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FIGURE 9. Localizations of IL-2R 8 and IL-4Ra mutants lacking the hydrophobic amino acid cluster to LBPA-positive compartments. MEF transfectants
were grown on coverslips, fixed, and double-labeled with an anti-IL-2R3 antibody (C20) or anti-IL-4R« antibody (C20) and an anti-LAMP1 monoclonal antibody
or anti-LBPA monoclonal antibody. Fluorescence images of the MEF transfectants (n = 10 cells) were captured using a confocal laser microscope. The
percentages of the IL-2RB-positive (A) and IL-4Ra-positive (B) pixel areas that were colocalized with LAMP1 (left) and LBPA (right) were analyzed. C, the
IL-2RB-positive and IL-4Ra-positive pixel areas that were colocalized with LBPA (arrowheads) and not with LBPA (arrows) are indicated. Fluorescence labeling
was carried out for IL-2Rp3 (green), IL-4R« (green), and LBPA (red). Scale bars, 10 um.

ing compartments, similar to YXX¢ signal sequences. For
example, the (D/E)XXXL(L/I) signal sequence in the CD3-y
chain mediates its rapid internalization and lysosomal targeting
(43), and internalization of glucose transporter 8 is mediated by
the interaction of (D/E)XXXL(L/I) signal sequence with AP2
complex (44), indicating that (D/E)XXXL(L/I) signal sequence
plays a essential role for the internalization in the membrane
proteins. In contrast, the hydrophobic amino acid clusters
found in this study were involved in the interaction with Hrs
and not needed for the internalization of the receptors. Another
type of dileucine-based signal sequence (DXXLL) is present in
molecules at the plasma membrane, trans-Golgi network, and
endosomes and is recognized by another family of adaptor pro-
teins known as Golgi-localized y-ear-containing Arf-binding
proteins (GGAs). The DXXLL sequence interacts with the VHS
domain of GGAs (45, 46). On the other hand, the VHS domains
of both Hrs and STAM bind to ubiquitin but not the DXXLL
sequence (45, 47). Regarding other signal sequences, acidic
amino acid clusters are present in some transmembrane pro-
teins and are considered to play roles in their retrieval from
endosomes to the trans-Golgi network (1). The hydrophobic
amino acid cluster identified in this study is unique in the fol-
lowing points; (i) the cluster is involved in ubiquitin-indepen-
dent sorting (ii) the cluster is recognized by Hrs, a known sort-
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ing component of the ubiquitin-dependent machinery
ESCRT-0, and (iii) the cluster comprises FFFHL in IL-2R3 and
LFLDLL in IL-4Req, indicating that the amino acid sequence of
the cluster may vary a great deal. Thus, we speculate that Hrs
may recognize the hydrophobic amino acid clusters in various
receptors with broad specificity. In this regard, our analyses to
identify a key domain (amino acids 428 — 466) in Hrs that influ-
ences the receptor binding are important. Although there is no
motif involved in the protein-protein interaction, we focused
on a hydrophobic amino acid cluster comprising amino acids
453-457 (LLELL) in the C-terminal half of Hrs. We generated
an Hrs mutant with the hydrophobic amino acids (residues
453-457) with alanine and examined the binding between this
Hrs mutant and IL-2R or IL-4Ra. Only slight reductions in the
associations of the Hrs mutant with the receptors were
observed (data not shown). Accordingly, extensive analyses,
including solution of the crystallographic structure, will be
needed to explore this region (amino acids 428 —466) of Hrs.
Recently, the complete crystal structure of human ESCRT-0
core complex was clarified (48). Analyses of the crystal struc-
ture revealed that the coiled-coil domains of Hrs and STAM
form an antiparallel two-stranded coiled-coil. The coiled-coil
domain of Hrs consists of four a-helix strands, a1 (amino acids
406 —429), a2 (amino acids 432—436), a3-N (amino acids 437—
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453), and a3-C (amino acids 470 — 498). Because the hydropho-
bic amino acid cluster binding region (residues 428 —466) of
Hrs includes the hinge region between al and a2, the area
around the hinge region may be a candidate site that contrib-
utes to the interaction.

On the other hand, what are the biological features of the
receptors that are recognized by Hrs in a ubiquitin-indepen-
dent manner? The epidermal growth factor receptor is local-
ized on the cell surface membrane in the absence of ligand
stimulation, and receptor internalization and transport to the
MVB pathway are initiated following receptor ubiquitylation
after ligand stimulation (49 —52). In contrast, IL-2Rf3 is consti-
tutively internalized and delivered to the lysosomal pathway in
the absence of its ligand (23). We found that IL-4Ra as well as
IL-2RB was localized to LAMP1-positive compartments with-
out ligand stimulation, suggesting constitutive internalization
and endosomal sorting of IL-4Ra. Consequently, we speculate
that the ubiquitin-independent binding targets of Hrs may be
certain kinds of receptors that have the properties of constitu-
tive internalization and sorting to lysosomes.

In conclusion, ESCRT complexes including ESCRT-0, which
consists of Hrs and STAM, serve as the transport machinery for
ubiquitylated cargo proteins. Therefore, it is noteworthy that
Hrs associates with cytokine receptors in a ubiquitin-indepen-
dent manner and is involved in their transport during endo-
somal sorting. In the present study we found that Hrs recog-
nized a hydrophobic amino acid cluster in two cytokine
receptors and played a role in the precise delivery of the recep-
tors to late endosomes. These findings suggest the existence of
a group of cargo proteins that are independent of ubiquitylation
for endosomal sorting and have the hydrophobic amino acid
cluster as an endosomal sorting signal motif.
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Deubiquitination is a biochemical process that mediates the removal of ubiquitin moieties from ubiqui-
tin-conjugated substrates. AMSH (associated molecule with the SH3 domain of STAM) is a deubiquitina-
tion enzyme that participates in the endosomal sorting of several cell-surface molecules. AMSH
impairment results in missorted ubiquitinated cargoes in vitro and severe neurodegeneration in vivo,

Keywords: but it is not known how AMSH deficiency causes neuronal damage in the brain. Here, we demonstrate
QMSHd . that AMSH '~ mice developed ubiquitinated protein accumulations as early as embryonic day 10
U;‘;Smefenem“o" (E10), and that severe deposits were present in the brain at postnatal day 8 (P8) and P18. Interestingly,

TDP-43 was found to accumulate and colocalize with glial marker-positive cells in the brain. Glutamate
receptor and p62 accumulations were also found; these molecules colocalized with ubiquitinated aggre-
gates in the brain. These data suggest that AMSH plays an important role in degrading ubiquitinated pro-
teins and glutamate receptors in vivo. AMSH /= mice provide an animal model for neurodegenerative

Hippocampus

diseases, which are commonly characterized by the generation of proteinaceous aggregates.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The highly dynamic endosomal sorting process determines a
membrane-bound protein’s fate by either recycling it back to the
cell surface or delivering it into endosomal network pathways.
Membrane proteins destined for lysosomes are tagged with ubig-
uitin. Endosomal sorting complexes required for transport (ESCRT)
recognizes and dictates cargo selection. ESCRT produces intralumi-
nal vesicles (ILVs) that originate by inward budding from the lim-
iting membrane of the sorting endosome [1]. This process creates a
multivesicular body (MVB), which leads to lysosome-dependent
cargo degradation through the subsequent MVB-lysosome fusion
event.

Balanced ubiquitination and deubiquitination of cargos is a
prerequisite for protein homeostasis. Ubiquitin modifications are

Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis;
AMSH, associated molecule with the SH3 domain of STAM; AMPAR, o-amino-3-
hydroxy-5-methyl-isoxazolepropionic acid receptor; CHMP, chromatin modifying
protein; ESCRT, endosomal sorting complexes required for transport; FTD, fronto-
temporal dementia; MVB, multivesicular body; NMDAR, N-methyl-p-aspartate
receptor; PD, Parkinson’s disease; DUB, deubiquitinating enzyme.

* Corresponding author at: Division of Immunology, Miyagi Cancer Center
Research Institute, 47-1 Nodayama, Medeshima-Shiode, Natori, Miyagi 981-1293,
Japan. Fax: +81 22 381 1168.

E-mail address: tamaikeiichi@mac.com (K. Tamai).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.04.065

reversed through the isopeptidase activities of deubiquitinating
enzymes (DUBs), with most of the DUBs studied deconjugating
only a small number of targets [2]. In fact, deubiquitination, a term
used here to refer to both ubiquitin and ubiquitin-like deconjuga-
tion, is emerging as a regulatory process in signaling pathways,
chromatin structure, endocytosis, and apoptosis [2], and is impor-
tant for physiological activities such as development, immunity,
and neuronal function [3].

We identified AMSH (associated molecule with the SH3 domain
of STAM) [4] while screening for an ESCRT-bound molecule. AMSH
is an endosomal DUB in the JAMM metalloprotease family, and
plays a role in MVB/late endosomes. Recombinant AMSH has been
shown to deubiquitinate epidermal growth factor receptor (EGFR)
and to cleave lysine 63 (K63)-linked, but not lysine 48 (K48)-
linked, polyubiquitin chains into ubiquitin monomers [5]. In a pre-
vious study, we found that AMSH binds the ESCRT-III subunit
CHMP3 and plays a role in MVB/late endosomes [6]. AMSH also
binds the ESCRT-III subunits CHMP1A, CHMP1B, and CHMP2A
[7]. This intimate relationship between AMSH and ESCRT
prompted us to investigate AMSH’s in vivo roles. We have reported
that AMSH knockout mice (AMSH /~) exhibit postnatal growth
retardation and die between postnatal day 19 (P19) and P23.
AMSH /~ mice exhibit severe neuronal damage, specifically neuron
loss and increasing numbers of apoptotic cells, that is almost en-
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tirely confined to the CA1 subfield of the hippocampus [8]. Despite
the severity of these AMSH-deficient neuronal phenotypes, the
pathophysiology is not fully understood.

Most age-related neurodegenerative diseases are character-
ized by accumulations of aberrant protein aggregates in affected
regions of the brain. In particular, ubiquitin-positive proteina-
ceous deposits are a hallmark of neurodegeneration; such
deposits include Lewy bodies in Parkinson’s disease (PD), neu-
rofibrillary tangles in Alzheimer disease (AD), Bunina bodies
in amyotrophic lateral sclerosis (ALS), and Pick bodies in fronto-
temporal dementia (FTD) with parkinsonism [9]. Since principal
function of ubiquitination is to maintain protein homeostasis
inside a cell, these neuronal pathologies may indicate a failure
to clear unwanted proteins [9]. A recent report suggests that
ESCRT-III dysfunction is associated with neurodegeneration
resembling age-dependent neurodegenerative diseases such as
FTD [10]. A certain percentage of FTD is known as chromosome
3-linked FTD (FTD3), which is attributed to a genetic disorder
or mutation of the ESCRT-III molecule CHMP2B [11]. In a previ-
ous study using neuron-specific knockout mice, we found that
the ESCRT-0 protein Hrs plays a pivotal role in neural cell sur-
vival by clearing ubiquitinated proteins in neurons [12]. A
growing body of evidence suggests that insufficient ESCRT func-
tion leads to the accumulation of ubiquitinated proteins and to
human neurodegenerative disease [13]. Nevertheless, little is
known about how an ESCRT-associating DUB is involved in
ubiquitinated protein degradation in the central nervous sys-
tem. Here, we demonstrate that ubiquitinated protein accumu-
lations are present in brain lesions found in AMSH /= mice,
and that AMSH is crucial for the proper degradation of both
ubiquitinated proteins and glutamate receptors in the central
nervous system.

2. Materials and methods
2.1. Cell fractionation

Cerebral tissues were washed with phosphate-buffered saline
(PBS), suspended with homogenization buffer (10 mM HEPES,
3 mM imidazole, and 250 mM sucrose), and dissociated by passage
through a 22-G needle. The cells were centrifuged at 3000g for
10 min at 4°C, and the supernatants were ultracentrifuged at
100,000g for 30 min at 4 °C. The supernatants were regarded as
the cytoplasmic fraction, and the pellets as the membrane fraction.
The pellets were resuspended with IP buffer (10 mM Hepes, pH 7.2,
0.5% Triton-X, 150 mM NacCl) and centrifuged at 10,000g for 30 min
at 4 °C. The supernatants were filtered through a polyvinylidene
difluoride (PVDF) membrane (0.45 pm, PALL Life Sciences, NY)
and regarded as a membrane fraction. These fractions were quan-
tified using the Bio-Rad Protein assay (Bio-Rad, CA) according to
the manufacturer’s protocol.

2.2. Western blotting

Immunoblotting was conducted as previously described [4].
In brief, mouse brain lysates were fractionated as described
above, then separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto
PVDF membranes (Millipore, MA). After being blocked with 5%
nonfat milk in Tris-buffered saline (TBS) containing 0.1% Tween
20, the membranes were probed with the primary antibodies
indicated below, washed again, and probed with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Cell Signal-
ing, MA).

2.3. Immunofluorescence reactions and immunohistochemistry

For immunofluorescence studies, mice were perfused with 4%
paraformaldehyde, and 50-pm sections were prepared using a
microslicer (VT1000S, Leica, Nussloch, Germany). The antibodies
and dilutions used were as follows: Anti-ubiquitin mouse mono-
clonal Ab (mAb) 1B3 (MBL, Nagoya, Japan), 1:100; anti-ubiquitin
mouse mAb FK2 (BIOMOL, NY), 1:100; anti-TDP-43 mouse mAb
(TARDBP) (Proteintech Group, IL), 1:100; anti-p62 (C-terminal spe-
cific) guinea pig polyclonal antibody (pAb) (American Research
Products, MA), 1:100; anti-GFAP mouse mAb (Chemicon, CA),
1:200; anti-tyrosine hydroxylase rabbit pAb (AB152, Chemicon),
1:1000; anti-microtubule-associated protein 2 goat pAb (MAP2,
[14]), 1 pg/mL; anti-calbindin rabbit pAb [15], 1 pg/mL. Appropri-
ately, coupled secondary antibodies (Alexa Fluor, Molecular
Probes, CA) were used for double-labeling. For immunohistochem-
istry, we used the Histofine mouse stain kit or Histofine simple
stain mouse MAX-PO(R) (Nichirei, Japan), according to the manu-
facturer’s protocols.

3. Results

Because AMSH is a deubiquitinating enzyme with endosome
functions, we analyzed ubiquitinated protein accumulation in the
soluble (cytoplasmic) and insoluble (membrane) fractions of the
AMSH '~ brain. Western blot analysis using the anti-ubiquitin
antibody P4D1 revealed no difference in ubiquitinated protein lev-
els in the soluble fractions from control or AMSH /= brains (Fig. 1,
left panels). In the insoluble fraction, however, the ubiquitinated
protein levels were higher in the AMSH /- brain than in the control
(Fig. 1, right panels). The ubiquitinated protein levels in the insol-
uble fraction increased slightly from embryonic day 10 (E10) to
postnatal day 8 (P8) in the control brain, and the levels were higher
in the AMSH /~ than the control brain during E10 to P18, near the
end of the AMSH /" mouse lifespan. By P8 the ubiquitinated pro-
tein levels in the AMSH /~ brain had increased markedly. These
data suggest that AMSH deficiency leads to the progressive accu-
mulation of ubiquitinated proteins in the membrane fraction of
the brain.

Histopathological examination of the hippocampus, the brain
region most affected in AMSH /"~ mice, showed evident neurode-
generation in the CA1 subfield in P6 mice [8]. Confirming the pres-

Soluble fraction Insoluble fraction
E10 E15 P8 P18 E10 E15 P8 P18
CKCK CKCK Mw(Da) ck CK CKCK

= 250 =

= 50 =

IB: anti-ubiquitin

25

q W - 10 =

Fig. 1. Ubiquitinated proteins increase with aging in the AMSH knockout mouse
brain. Western blots were performed on soluble and insoluble brain fractions of
control (C) and AMSH knockout (K) mice at the ages indicated (see Section 2) using
the anti-ubiquitin antibody P4D1. Gels were loaded with equal amounts of protein.
IB, immunoblotting.
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AMSH""

CPu(P8)

Ub Overlay

Ub Overlay

Fig. 2. Ubiquitinated proteins accumulate in the AMSH ™/~ mouse neurons. Immunofluorescence in postnatal day 8 (P8) AMSH'~ and AMSH /= tissues stained with
antibodies against ubiquitinated proteins in red (clone FK2) is shown in the hippocampal CA1 (A and B), CA3 (C and D), cerebral cortex (E and F), and caudate putamen (G and
H). Arrows indicate ubiquitin-positive aggregates. Bar, 10 um. Lu, stratum lucidum; Py, pyramidal cell layer; Ra, stratum radiatum; I/Il], laminae II/IIL.

ence of neural damage, staining with the glial marker GFAP (glial
fibrillary acidic protein) was greater in the hippocampal CA1 sub-
field of the AMSH /= P1 brain than in the control, and was pro-
foundly increased in P8 mice (data not shown). To determine
whether ubiquitin is involved in the neuronal degeneration ob-
served in AMSH / mice, we immunostained brain tissues with
FK2, an antibody against ubiquitinated protein. In P8 AMSH /
brains, FK2-stained granules were clearly apparent in the CA1 sub-
field, frontal cortex (Cx), and caudate putamen (CPu), but not in the
CA3 subfield (Fig. 2A to H in red). The immunostainings of micro-
tubule-associated protein 2 and ubiquitined aggregate were co-
localized in CA1 and Cx (Fig. 2A-F). The staining patterns both
dopaminergic (tyrosine hydroxylase-positive) fibers in CPu were
similar between control and AMSH '/~ mice (Fig. 2G and H). The
ubiquitinated aggregates in CPu were partially colocalized with
dopaminergic fibers, which suggested that ubiquitinated proteins
did not accumulated in dopaminergic neurons but in the striatal
neurons receiving dopaminergic input. These results suggested
that both the ubiquitinated protein accumulation and neuron loss
specifically occurred in the AMSH /- CA1 subfield.

We next examined whether the AMSH deficiency impacts
autophagy. Because AMSH is generally known to interact with ESC-
RT protein components [16], and ESCRT is closely involved with the
autophagic pathway [12,17], insufficient autophagy and autophagic
protein clearance might account for the aggregation of ubiquitinat-
ed proteins in the AMSH /= mouse brain. We therefore looked at

two marker proteins for autophagy: LC3, a specific autophagosome
marker, and p62, a ubiquitin-binding protein that is implicated in
autophagic protein degradation and that accumulates intracellu-
larly with insufficient autophagy [18]. Although LC3-positive vesi-
cles could not be detected at P20 in either the control or AMSH /
brain (data not shown), p62 aggregations were clearly observed
in pyramidal cell perikarya in the CA1 subfield, Cx, and CPu in the
AMSH /"~ brain (Fig. 3A and B in red' and data not shown). Notably,
p62 and ubiquitinated proteins colocalized strongly.

We next examined the expression of the transactivation re-
sponse element (TAR)-DNA-binding protein 43 (TDP-43), since a
previous report suggested that defective ESCRT function leads to
aggregations of cytoplasmic proteins, including TDP-43 [19]. Inter-
estingly, TDP-43 was found in several regions of the AMSH I~ p8
brain, including the CA1 subfield, Cx, and CPu (Fig. 3E and F in
green and data not shown), and its levels increased markedly from
P8 to P20 (Fig. 3G and H). TDP-43 accumulations did not colocalize
with ubiquitinated proteins (Fig. 3F), but rather with GFAP
(Fig. 3D). These data indicate that TDP-43 accumulates in astro-
cytes but not neural cells in AMSH '~ mice.

AMSH is known to deubiquitinate receptors, such as the EGF
receptor [5] and protease-activated receptor 2 [20], but how AMSH
contributes to receptor deubiquitination in vivo is unknown. We

! For interpretation of color in Figs. 2 and 3, the reader is referred to the web
version of this article.
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AMSH" AMSH™*

Overlay Overlay
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Fig. 3. Ubiquitinated proteins, p62, and TDP-43 accumulate in the AMSH /- mouse brain. (A and B) Immunofluorescence in P20 AMSH*'~ and AMSH /" tissues stained with
antibodies against ubiquitinated proteins (1B3) and p62 is shown in the hippocampal CA1. (C and D) TDP-43 and GFAP colocalize in the AMSH !~ mouse brain.
Immunofluorescence staining with antibodies against GFAP and TDP-43 in AMSH'~ and AMSH /= mice at P20 in the hippocampal CA1 subfield. Bar, 10 pm. (E and F)
Immunofluorescence staining in the cerebral cortex of P20 AMSH'/~ and AMSH "/~ mice, using antibodies against ubiquitinated proteins (1B3) and TDP-43. Arrows indicate

TDP-43-positive cells. Arrowheads indicate ubiquitin-positive cells. Bar, 10 pum. (G and H) Immunohistochemistry of hippocampal CA1 subfields from AMSH '~ mice at P8 (E)
and P20 (F), stained with an anti-TDP-43 antibody. Bar, 50 um.
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AMSH"Y
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Fig. 4. Patterns of glutamate receptor subunits and ubiquitinated proteins, Immunofluorescence reactions in P8 AMSH'/~ (A, C,E, G)and AMSH !~ (B, D, F, H) mice are shown.
CA1 subfields were counterstained with DAPI (blue) and stained with antibodies (red) against GIuR1 (A and B), NR1 (C and D), VR1 (E and F), and PSD95 (G and H).

Ubiquitinated proteins were also stained in green.

suspected that glutamate receptors, which play prominent roles in
several neurodegenerative diseases [21], might be regulated by
AMSH. We used immunohistochemistry to examine the expression
and localization of GluR1, which is a subunit of the a-amino-3-hy-
droxy-5-methyl-isoxazolepropionic acid receptor (AMPAR), as well
as NR1 and VR1, which are subunits of the N-methyl-p-aspartate
receptor (NMDAR), in the CA1 subfield. Aggregates in the AMSH"/

brain were not stained by antibodies against GluR1, NR1, or
VR1 (Fig. 4A, C, E, and G); however, glutamate receptor-positive
aggregates were clearly visible (Fig. 4B, D, F, and H). PSD95, which
is known to bind Hrs and control glutaminergic synapse function,
was weakly detected and was found colocalized with ubiquitinated
proteins. Interestingly, we found the colocalization of glutamate
receptor- and ubiquitin-positive aggregates (Fig. 4B, D, F, and H, in-
sets). These results indicate that AMSH is critical for glutamate
receptor regulation.

4. Discussion

The present study demonstrated that ubiquitinated proteins
were accumulated in the membranous fractions of the AMSH-

deficient mouse brain, indicating that membrane traffic is altered.
These accumulations were found as early as E10. In a previous
study, we found neuron loss in the AMSH-deficient CA1 subfield
on and after P8, but not at E19 or P1 [8]. Ubiquitinated protein
aggregates in neurons are known to induce neurodegeneration in
conditions such as AD, FTD, and ALS [9]. Therefore, it is reasonable
that we detected aggregates of ubiquitinated proteins prior to neu-
rodegeneration in the AMSH-deficient brain. Ubiquitinated pro-
teinaceous aggregates in the brains of AMSH-knockout mice
colocalized with p62, which also accumulates in the affected neu-
rons. The protein p62 binds ubiquitin and the autophagosome mar-
ker protein LC3, and regulates aggregate formation [22]. In
addition, p62 is a selective target of autophagy, and is eventually
degraded in lysosomes as a result of the autophagosome-lysosome
fusion event [22]. Based on these findings, it is possible that AMSH
is required for the basal or naturally occurring autophagic clear-
ance of aggregate-prone proteins by facilitating the autophago-
some-lysosome fusion.

We also observed TDP-43 aggregates in GFAP-positive glial
cells in the AMSH-deficient brain, and these aggregates were not
stained by anti-ubiquitin antibodies. In contrast, TDP-43 has been

Commun. (2011), doi:10.1016/j.bbrc.2011.04.065

Please cite this article in press as: S. Suzuki et al., AMSH is required to degrade ubiquitinated proteins in the central nervous system, Biochem. Biophys. Res.




6 S. Suzuki et al. /Biochemical and Biophysical Research Communications xxx (2011) xxx-Xxx

reported to accumulate in cytoplasmic lesions in neural cells and
to colocalize with ubiquitin-positive cellular inclusions in human
neurodegenerative diseases such as ALS and FTD [23]. However, a
recent study showed that neuronal and glial inclusions were pos-
itively stained with ubiquitin and TDP-43 antibodies in some FTD
brain specimens [24]. As TDP-43 is known to be polyubiquitinated
in the presence of proteasome inhibitors [25], we expected AMSH
to be critical for degrading TDP-43 in glial cells. However, we
failed to detect TDP-43 ubiquitination in glial cells. Furthermore,
we also examined alpha-synuclein, one of the proteins affected
in PD, and phosphorylated Tau, which accumulates in AD, and
found no differences between the AMSH*~ and AMSH /= brains
(data not shown). These results suggest that there may be an un-
known substrate that needs to be cleared by AMSH-dependent
deubiquitination and sorting, or that AMSH may be required for
non-specific clearance of unwanted proteins. Further study is re-
quired to find AMSH substrates related to neurodegenerative
disease.

In contrast to our present findings of neurodegeneration in the
CA1 subfield in AMSH knockout mice, we previously reported find-
ing CA3 sector neurodegeneration in STAM1-knockout as well as
neuron-specific Hrs-knockout mice [12,26]. STAM1 and Hrs form
an ESCRT-0 complex, which sorts ubiquitinated proteins upstream
of ESCRT-III [27]. The mechanism determining the specificity of
neurodegeneration in CA1 versus CA3 is an intriguing issue. Since
AMSH and Hrs are distributed ubiquitously in the hippocampus,
including the CA1 and CA3 subfields [8,12], their expression pat-
terns do not account for the difference. The glutamate receptor
subunit aggregates that we found in the CA1 subfield of the
AMSH /- brain in this study have also been found in the CA3 sub-
field in the Hrs-knockout brain. While we cannot completely ex-
clude the possibility that neurodegeneration itself causes the
accumulations of ubiquitinated aggregates, we suspect that in-
stead, neurodegeneration is a result of impaired glutamate
receptor regulation; we found that ubiquitinated protein accumu-
lations were already present at E10 and E15 in the AMSH /= brain,
before CA1 pyramidal neuron loss occurs [8]. We also suspect that
the survival of hippocampal neurons in the CA1 and CA3 subfields
requires novel, distinct proteins that are subject to ubiquitination.
Further study is required to determine how endosomal trafficking
is regulated in the different subfields in the hippocampus.

Among the ESCRT molecules, CHMP2B mutations cause chro-
mosome 3-linked, familial FTD (FTD-3) in humans. CHMP2B is a
component of ESCRT-III, and like AMSH, is recruited to the endo-
somes and MVB for cargo sorting. Because AMSH binds indirectly
with CHMP2B via another ESCRT-III molecule, CHMP3 [28], AMSH
depletion and CHMP2B mutations seem to share similar patholog-
ical features. Indeed, neurodegeneration in FTD-3 patients is dis-
tributed not only in the frontal, parietal and temporal cortex, but
also in the hippocampus. Histopathological changes found in pa-
tients with late stages of ubiquitin-positive FTD include changes
in the CA1 sector of the hippocampus [29]. In addition, p62 and
ubiquitinated protein accumulations are related to human neuro-
degenerative diseases [18]. It is not known whether AMSH selec-
tively recognizes harmful gene products associated with
neurodegenerative disorders. However, AMSH mutant mice pro-
vide an excellent animal model system for studying the molecular
mechanisms of neurodegenerative diseases.
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Abstract

Background Lymphotropic hepatitis C virus (HCV)
infection of B and T cells might play an important role in
the pathogenesis of hepatitis C. Recently, we showed that a
lymphotropic HCV (SB strain) could infect established
T-cell lines and B-cell lines. However, whether HCV
replication interferes with cell proliferation and function in
primary T lymphocytes is still unclear.

Aim  The aim of this study was to analyze whether HCV
replication in primary T lymphocytes affected their
development, proliferation, and Thl commitment.
Methods SB strain cell culture supernatant (2 x 10*
copies/ml HCV) was used to infect several kinds of pri-
mary lymphocyte subsets. Mock, UV-irradiated SB-HCV,
JFH-1 strain, and JFH-1 NS5B mutant, which could not
replicate in T cells, were included as negative controls.
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Carboxyfluorescein  succinimidyl ester (CFSE) and
CD45RA double staining was used to evaluate the prolif-
erative activity of CD4"CD45RA"CD45RO ™~ naive CD4™"
cells. Interferon (IFN)-y and interleukin (IL)-10 secretion
assays magnetic cell sorting (MACS) were carried out.
Results Negative strand HCV RNA was detected in
CD4", CD14", and CDI19" cells. Among CD4" cells,
CD4"CD45RATRO™ cells (naive CD4™" cells) were most
susceptible to replication of the SB strain. The levels of
CFSE and CD45RA expression gradually declined during
cell division in uninfected cells, while HCV-infected naive
CD4" cells expressed higher levels of CFSE and CD45RA
than Mock or UV-SB infected naive CD4" cells. More-
over, the production of IFN-y was significantly suppressed
in SB-infected naive CD4™" cells.

Conclusions Lymphotropic HCV replication suppressed
proliferation and development, including that towards Thl
commitment, in human primary naive CD4™" cells.

Keywords HCV - Lymphotropic - Naive CD4 " cell - Thl

Introduction

Hepatitis C virus (HCV) infects about 170 million people
worldwide and is a major cause of chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma (HCC) [1]. Cellular
and humoral immune responses to HCV play an important
role in the pathogenesis of chronic hepatitis, liver cirrhosis,
HCC, and B-lymphocyte proliferative disorders, including
mixed cryoglobulinemia, a disorder characterized by the
oligoclonal proliferation of B cells [2, 3].

Several mechanisms have been proposed for the failure
of the cellular immune response, including anergy, cyto-
toxic T-lymphocyte (CTL) exhaustion, suppression via
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regulatory CD4"-CD25" T cells interleukin-10 (IL-10)-
secreting regulatory CD8"-T cells, and direct binding of
HCV core antigen [4-7]. However, the influence of HCV
replication in lymphoid cells on their functions is not fully
understood. HCV replicates primarily in the liver, but
HCV-RNA has been detected in other lymphoid cells,
including B- and T-lymphocytes, monocytes, and dendritic
cells [8—11]. Sung et al. [12] have previously reported a
B-cell line (SB cells) that produces HCV particles that can
further infect B lymphocytes in vitro. We have shown that
the SB-HCV strain could infect and replicate in T-cell lines
and that HCV replication could inhibit interferon (IFN)-y/
signal transducer and activator of transcription-1 (STAT-1)/
T-bet signaling of the T cells [13]. Moreover, we reported
that HCV replication in Molt-4 could affect the prolifera-
tion and FAS-mediated apoptosis of T cells by inhibiting
CD44v6 expression and mitogen-activated protein kinase
(MAPK) signaling in Molt-4 [14]. Most of these data
came from studies using cell lines, since stable SB-HCV
replication could be detected in lymphoid cell lines
(Raji, Molt-4, etc.). However, the analysis of primary
lymphocytes is preferable to determine the real effects of
lymphotropic HCV strains on T-cell biology. In fact, the
effects of low titers of HCV in primary T cells have not
been clarified yet.

We first reported that, among T cells, CD4'TCD45RA™
RO naive T cells were susceptible to SB-HCV infection
[13]. Here we describe the functional and proliferative
analysis of SB-HCV-infected naive CD4" T cells after
short-term culture.

Materials and methods
Culture of cell lines

SB cells that continuously produce infectious HCV parti-
cles were originally established from splenocytes of an
HCV-infected patient with type 2 mixed cryoglobulinemia
and monocytoid B-cell lymphoma [12]. The cells were
maintained in standard RPMI (Invitrogen, Carlsbad, CA,
USA) medium with 20% fetal bovine serum (FBS) without
any supplement. Every 5 days, the cells were sedimented
by natural gravity for 30 min at 37°C.

In vitro infection of primary lymphoid cells

Supernatants from SB cells were purified by centrifugation
and 0.2-um filter. SB culture supernatant (5 ml), which
contained 2.2 x 10* copies/ml of HCV RNA, was used for
the infection of several kinds of human primary lymphoid
cells (1 x 10° cells). A control infection with UV-irradi-
ated SB culture supernatant was included in every

experiment. Supernatants of Huh7.5 cells transfected with
JFH-1 strains [15-17] at 10 days post-transfection were
used for several control experiments. Cells were washed 3
times at 2 days after infection. Then, a portion of the cells
(3 x 10° to 5 x 10° cells) was harvested for analysis; the
remaining cells (1 x 10° cells) were kept and incubated
under the same condition.

Isolation of various kinds of lymphoid
cells and naive CD4" T cells

We got informed consent from 5 healthy donors, from whom
peripheral blood mononuclear cells (PBMC) were isolated
by Ficoll-Paque centrifugation (Amersham Bioscience
[Uppsala, Sweden]). Anti-CD3 phycoerythrin (PE), anti-
CD4 (PE-Cy3), anti-CD8 (PE), anti-CD14 (PE), anti-CD19
(PE), anti-CD45RO (PE), and antiCD45RA (fluorescein
isothiocyanate [FITC]) antibodies (BD Pharmingen) were
used for the separation of different kinds of mononuclear
cells by using fluorescence activated cell sorting (FACS)
vantage (BD Parmingen, San Jose, CA, USA). In some
experiments, a naive CD4 " T cell isolation kit IT (Miltenyi
Biotec [Bergish Gladbach, Germany]) was used to obtain
more viable naive CD4™" cells.

Strand-specific intracellular HCV RNA detection

Strand-specific intracellular HCV RNA was detected by
using a recently established procedure that combined pre-
viously published methods [9, 18] with minor modifica-
tions [13]. Positive- and negative-strand-specific HCV
RNAs were detected by a nested polymerase chain reaction
(PCR) method. Reactions were performed with 2 pl of 10x
reverse transcriptase (RT) buffer, 2 pl of 10-mmol/l mag-
nesium chloride, 200-pmol/l each of deoxyadenosine tri-
phosphate, deoxycytidine triphosphate, deoxyguanosine
triphosphate, 100-pmol/l of thymidine triphosphate
(dTTP), 0.2 U of uracil-N glycosylase (UNG; Perkin Elmer
[Fremount, CA, USA]/Applied Biosystems), 5 U of rTth
DNA Polymerase; and 50 pmol of strand-specific HCV
primers (positions according to the 5" untranslated region),
nt —285 to —256 (ACTGTCTTCACGCAGAAAGCGTCT
AGCCAT) and —43 to —14 (CGAGACCTCCCGGGGCA
CTCGCAAGCACCC) and template RNA. The RT mixture
was incubated for 10 min at room temperature and then at
70°C for an additional 15 min. The ¢cDNA product was
subjected to the first PCR with 80 pl of PCR reaction
buffer containing 50 pmol of HCV downstream strand-
specific primer. The PCR amplification consisted of 5 min
at 95°C, followed by 35 cycles (I min at 94°C, followed by
1 min at 67°C, and then by 1 min at 72°C), and then 7-min
extension at 72°C. For the second nested PCR, an aliquot
(1/10) of the first PCR reaction mixture was re-amplified
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using 50 pmol of each of the two primers, nt —276 to —247
(ACGCAGAAAGCGTCTAGCCATGGCGTTAGT) and
nt —21 to —50 (TCCCGGGGCACTCGCAAGCACCCT
ATCAGG), which span the 255-base pair region nt —276
to —21 (position according to the 5" untranslated region) of
HCV RNA, and Taq polymerase (Applied Biosystems).
The reaction was run for 35 cycles (1 min at 94°C, 1 min at
67°C, 1 min at 72°C), followed by 7 min at 72°C. Semi-
quantification was achieved by serial fourfold dilutions (in
10 pg/ml of Escherichia coli tRNA) of an initial amount of
200 ng of total RNA. The relative titer was expressed as
the highest dilution giving a visible band of the appropriate
size on a 2% agarose gel stained by ethidium bromide. For
internal control, semi-quantification of f-actin mRNA was
performed by using the same RNA extracts. To rule out
false, random, and self-priming, extracted HCV RNA was
ron in every RT-PCR test without the addition of an
upstream HCV primer.

CFSE staining

Cells were analyzed by using a CellTrace CFSE Cell
Proliferation Kit (Invitrogen [Carlsbad, CA, USA]). The cell
staining methods followed the manufacturer’s protocol.
Stained cells were washed three times and incubated for an
additional 7 days. Cells were analyzed by flow cytometry
with 510 nm excitation and emission filters. A proliferation
index was calculated by FlowJo 7.5 (Tree Str Inc, Ashland,
OR, USA), according to the manufacturer’s protocol.

Annexin V and propidium iodide staining

Cells were stained with Annexin V and propidium iodide
(PI) by using an apoptosis detection kit (R&D systems,
Minneapolis, MN, USA). Staining methods were conducted
according to the manufacturet’s protocol. Briefly, collected
cells were washed and gently re-suspended in the Annexin
V incubation reagent at a concentration of 3 x 10° cells per
100 pl. Then, re-suspended cells in binding buffer were
stained by Streptavidin conjugate allophycocyanin (APC)
and analyzed by flow cytometry within 1 h.

Transfection of HCV individual protein
expression plasmids

The various expression plasmids were constructed by
inserting HCV core, E1, E2, NS3, NS4B, NS5A, and NS5B
cDNA of genotype la [19] behind the cytomegalovirus
virus immediate-early promoter in pCDNA3.1 (Invitro-
gen). Primary CD4% cells were transfected using Nucleo-
fector I (Amaxa, Gaithersburg, Washington DC, USA) with
a Human T cell Nucleofector kit (Amaxa), and various
plasmids were purified using the EndFree plasmid kit
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(QIAGEN, Valencia, CA, USA). Viable transfected cells
were isolated by Ficoll-Paque centrifugation (Amersham
Bioscience) at 24 h post-transfection. Transfection and
expression efficiency were analyzed by using intracellular
staining of HCV individual proteins and flow cytometry
analysis. Briefly, the cells were fixed and permeabilized
with fixation/permeabilization solution (BD Bioscience) at
4°C for 25 min. The cells were then washed two times in
BD Perm/Wash buffer (BD Bioscience) and resuspended in
50 ul of BD Perm/Wash buffer containing pre-conjugating
polyclonal anti-E1, E2, NS3, NS4B, NS5B, NS5A anti-
body (abcam, Cambridge, MA, USA) with a phycoerythrin
(PE)-conjugated anti-mouse antibody.

Confocal laser microscopy

Primary lymphocytes (3 x 10° cells/ml) in suspension
were fixed and permeabilized with fixation/permeabiliza-
tion solution (BD Bioscience) at 4°C for 25 min. The cells
were then washed two times in BD Perm/Wash buffer (BD
Bioscience) and resuspended in 50 pl of BD Perm/Wash
buffer containing pre-conjugating polyclonal anti-NS5A
antibody (Biodesign International, Saco, ME, USA) with
an FITC-conjugated anti-mouse antibody.

Interferon-y and interleukin 10 secretion assay

Cells were washed by adding 2 ml of cold phosphate-
buffered saline (PBS) and resuspended in 90 pl of cold
RPMI 1640 medium. After the addition of 10 pl of IL-10-
or IFN-y-Catch Reagent (Miltenyi Biotec), cells were
incubated for 5 min on ice. Then the cells were diluted
with 1 ml of warm medium (37°C) and further incubated in
a closed tube for 45 min at 37°C under slow continuous
rotation. Cells were washed and IL-10- or IFN-y-secreting
cells were stained by adding 10 pL of IL-10- or IFN-
y-detection antibody (PE-conjugated) (Miltenyi Biotec)
together with anti-CD4-PerCP.

Real-time PCR analysis

Cells were collected sequentially at various time points
after the addition of recombinant human IFN-y (500 ng/
ml) (BD Biosciences, CA, USA). After the extraction of
total RNA and the RT procedure, real-time PCR using a
TagMan Chemistry System was carried out. The ready-
made set of primers and probe for the amplification of
T-bet (ID HS00203436) and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) were purchased from Perkin-
Elmer/Applied Biosystems. The relative amount of target
mRNA was obtained by using a comparative the threshold
cycle (CT) method. The expression level of mRNAs of
the non-stimulation sample of vector transfected-primary
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CD4%1 cells was represented as 1.0 and the relative
amount of target mRNA in a stimulated sample was cal-
culated according to the manufacturer’s protocol.

Immunoblot assay

Proteins were resolved by electrophoresis in sodium dode-
cyl sulfate-polyacrylamide gels and electrophoretically
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad, Hercules, CA, USA). The membrane was

Fig. 1 Suppression of
proliferation activity in hepatitis
C virus (HCV)-infected human
naive T lymphocytes.

a A representative dot plot of
CD4"CD45RAMRO™ cells is
shown. Cells are stained with
CD4-PerCP-antibody (Ab),

A

Pre-Stimulation

incubated with anti-STAT-1a, or anti-p-STAT-1 antibodies
(Cell Signaling, Danver, MA, USA) and then reacted with
peroxidase-conjugated secondary antibody. Immunoreac-
tivity was visualized by an enhanced chemiluminescence
detection system (Amersham Bioscience).

Statistical analysis

Statistical analyses of the data in Figs. Ic, 2¢, 3b, and 4
were performed by the analysis of variance (ANOVA)
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Fig. 2 Suppression of
development and Thl
commitment in HCV-infected
human naive T lymphocytes.

a Representative dot plots of
CD45RA and carboxyfluo-
rescein succinimidyl ester
(CFSE) double staining are
shown. Numbers in the
representative dot plots indicate
the numbers of cell divisions.
Bar graphs indicate the mean
fluorescence intensity (MFI) of
cell clusters. b Representative
dot plots of interferon-y (IFN-y)
and interleukin (IL) 10 secretion
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test (SPSS10.0, SPSS Inc, Chicago, IL, USA). Values of
p < 0.05 were considered to be statistically significant.

Results

Detection of negative-strand HCV-RNA
among lymphoid cells

Strand-specific rTth based nested PCR was carried out to
analyze the susceptibility to HCV infection among the
various kinds of lymphoid cells with or without short term
culture (7 days). Isolated lymphoid cells were infected with
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IL10 secreting cells (%)
10+

* P<0.05
** P<0.01

Mock UV-HCVdnfected HC Viinfected

SB-HCV, UV-irradiated-HCV, or JFH-1 strain and were
cultured with appropriate cytokines and/or antibody stimu-
lation (Table 1). We needed to add different kinds of cyto-
kines to maintain the cell proliferation and viability.
Negative-strand HCV-RNA could be detected in CD4™,
CD14", and CD19" cells and in CD8™ cell-depleted PBMCs
(PBMC-CD8™") after short-term culture (Table 2). However,
negative- and positive-strand HCV-RNA could not be
detected in any kinds of lymphoid cells infected with the
supernatant of JFH-1 and JFH-1 GND mutant (data not
shown). Undetectable negative-strand HCV-RNA at 2 days
post-infection indicated that HCV-RNA was replicated after
inoculation. We found that depletion of CD8" cells from
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Fig. 3 HCV replication induces A:
apoptosis of naive CD4" cells. -
a Representative dot plots of
Annexin V and propidium
iodide (PI) staining are shown.
The numbers in the quadrants
indicate the frequencies of early

H
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apoptotic cells (Annexin V' and
PI") and dead cells (Annexin
V* and PI" cells). b The
frequencies of early apoptotic

cells are shown in this bar nix
graph. Three independent

experiments were carried out.

Error bars indicate the standard B (%)
deviations 9

0

Mock UV-HCV HCV

PBMCs was favorable to replication in lymphoid cells.
In this study, we used CD3CD28 beads and IL2 stimulation
that could stimulate more efficiently than CD3 and I1L2
stimulation. However, among the CD4" cells, CD4*
CD45RA RO naive CD4" cells were most susceptible to
infection, as we previously demonstrated (Table 2) (Suppl.
Fig. 1) [13]. These data indicate that CD4*CD45RA RO~
naive CD4" cells could be infected with SB-HCV during
T-cell development. CD81 was one of the main candidates of
HCV receptors for the infection of the cells [20-22]. We
tried to analyze whether anti-CD81 antibody might block the
SB-HCV infection of primarily naive CD4" cells. HCV-
NSSA protein could be detected in 12.2% of SB-HCV-
inoculated naive CD4" cells at 10 days post-infection.
However, the pretreatment of anti-CD81 antibody reduced
the frequency of NS5A detection among the SB-HCV-
inoculated naive CD4" cells (4.7%) (Suppl. Fig. 2). The
sensitivity of NS5A immunostaining was lower than that of
the strand-specific nested PCR method [13].

Suppression of proliferation activity
in SB-HCV-infected naive CD4 " cells

The purity of CD45RAYRO ™ naive CD4™" cells after isola-
tion was around 92% (Fig. 1a). CFSE staining was carried
out at 5 days post-infection in SB-HCV, UV-irradiated
HCV, and Mock. Stained cells were washed three times and

Mock UV-HCV HCV
463% | 6.76% |
{ 1 |
i i
i
w : 452% | 5.82% |
AnnexinV staining

* p<QOf

incubated for an additional 7 days with T-cell expander
(CD3CD28 coated beads and IL2 stimulation). Cells were
analyzed by flow cytometry with 510 nm excitation and
emission filters. The proliferation index was calculated by
FlowJo 7.5 software according to the manufacturer’s pro-
tocol. The proliferation index of SB-HCV-infected naive
CD4™" cells was significantly lower than that of controls
(p < 0.01) (Fig. 1b, c). These data indicate that lympho-
tropic SB-HCV suppresses the proliferation activity of
T cells.

Disturbance of cell development and IFN-y-secreting
activity

CD45RA and CFSE double staining was carried out to
analyze the cell development. The expression level of
CD45RA on naive CD4" cells had gradually declined
during cell proliferation. However, the CD45RA expres-
sion level of SB-HCV-infected naive CD4 " cells remained
higher than those of the control groups (Fig. 2a). More-
over, the frequency of IFN-y-secreting cells among SB-
HCV-infected CD4" cells was significantly lower than
those of the control groups (p < 0.01) (Fig. 2b, c¢). On the
other hand, the frequency of IL10-secreting cells was
comparable in the three groups (Fig. 2b, c). These data
indicate that HCV infection could interrupt cell develop-
ment, especially Thl development.
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Fig. 4 HCV-Core and NS5A proteins are the proteins that contribute
to the suppression of IFN-y secretion. a HCV E1, E2, Core, NS3, NS4B,
NS5A, and NS5B expression plasmids were used to transfect into
primary CD4 " lymphocytes by Nucleofector. The frequencies of IFN-
y-secreting cells among the samples’ CD4" cells/the frequencies of
IFN-y-secreting cells among the vector’s CD4 ™ cells x 100 are shown
in this bar graph. b HCV core and NS5A transfected primary CD4 "
lymphocytes were stimulated with IFN-y (500 ng/ml). The relative
expression of T-bet-mRNA was sequentially analyzed by real-time
polymerase chain reaction (PCR). The relative amount of target mRNA
was obtained by using a comparative the threshold cycle (CT) method.
The expression level of mRNAs of the nonstimulation sample of vector
transfected-primary CD4™" cells is represented as 1.0 and the relative
amount of target mRNA in a stimulated sample was calculated. Three
independent experiments were carried out. Error bars indicate the
standard deviation. ¢ Immunoblotting assay was carried out to detect
the protein of signal transducer and activator of transcription-1 (STAT-
1), phospho-STAT-1 (p-STAT-1), and actin in the HCV-core, NS5A,
and vector-plasmid transfected human primary CD4" cells with or
without IFN-y stimulation (30 min)

Table 1 Cytokine conditions for various kinds of lymphoid cell culture

SB-HCYV infection could induce apoptosis
of naive CD4™" cells

Annexin V and PI double staining were carried out to
detect early apoptotic cells. The frequency of Annexin-V-
positive Pl-negative early apoptotic cells in SB-HCV-
infected naive T cells was significantly higher than those in
the control groups (p < 0.01) (Fig. 3a, b). UV-irradiated
SB-HCV did not enhance the induction of apoptosis in
naive T cells with CD3CD28 stimulation. During T-cell
activation, apoptosis is easily induced in order to maintain
an appropriate immune response. In line with this feature,
3.04% of early apoptotic cells were detected in naive
T cells with CD3CD28 beads stimulation and Mock serum.
These data indicate that SB-HCV replication could induce
apoptosis, as seen in Molt-4 cells [14].

HCV core and NS5A proteins could suppress IFN-y
secretion from primary CD4™" cells

We investigated the HCV proteins responsible for the sup-
pression of IFN-y secretion. HCV E1, E2, Core, NS3, NS4B,
NS5A, and NS5B expression plasmids were used to transfect
into primary CD4" lymphocytes by Nucleofector. The
intracellular staining of these proteins was carried out and
the transfection efficiency was about 35-55% (Suppl.
Fig. 3). Among these proteins, HCV core and NS5A could
significantly suppress the IFN-y secretion (p < 0.05)
(Fig. 4). HCV core and NSSA transfected primary CD4"
lymphocytes were stimulated with IFN-y. The relative
expression of T-bet-mRNA was sequentially analyzed by
real-time PCR. T-bet-mRNA expression in HCV core or
NS5A transfected primary CD4" T lymphocytes was sig-
nificantly suppressed at 90 and 180 min post-transfection in
comparison to vector-transfected primary CD4" T lym-
phocytes. Moreover, the amount of STAT-1 protein in HCV-
Core-expressing CD4 ™" cells was remarkably lower than the
amounts in vector and HCV-E2 transfected CD4" cells

Cells Cytokine condition Other stimulant Cell viability (%)
PBMC IL2 (50 ng/ml) + IL6 (20 ng/ml) + CSF (250 ng/ml) None 80
PBMC-CD8 IL2 (50 ng/ml) + IL6 (20 ng/ml) + CSF (250 ng/ml) None 80
CD3 IL2 (50 ng/ml) CD3CD28 coated beads 70
CD4 IL2 (50 ng/ml) CD3CD28 coated beads 70
CD8 IL2 (50 ng/ml) CD3CD28 coated beads 70
CDl14 CSF (250 ng/ml) None 60
CDI9 IL-6 (20 ng/ml) None 70

The conditions of the cell culture are shown. Peripheral blood mononuclear cell (PBMC)-CD8 indicates CD8 cell-depleted PBMCs

IL interleukin, CSF colony stimulating factor
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Table 2 Strand-specific hepatitis C virus (HCV)-RNA detection in various kinds of lymphoid cells
Subset PBMC PBMC-CD8 CD3 CDh4 CD8 CD14 CDI19
Positive strand

2 days + + - + - - +

7 days ++ ++ + ++ - +4 ok

7 days UV-irradiated — - — — — — —
Negative strand

2 days - — — — - — —

7 days - + +/— + - + ++

7 days UV-irradiated - — — — — - —
Subset Whole CD4* CD4*CD45RA'RO CD4"CD45RA"RO™
Positive strand

2 days + + +

7 days ++ 4+ +

7 days UV-irradiated - - —
Negative strand

2 days - - —

7 days + +-+ /=

7 days UV-irradiated - —

Positive- and negative-strand-specific HCV-RNA was detected by semiquantitative nested polymerase chain reaction (PCR) methods

-, negative detection; -+, positive detection without dilution; ++, positive detection with 4 times dilution; 4+, positive detection with 16
times dilution; =+, only one detection in three independent experiments. Three independent experiments were carried out. Similar results were

obtained three times

(Fig. -ic). The amount of phosphorylated STAT-1 (p-STAT-
1) after IFN-y stimulation was also analyzed. The amount of
p-STAT-1 in HCV-Core and NS5A expressing CD4™ cells
was remarkably lower than that in the vector control.

Discussion

There are many reports about the existence of extrahepatic
HCV replication that might contribute to immune dys-
function [ |3, 14, 23-"5]. We have reported that a specific
SB-HCV strain could replicate in B- and T-cell lines and
affect various immune systems [13, 14, 25]. However, the
results of these studies were not definitely conclusive, since
the cell lines were inappropriate to investigate the devel-
opment and commitment of the lymphocytes. In the present
study, we demonstrated that the SB-HCV strain could
replicate in primary CD19" B cells, CD4* T cells, and
CDI14" monocytes with cytokine stimulation. Among the
CD4* T cells, CD4'CD45RA*RO™ naive CD4" cells
were the most susceptible to SB-HCV infection. One of the
speculated reasons to explain why naive CD4" cells with
stimulation were most susceptible to SB-HCV infection is
that T cells might temporarily express various kinds of
molecules which may contribute to the HCV infection
during T-cell development. The infectivity of naive CD4 "
T cells was not as high as that of Molt-4 cells. However,

significant suppression of cell development and IFN-y
secretion were seen in SB-HCV-infected naive T cells with
CD3, CD28, and IL2 stimulation. UV-irradiated-HCV that
could not replicate in the cells suppressed the IFN-y
secretion slightly. These data indicate that not only the
effect of HCV replication but also the direct binding effects
of HCV structured proteins might contribute to the sup-
pression of IFN-y secretion. One report indicated that
HCV-core protein could interact with the complement
receptor gCIqR and upregulate suppressor of cytokine
signaling-1 (SOCS-1), accompanied by downregulation of
signal transducer and activator of transcription-1 (STAT-1)
phosphorylation in T cells [7]. Another possible explana-
tion of the discrepancies between HCV infectivity and
suppression of proliferation and IFN-y secretion might be
the low sensitivity of HCV antigen-immunostaining, since
lower sensitivity of immunostaining in comparison to the
nested PCR method was found in our previous study [13].

HCV-Core and -NSSA proteins were the proteins
responsible for the suppression of IFN-y secretion from
T cells. Lin et al. [?6] have documented that HCV-core
protein causes the degradation of STAT-1 protein and
suppresses the Jak-STAT pathway in hepatocytes. In our
previous study, reduction of STAT-1 protein was detected
in HCV-core transfected primary naive T cells and HCV-
replicating Molt-4 cells [13]. Moreover, inhibition of
intrahepatic gamma interferon production by HCV-NS5A
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in transgenic mice was recently reported [27]. Recently,
detection of HCV replicative intermediate RNA in peri-
hepatic lymph nodes was reported [23]. The disturbance of
Thl commitment might influence the development of
HCV-specific CTL in perihepatic lymph nodes. The
selective infection of certain T cells by HCV in vivo may
explain why there is only relative HCV-specific T-cell
suppression without general immune suppression.

Suppression of proliferation activity was seen in HCV-
infected naive T cells as well as HCV-infected Molt-4 cells
[14]. The expression level of CD45RA, which is a surface
marker of T-cell development, gradually declined along with
cell proliferation. However, HCV-infected naive T cells
expressed significantly higher levels of CD45RA than the
control groups. We previously reported that HCV replication
could suppress Ras/MEK/ERK signaling of Molt-4 [1.i].
During T-cell development, T cells showed strong prolifer-
ation activity that might facilitate HCV replication in T cells.
However, extensive proliferation of HCV in T cells might
interfere with the proper development of T cells.

The induction of apoptosis was seen in SB-HCV-
infected naive T lymphocytes with CD3CD28 and I1L2
stimulation. It is known that, during T-cell activation from
naive to effector cells, T cells have to survive activation-
induced cell death (AICD), which may contribute to the
maintenance of an appropriate level of the immune
response [2Y, 30]. However, some groups reported that
HCV replication could inhibit apoptosis in hepatoma cell
lines [ 31, 32]. The developmental stages and characteristics
of naive T cells might explain these contradictory results.
During T-cell activation, apoptosis is easily induced in
order to maintain an appropriate immune response.

In conclusion, HCV replication in human naive T cells
might affect their proliferation activity and Thl develop-
ment, as was shown in the cell lines used in a previous
study. The results suggest that the infectivity of HCV in
human naive T lymphocytes is low, although the biological
effect of this infection might be significant because of its
bystander effects.
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