure 1. Expression of IL28B messenger RNA
(mRNA) in livers (white) and the peripheral blood mononuclear cells
(PBMC) (black). The statistical analysis was performed using Student’s
t test.
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Abstract

A recent study by our group indicated that peripheral B cells
in chronic hepatitis C (CHC) patients are infected with hepa-
titis C virus (HCV). This raised the logical question of how
HCV circumvents the antiviral immune responses of B cells.
Because type | interferon (IFN) plays a critical role in the in-
nate antiviral immune response, IFNB expression levels in
peripheral B cells from CHC patients were analyzed, and
these levels were found to be comparable to those in normal
B cells, which suggested that HCV infection failed to trigger
antiviral immune responses in B cells. Sensing mechanisms
for invading viruses in host immune cells involve Toll-like re-
ceptor-mediated and retinoic acid-inducible gene-| (RIG-)-
mediated pathways. Both pathways culminate in IFN regula-
tory factor-3 (IRF-3) translocation into the nucleus for IFN{3
gene transcription. Although the expression levels of RIG-
and its adaptor molecule, IFN promoter-stimulator-1, were
substantially enhanced in CHC B cells, dimerization and sub-
sequent nuclear translocation of IRF-3 were not detectable.
TANK-binding kinase-1 (TBK1) and IkB kinase ¢ (IKKe) are es-

sential for IRF-3 phosphorylation. Constitutive expression of
both kinases was markedly enhanced in CHC B cells. How-
ever, reduced expression of heat shock protein of 90 kDa, a
TBK1 stabilizer, and enhanced expression of SIKE, an IKKe
suppressor, were observed in CHC B cells, which might sup-
press the kinase activity of TBK1/IKKe for IRF-3 phosphoryla-
tion. In addition, the expression of vesicle-associated mem-
brane protein-associated protein-C, a putative inhibitor of
HCV replication, was negligible in B cells. These results
strongly suggest that HCV utilizes B cells as a reservoir for
persistent infection. Copyright ® 2010 S. Karger AG, Basel

Introduction

Hepatitis C virus (HCV) is an enveloped positive-
stranded RNA virus that belongs to the Flaviviridae fam-
ily [1]. It is responsible for public health problems world-
wide and affects nearly 200 million people [2]. The liver
is regarded as the primary target of HCV infection; how-
ever, HCV infection is also associated with B cell lympho-
proliferative disorders such as mixed cryoglobulinemia
and B cell non-Hodgkin lymphoma [3, 4]. In fact, epide-
miological evidence suggests a close link between chron-
ic HCV infection and B cell non-Hodgkin lymphoma (5,
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6. A pathogenic role for HCV in B cell disorders has been
further demonstrated by reports showing clinical resolu-
tion of the above-mentioned B cell disorders after suc-
cessful anti-HCV treatment with interferons (IFNs) {3, 7].
Based on this circumstantial evidence, a possible role for
B cells in HCV pathogenesis has been postulated, al-
though this has not been conclusively demonstrated.

A body of evidence suggests that HCV RNA replica-
tion occurs in a variety of extrahepatic cells, including
peripheral dendritic cells, monocytes and macrophages
[8-10]. It has also been suggested that HCV preferential-
ly infects B cells that express CD81, a putative HCV re-
ceptor molecule [11-14]. A recent study by our group ver-
ified that peripheral CD19+ B cells in chronic hepatitis C
(CHC) patients were infected with HCV, which suggested
a new viral reservoir during the course of natural HCV
infection in humans [15]. Thus, we assume that HCV has
an escape strategy for persistent infection of B cells.

Foy et al. [16] found that nonstructural (NS) HCV pro-
teins could inhibit the activation of early signaling path-
ways, such as Toll-like receptor 3 (TLR3)- and retinoic
acid-inducible gene-I (RIG-I)-mediated pathways, which
lead to TFNB production. These results indicated that
HCV NS3/4 A serine protease blocked IFN regulatory fac-
tor-3 (IRF-3) activation upon HCV infection in the hu-
man hepatoma cell line HuH-7. Subsequent studies have
shown that NS3/4A blocks IFN promoter-stimulator-1
(IPS-1)-mediated signaling pathways by cleaving the IPS-
1 molecule and impeding downstream IRF-3 activation
[17]. Thus, HCV apparently has a strategy to evade host
innate immunity. However, recent studies by Dansako et
al. [18, 19] found that the effects of HCV NS3/4 A protease
on IFN production depended on the cell lines used, be-
cause a non-neoplastic human hepatocyte cell line,
PH5CHS [20], retained both TLR3- and RIG-I-mediated
pathways, in contrast to HuH-7 cells, which lack the for-
mer pathway [21]. However, no studies have examined the
effects of HCV infection on IFN responses of nonhepatic
cell lines.

In this study, we aimed to understand the mechanisms
by which HCV evades innate immune responses in CHC
B cells. We found that the antiviral immune response,
represented by IFNB induction, was severely impaired in
B cells of CHC patients. Our results strongly suggest that
the TRF-3 activation cascade is impeded in B cells upon
HCYV infection. Thus, IFNB gene transcription is not
augmented, which may result in failed IFNB-inducible
antiviral responses in CHC B cells. Furthermore, the ex-
pression of vesicle-associated membrane protein-associ-
ated protein-C (VAP-C), a putative inhibitor of HCV rep-

2 ] Innate Immun

lication, was negligible in B cells. These results support
the notion that HCV can successfully reside in B cells,
resulting in persistent infection. This is the first study
describing analysis of the suppressive effects of HCV in-
fection on antiviral innate immunity in peripheral B
cells. Thus, this study offers new insights into the role of
B cells in the pathogenesis of HCV.

Methods

Patients and Samples

Atotal of 24 CHC patients were enrolled in this study, with the
following characteristics: 14 males and 10 females; mean age 62.4
+ 7.4years; meanserum ALT levels 67.5 + 36.0 IU/l; mean serum
AST levels 66.7 * 34.3 [U/I; 21 patients with HCV genotype 1b
and 3 with HCV genotype 2a,and mean HCV RNA 1,752 * 1,188
KIU/ml. All cases were confirmed to be negative for other viral
infections, including hepatitis B virus and human immunodefi-
ciency virus. The study protocols were approved by the Review
Board of the National Institute of Infectious Diseases. All donors
gave written informed consent. Controls were healthy blood do-
nors at the Tokyo Red Cross Blood Center (Tokyo, Japan) who
were confirmed to be negative for HCV, hepatitis B virus and hu-
man immunodeficiency virus.

Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Hypaque (Pharmacia Biotech, Quebec, Que., Canada) den-
sity gradient centrifugation. CD19+ B lymphocytes were isolated
from PBMCs by negative selection (B Cell Isolation Kit II, human;
Miltenyi, Auburn, Calif, USA). The purity of isolated B cells was
generally >95%, as assessed by flow cytometry.

Semiquantitative Real-Time PCR

Total RNA was extracted from lymphoid cells using Isogen
(Nippon Gene Co. Ltd., Tokyo, Japan). cDNA was synthesized us-
ing SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad,
Calif., USA) with oligo(dT)12-18 primer (Invitrogen). PCR am-
plification was performed using SYBR Premix Ex Taq"™ II (Ta-
kara Shuzo, Kyoto, Japan) with gene-specitic primers (Bex Co.
Ltd., Tokyo, Japan) available in the public database RTPrimerDB
[22] under the codes 3542 for IFNf and 3539 for GAPDH, and the
Universal Probe Library Assay Design Center (https:/www.
roche-applied-science.com/sis/rtpcr/upl/index.jsp; Roche Ap-
plied Science) as follows: IPS-1 (No. 19, 04686926001), TIR do-
main-containing adaptor inducing IFN (TRIF; No. 37,
04687957001), suppressor of IkB kinase & (IKKe) (SIKE; No. 56,
04688538001), heat-shock protein of 90 kDa (Hsp90; No. 25,
04686993001) and DEAD (Asp-Glu-Ala-Asp) box polypeptide 3,
X-linked {(DDX3X; No. 69, 04688686001). The primer sequences
for RIG-1 were 5'-GTG CAA AGC CTT GGC ATG T-3' (forward)
and 5-TGG CTT GGG ATG TGG TCT ACT C-3’ (reverse) [23],
and for TLR3 they were 5'-GTT ACG AAG AGG CTG GAA TGG
T-3" (forward) and 5’-GCC AGG AAT GGA GAG GTC TAG A-3
(reverse) [24].

Real-time PCR was carried out for 45 cycles at 94°C for 1 min
and at 60°C for 25 s (two-step PCR) using a Light Cycler (Roche
Diagnostics, Basel, Switzerland). Amplification of predicted frag-
ments was confirmed by melt curve analysis and gel electropho-
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resis. Standard curves were established with 10-fold serial dilu-
tions of amplified products. Measured amounts of each mRNA
were normalized to GAPDH mRNA. mRNA expression levels in
normal B cells were arbitrarily defined as 1.0.

Immunoblot Analysis

To extract whole-cell proteins, cell pellets were suspended in
modified RIPA buffer [150 mM NaCl, 50 mM Tris-Cl (pH 7.4),
1 mM EDTA, 1.0% NP-40, 0.5% sodium deoxycholicacidand 0.1%
SDS] containing Halt protease inhibitor cocktail (Pierce, Rock-
ford, Ill., USA) and Halt phosphatase inhibitor cocktail (Pierce;
2 x 107 cells/ml). After 20 min of incubation on ice, cell extracts
were centrifuged at 12,000 g for 10 min at 4°C, transferred to
other tubes and stored at -80°C. Nuclear and cytoplasmic pro-
teins were separated using a Nuclear Extraction Kit (Active Motif,
Carlsbad, Calif., USA) according to the manufacturer’s protocol.
Protein concentration was determined using the BCA™ Protein
Assay Kit -~ Reducing Agent Compatible (Pierce). Samples (whole-
cell extract, 1 g; fractionated extract, 2 X 10° cells) were loaded
onto 7.5 or 12.5% SDS acrylamide gels (Real Gel Plate; Bio Cratt,
Tokyo, Japan), followed by transfer to polyvinylidene difluoride
membranes. Membranes were blocked for 1 h at room tempera-
ture using Block Ace™ (Dainippon Sumitomo Pharma Co. Ltd.,
Osaka, Japan). They were then sequentially probed with primary
and secondary antibodies at 4°C overnight and for 1 h at room
temperature, respectively.

For primary antibodies, we used anti-IFN rabbit polyclonal an-
tibody (ab9662, 1/1,000 dilution; Abcam Inc., Cambridge, Mass.,
USA), anti-ACTB (B-actin) rabbit polyclonal antibody (4967,
1/1,000 dilution; Cell Signaling Technology, Danvers, Mass,,
USA), anti-TLR3 rabbit polyclonal antibody (ab62566, 1/1,000 di-
lution; Abcam), anti-TRIF rabbit polyclonal antibody (4596,
1/1,000 dilution; Cell Signaling Technology), anti-RIG-1 rabbit
polyclonal antibody (29010, 1/100 dilution; Immuno-Biological
Laboratories Co. Ltd., Gunma, Japan), anti-IPS-1 rabbit polyclonal
antibody (AT107, 1/2,000 dilution; Alexis Biochemicals, Farming-
dale, N.Y., USA), anti-IRF-3 rabbit polyclonal antibody (18781,
1/100 dilution; Immuno-Biological Laboratories), anti-GAPDH
mouse monoclonal antibody [SG4(6C5), 1/9,000 dilution; HyTest
Ltd., Turku, Finland], anti-PARP-1 mouse monoclonal antibody
(AM30, 1/500 dilution; Calbiochem, San Diego, Calif., USA), anti-
TANK-binding kinase-1 (TBK1) rabbit polyclonal antibody (3504,
1/1,000 dilution; Cell Signaling Technology) and anti-IKKe rabbit
polyclonal antibody (ab7891, 1/500 dilution; Abcam). Anti-VAP-C
rabbit polyclonal antibody (2.66 g/ml) was produced by a group of
the authors (H.K., K. Moriishi and Y.M.).

The secondary antibodies used were horseradish peroxidase-
coupled donkey anti-rabbit Ig (NA934, 1/10,000 dilution; GE
Healthcare Ltd.; UK, Buckinghamshire, UK) and horseradish per-
oxidase-coupled sheep anti-mouse Ig (NA931, 1/10,000 dilution;
GE Healthcare UK). Protein bands were detected using ECL Plus'™
Western Blotting Detection Reagents (GE Healthcare UK) and a
LAS-3000 Image Analyzer (Fuji Film, Tokyo, Japan). Densitomet-
ric analysis was performed within a linear range using Image
Gauge (Fuji Film). The density of each band (the amount of pro-
tein) was normalized against that of the corresponding j3-actin.

Native PAGE for IRF-3 Dimer Detection
Native PAGE was performed using 7.5% SDS$ acrylamide gels
(Real Gel Plate; Bio Craft). Gels were prerun with 25 mM Tris-Cl

B Cells as an HCV Reservoir

(pH 8.4) and 192 mM glycine with and without 0.2% deoxycholate
in the cathode and anode chambers, respectively, for 30 min at 40
mA. Samples were extracted in lysis buffer (3 x 107 cells/ml; 50
mM Tris-Cl, pH 8.0, 1% NP40, 150 mM NaCl) containing Halt
protease inhibitor cocktail and Halt phosphatase inhibitor cock-
tail, mixed with equal volumes of Tris-glycine native sample buf-
fer (2x; Invitrogen), applied to the gel and electrophoresed for 60
min at 25 mA.

Immunoblotting was performed as described above. As a pos-
itive control for IRE-3 dimerization, HeLa cells were added with
100 g/ml polyriboinosinic-polyribocytidylic acid (poly I:C; kind-
ly provided by Toray Co. Ltd., Tokyo, Japan). Three hours after
incubation, cells were harvested and cell lysates were prepared as
described above.

Poly I.C Transfection

CD19+ B lymphocytes isolated from PBMCs were cultured in
RPMI-1640 medium containing 10% FCS, 2 mM L-glutamine,
1 mM HEPES, 0.05 mM [3-mercaptoethanol, penicillin and strep-
tomycin in a flat-bottom 96-well plate for 3 h (2.5 X 10° cells/
well). To activate the RIG-I-mediated pathway, cells were trans-
fected with 10 pg/ml poly I:C using Poly(I:C)/LyoVec (Invivogen,
San Diego, Calif,, USA). After 18 h of culture, transfected or non-
transfected cells were dissolved in Isogen (Nippon Gene) for semi-
quantitative real-time PCR assay. Three independent triplicate
transfection experiments were performed in order to verify the
reproducibility of the results.

Statistics

Unpaired (two-tailed) Student’s t tests were applied at the 95%
confidence level (p < 0.05) using Prism (version 4; Graph Pad Soft-
ware Inc., San Diego, Calif., USA) in all cases.

Results

Impaired IFN Responses in Peripheral B Cells of CHC

Patients

We recently demonstrated that HCV infected and may
have replicated in peripheral B cells of CHC patients [15].
This implied that HCV may have evaded the immune re-
sponse by B cells, resulting in persistent infection. Be-
cause the induction of type I IFNs, including IFNB, is
crucial for host defense against invading viruses, we first
examined constitutive [IFN@ expression levels in periph-
eral B cells of CHC patients. As shown in figure la, [FN(
mRNA expression levels were not augmented in CHC B
cells compared with normal B cells. The results of West-
ern blotting analysis (fig. 1b) indicated that constitutive
IFNB protein expression levels were not enhanced in B
cells of CHC patients, which supported the finding of un-
altered IFNB mRNA expression.

We then stimulated normal and CHC B cells using poly
I:C transfection, which triggers RIG-I- and melanoma
differentiation-associated gene-5-mediated IFN@ path-
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Fig. 1. IFN@ expression in CHC B cells.
Fractionation of CDI19+ B cells from
PBMCs was performed as described in
Methods. a IFNf3 mRNA expression levels
in CD19+ B cells isolated from normal in- 15 -
dividuals (n = 4) and CHC patients (n = 7)
were measured in duplicate by quantita-
tive real-time RT-PCR and normalized
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ways. As shown in figure 1c, IFN3 mRNA expression lev-
els in CHC B cells were much lower than those in normal
B cells, suggesting that CHC B cells are defective with re-
gard to IFNB production upon stimulation with the intra-
cellular delivery of poly I:C. In addition, the expression
levels of IFN-stimulated genes, such as 1SG-15 and ISG-
56, in CHC B cells were also much lower than those in
normal B cells upon poly I:C stimulation (data not shown).

Taken together, these results indicate that chronic
HCV infection fails to induce an IFN response in CHC
B cells. Subsequent experiments were designed to eluci-
date the underlying mechanism(s) by which HCV inter-
rupted the IFN responses in CHC B cells.

Expression Levels of HCV Sensor Molecules in

Peripheral B Cells of CHC Patients

We next examined the gene expression levels in pe-
ripheral B cells of two major viral sensors, TLR3 and
RIG-I, as well as their corresponding adaptor molecules,

4 ] Innate Immun

TRIF and IPS-1, which are indispensable for initiating in-
nate immune responses [25]. As shown in figure 2, TLR3,
TRIF, RIG-Tand IPS-1 expression levels were significant-
ly enhanced in peripheral B cells of CHC patients. Ex-
pression of another cytoplasmic sensor molecule, mela-
noma differentiation-associated gene-5, was also en-
hanced (data not shown). These results demonstrate that
the expression levels of cytoplasmic virus sensors as well
as their adaptors are constitutively augmented in CHC B
cells.

Expression, Dimerization and Nuclear Translocation

of IRF-3 in CHC B Cells

The IRF-3 activation cascade, including phosphoryla-
tion, dimerization and nuclear translocation, is essential
for IFNB gene transcription [26]. We found that constitu-
tive IRF-3 expression levels in CHC B cells were signifi-
cantly lower than those in normal B cells (p = 0.0018) as
assessed by Western blotting (fig. 3a). Furthermore, I[RF-
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Fig. 2. Expression levels of HCV sensor and adaptor molecules in CHC B cells. Whole-cell extracts prepared
from CD19+ B cells isolated from normal individuals (n = 3) and CHC patients (n = 3) were subjected to SDS-
PAGE and analyzed by immunoblotting using anti-TLR3, anti-TRIF, anti-RIG-I, anti-IP$-1 and control anti-
ACTB antibodies. Relative protein expression levels normalized against 3-actin expression are shown.

3 dimerization assessed by native PAGE was not observed
in CHC B cells (fig. 3b). Consequently, IRF-3 nuclear
translocation did not occur in CHC B cells (fig. 3c). Thus,
these results indicate that the IRF-3 activation cascade
does not proceed in CHC B cells, which may explain the
lack of IFN responses to HCV infection.

Cleavage of IPS-1 in CHC B Cells

Several lines of evidence have indicated an essential
role for the adaptor molecule IPS-1, also called Cardif,
MAVS or VISA, which acts downstream of RIG-I in the
IRF-3 signaling pathway [27]. Recent studies have con-
firmed that HCV can cleave IPS-1 via its NS3/4 A protease
activity [28]. Asa result of this proteolytic cleavage, [PS-1
is dislodged from the mitochondria and becomes an inac-
tive cytosolic fragment. This causes the failure of down-
stream signaling for IRF-3 activation. Therefore, we ex-
amined IPS-1 cleavage in CHC B cells by native PAGE. As
shown in figure 4, IPS-1 cleavage was incomplete, and a

B Cells as an HCV Reservoir

substantial amount of uncleaved (intact) IPS-1 was de-
tected. Thus, we concluded that impaired IRF-3 activa-
tion cannot be solely explained by IPS-1 cleavage in CHC
B cells. These results suggest either that the NS3/4A pro-
tease is not expressed in CHC B cells or that IPS-1 in B
cells is resistant to this protease. Because NS3 molecules
were detected in CHC B cells by Western blotting [15], the
latter seems to be more likely.

Stabilization or Inhibition of TBK1/IKKe Kinase

Activity in CHC B Cells

Two protein kinases, TBK1 and IKKe, which are both
located downstream of IPS-1, are essential for IFNf pro-
duction via IRF-3 phosphorylation [29]. Interestingly, the
constitutive expression levels of both kinases were mark-
edly enhanced in CHC B cells compared with those in
normal B cells (fig. 5), although the downstream IRF-3
activation cascade was severely impaired, as shown in fig-
ure 3,

wu
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Fig. 3. Expression, dimerization and nuclear translocation of IRF-
3 in CHC B cells. a Whole-cell extracts prepared from CD19+ B
cells isolated from randomly selected normal individuals (n = 3)
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lyzed by immunoblotting using anti-IRF-3 and anti-ACTB anti-
bodies. Relative protein expression levels of IRF-3 normalized
against 3-actin expression are shown. b Dimerization of IRF-3 in
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detect IRF-3 dimer formation, cell extracts from HeLa cells stim-
ulated with poly I.C were applied (lane 6). ¢ Nuclear and cytoplas-
mic proteins were isolated from CD19+ B cells of CHC patients
(n = 2) as described in Methods. Samples were subjected to SDS-
PAGE and analyzed by immunoblotting using anti-IRF-3, anti-
GAPDH (cytoplasmic marker protein) and anti-PARP-1 (nuclear
marker protein) antibodies.

Huang et al. [30] identified a protein called SIKE that
interacts with IKKe and TBK1 and has an inhibitory ef-
fect on the IRF-3 activation pathway. Yanget al. [31] dem-
onstrated that Hsp90 was important for stabilizing TBK1
and promoting IRF-3 phosphorylation by TBKI in re-
sponse to viral infection. The gene expression levels of
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Fig. 4. Cleavage of IPS-1 in CHC B cells. Whole-cell extracts pre-
pared from CD19+ B cells isolated from randomly selected nor-
mal individuals (n = 2) and CHC patients (n = 2) were subjected
to SDS-PAGE and analyzed by immunoblotting using anti-1PS-1
antibody. Results of 2 independent experiments are shown,

these two molecules in B cells were analyzed by real-time
PCR, as shown in figure 6a. SIKE expression levels were
significantly enhanced in CHC B cells (p = 0.0059), while
those of Hsp90 were significantly reduced (p = 0.001).
These results strongly suggest that the kinase activities of
TBK1and IKKe are downregulated in CHC B cells, which
may be responsible for the failure in IRF-3 activation and
subsequent IFN transcription.

The DEAD box helicase DDX3X [32] is a critical com-
ponent of TBK1-dependent type I IFN induction [33, 34].
As shown in figure 6a, DDX3X expression levels were sig-
nificantly reduced in CHC B cells (p = 0.0043). This could
be just a concomitant observation; however, this result is
of interest assuming that HCV has an additional mecha-
nism by which it interferes with IRF-3 activation.

VAP-C Expression in B Cells

Human VAP subtype A (VAP-A) and subtype B (VAP-
B) are essential host factors for HCV replication because
they bind to both NS5A and NS5B [35]. VAP-C is a splic-
ing variant of VAP-B that lacks two thirds of the C ter-
minus [36, 37]; therefore, it cannot interact with VAP-A,
VAP-B or NS5A. A physiological role of VAP-C was re-
cently demonstrated by Kukihara et al. [38], who found
that VAP-C inhibited the association between VAP-A/B
and NS5B, thereby reducing HCV replication efficiency.
Interestingly, VAP-C expression in hepatocytes was
found to be negligible, which may be advantageous for
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HCYV replication in the liver [38]. These results prompted
us to examine VAP-C expression in B cells. As shown in
figure 6b, VAP-C was expressed in CD19- cells (i.e. non-
B cells), but not in CD19+ B cells. Together with the de-
fect in antiviral immune responses of CHC B cells de-
scribed above, this observation further supports the no-
tion that HCV utilizes B cells as a reservoir for persistent
infection.

Discussion

HCV infection of hepatocytes has long been an im-
plicit assumption. However, this does not necessarily im-
ply that hepatocytes are the exclusive target for HCV in-
fection. HCV may seek other cellular compartments as
reservoirs in the event that the liver becomes unsuitable
for replication, possibly due to cellular destruction caused
by the host immune response and/or the development of
conditions such as cirrhosis and hepatocellular carcino-
ma. Our previous study suggested the possibility that
HCV persistently infects peripheral B cells [15]. Conse-
quently, we were extremely interested in how HCV is able
to escape host innate immunity and persistently remain
in peripheral B cells. The results of this study may provide
plausible answers to these questions.
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In this study, we observed augmented expression of
RIG-], a cytoplasmic double-stranded RNA sensor mol-
ecule, and its adaptor molecule IPS-1 in CHC B cells
(fig. 2). To our knowledge, this is the first study describ-
ing the enhanced expression of a cytoplasmic HCV sen-
sor in CHC B cells. Miyazaki et al. [39] recently reported
similar findings on examining myeloid dendritic cells in
CHC patients, thus suggesting that HCV infection aug-
ments the expression of a cytoplasmic double-stranded
RNA sensor regardless of the cell type. The same may be
true for expression of the RIG-I adaptor molecule IPS-1,
because Miyazaki et al. [39] also reported enhanced IPS-
1 expression in myeloid dendritic cells in CHC patients.
These results support the notion that HCV triggers in-
nate immunity by immune cells, including peripheral B
cells.

The primary cause for the failure to induce innate im-
munity in CHC B cells appears to be a defect in promot-
ing the IRF-3 activation cascade (fig. 3). HCV is thought
to evade an innate antiviral response by the actions of the
viral NS3/4A protease-helicase complex, which inhibits
RIG-I signaling via proteolytic cleavage and IPS-1 inac-
tivation [28], thereby preventing its downstream activa-
tion (i.e. IRF-3 activation). This hypothesis was essential-
ly derived from in vitro experiments using human hepa-
toma cell lines such as HuH-7. In the present study, IPS-1
cleavage was analyzed for the first time in peripheral B
cells of CHC patients. The results shown in figure 4 indi-
cate only marginal cleavage of IPS-1 in CHC B cells, such
that this could not be the main cause of the defect in
downstream IRF-3 activation. We therefore sought addi-
tional explanations for the IRF-3 activation defect in
CHC B cells.

The results shown in figure 5 indicate markedly en-
hanced expression of TBK1 and IKKe in CHC B cells
compared with normal B cells, thus suggesting that IPS-1
signaling is mainly intact and not completely abolished
by HCV infection as expected. In the present study, it was
not possible to identify the mechanism underlying the
expression of TBK1 and IKKe induced by HCV infection.
However, as shown in figure 3, IRF-3 activation was
markedly suppressed in CHC B cells. The defect in IRF-3
activation in CHC B cells may be linked to the enhanced
expression of SIKE and the reduced expression of Hsp90
(fig. 6a), which together may affect the kinase activities of
both TBK1 and IKKe. Consequently, IRE-3 phosphoryla-
tion (i.e. the first step of the IRF-3 activation cascade)
would not be successfully executed. However, the possi-
bilities that IPS-1 signaling is disrupted along the cascade
despite the existence of the signal molecule and/or that
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IRF-3 activation is directly blocked by HCV proteins
should also be taken into consideration.

It was recently demonstrated that the expression of
DDX3X,a DEAD box RNA helicase [32], enhanced IFN
promoter induction by TBK1/IKKe, whereas its knock-
down inhibited IRF3 activation [33]. The results shown
in figure 6a confirm that DDX3X expression levels were
significantly downregulated in CHC B cells, which is in
agreement with previous studies. However, Ariumi et al.
[40] reported that DDX3X was required for HCV RNA
replication, which seems contradictory to our results. We
currently do not know the reasons for this discrepancy;
however, the fact that in their study they used the HuH-7
hepatoma cell line, while we examined naturally occur-
ring HCV-infected B cells, may account for these con-
flicting results.

The role of VAP proteins in HCV replication is an-
other interesting aspect. HCV NS5A is associated with a
range of cellular proteins, including VAP-A [41], which
are involved in cell signaling pathways. VAP-B has been
identified as another NS5A-binding protein by screening
human libraries using the yeast two-hybrid system with
NS5A as bait [35]. Both VAP-A and VAP-B are involved
in HCV replication via interactions with NS5A and NS5B
[35], while VAP-C inhibits the association between VAP-
A/B and NS5B, which results in reduced HCV replication
efficiency [38]. Therefore, the absence of VAP-C expres-
sion in B cells, similar to hepatocytes, may be favorable
for HCV replication. This could be another strategy for
maintaining persistent HCV infection in B cells. In fact,
our recent study demonstrated that a high copy number
of HCV RNA was detected in CHC B cells, but not in
CHC non-B cells [15], suggesting that the absence of
VAP-C expression in B cells is, at least in part, responsible
for the HCV replication. Further analyses are required to
examine if the forced expression of VAP-C could inhibit
HCV replication in B cells.

Several lines of evidence indicate that chronic infec-
tion with HCV can induce molecular alterations in lym-
phocytes that may subsequently play a role in the multi-
step process of malignant lymphocyte transformation
with the induction of clonal B cell expansion. Lymphoid
cells from patients with chronic HCV overexpress the an-
tiapoptotic protein Bcl-2 with a high incidence of t (14;18)
translocations involving the bcl-2 gene [42, 43]. Our re-
cent study revealed that the expression level of activation-
induced cytidine deaminase, which promotes B cell lym-
phomagenesis by its overexpession [44, 45], in CHC B
cells was significantly increased [15]. Furthermore, en-
hanced expression of putative lymphomagenesis-related
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genes such as cyclin D1, cyclin D2, B aggressive lympho-
ma gene, serine/threonine kinase 15 and galectin-3 was
observed in CHC B cells [15]. In addition, expression of
HCV core protein and NS3 was detected in CD19+ B cells
of CHC patients [15]. HCV core protein has been demon-
strated to promote immortalization in different cell lines
as well as being capable of blocking ¢-myc-induced apop-
tosis [46]. NS3 has also been shown to promote oncogen-
ic transformation and to interact with p53 and interfere
with apoptosis [47]. Thus, persistent infection with HCV
via the suppression of innate immunity responses in
CHC B cells would cause functional disorders and lead to
B cell lymphoma.

Interestingly, it has been shown that interaction be-
tween HCV E2 and CD81 on B cells triggers enhanced ex-
pression of activation-induced cytidine deaminase, which
induces double-strand DNA breaks and hypermutation,
specifically in the VH gene of B cells [48]. Stamataki et al.
{49] demonstrated that peripheral blood B cells could bind
infectious HCV in the cell strain JFH-1. Accordingly, it
seems likely that mere interaction between envelope pro-
teins of HCV and signaling receptors on the surface of B
cells could generate lymphoproliferative disorders.

The difficulty in collecting an adequate number of pu-
rified B cells from CHC patients prevented us from ana-
lyzing a large sample size in each experiment, which may
weaken the impact of these results. However, in the light
of the fact that potentially heterogeneous patient samples
were examined in this study, we believe that our consid-
erably homogeneous results do have a certain biological
impact. In addition, it may be worth noting that most
CHC patients enrolled in this study (21 of 24) were in-
fected with HCV of genotype 1b, which is prevalent in
Asia. It would have been ideal to perform these experi-
ments with different genotypes to observe if this phe-
nomenon is noted across all genotypes or if it is specific
only to genotype 1b. A study enrolling CHC patients in-
fected with other HCV genotypes will be required in or-
der to draw more robust conclusions, although it is very
difficult to enroll such CHC subjects in Japan.

Taken together, the present results strongly suggest
that HCV utilizes B cells as an extrahepatic reservoir for
persistent infection. Whether the apparent suppression of
innate immune responses in B cells is restricted to HCV
infection or if this is a phenomenon seen in other B cell
tropic viruses such as Epstein-Barr virus is currently un-
known. This intriguing question could be answered by
turther elucidating the suppression mechanisms in CHC
B cells as well as by investigating innate immune respons-
es in Epstein-Barr virus-infected B cells in future studies.

B Cells as an HCV Reservoir

We assume that memory B ceils are the main reservoir
of HCV infection because of their long life span. In sup-
port of this proposal, one of our current studies indicated
that CD19+CD27+ cells (i.e. memory B cells) are recruit-
ed to the livers of CHC patients via interactions between
CXCR3 expressed on CD19+CD27+ cells and IP-10 pro-
duced in the liver [Mizuochi et al,, in press]. This would
be a robust strategy for HCV in order to secure sites for
long-lasting infection. Interestingly, a recent study by
Stamataki et al. [49] indicated that HCV associated with
B cells had the potential to transfect HuH-7.5 in vitro.
Our results strongly suggest that such HCV transfection
may occur in vivo under physiological conditions. This
would offer new therapeutic insights for HCV clearance
by eliminating peripheral B cells with anti-B cell antibod-
ies and drugs such as rituximab in conjunction with a
combination therapy using peginterferon and ribavirin.

In conclusion, we propose that peripheral B cells serve
as a reservoir for persistent HCV infection. Based on this
proposal and from a therapeutic perspective, it may be
beneficial to eliminate peripheral B cells in CHC patients.
Together with antiviral treatment to eliminate circulat-
ing HCV in the blood, this could lead to a synergistic ef-
fect for HCV clearance in CHC patients.
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Hepatitis C virus (HCV) is a major cause of chronic liver disease worldwide. Here we attempt to
further our understanding of the biological context of protein interactions in HCV pathogenesis,
by investigating interactions between HCV proteins Core and NS4B and human host proteins.
Using the yeast two-hybrid (Y2H) membrane protein system, eleven human host proteins
interacting with Core and 45 interacting with NS4B were identified, most of which are novel.
These interactions were used to infer overall protein interaction maps linking the viral proteins
with components of the host cellular networks. Core and NS4B proteins contribute to highly
compact interaction networks that may enable the virus to respond rapidly to host physiological
responses to HCV infection. Analysis of the interaction networks highlighted enriched biological
pathways likely influenced in HCV infection. Inspection of individual interactions offered further
insights into the possible mechanisms that permit HCV to evade the host immune response and
appropriate host metabolic machinery. Follow-up cellular assays with cell lines infected with HCV
genotype 1b and 2a strains validated Core interacting proteins ENOI and SLC25A5 and host
protein PXN as novel regulators of HCV replication and viral production. ENOI siRNA
knockdown was found to inhibit HCV replication in both the HCV genotypes and viral RNA
release in genotype 2a. PXN siRNA inhibition was observed to inhibit replication specifically in
genotype 1b but not in genotype 2a, while SLC25A5 siRNA facilitated a minor increase in the
viral RNA release in genotype 2a. Thus, our analysis can provide potential targets for more

effective anti-HCV therapeutic intervention.

1. Introduction

Hepatitis C virus (HCV) is the causative agent of chronic liver
disease including liver steatosis, cirrhosis and hepatocellular
carcinoma (HCC) and infects nearly 3% of the population
worldwide. HCV is a positive single-stranded RNA virus with
a single 9600 nucleotide ORF flanked by 5’ and 3’-UTRs. The
HCV ORF encodes a 3000 amino acid polyprotein, which
undergoes proteolytic processing by host and viral proteases
to yield four structural (Core, El, E2 and p7) and six non-
structural (NS2, NS3, NS4A, NS4B, NS5A and NS5B)
proteins.' HCV variants span six genotypes that display phylo-
genetic heterogeneity, differences in infectivity and interferon
sensitivity.* However, despite a wealth of concerted research, a
precise understanding of the molecular mechanisms under-
lying HCV pathology remains elusive.

Most genes and proteins function in a complex web of
interactions. Thus, the study of protein—protein interactions
(PPIs) is critical to understanding the cellular networks that
regulate the physiology of a living organism. The increasing
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availability of PPI data for human and host—pathogen inter-
actions has led to increasing efforts in understanding the
network basis of human diseases and pathogenesis.™® In
particular, the increasing availability of large scale interaction
data between viral and human host proteins is likely to lead to
a better understanding of viral pathogenesis and help identify
novel targets for experimental and therapeutic intervention.””
Comprehensive analyses of yeast two-hybrid (Y2H) screens
have been employed to investigate the interactions of HCV,’
Epstein-Barr virus'® herpesviral'' proteins with host factors.
Analysis of such interactions suggests that viral (and bacterial)
pathogens preferably interact with host proteins either engaged
in a large number of interactions or critical to the integrity of
the host cellular networks.”'

Here, we report the host biological processes likely to be
perturbed by HCV Core and NS4B proteins by virtue of
inferred PPI networks. Core, also known as capsid protein,
is spliced from the polyprotein by signal peptidase and further
processed into a highly conserved 21 kDa mature form by the
signal peptide peptidase; this processing facilitates its transfer
to the detergent-resistant membrane fraction where virus
replication and assembly take place.'? Core also localises to
the nucleus, which is essential for efficient viral propagation
and development of HCV pathogenicity.»'? Core is a multi-
functional protein implicated in RNA binding and as a
pathogenic factor, which induces steatosis and HCC and thus,
a promising target for anti-HCV therapy.'*'> NS4B, the least
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characterised HCV protein, is a 27 kDa non-structural integral
membrane protein located in the ER membrane, which
induces membrane changes and facilitates HCV replication
in the host cells, though recent reports suggest that it may
function in HCV pathogenesis and viral assembly.'*!'® Since
Core and NS4B proteins are primarily associated with the ER
membrane, they were employed as baits to screen against a
library of human cDNAs using the Y2H membrane protein
approach, which identifies PPIs involving integral membrane
proteins and membrane-associated proteins in an in vivo
setting.!” We identified 11 interactions for Core and 45
interactions for NS4B, nearly all of which are previously
uncharacterised. By extending these interactions to include
human protein interaction data, our analysis provided insights
into the functional pathways likely to be associated with
HCV-host interactions in HCV pathogenesis, a better under-
standing of which may help identify new targets for anti-HCV
therapeutic intervention.

2. Results and discussion

2.1 Identifying host proteins that interact with HCV Core and
INS4B proteins

Since Core and NS4B are primarily localised to the ER
membrane, to investigate their biological associations, we
performed a series of Y2H screens customised for charac-
terising the PPIs involving integral membrane and membrane-
associated proteins (see Materials and Methods). Analysis of
positive colonies revealed 11 interactors for Core protein and
45 interactors for NS4B protein (Table 1).

Nine of the 11 host proteins interacting with Core (Table 1)
are novel findings but the other two interactions are known;
signal peptide peptidase (HM13), an ER localised protein, is
crucial for the intramembrane processing of the Core protein,
facilitating its localisation and viral propagation;'? proteasome
subunit alpha type 7 (PSMAT7) is involved in regulating HCV
internal ribosome entry site (IRES), which is essential for
HCV replication.'® These results suggest that the PPIs
detected by our screening approach may closely reflect Core
interactions in vivo. Among the other interacting proteins, four
localise to mitochondria and are likely involved in oxidative
electron transfer (ETFB; NDUFS2) and solute transport
(SLC25A5; TOMM?20), which may be a consequence of known
Core localisation to the mitochondrial outer membrane.'
Additionally, Core interacting proteins Alpha Enolase (ENOLI),
Ferritin light chain (FTL) and SLC25AS5 are perturbed in
cancerous tissues from HCC patients with HCV infection.?>%?
These observations suggest potential roles for the above-
identified Core protein interactions in HCV infection.

NS4B protein was found to interact with 45 host proteins
(Table 1), nearly all of which are novel interactions. A
significant proportion of these mapped to either the membrane
component (GO:0016020; 17 of 45, 38%; p = 0.04243),
or the extracellular region (GO:0005576; 12 of 45, 27%;
p = 3.64 x 107%), while five (APOA1, APOB, F2, FGG,
LRG1) localise to both compartments. The NS4B interactions
with a large number of host proteins (especially membrane
proteins) may be crucial to its ability to induce membrane

alterations termed membranous webs (MW), which host
the HCV replication complex. It appears consistent with the
suggested role of NS4B protein as an important hub in the
virus—host interaction network.'®?*

The absence of overlap between the PPIs identified in our
approach and a previous large scale study’ may be attributed
to differences in screening approaches and experimental
settings. Since our approach seeks to investigate the inter-
actions associated with Core and NS4B in their membrane
setting, it is more likely to fish out associations that may not
be easily detected using the standard Y2H screening and
co-immunoprecipitation assays such as those employed by
de Chassey et al.” This situation would be especially true for
NS4B, which unlike Core is not detected outside the membrane
fraction, thus explaining the 45 interactions for NS4B reported
by our approach compared to the one reported previously.’
Our observations also highlight the significance of employing
specific approaches to investigating different aspects of host—
pathogen interactions in general.

2.2 Topological analysis of Core and NS4B protein interaction
networks

To further understand the biological processes likely targeted
by HCV, we expanded the Y2H-derived interactions by
incorporating the secondary interactors of the human proteins
that interact with the Core and NS4B proteins to derive
extended PPI networks (Fig. la and b). The Core extended
PPI network was made up of 208 entities (genes) with 1063
interactions between them (Table S1-S3, ESIT). For comparison,
we also derived an extended PPI network for Core interactions
reported by de Chassey ef al.” (Table S4, ESIt). The NS4B
extended PPI network was made up of 253 entities (genes) with
481 interactions between them (Table S1-S3, ESIY). First, we
computed node degree distribution and characteristic/average
path length measures to capture the topology of the Core and
NS4B extended PPI networks (Fig. 3A and B). The degree of a
protein, which corresponds to the number of its interacting
partners, provides some insights into its biological relevance,
since a higher degree may likely correspond to a higher ability
to influence biological networks. It is also a useful measure to
distinguish real world and random networks. In most inter-
actome networks, a few nodes called “hubs” have a high
degree and most nodes have a low degree, while in random
networks the degree is uniformly distributed. Average path
lengths provide an approximate measure of the relative ease
and speed of dissemination of signalling information among
network components.

Our analysis revealed that the average degree of the
Core membrane protein yeast two-hybrid (MY2H) network
(9.75) is on par with the human interactome (9.3), though
shorter than the average degree estimated for the Core de
Chassey extended network (14.7) (Table S4, ESIt). The Core
MY2H network has a shorter characteristic path length
vis-a-vis the human interactome (2.9 versus 4.04) and on par
with that of Core de Chassey network (2.97), which is
consistent with previous observations on the HCV protein
infection network.” While the average degree of the NS4B
MY2H network (3.4) is substantially lower than that of the
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Table 1 List of host proteins interacting with HCV Core and NS4B proteins, identified by Y2H screens

List of host proteins interacting with the Core protein

Gene ID Official symbol Description

1937 EEFIG Eukaryotic translation elongation factor 1 gamma

1964 EIF1AX Eukaryotic translation initiation factor 1A, X-linked

2023 ENOI Enolase 1 (alpha)

2109 EFTB Electron-transfer-flavoprotein, beta polypeptide

2512 FTL Ferritin, light polypeptide

292 SLC25A5 Solute carrier family 25 (mitochondrial carrier; adenine
nucleotide translocator), member 5

4720 NDUFS2 NADH dehydrogenase (ubiquinone) Fe-S protein 2,
49 kDa (NADH-coenzyme Q reductase)

5265 SERPINAI Serpin peptidase inhibitor, clade A
(alpha-1 antiproteinase, antitrypsin), member 1

5688 PSMA7 Proteasome (prosome, macropain) subunit, alpha type, 7

81502 HM13 Histocompatibility (minor) 13

9804 TOMM20 Translocase of outer mitochondrial membrane

20 homolog (yeast)

List of host proteins interacting with the HCV NS4B protein

Gene ID Official symbol Description
10130 PDIAG6 Protein disulfide isomerase family A, member 6
10682 EBP Emopamil binding protein (sterol isomerase)
116844 LRGI1 Leucine-rich alpha-2-glycoprotein |
1209 CLPTMI1 Cleft lip and palate associated transmembrane protein 1
132299 OCIAD2 OCIA domain containing 2
1528 CYBSA Cytochrome b5 type A (microsomal)
154467 C6orf129 Chromosome 6 open reading frame 129
1571 CYP2E1 Cytochrome P450, family 2, subfamily E, polypeptide 1
196410 METTL7B Methyltransferase like 7B
200185 KRTCAP2 Keratinocyte associated protein 2
2013 EMP2 Epithelial membrane protein 2
2147 F2 Coagulation factor II (thrombin)
2220 FCN2 Ficolin (collagen/fibrinogen domain containing lectin)
2 (hucolin)
2266 FGG Fibrinogen gamma chain
2267 FGLI Fibrinogen-like 1
27173 SLC39A1 Solute carrier family 39 (zinc transporter), member |
2731 GLDC Glycine dehydrogenase (decarboxylating)
286451 YIPF6 Yipl domain family, member 6
334 APLP2 Amyloid beta (A4) precursor-like protein 2
335 APOAI1 Apolipoprotein A-I
338 APOB Apolipoprotein B (including Ag(x) antigen)
3732 CD82 CD82 molecule
4267 CD9%9 CD99 molecule
4513 COX2 Cytochrome c oxidase subunit IT
4538 ND4 NADH dehydrogenase, subunit 4 (complex I)
4924 NUCBI Nucleobindin 1
51075 T™MX2 Thioredoxin-related transmembrane protein 2
51643 TMBIM4 Transmembrane BAX inhibitor motif containing 4
517 ATP5G2 ATP synthase, H™ transporting, mitochondrial
FO complex, subunit C2 (subunit 9)
5265 SERPINAI Serpin peptidase inhibitor, clade A
(alpha-1 antiproteinase, antitrypsin), member |
5355 PLP2 Proteolipid protein 2 (colonic epithelium-enriched)
5446 PON3 Paraoxonase 3
54657 UGTI1A4 UDP glucuronosyltransferase 1 family, polypeptide A4
54658 UGTIAI UDP glucuronosyltransferase 1 family, polypeptide Al
5479 PPIB Peptidylprolyl isomerase B (cyclophilin B)
563 AZGPI Alpha-2-glycoprotein 1, zinc-binding
56851 Cl5orf24 Chromosome 15 open reading frame 24
57817 HAMP Hepcidin antimicrobial peptide
5950 RBP4 Retinol binding protein 4, plasma
6048 RNF5 Ring finger protein 5
6522 SLC4A2 Solute carrier family 4, anion exchanger, member 2
(erythrocyte membrane protein band 3-like 1)
7905 REEPS Receptor accessory protein 5
84975 MFSD35 Major facilitator superfamily domain containing 5
9204 ZMYM6 Zinc finger, MYM-type 6
967 CD63 CD63 molecule
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