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CD1d is an MHC-like glycoprotein that presents lipid
antigen to natural killer T {NKT) cells (8 -10). In humans, a
specific subset of NKT cells expresses an invariant Va24-
JeQ/VB11 T cell receptor znd can recognize CD1d on the
surface of antigen presenting cells through this receptor (9).
Like MHC class 1 HC, CD1d HC is synthesized, glycosylated
by N-glycosyltransferzse, modified, and assembled with f2m
within the endoplasmic reticulum (ER) (10-12). Unlike
MHC class I HC, CD1d HC is not affected by quality control
mechanisms that efficiently destroy misfolded N-tinked
membrane glycoproteins and those that have not properly
assembled with f2m (10, 11, 13). In fact, diverse CD1d HC
isoforms, including mature glycosylated (~48 kDa), imma-
ture glycosylated (—45 kDa), and non-glycosylated (~37
kDa) forms, are expressed on the cell surface in a cell-type
specific fashion (10-12).

CD1d plays a role in both innate and adaptive immunity to
various bacteria, viruses, fungi, and parasites (14, 15). Activa-
tion of CD1d-restricted invariant NKT cells enhances host
resistance to these microbes. CD1d-restricted NKT cells can
act directly on infected cells, killing the CD1d-expressing cell.
They also promote interferon y production by conventional
NK cells and modulate adaptive immune cells by altering Thi/
Th?2 polarization. Recognition of CD1d by invariant NKT cells
causes rapid release of interleukin-4 and interferon y from the
NIT cell {9). The activation of CD1d-restricted invariant NKT
cells in response to microbial invasion is antigen-dependent,
but these antigens can be derived from the invading microbe or
possibly host antigens (16 -18).

Viewing the importance of CD1d in innate immune
responses to microbes, we hypothesized that C. trachomatis
may alter CD1d-mediated immune pathways and thereby avoid
innate immune destruction of the infected cell by the hest. Here
we demonstrate that surface-expressed CD1d in human ure-
thral epithelial cells is down-regulated by C. trachomatis infec-
tion, and this involves both CPAF-mediated and classic cytoso-
lic proteasomal pathways.

MATERIALS AND METHODS

Epithelial Cell Line—The PURL epithelial cell line was estab-
lished from penile urethra collected at autopsy under IRB
approval. Small pieces of tissue were cultured in supple-
mented keratinocyte growth media (Invitrogen) and 0.4 ma
calcium until epithelial outgrowth occurred. Primary cells
were transduced with a retroviral vector (LXSN-16E6E7)
(22}, selected by resistance to the neomycin analogue G418
and passaged over 20 times prior to experiments. The cytok-
eratin profile (positive for CK13, -17, and -18), and the
expression of the secretory component of the polymeric
immunoglobulin receptor (SC) confirmed derivation from
penile urethral epithelium.

C. trachomatis Infection—Near confluent PURL cells were
overlaid with C. trachomatis serovar F (strain E/1C-Cal-13) ele-
mentary bodies suspended in a sucrose-phosphate-gluta-
mate solution at a predetermined dilution that resulted in
80-85% of cells becoming infected. Plates were centrifuged
for 1 h, supernatants were aspirated after centrifugation, and
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cells cultured for up to 45 h at 37 °C in keratinocyte growth
media.

Antibodies—For anti-CD1d antibodies, a D5 mAb (mIgG2b
(11}) recognizing all isoforms of CDD1d HC was used for bio-
chemical experiments. An NOR3.2 mAb {mlgGl, Abcam Inc,,
Cambridge, MA) recognizing all isoforms was used for flow
cytometry and immunofluorescence. A 51.1.3 mAb (mlgG2b
(10)) recognizing only mature glycosylated-CD1d was used for
immunofluorescence. For anti-CPAF antibodies, an n54b mAb
(mlgG1 (6)) recognizing N terminus and a ¢100a mAb (mlgG1
(7)) recognizing C terminus fragments of CPAF (kind gifts from
Dr. G. Zhong, University of Texas, San Antonio, TX) were used
for immunoprecipitation and immunoblotting, respectively.
The n54b mAb was zlso used for immunofluorescence.

Flow Cytometry—PURL cells infected with C. trachomatis
were harvested 24 h after infection. Uninfected and infected
PURL cells were harvested using accutase (Chemicon,
Temecula, CA}. Harvested cells were then incubated with an
anti-transferrin receptor mAb conjugated to phycoerythrin
(Caltag Laboratories) or with an anti-CD1d NOR3.2 mAb for
30 min at 4°C. CDI1d staining was followed by a goat anti-
mouse Ig secondary antibody conjugated to phycoerythrin for
30 min at 4 °C (BD Biosciences, San Jose, CA). Cells were sus-
pended in 1% paraformaldehyde and analyzed using a FACS-
Calibur flow cytometry system (BD Biosciences).

Proteasome Inhibitor Treatment—Infected and control
PURL cells were cultured for up to 45 h in the presence or
absence of two different cytosolic proteasome inhibitors: lacta-
cystin {2 or 10 ) or MG132 (2 or 10 un, Sigma-Aldrich) in
Me,50. Control wells included vehicle alone.

Immuncprecipitation and Western Imumunoblotting—Har-
vested PURL cells were lysed in modified radioimmune precip-
itation assay buffer {1% Nonidet P-40, 1% deoxycholate, 0.1%
SDS, 10 mm Tris, 150 mm NaCl, 2 mav EDTA) with protease
inhibitors (Amersham Biosciences). Equivalent aliquots of cell
lysates were incubated overnight at 4 °C with 5 pg/ml of anti-
CD1d D5 mAb or anti-CPAF n54b and 5 ul of Protein-A-
Sepharose {Amersham Biosciences). Precipitated proteins were
separated by SDS-PAGE using 8 or 10% acrylamide gels and
transferred to polyvinylidene difluoride membranes. Purified
CPAF c-fragment proteins (a kind gift from Dr. G. Zhong, Uni-
versity of Texas, San Antonio, TX} were included as positive
controls. Anti-CD1d D5 mAb, anti-CPAF ¢100a mAb, or a rab-
bit anti-B-actin polyclonal antibody {Abcam Inc.) were used as
primary reagents for immunoblotting and peroxidase-conju-
gated goat anti-mouse or anti-rabbit IgG antibodies {Pierce) as
secondary reagents. A peroxidase-conjugated mouse anti-ubig-
uitin antibody (P4D1, Santa Cruz Biotechnology, Santa Cruz,
CA} was used to detect ubiquitin. Products in Western immu-
noblotting experiments were visualized using standard chemi-
luminescence {Amersham Biosciences). Molecular weights
were confirmed by comparison to standard size markers and
molecular weight analysis (FluorChem ™ SP, Alpha Innotech,
San Leandro, CA).

Endoglycosidase-H Treatrient—D5-precipitated CD1d HCs
were denatured and incubated overnight 2t 37 *C with endogly-
cosidase-H (New England Biolabs, Beverly, MA) in reaction
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In some experiments NOR3.2 was
directly conjugated with Zenon Alexa
Fluor 488 using a mouse [gG1 labeling
kit (Molecular Probes) to allow
costaining with CPAF. Thereafter,
except in ER-Tracker-treated cover-
slips, cells were counterstained with
a 4',6-diamidino-2-phenylindole
(Molecular Probes) nucleic acid stain.
Images were obtained with a Leica
DMRXA automated upright epifluo-
rescence microscope (Leica Micro-
systems, Bannockburn, IL); 2 Sensi-

cam QE charge-coupled device
{Cooke Corp., Auburn Hills, MI); and
filter sets optimized for Alexa 488
(exciter HQ480/20, dichroic Q495LP,
and emitter HQ510/20m), Alexa 568
(exciter 545/30x, dichroic Q570DLP,
emitter HQ620/60m), and 4',6-dia-
midino-2-phenylindcle (exciter 360/
40X, dichroic 400DCLP, and emitter
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matis-infacted and uninfected PURL cells. CT, C. trachomatis.

buffer (1i}. Protein products were analyzed by Western
immunoblotting,

Immunaoprecipitation by a His-tagged, Synthetic CDid Cyto-
plasmic Tail—Three polypeptides with sequences corresponding
to the wild-type CD1d cytoplasmic tail (HHHHHH-RFKRQTSY -
QGVL), to a mutated cytoplasmic tail lacking tyrosine and lysine
residues (HHHHHH-RFKRQTSFQGVA), orto a truncated cyto-
plasmic tail Jacking six amino acids {HHHHHH-RFKRQT) (20}
were synthesized, His tag conjugated, and purified by high-perfor-
mance tquid chromatography (New England Peptide, Inc.,, Gard-
ner, MA). Total cell lysates were incubated with or without the
synthesized peptides (0, 20, or 100 pg) in 200 ul of radioimmune
precipitation assay buffer for 2 h at 4°C. Bound proteins were
recovered using anti-His tag antibody-conjugated agarose beads
(Abcam Inc.), separated by PAGE and immunoblotted with the
anti-CPAF ¢100a mAD.

Fluorescence Deconvolution Microscopy—PURL cells were
seeded onto coverslips and infected as above. The ER was visu-
alized using ER tracker Blue-White DPX {Molecular Probes,
Eugene, OR) for 30 min at 37 °C. All coverslips were fixed in 4%
paraformaldehyde, permeabilized with 0.1% Tween 20, and
incubated for 2 h at 37 °C with anti-CD1d 51.1.3 mAb, anti-
CD1d NOR3.2 mAb, oranti-CPAF n54b mAb singly, orin com-
bination with anti-chlamydial LPS (clone-3, Accurate, West-
bury, NY). Alexa Fluor 568-conjugated anti-mouse IgGl
(51.1.3, NOR3.2, and n54b) or Alexa Fluor 488-conjugated anti-
mouse lgG3 (chlamydial LPS) were used as secondary reagents.
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FIGURE 1. C. trachomatis infection down-regulates CD1d surface expression in PURL cells. 4, CD 1d expres-
sion on uninfected PURL cells. Background level staining of the celis with secendary antibody is aiso shown
{control}. B, CD1d expression on PURL cells harvested 24 h post infection with C. trachomatis serovar F {CT{+)}
and uninfected cells {CT{-—}). The PURL cells were stained with the NOR 3.2 anti-CD1d antibody and a phyco-
erythrin conjugated goat anti-mouse Ig secondary antibody. C, transferrin receptor expression on C. tracho-

o GG420LP). Z-axis plane capture,
deconvolution, and analysis were per-
formed with Slidebook™ deconvolu-
tion software (Intelligent Imaging

Innovations, Denver, CO).

10 10

RESULTS

To determine how C. trachomatis
infection affects CD1d expression,
flow cytometry was used to analyze its cell-surface expression
on PURL epithelial cells, a cell line we immortalized from penile
urethra, the most common site of infection in the male. Cells
were infected with C. trachomatis serovay F in this, and all sub-
sequent experiments, because it is one of the most frequent
genital isolates. We observed that CD1d was expressed by the
majority of uninfected PURL cells; however, by 24 h post infec-
tion, CD1d expression was abrogated in >90% of cells in the C.
trachomatis-infected cuitures (Fig. 18). The loss of CDI1d
expression was selective, because PURL cells retained, and in
fact showed a slight increase in, their expression of transferrin
receptor (Fig. 1C). PURL cells were then infected with C. fra-
chomatis and harvested at various time points (up to 45 h after
infection) to biochemically assess the effects of C. trachomatis
infection on CD1d HC. All isoforms of CD1d HC were recov-
ered using an anti-CD1d mAb (D3) that recognizes the a-re-
gion of the CD1d HC regardiess of its assaciation with f2m (10,
11). The anti-CD1d D5 mAb precipitated CD1d HC isoforms of
~48 kDa (open arrowhead), 45 kDa (closed arrow), and 37 kDa
{open arrow) with distinct patterns depending on infection sta-
tus and time after C. trachomatis infection, (Fig. 24, panel I).1n
non-infected PURL cells, the 48-kDa CD1d HC predominated,
whereas the 45- and 37-kDa forms were present in negligible
amounts (panel 1, lane 1).
CD1id isoforms were altered in the presence of C. trachoma-
tis infection in a time-dependent, stepwise fashion (Fig. 24,
panel I). The 48-kDa HC was largely converted to a 45-kDa HC

AsAr

J0G8 VOLUME 282-NUMBER 10- MARCH 9, 2007

002 ‘G Y uo Ateaqi oA)o | o Ajisiaalun je Bio ogf mma wol) papeo|umag



ASAC A

The Jowrnal of Riclogical Chemistry

i

e

A Hours after infection B 1P B35S
¢ 10 20 30 45 CT shrsy + % + % + +
48— ;:}_ MG132 Lactacystin
» IPDS WMl 0 210 0 2 18
A e 48-1'____—;" - —-i;,:
| - = 9B DS |
IP n&4b I WS
T T peachin I:]F:
[
2 IR n54b
T o P D5
@ 1P D5 | CT _{) 10hrs a5hrs
L o tac - - - - + +
p2m | EndoH - # - + - +
= 48 <)
pactn Emm 2
lane 1 2 3 4 5 18 DS
P
33

FIGURE 2. €D1d HC degradation upon C. trachomatis infection. 4, PURL
cells were infected with C. trachomatis and harvested at 0, 10, 20,30, and 45 h
p.i. Total cefl lysates were subjected to IP using angi-CD1d (D5) or anti-CPAF
n-fragment {n54b) mAbs, Precipitated proteins were separated by PAGE and
immunoblotted with anti-CD1d (D5) or anti-CPAF c-fragment (c7100a) mAbs.
The mAb pairs {D5-D5, n54b-D5, n54b-¢100a, or D5-¢100a) when used
sequentially for IP and 1B, isolated total CD1d HC, CPAF-bound CD3d HC, total
CPAF, or CD1d-bound CPAF, respectively. Open arrowheads, closed arrows,
and open arrows indicate the 48-, 45+, and 37-kDa HC bands, respectively.
Protein levels of B2m and B-actin {loading control) in total cell lysates were
detected by Western immunoblotting, B, PURL cells were infected asin A and
exposed to the proteasome inhibitors, MG132 (feft) or lactacystin{right) at the
indicated concentrations for 45 h, Total cell lysates were used for iP and I
with the anti-CD1d {D5) mAhb as in A. Arrow/arrowheads indicate HC bands as
in A. C, D5-precipitated proteins from C. trachomatis-infected and non-in-
fected lactacystin (Lac)-treated celis were treated with endoglycosidase-H
(EndoH). Endoglycosidase-H-treated and control proteins were used for IP
and |B with the anti-CD1d {D3) mAb as in A. Arrow/arrowheads indicate HC
bands asin A. CT, C. trachomatis.

form between 10 to 20 h post infection (p.i.), and this was
accompanied by a decrease in B2m protein levels (Fig. 24, pan-
els 1 and 5}. To confirm the glycosylation status of the 45-kDa
HC, the isoform was digested by endoglycosidase-H (Fig. 2C)}.
The 45-kDa CD1d HC was sensitive to endoglycosidase-H and
represents an immature glycosylated CD1d that may include
B2m-unassembled HCs.

The amount of detectable, 45-kDa, glycosylated CD1d HC
protein decreased by 20 h p.i. By 30 h p.i, it was no longer
detectable. In its place, a 37-kDa non-glycosylated CB1d HC
form began to accurulate at 20 h p.i. This isoform predomi-
rated at 30 h but was nearly undetectable by the end of the
infectious cycle.

We hypothesized that the degradation of CD1d HCs in the
presence of C. trachomatis infection may involve the C. tracho-
matis-specific proteasomal activity, CPAF (6). To address this
possibility, we used coimmunoprecipitation (IP) to search for
physiologic interactions between CPAF and CD1d HCs (Fig.
2A, panels 2- 4). Using combinations of the anti-CD1d D5 mAb
and mAbs against the C-terminal (c100a) or N-terminal {n54b)
fragments of CPAF we could demonstrate association between
CPAF and CDI1d and follow these associations through the
infectious cycle. CPAF-bound proteins and CPAF itself were
immunoprecipitated with the anti-CPAFn n54b mAb, sepa-
rated by PAGE, and immunoblotted with anti-CD1d D5 (panel
2) or anti-CPAFc ¢100a (parel 3) mAbs. In turn, CD1d-associ-
ated proteins were recovered with the anti-CD1d D5 mAb, sep-
arated by PAGE and immunoblotted with anti-CPAFc ¢100a
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mAb (panel 4). Experiments using primary [P with anti-CD1d
D5 and anti-CPAFN n54b mAbs demonstrated that CD1d HCs
and CPAF interacted with each other physiclogically (Fig. 24,
panels 2 and 4). Furthermore, CPAF preferentially associated
with the 45-kDa immature glycosylated CD1d and 37-kDa non-
glycosylated CD1d but not the 48-kDa mature glycosylated
CD1d HC (Fig. 24, panel 2). CPAF binding to CD1d HC was
first detected at 20 h p.i. By 30 h p.i., the CPAF-associated
immature glycosylated CD1d was undetectable. in parailel,
the levels of the CPAF-associated non-glycosylated CD1d
increased transiently at 30 h p.i. and decreased to nearly unde-
tectable levels by 45 h p.i. Primary CPAF [Ps {panels 3 and 4)
confirmed the findings of primary CD1d IPs. CPAF was first
detected at 10 h p.i., and the levels of total and CD1d-associated
CPAF increased by 20 h p.i. and then decreased by 45 h p.i.

To assess the role of proteasomal activity in C. trachomatis-
associated degradation of CD1d HC, C. trachomatis-infected
cells were exposed to the cytosolic proteasome inhibitor,
MG132 {left panel) and to lactacystin (right panel) (Fig. 2B).
Total CD1d HC was detected by 1P-IB with the anti-CD1d D5
mAb. In the absence of proteasomnal inhibition, CD1d HCs
could not be detected at 45 h p.i. In the presence of either
MG132 or lactacystin, the 37-kDa non-glycosylated CD1d was
detectable, and levels of this HC increased with increasing
inhibitor dose. In turn, in the presence of lactacystin, but not
MG132, the 45-kDa immature glycosylated CD1d could be
detected, and levels of this HC increased with lactacystin dose.
The rescued 45-kDa HC form was confirmed to be sensitive to
endoglycosidase-H. The immature glycosylated CI21d HC was
degraded without deglycosylation (Fig. 2C).

As illustrated in panels 3 and 4 of Fig. 24, CD1d-associated
CPAF was no longer detectable by 45 h p.i, despite the contin-
ued presence of some CPAF protein. Indeed, CD1d-associated
CPAF was rescued by both MG132 and factacystin, indicating
that at least the classic cytosolic proteasome is involved in the
degradation of CPAF together with the CD1d HC {Fig. 34).

Fractionation experiments have demonstrated that CPAF is
localized to the cytosol and is active in this location (4, 6). How-
ever, neither properly assembled nor aberrant forms of CD1d
are normally present in the cytosol (11, 12). Still, CD1d and
CPAF interact physiologically. We hypothesized that CPAF
associates with CD1d HCs via a site on the CD1d cytoplasmic
tail. To address this hypothesis, we synthesized three peptides
with amino acid sequences corresponding to the 12 amino acids
that comprise the entire wild-type CD1d cytoplasmic tail
(REKRQTSYQGVL), to a2 mutated cytoplasmic tail lacking
tyrosine and lysine residues (RFKRQTSFQGVA), and to a trun-
cated cytoplasmic tail lacking six amino acids (RFKRQT) (20}.
All peptides were conjugated to 2 His tag. Total cell lysates from
infected and control PURL cells were incubated with the syn-
thetic His-tagged CD1d cytoplasmic tail, and peptide-associ-
ated proteins were recovered with an anti-His tag antibody.
Western immunobiotting of the precipitated proteins demon-
strated that CPAF interacted physicaily with the CD1d cyto-
plasmic tail, and these interactions occurred in a dose-depend-
ent manner (Fig. 3B). In comparison to the CPAF band
precipitated by the wild-type peptide (wi}, CPAF was barely
detectable after precipitation by the point-mutated peptide
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FIGURE 3. CPAF rescue by proteasome inhibitors and CPAF interaction
with CD1d. A, PURL cells were infected as in Fig. 14 and exposed to 10 um
MG132, 10 um lactacystin, or vehicle control for 45 h. CD1d-bound CPAF was
immunoprecipitated with the anti-CD1d {D5) antibody. Immunoprecipitants
were separated by PAGE and immunoblotted with the anti-CPAFc (c100a)
mAb. B-Actin in total cell lysates {loading control) was detected separately
using Western immunoblotting. 8, an His tag-conjugated peptide with amino
acid sequence corresponding to the entire cytoplasmic tail of the human
CD1d HC was synthesized and purified by high-performance liquid chroma-
tegraphy. Various amounts of peptide {0, 20, or 100 g per 200 pl of radioim-
mune precipitation assay buffer) were incubated with total cell lysates from
non-infected and C. trachomatis-infected cells. Peptide-bound proteins were
recovered with an anti-His tag antibody. immunoprecipitants were separated
by PAGE and immunoblotted with the anti-CPAFc ¢100a mAh. Precipitatants
using the ant-CPAFn n54b mAb served as a positive control. C, 100 g of
three synthetic peptides (wild-type peptide {w!), a point-mutated peptide
lacking tyrosine and lysine residues (mut?), or a truncated peptide lacking
cytoplasmicsix amino acids (mut2)), were used for peptide precipitationsasin
Fig. 3B. Immunoprecipitants were separated by PAGE and immunoblotted
with the anti-CPAFc ¢100a mAb. CT, C. trachomatis.
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FIGURE 4. CD1d HC and CPAF are ubiquitinated prior to degradation.
PURL cells were infected with C. trechomatis as in Fig. 1 and exposed to 10 um
of MG132 (MG), 10 um lactacystin (Lac), or vehicle control for 30 h. Total cell
lysates from non-infected and C. trachomatis-infected cells were immunopra-
cipitated with either anti-CD1d {D5) (A) or anti-CPAFn {n54b) mAbs (B} as
described in Fig. 1A, Precipitated proteins were separated by PAGE and
immunaoblotted with @ peroxidase-conjugated mouse anti-ubiquitin anti-
body (P4D1). Closed arrows indicate exact molecular weights. Standard
malecular size markers are shown, Ubiguitinated CD1d/CD1d-associated
proteins or CPAF/CPAF-associated proteins are shown using a bracket or
brace, respectively, CT, C. trachomatis.

(st} and undetectable after precipitation with the truncated
peptide (mut2) (Fig. 3C). These data suggest that CPAF inter-
acts directly or indirectly to CD1d HC via sites on the CD1d
cytoplasmic tail,

The classic cellular proteasome requires ubiquitination of
host N-tinked glycoproteins prior to their degradation (21).
PURL cells were infected with C. trachomatis and exposed to
proteasome inhibitors. Total cell lysates harvested at 30 h pi
were subjected to IP with either anti-CD1d D5 (Fig. 44) or
anti-CPAFn n54b (Fig. 48) mAbs. Immunoprecipitants were
separated by PAGE and immunoblotted with a peroxidase-con-
jugated anti-ubiquitin antibody. Ubiquitinated CD1d HCs were
not detected in non-infected cells (Fig. 44, lane I} and were
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FIGURE5. Redistribution of CD1d HC in C. trachomatis-infected cells. PURL
cells were infacted with C. trachomatis as described in Fig. 1A. At 24 h post
infection. A, dual labeling of infected and control ceils was performed with an
anti-CD1d mAb [NOR3.2, red} and ER tracker (blue) and visualized by fluores-
cence deconvolution microscopy {feft pariels). Pseudocolor images represent
the intensity of colocalization of the ER with respect to CB1d (right panels).
The pseudocclor spectrum varies from biue (no colocalization) to red (full
colocalization}. 8, the C trachomatis-infected PURL cells were labeled with
4’ 6-diamidino-2-phenylindole (DAFL, blue), anti-chlamydial LPS {green), and
NCR3.2 (red} {three left panels). The pseudocolor image represents the inten-
sity of colocalization of chlamydial LPS with respect to CO1d {right panel).
Arrows indicate chlamydial inclusion. CT, C. trachomatis.

barely detectable in C. trachomatis-infected cells that were not
exposed to proteasome inhibitors (Fig. 44, fane 2). In contrast,
in the presence of proteasome inhibitors, ubiquitinated pro-
teins accumulated in C. trachomatis-infected cells. Use of pro-
tein size markers and size analysis confirmed that the molecular
weights of the ubiguitinated CD1d and CPAF bands were as
expected. Ubiquitinated CD1d HCs were observed as a [adder
of signals with molecular masses greater than ~45 kDa (Fig. 44,
lanes 3 and 4). The 37- and 43-kDa bands may represent ubig-
nitinated proteins coprecipitated with CD1d, possibly includ-
ing ubiquitinated CPAF N and C terminus fragments (Fig. £4).
Ubiquitinated CPAF-associated protejns, including CD1d HCs,
were observed as a ladder of signals with molecular masses
greater than ~45 kDa (Fig. 48, lanes 3 and 4). The amounts of
ubiquitinated CPAT ar CPAF-associated proteins, including
CDid HCs, were greater after exposure to lactacystin than to
MG132 (Fig. 4, A and B).

To visually document the effect of C. trachomatis infec-
tion on CD1d intraceliular trafficking, immunofluorescence
microscopy was first performed with an anti-CD1d mAb
(NOR3.2) that reacts with total CD1d HCs and either an ER-
specific marker (ER tracker) or an anti-chiamydial LPS mAb
(Fig. 5). In non-infected PURL cells, NOR3.2-reactive CD1d
was detected throughout the intraceflular space, with increased
accumulation near the cell surface (Fig. 5A, upper immages). In
contrast, the majority of CD1d motlecules in C. trachomatis-
infected PURL cells localized to the perinuclear area near the
ER (Fig. 5A, lower images). In addition, CD1d was present in
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FIGURE 6. CPAF distribution in C, trachomatis-infected cells. PURL cells
were infected with C. trachomatis as described in Fig. 1A, At 24 h postinfection
contret cells {4) and infected cells (8) were costained with anti-CDtd (CD1d
HC, NOR3.2-reactive {left panels) or properly foided mature glycosylated
{D1d, 51.1.3-reactive (right panels)} mAbs (green), anti-CPAF (n54b} mAD
(red), and 4’ ,6-diamidino-2-phenylindole {bfue) and visualized by fluares-
cence deconvelution microscopy. Pseudocolor images in 8 represent the
intensity of colocalization of CPAF with respect to CD1d. The pseudocolor
spectrum varies frem blue (no colocalization) to red {full colocalization),
Arrows indicate chiamydial inclusion. CT, C trachomatis.

infected cells in a distinct ring-shaped intraceilular distribution
that correlates morphologically with the chlamydial inclusion.
CD1d and ER signals partially colocalized in the perinuclear
area, suggesting that some forms of CD1d are present within
the ER, but the majority of CD1d localized to the cytosol sur-
rounding the ER (Fig. 54, right images). Dual labeling for CD1d
and chlamydial LPS verified the colocalization of CD1d and
chlamydial elements within the chlamydial inclusion (Fig. 58,
green to red pseudocolor). These immunofluorescence micros-
copy studies thus support our flow cytometry and biochemical
data that CDi1d HC in C. trachomatis-infected cells fails to traf-
fic efficiently to the cell surface. Rather, by 24 h p.i, the majority
of CD1d HCs can be found in the cytosol near the ER, although
some HCs localize within the ER and around chlamydial inclu-
sion. CD1d HC appears to be targeted toward two degradation
pathways: one ER-associated and one Chlamydia-mediated.
The anti-CD1d 51.1.3 mAb preferentiaily recognizes a con-
formational epitope associated with CD1d maturity (10, 11).
This allowed us to discriminate the effects of C. trachomatis
infection on properly folded mature giycosylated CD1d {51.1.3-
reactive} from the effects on total CD1d HCs {(NOR3.2-reac-
tive) (Fig. 6}. A pseudocolor rendering demonstrated moderate
celocalization of CPAF and NOR3.2-reactive CD1d HC (Fig.
6B, bottom left pawnel) and confirmed our biochemical data
showing the physiologic interaction of cytosolic CPATF with the
CDid HC. The distribution of the CPAF-CD1d ¢complex was
similar to that of total CD1d HC shown in Fig. 5. In the right
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panel of Fig. 64, 51.1.3-reactive mature glycosylated CD1d is
again noted throughout the intracellular space and on the cell
surface in uninfected cells. By 24 h p.i, mature glycosylated
CD1d localized almost exciusively to the perinuclear area (Fig.
6B, right panels). Signals for CPAF also localize to the perinu-
clear area and in the area of the chlamydial inclusion. Pseudo-
color rendering (bottom right panel) indicated that there is no
colocalization of CPAF with 51.1.3-reactive mature glycosy-
lated CD1d. These patterns differed significantly from those for
NOR3.2-reactive CD1d HC (left panels) and demonstrate that
mature glycosylated CD14d is neither bound to CPAF nor asso-
ciated with the chlamydial inclusion.

DISCUSSION

This study demonstrates that CD1d molecules are decreased
on the surface of C. trachomatis-infected cells, although CD1d
mRNA levels were not altered when compared with those in
non-infected cells (data not shown). The three described iso-
forms of CD1d HC protein were here observed in distinctive
patterns that depended upon the infection status and the time
after C. trachomatis infection. The 45-kDa glycosylated CD1d
HC, rather than the 48-kDa mature glycosylated CD1d HC, is
the predominant isoform present between 10 and 20 h p.i. This
was accompanied by a decrease in 82m protein levels. The
reduction in recoverable 82m in C. trachomatis-infected cells
has been reported to result from degradation of the transcrip-
tion factor, REX5, by CPAF (4). Zhong G et al. reports that
CPAF is secreted into cytosol after 24 h of infection in Hel.a cell
{4, 6). The exact timing of the secretion of CPAF in our exper-
iments may be characteristic of our infected cell type and the
infecting C trachomatis serovar and may therefore differ from
the timing seen in similar experiments performed by others.
Here, CPAF secretion started at 10 h p.i. and accumutated in the
cytosol by 24 h p.i. as demonstrated visually in Fig. 6. Because
the effect of CPAF on B2m through RFXS5 is very rapid (within
30 min} {4}, the appearance of CPAF at 10 h p.i. could result in
our observed decrease in $2m between 10 to 20 h p.i. In
B2m-deficient cells, surface-expressed CD1d HCs are glyco-
sylated, but their carbohydrate side chains are incompletely
modified. These CD1d HCs migrate at ~45 kDa (11), as do
the S2m-unassembled immature glycosylated CDid shown
in our experiments. Notably, CD1d HC carbohydrate modi-
fication and trafficking to the cell surface is delayed in 2m-
deficient cells (11). This effect is consistent with our immu-
nohistochemical data, The delayed exit of immature
glycosylated CD14 from the ER should faciltitate CPAF-asso-
ciated direction of CD1d to degradation. Finally cell-surface
CD1d was clearly down-regulated in C. trachomatis-infected
cells analyzed by flow cytometry.

The classic cellular proteasome requires removai of N-linked
glycans from aberrant cytosolic giycoprotein targets prior to
their degradation {13). However, in our experiments, lactacys-
tin rescued a 45-kDa CD1d HC that remained sensitive to
endoglycosidase-H. This immature glycosylated CD1d HC
appears to be degraded without deglycosylation. Because
MG132 was not able to rescue this immature glycosylated
CD1d isoform, we propose that it is degraded by CPAF rather
than by the classic cellular proteasome.
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In contrast, the 37-kDa non-glycosylated isoform of CD1d
was rescued by both proteasome inhibitors. Because the CPAT-
mediated proteolytic pathway can't be inhibited by MG132 (4),
the non-glycosylated 37-kDa CD1d HC must be degraded at
least partially by the classic cytosolic proteasome. The degrada-
tion process for this isoform, including ubiquitination and
deglycosylation, suggest it represents an intermediate in the
classic proteolytic pathway for degrading aberrant N-linked
glycoproteins (13, 21). The C. trachomatis-infected epithelial
cells shown here represent the first model system to allow
detection of all three isoforms of the CD1d HC. The experimen-
tal system suggests that all isoforms may be pathophysiologi-
cally relevant.

Immunostaining data support a model in which CPAF binds
to immature giycosylated CD1d and non-glycosylated CD1d
and dislocates them into the cytosol surrounding the ER and
the chlamydial inclusion. Here, it is degraded in a CPAF-de-
pendent manner that can be distinguished from pathways for
classic eytosolic proteasomal degradation.

Interestingly, our ubiguitination experiments demonstrated
that the amounts of ubiguitinated CPAF-associated proteins
were greater after exposure to lactacystin than after exposure to
MG132. However, there was no difference in the amount of
rescued CPAF between exposure to MGI132 and lactacystin
(Fig. 3A). These data suggest that CPAF target proteins could be
ubiquitinated prior to degradation by a CPAF-associated pro-
teolytic pathway. Ubiquitinated CD1d HC could be degraded
by beth classic and CPAF-associated pathways, because those
were rescued equally by MG132 and lactacystin. In initial
descriptions of chlamydial proteasome-like activity, the
authors noted the possibility that C. trachomatis could also
co-opt ceflular cytoselic proteolytic pathways to degrade
host transcription factors (4, 6}. Our data clearly demon-
strate that C. trachomatis not only provides its own mecha-
nism for CD1d degradation but also uses the classic proteo-
lytic pathway for degrading aberrant N-linked glycoproteins
to inhibit CD1d trafficking to the cell surface. CPAF is
involved in both pathways.

We propaose the following model for CD1d proteolysis in C.
trachomatis-infected cells (Fig. 7). Cytosolic CPAF interacts
with CD1d via cytoplasmic tail of the CD1d HC. This triggers
dislocation of the CD1d HC into the cytosol where it is further
processed along two distinct pathways. In one, glycosylated HC
in the cytosol is ubiquitinated and deglycosylated. Ubiquiti-
nated, deglycosylated CD1d and CPAF are directed toward
degradation by the classic cytoesolic proteasome. Immature gly-
cosylated CD1d HC is degraded by CPAF-associated mecha-
nisms that are distinct from those of the cytosolic proteasome.

Does C. trachomatis target CD1d HC for degradation as a
means to evade immune recognition? In responses to some
microbes, the rapid effects of CD1d-restricted NKT cells do not
require recognition of microbial specific antigens (16-18).
Instead, NKT cells can be activated in response to self-antigen
presented by CD1d, and these actions are amplified by interleu-
kin-12 derived from dendritic cells (16). Certainly, a reduced
expression of CD1d at the cell surface could prevent C. tracho-
matis-infected celis from such an attack. It was recently dem-
onstrated that Kaposi sarcoma-associated herpesvirus reduces
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FIGURE 7. Putative proteolytic degradation pathways for CD1d HCs upen
C trachomatis infection. In C, trachomatis-infected cells, B2m-unassembled
CD1d HC forms accurnulate in the ER due to degradation of RFXS by CPAF,
CPAF secreted from the chlamydial inclusion into the cytosol interacts with
the CD1d HC via cytoplasmic tail of the CDtd and CPAF is ubiquitinated. The
binding of CPAF triggers dislocation of the 45-kDa immature glycosylated
form of CD1d into the cytosol. One proteolytic pathway invoives the conven-
ticnal cellular proteasome. Glycosylated £D1d HC is ubiquitinated in the
cytosol (ubiquitin ligase), and deglycosylated (peptide N-glycosidase) to cre-
ate the 37-kDa nen-glycosytated CO1d molecule, CPAF and the ubiquiti-
nated, deglycosylated CONd HC are degraded by the cytosolic proteasome.
The alternative proteclytic pathway involves CPAF-mediated degradation.
The 45-kDa immature glycosylated CD1d HC interacts with CPAF. CPAF tar-
gets the CD1d HC for degradation by a proteclytic activity distinct from that
of the cytosolic proteasome. Green symbols indicated muitiubiquitins.

CPAF proteasome

cell-surface expression of CD1d via ubiquitination of the CD1d
HC on its cytoplasmic tail {15). This, in turn, impairs CD1d-
restricted T cell activation toward virally infected cells (15).
Herpes simplex virus-1 down-regulates cell-surface CD1d
expression by inhibition of CD1d recycling (22). Human immu-
nodeficiency virus-1 Nef protein reduces cell-surface CD1d
expression by binding to the cytoplasmic tail of CD1d HC, and
this accompanies a decreased NKT ceil activation {20). In C.
trachomatis-infected PURL cells, CD1d degradation is accom-
panied by a suppression of CD1d-mediated cytokine secretion,
including the production of interleukin-12.* Regardless of
whether chlamydial antigens are presented by CD14d, the dis-
ruption of CD1d expression in C. trachomatis-infected cells
may interfere with rapid and essential innate immune
responses.
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Background/Aims: The development of an efficient in vitro infection system for HCV is important in order to develop
new anti-HCYV strategy. Only Huh7 hepatocyte cell lines were shown to be infected with JFH-1 fulminant HCV-2a strain
and its chimeras. Here we aimed to establish a primary hepatocyte cell line that could be infected by HCV particles from

patients’ sera.

Methods: We transduced primary human hepatocytes with human telomerase reverse transcriptase together with human
papiiloma virus 18/EGE7 (HPV18/EGE7) genes or simian virus large T gene (SV40 T) to immortalize cells. We also estab-
lishied the HPVI8/E6ET7-immortalized hepatocytes in which interferon regulatory factor-7 was inactivated. Finally we ana-

lyzed HCYV infectivity in these cells.

Results: Even after prolonged culture HPV18/EGE7-immortalized hepatocytes exhibited hepatocyte functions and mark-
er expression and were more prone to HCV infection than SV40 T-immortalized hepatocytes. The susceptibility of
HPVI18/E6E7-immortalized hepatocytes to HCV infection was further improved, in particular, by impairing signaling

through interferon regulatory factor-7.

Conclusions: HPV18/E6E7-immortalized hepatocytes are useful for the analysis of HCV infection, anti-HCYV innate
immune response, and screening of antiviral agents with a variety of HCV strains.
© 2006 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Keywords: Immortalization; Primary hepatocytes; HCV infection; IRF-7; IRF-3; HPV1S8/E6ET; Innate imiurne response

1. Introduction

Infection with Hepatitis C virus (HCV) is a serious
problem worldwide since 3% of the world’s population
is chronically infected [1]. Chronic HCV may lead to liv-
er cirrhosis and hepatocellular carcinoma. Current stan-
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Angust 2006; wvailable online 30 Geiober 2006
" Corresponding author. Tel.. +81 75 75t 4000; fax: +81 75 75!
3998,
E-mail address: kshimoto@virus.kyolo-u.ac.jp (K. Shimotohne).

dard therapy utilizes the combination of pegylated
interferon-o and ribavirin, which results in a sustained
response in only 30-60% of patients [2-5]. Many
patients, however, do not qualify for or tolerate stan-
dard therapy [6]. Thus, it is important to develop an effi-
cient in vitro infection system for HCV to facilitate the
discovery of new anti-HCV strategies. Only Huh7 cell
line is permissive for replication, infection and release
of the fulminant hepatitis-derived HCV-2a (JFH-1)
strain and its chimeric derivatives [7-9]). No other hepa-
tocyte cell lines are able to support HCV replication
efficiently.

0168-8278/532.00 © 2006 European Association for the Study ol the Liver. Published by Elsevier B.V. All rights reserved,
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Normal human hepatocytes are the ideal system in
which to study HCV infectivity. When cultured in vitro,
however, they proliferate poorly and divide only a few
times {10]. Continuous proliferation couid be achieved
however by introducing oncogenes, such as Simian virus
large tumor antigen (SV40 T) [11]. This often resuited in
tumor development [12] together with numerical (aneu-
ploidy) and structural (aberrations) chromosome abnor-
malities [13]. The human papilloma virus E6E7 genes
(HPV/E6E7) immortalized multiple cell types that were
phenotypically and functionally similar to the parental
cells {14-20]). As yet, no human hepatocytes have been
immortalized with HPV18/E6E7.

We established a human primary non-neoplastic
hepatocyte cell line transduced with the HPV18/E6E7
that retained primary hepatocyte characteristics even
after prolonged culture, and were more prone to
HCV infection than those cells immortalized with
SV40 T antigen. We further improved the susceptibility
of HPVI18/E6E7-immortalized hepatocytes to HCV
infectivity by impairing interferon regulatory factor-7
(IRF-7} expression. These cells are useful to assay
infectivity of HCV strains other than JFH-1, HCV
replication, innate immune system engagement of
HCV, and screening of anti-HCV agents. This infection
system using non-neoplastic cells also suggested that
IRF-7 plays an important role in eliminating HCV
infection.

2. Materials and methods

2.1 Cell cultures

We obtained the approval of the Ethical Comumittee of Kyoto
University for the use of human hepatocyles and sera obtained from
HCV-positive patients. Informed consent was obtained from both
the hepatocyte donor and HCV-positive patients. Primary hepatocytes
(P.H.) were cultured as described [21] Hela, 293, Huh-7.5, and
PHSCHS ceils were cultured as previously described [22). For three-di-
mensional (3D) cultures, Mebiol Gel (Mebioi Inc.) was prepared
according to the manufacturer’s instructions.

2.2, Plasmids construction

The V40 T, hTERT and HPV/EGET fragmenis from pAct-SVT,
PCX4neo/hTERT, and pLXSN-E6E7 plasmids were inserted into
pCSIL-EF-RFA plasmid creating the pCSII-EF-SVT, pCSII-EF-
hWTERT, and pCSII-EF-E6E7 plasmids, respectively. The fuli-length
IRF-3 and IRF-7 genes were cloned by RT-PCR using total RNA
isolated from 293 cells as a template and were inserted into pcDNA3Z
vector. Dominant-negative forms of IRF-3 (DNIRF-3) and IRF-7
(DNIRF-7) were constructed by PCR amplification of the coding
region for amino acid residues 108-427 of IRF-3 and 237-514 of
IRF-7, respectively. The amplified TRF-3 fragmenl was cloned into
pcDNAZ in frame with a FLAG epitope tag generating pcFLAG-
DNIRF-3. The amplified IRF-7 fragment was cloned into pLXSH
in frame with HA epilope tag generating pLXSH-HA-DNIRF-7.
The pIFNB promoter-luc and plFNa premoter-luc plasmids were
gifts from Dr. Taniguchi of the Tokyo University. The psiRNA-
hIRF-3 and psiRNA-LIRF-7 plasmids were purchased from Invivo-
gen (USA).

2.3. Immunoblot analysis

Immunoblot analysis was performed as described previously [22]. We
used anti-5V40 T (Santa Cruz), anti-HPV18/E7 (Santa Cruz), anti-tubu-
lin (Sigma), anti-FLAG (Sigma), and anti-HA (Sigma) antibodies.

2.4. Transfection, small interfering RNA silencing and
luciferase assays

Transfection of plasmid DNA was performed using Effectene
transfection reagent (Qiagen) as recommended by the manufacturer.
The pLXSH-HA-DNIRF-7 plasmid was transfected into the HuS-E/f
2 clone; iransfectants were selected in 100 pg/m] hygromycin B (Gib-
co). The psiRNA-hIRF-3 and psiRINA-hIRF-7 plasmids were sepa-
rately transfected into HuS-E/f2 cells followed by Zeocin {250 pg/ml)
sefection. After two weeks of continuous selection, cells were infected
with HCV. Luciferase assays were conduected as previously described
[22). The results are presented as relative light units (RL.U) normalized
to the total content of protein in the cell lysates.

2.5. Reverse transcriptase polymerase chain reaction
{RT-PCR) and real-time RT-PCR

Using 250 ng of total RNA as a template, we performed RT-PCR
with a one-step RNA PCR kit {Takarza) according to the manufactur-
er’s instructions. The primer sets and reaction conditions used are
detailed in Table 1. To measure HCV-RNA titers by real-time RT-
PCR, we collected RNA from infected wells. Five hundred nanograms
of total cellular RNA was analyzed for the quantity of HCV-RNA as
previously deseribed [23].

2.6. HCV infection experiment

HCYV infection experiment {rom serum was done as mentioned
before [22]. HCV-infected-serums were titrated and 1x 105 HCV-
RNA copies/ml were used lor each infection experiment. Concentrated
culture medium for HCV/JFHI-producing cells was prepared as previ-
ously described [7]. HCV titer in the concentrated medium was mea-
sured, adjusied and added to the cells as mentioned above.

2.7. Blocking of HCV infectivity by anti-CD81

Inhibition of HCV infectivity was performed by blocking CD81 as
previously described [7].

3. Results

3.1. Establishment of immortalized primary human
hepatocytes

Primary hepatocytes were jsolated from liver tissue
obtained from a 9-year-old male patient with Primary
Hyperoxaluria who had undergone liver transplanta-
tion. Hepatocytes were left unmanipulated or trans-
duced with CSII-EF-hTERT alone or in combination
with CSII-EF-SVT or CSII-EF-E6E7 to enhance the
efficiency of immortalization. After six weeks only cells
transduced by the combination of hTERT and either
LT or HPVI8/E6E7 continued to proliferate. Initially
appearing cclonies with a growth advantage were picked
up and expanded. SV4(Q T-immortalized cell clones were
named HuS-T cells and given numbers from 1 to 7,
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Table 1

Primer sequences and RT-PCR parameters

H.H. Aly et al. | Journal of Hepatology 46 (2007} 26-36

Genes Primer sequence 5'-3 PCR parameters”
HGF F: AGGAGCCAGCCTGAATGATGA 95, 56, 72

R: CCCTCTGATGTCCCAAGATTAGC ! min, 455, I min
TGFa F: ATGGTCCCCTCGGCTGGA 95, 59, 72

R: GGCCTGCTTCTTCTGGCTGGCA 455, 30s, | min
TGFpL F: GCCCTGGACACCAACTATTGCT 935, 58,72

R: AGGCTCCAAATGTAGGGGCAGG 455, 305, | min
TGF82 F: GATTTCCATCTACAAGACCACGAGGGACTTGC 95, 58,72

R: CAGCATCAGTTACATCGAAGGAGAGCCATTICG 455, 30s, 1 min
HGFR F: TGGTCCTTGGCGTCGTCCTC 95, 54, 12

R: CTCATCATCAGCGTTATCTTC 3Cs, 455, | min
EGFR F: CTACCACCACTCTTTGAACTGGACCAAGG 95, 58, 72

R: TCTATGCTCTCACCCCGTTCCAAGTATCG 455, 305, [ min
TGFBIR F: CGTGCTGACATCTATGCAAT 955, 54, 72

R: AGCTGCTCCATTGGCATAC 30s, 4558, § min
TGFp2R F: TGCACATCGTCCTGTGGAC 95, 58, 72

R: GTCTCAAACTGCTCTGAAGTGTTC 455, 30s, 1 min
FGFR F: ATGTGGAGCTGGAAGTGCCTC 95, 54, 72

R: GGTGTTATCTGTTTCTTTCTCC 35, 455, 1 min
IGF-1R F: ACCCGGAGTACTTCAGCGCT 93, 54, 72

R: CACAGAAGCTTCGTTGAGAA 305, 455, 1 min
HNFia F: GTGTCTACAACTGGTTTGCC 95, 52, 72

R: TGTAGACACTGTCACTAAGG 453, 30s, 1 min
HNFIfp F: GAAACAATGAGATCACTTCCTCC 95,52, 72

R: CTYTGTGCAATTGCCATGACTCC 1 m, 45, 1 min
HNF3p3 F: CACCCTACGCCTTAACCAC 95, 56, 72

R: GGTAGTAGGAGGTATCTGCGG 1 m, 455, | min
HNF4 F: CTGCTCGGAGCCACAAAGAGATCCATG 95, 58, 72

R: ATCATCTGCCACGTGATGCTCTGCA 455, 30, 1 min
Albumin F: AGTTTGCAGAAGTTTCCAAGTTAGTG 95, 55,72

R: AGGTCCGCCCTGTCATCAG 455,30, 1 min
Apolipoprotein-a FAGGCTCGGCATTTCTGGCAG 95, 55, 72

R: TATCCCAGAACTCCTGGGTC 455, 30, | min
HTF F: TCGCTACAGCCTTTGCAATG 98, 55,72

R: TTGAGGGTACGGAGGAGTTCC 455, 30, | min
E-cadherin F: TCCATTTCTTGGTCTACGCC 95, 55, 72

R: TTTGTCCTACCGACTTCCAC 455, 30s, | min
CYP 1B1 F: CACCAAGGCTGAGACAGTGA 94, 57, 72

R: GCCAGGTAAACTCCAAGCAC 305, 30s, | min
CYP 209 I GGACAGAGACGACAAGCACA 94, 57, 72

R: TGGTGGGGAGAAGGTCAAT 30s, 30s, 1 min
CYPF 2B F: GGCACACAGCCAAGTTTACA 94,57, 72

R: CCAGCAAAGAAGAGCGAGAG 305, 305, | min
CYP 3A4 F: TGTGCCTGAGAACACCAGAG 94, 57, 72

R: GCAGAGGAGCCAAATCTACC 30, 30, | min
CYP 2ElL F: CCGCAAGCATTTTGACTACA 94,57, 72

R: GCTCCTTCACCCTTTCAGAC 30s, 30, | min
CYP 1Al F: AGGCTTTTACATCCCCAAGG 04, 57, 72

R: GCAATGGTCTCACCGATACA 305, 30, 1 min
GAPDH F: CCATGGAGAAGGCTGGGG 05,8, 72

R: CAAAGTTGTCATGGATGACC 455, 305, 1 min
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Table 1 {continued)

Genes Primer sequence 5'-3' PCR parameters”
CD8l F: CTCAACTGTTGTGGCTCCAAC 95, 55,72

R: CCAATGAGGTACAGCTTCCC 455, 30s, 1 min
TLR3 F: GATCTGTCTCATAATGGCTTG 95, 55, 72

R: GACAGATTCCGAATGCTTGTG 455, 305, 1 min
TLR7 F: CCAGACATCTCCCCAGCGTC 85, 55,72

R: GGCAAAACAGTAGGGACGGC 453, 30s, | min
TLRE F: CTGTGAGTTATGCGCCGAAG 95, 55,72

R: CGGGATTTCCGTTCTGGTGC 455, 30s, | min
Myd88 F: GGTCTCCTCCACATCCTCCC 93, 55, 72

R: CCAGCTTGGTAAGCAGCTCG 455, 305, 1 min
IRF3 F: GAACCCCAAAGCCACGGATC 95, 55,72

R: CCTCCCGGGAACATATGCAC 455, 305, 1 min
IRF7 F: GTGCTGTTCGGAGAGTGGCTC 95, 55, 72

R: CAGCCCAGGCCTTGAAGATG 455, 305, L min

CYP, cytochrome P450; EGFR, epidermal growth factor receptor; F, forward primer; FGFR, fibroblast growth factor receptor; GAPDH, glyc-
eraldehyde phosphate dehydrogenase; HGF, hepatocyte growth factor; HHIGFR, hepatocyte growth faclor receptor; HNF, hepatocyte nuclear factor;
HTF, human transferrin; IGF-1R, insulin-like growth lactor-type I receptor; IRF, interferon regulatory factor; R, reverse primer; TGF, trans-
forming growth factor; TGFR, transforming growth factor receptor; TLR, toll like receptor.

* Temperatures are tabulated in the first lane in degrees ceisius and the corresponding times in the second lane. Performing one-step RT-PCR,
reverse transcription was carried out at 42 °C for 20 min with a pre-PCR denaturatien at 85 °C for 10 min.
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Fig. 1. (A) Immunoblot detection of SV4( T and HPV E7 expression in HuS-T/2 and HuS-E/2 cells, respectively. 293-FT aund Hela cells were used as
positive controls for SV40 T and HPY E7 expression, respectively. The specific bands representing the (avgets are indicated. Detection of tubulin
expression in all cells served as an internat control. (B) Human Telomerase Reverse Transcriptase (h'TERT) expression was examined by RT-PCR in
freshly isolated hepatocytes and the HuS-E/2 and BuS-T/2 cell lines. GAPDH expression was used as an internal conirol. The FITERF-specific bands are
shown. (C) Morphological characteristics of HuS-E/2 and HuS-T/2 cells after two (panels 1 and 2) and 30 (panels 3 and 4) weeks in culture. [This figure
appears in colour on the web.|
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while the HPVIS/E6E7-immortalized clones were
named HuS-E cells and given numbers from 1 to 4.
Expression of SV40 T and HPV E7 proteins was detect-
ed in the appropriate cells by immunoblot analysis
(Fig. 1A). In both immortalized cell lines, expression
of hTERT-mRNA was enhanced in comparison to
non-transduced, freshly isolated hepatocytes as deter-
mined by RT-PCR (Fig. 1B). HuS-E cells were larger
in size and exhibited stower growth than HuS-T cells
(Fig. 1C).

3.2. Characterization of HuS-E and HuS-T immortalized
hepatocytes

The HuS-E/2 and HuS-T/2 clones demonstrated the
highest expression of hepatocyte-specific markers and
transcription factors by RT-PCR (data not shown); these
cells were used as representative for each group in this
study. To address if HuS-E/2 and HuS-T/2 maintained
similar characteristics as primary hepatocytes, they were
both cultured continuously for 30 weeks and the expres-
sion profiles of a variety of growth factors {Fig. 2A),
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growth factor receptors (Fig. 2B), hepatocyte-specific
nuclear factors (Fig. 2C), albumin, apolipoprotein-Al,
transferrin (Fig. 2D), cytochrome p450 (CYP) genes
(Fig. 2E), and GAPDH were compared with freshly iso-
lated primary hepatocytes after 1solation or two weeks of
culture, Huh-7.5 cells, and 293 cells. After two weeks in
culture, the expression of nearly all examined genes was
similar between freshly isolated hepatocytes and the
HuS-E/2 cell line. HuS-E/2 cells, however, exhibited
higher expression of TGFf2 (Fig. 2A), TGFR2R, and
HGFR (Fig. 2B} and lower expression of CYP 3A4
and 2C9 (Fig. 2E) in comparison to freshly isolated hepa-
tocytes. Primary hepatocytes displayed reduced expres-
sion of TGFBl and TGFB2 (Fig. 2A) and a loss of
CYPI1AI expression (Fig. 2E) after two weeks of culture.
HuS-E/2 cells exhibited higher expression of HGF
(Fig. 2A), HGF receptor (Fig. 2B), HNF-4, (Fig. 2C),
albumin, apolipoprotein-Al, HTF, and E-cadherin
(Fig. 2D) in comparison to HuS-T/2 cells. Expression
of CYP 3A4 (Fig. 2E) was lost from both HuS-T/2 and
HuS-E/2 cells, while HuS-T/2 cells also lost the expres-
sion of HNF-1u (Fig. 2D), and CYPs 2B, 2E1 (Fig. 2E).
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Fig, 2. Expression of the genes encoding growth factors (A), growth factor receptors (B), hepafocyte-specific nuclear factors (C), hepatocyte
differentiation and functional markers (D), and CYP enzymes (E) in 293 cells, freshly isolated primary hepatocytes (P.FH.), primary hepatocytes cultured
for two weeks {Cult. P.H.), Hulh-7.5 cells, and HuS-E{2 and HuS-T/2 cells cultured for two and 30 weeks were investigated by RT-PCR. The bands

representing specific targets are indicated in the representative reactions.
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Fig. 3. (A} The morpholegy of HuS-E/2 and HuS-T/2 cells in 3D culture. HuSE/2 and HuS-T/2 cells were eultured in Viebiol Gel in 12-well plates at a
concentration of 5 x 10° cellsfwell. The microscopic characteristics of these cells after one week of 3D culture sre shown, (B) The expressions of HNF4c,
HNF1, albumin, and apo-A by HuS-E/2 and HuS-T/2 cells in both flat and 3D culiures are detailed. Alter one week of cultore of HuS-Ef2 and HuS-T/2
cells in flat and 3D cultures, the expressions of HNF4e, HNF1[, albumin, and apo-A were measured by RT-PCR in 250 ng total RNA.

HuS-T/2 but not in HuS-E/2 cells showed a trans-
formed-like character starting from the 13th week of cul-
ture. This was demonstrated by continuing proliferation
after confluence, pile-up formations (Fig. 1C), and pro-
liferating in serum-deprevied condition. However, HuS-
E/2 cells did not show any transformed-like characters
even after 30 weeks of culture.

3.3. The characteristics of HuS-E and HuS-T
inmmortalized hepatocytes in 3D culture

After one week in 3D culture, HuS-E/2 (Fig. 3A, pan-
els 1, 2, and 3) cells adopted a donut-shaped structure
with a central pore, while HuS-T/2 cells (Fig. 3A, panels
4, 5, and 6) displayed irregular mass formations (similar
to the growth pattern of Huh-7.5 cells in 3D culture
(data not shown)). In 3D culture, while the expression
of HNF4, HNF1B, and albumin was enhanced in
HuS-E/2, it was decreased in HuS-T/2 cells (Fig. 3B).

3.4. HCV infection to HuS-EI2

We further assessed the HCYV infectivity of HuS-E-
and HuS-T-derived clones by infection with HCV-1b-in-

fected serum. Of the three HuS-E clones examined,
HuS-E/2 clone demonstrated the highest infectability
with HCV genotype lb in comparison to Huh-7.5,
PHSCHS (Fig. 4A), and HuS-T cells (data not shown),
which were excluded from further experiments.

3.5, Anti-CD81 blocked HCV infectivity

CD81! is involved in the entry of HCV pseudoparti-
cles [24]} and in vitro-synthesized JFH-1 [7]. To deter-
mine if authentic viral particles follow the same route
of entry when infecting HuS-E/2 cells, we first examined
the CD81 expression by RT-PCR. Both HuS-E/2 and
HuS-T/2 cells expressed similar amounts of CD81 as
freshly isolated hepatocytes and Huh-7.5 cells
(Fig. 4B). Antibodies against CD81 reduced HCV infec-
tivity of FHuS-E/2 cells from the levels seen using a non-
specific control antibody, confirming the importance of
CD&8l in HCV infectivity (Fig. 4QC).

3.6. IFNo blocked HCV infectivity

We treated HuS-E/2 ceils with HCV-containing serum.
Cells were then cultured in fresh medium supplemented
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Fig. 4. (A) Serum from an HCV patient was used to infect Huh-7.5 cells, PH5CHS cells, and three HPVY E6E7-immortalized clones (HuS-Ef1-3) for
24 h, After washing three times in phosphate-buflered salitie (’BS), cells were cultured in fresh medium. Cells were then harvested and lysed at the
indicated time points. The quantity of HCV genome RNA per 500 ng total RNA was determined by real-time RT-PCR analysis. (B) HuS-Ei2 and HuS-
T/2 cells both expressed CD81. Expression of CD81 {upper panel) and GAPDH as an internal control (lower panel) in 293 cells, freshly isolated P.H.,
cultured P.H., and Huh-7.5, HuS-E/2, and HuS-T/2 cells was investigated by RT-PCR. (C) Anti-CDS$1 antibodies blocked HCY infectivity. HCV
infection was performed as described in (A} with the addition of CD&I-specilic (black bar) or anti-tubulin antibodies (control, white bar). (D) IFNa
inhibits HCV multiplication in HuS-Ef2 cells infected with HCV-containing serum. HuS-E/2 cells were infected with HCV as described in (A). After
washing three times with PBS, cells were cultured in fresh medium supplemented with (black bar) or without (white bar) 100 Uiml IFNe.

without or with 100 U/ml IFNe. The enhancement of the
HCV-RNA genome titers on the fifth day (about [0-fold)
was not observed in cells treated continuously with IFNo
(Fig. 4D). This result suggests that IEN« inhibited HCV
replication in infected HuS-E/2 cells,

3.7. The effect of blocking IRF-3 and IRF-7 signaling on
HCV infectivity

Production of interferon-alpha (IFNe) and interfer-
on-beta (IFNJ) limits viral replication and spread, pro-
viding one of the most effective innate antiviral
responses [25} Signaling through IRF-3 and IRF-7
plays important roles in the stimulation of IFN-u/B pro-
duction [25]. To determined which molecules (IRF-3 or
IRF-7) play an important role in modulation of the
innate immune response against HCV infection in these
cells, we first detected intrinsic expression of double-
stranded RNA-stimulated Toll-like receptor (TLR) 3,
the downstream effector IRF-3, single-stranded RINA-
stimulated TLR7, and 8, and the downstream effectors
MyD88 and IRF-7 by RT-PCR. TLR3 exhibited very
low expression in freshly isolated hepatocytes, Huh-
7.5, HuS-E/2, and HuS-T/2 cells, while TLR7, TLRS,
MyD88, and IRF-7 were easily detectzble in both
freshly isolated and immortalized cell lines (Fig. 5A).

The abilities of DNIRF-3 and DNIRF-7 to inhibit
IFNB and IFNa production by HuS-E/2 cells infected
with Sendai virus were confirmed using assays of IFN[
or IFNo promoter-driven luciferase reporters. DNIRFE-
3 exhibited strong inhibition of IFNf production
(Fig. 5B} and weaker inhibition of IFNa transcription
(Fig. 5C), while DNIRF-7 strongly inhibited IFN« pro-
duction (Fig. 5C) and only weakly inhibited IFNJ pro-
duction (Fig. 5B).

We then assessed the inhibition of HCV infectivity by
DNIRF-3 and DNIRF-7. Transtent transfection with
DNIRF-3, DNIRF-7, or an empty vector was performed
prior to HCV infection. Using Effectene reagent, the effi-
ciency of plasmid transfection into HuS-E/2 cells was
approximately 70% (data not shown). While there was
no significant effect of DNIRF-3 on HCV infectivity,
DNIRF-7 demonstrated a marked increase in HCV titers
on days 3 and 5 afier infection in comparison to control
cells (Fig. 3D). To confirm that the enhancement of HCV
replication by DNIRF-7 is not mediated by the impair-
ment of IRF-3 signaling by heterodimeric interactions
between IRF-3 and DNIRF-7, we performed siRNA
inhibition of IRF-3 and IRF-7. The reduction of IRF-3
and IRF-7 expression by siRNA was obvious by RT-
PCR (Fig. 5E). siRNA-mediated suppression of either
IRF-3 or IRF-7 inhibited IFNB and IFN« production
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Fig. 5. (A) We examined the expression of TLR3, TLR7, TLRS, vyD88, IRF-3, and YRI-7, as well as GAPDH as an internal control in freshly isolated
primary hepatocytes and Huh-7.5, HuS-E/2, and HuS-T/2 cells was investigated by RT-PCR. (B and C} HuS-E/2 ccils were cotransfected with pIFNJ-luc
(B) or pIFNe-luc (C) with an expression plasmid encoding DNIRF-3, DNIRF-7, or the appropriate empty vector (pcDNA3 and PLXSH, respectively).
Twenty-four hours later, celis were infected (black bar) with Sendai virus or mock-infected (white bar), then analyzed for fuciferase activity after 12 h. (D)
IRF-7, but not IRF-3, suppression enhanced HCV infectivity of HuS-E/2 cells. HuS-E/2 cells were transiently transfected with empty pcDNA3, DNIRF-
3, empty pLXSH, or DNIRF-7 plasmids. Twenty-four hours later, serum from a patient with HCV was used to infect transfected cells for 24 h. After
washing, cells were cultured in fresh medium, The cells were then harvested and lysed at the indicated time points. The quantity of HCV genome RNA per
500 ng total RNA was determined by real-time RT-PCR analysis. (E) IRF-3 and IRF-7 levels were suppressed by specific siRNAs. HuS-E/2 cells were
transfected with control psiRNA-hTLR2, psiRNA-hIRF-3, or psiRNA-RIRF-7, then selected with Zeocin at 250 pgiml. Two weeks later, cells were
harvested and assessed for the expression of IRF-3 and IRF-7 by RT-PCR. (F and G) HuS-E/2 cells were transfected with confrol psiRNA-KTLRZ,
psiRNA-hIRF-3, or psiRNA-hIRF-7, followed by selection in Zeocin at 250 pg/ml. Two weeks later, cells were cotransfected with pIENp-luc (F) or
pIFNa-luc (G). Twenty-four hours later, cells were infected (black bar) with Sendai virus or mock-infected (white bar), then analyzed for luciferase
activity after 12 h. (H) Transfected cells were infected with serum from HCV patient; HCV infectivity was assessed as described above.

in HuS-E/2 cells infected with Sendai virus in patterns
similar to the effects seen following DNIRF-3 and
DNIRF-7 expression, respectively (Figs. 5F and G).
Blockade of IRF-7 expression resulted in a significantly
higher titer of HCV after infection, while IRF-3 down-
regulation did not have any significant effect on HCV
titers (Fig. 5H). The enhancement of IRF-7 silencing
by siRNA improved the infectivity of HCV (data not
shown). These results suggest that IRF-7 plays the major
role in the innate immune response to HCV in HuS-E/2
cells.

3.8, Establishunent of stable DNIRF-7 expressing clones
derived from HuS-EI2 cells

Since DNIRF-7 enhanced HCV infectivity, we trans-
duced the plasmid encoding DNIRF-7 and a hygro-
mycin-B resistance gene, into HuS-E/2 cells. Following
selection with hygromycin-B, we obtained the HuS-E7/
DN22 and HuS-E7/DN24 clones. As detected by RT-
PCR, both clones demonstrated similar expression levels

of albumin, apolipoprotein-Al, and HINF4 as the paren-
tal HuS-E/2 cells (Fig. 6A). The HuS-E7/DN24 clone
exhibited stronger expression of DNIRF-7 than the
HuS-E7/DN22 clone by immunoblotting (Fig. 6B).
The induction of IFNa in HuS-E7/DN24 in response
to infection with an RNA virus (Sendai virus) was low
in comparison to the parental HuS-E/2 and HuS-E7/
DN22 clones, as detected by IFNu-luciferase reporter
assay (Fig. 6C). HuS-E7/DN24 also exhibited a higher
HCV infectability in comparison to parental HuS-E/2
cells and the HuS-E7/DIN22 clone (Fig. 6D).

3.9. Infection of HuS-E7IDN24 cells with different HCV
genotypes

Huh7.5 and HuS-E7/DN24 cells were separately
infected with serums derived from 3 different HCV-pa-
tients or by JFH-1 concentrated medium (HCV-2a).
Two serums were infected by HCV-Ib, while the third
by HCV-2b. Inoculated virus titer was adjusted to be
the same in all cases. Except for JFH-1, which efficiently
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(black bar) or with Sendai virus or mock-infected, then analyzed for lucilerase activity after 12 h. (D) HuS-E7/DN24 cells exhibited high infectivity to
HCV samples derived from patient serum. HuS-Ef2 cells were transiently transfected with empty pLXSH. Twenty-four hours later, serum from a
recurrently transplanted HCV patient was used to infect transfected cells and HuS-E7/DN22 and HuS-E7/DN24 cells for 24 h. After washing three times,
cells were coltured in fresh medium. Cells were then harvested and lysed at the indicated time points.
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replicated in Huh7.5 cells {Fig. 7A), HuS-E7/DN24 cells
showed a higher and reproducible infectability for the
different HCV strains than Huh7.5 cells (Fig. 7B). Sim-
ilar higher infectability of HuS-E7/DN24 cells was
observed with HCV-4a genotype {unpublished data).
These results suggest that the high infectability of
Huh-7.5 with JFH-1 is specific among the combinations
of HCV strains and cell lines; while HuS-E7/DN24 cells
were generally permissive to HCV-infected serum inde-
pendent of HCV strains.

4. Discussion

This study demonstrates that ectopic expression of
the HPV18/E6E7 genes in combination with hTERT
coutd efficiently immortalize mature hwman hepato-
cytes, generating a cell line with stable expression of
hepatocyte markers and functions for more than 30
weeks in culture. HuS-E/2 cells continuously exhibited
higher expression of both HGF and HGFR than HuS-
T/2 cells. This result suggests that HPV18/E6E7-immor-
talized hepatocytes maintain responsiveness to paracrine
signals capable of inducing cell differentiation to a great-
er extent than SV40 T-immortalized hepatocytes. This
conclusion is further supported by the increased expres-
sion of HNF4 in HuS-E/2 cells in comparison to HuS-
T/2 cells. HNF4 is a major hepatocyte transcription
factor, required for hepatocyte differentiation and liv-
er-specific gene expression [26]. HNF4 drives hepato-
cytes differentiation by acting upstream in a
transeription factor cascade that included HNFla [27].
HuS-E/2 cells continued to express HNFlo throughout
prolonged culture, while HuS-T/2 cells lost expression
completely. Maintenance of hepatocellular functions
was demonstrated by continuous and high expression
of albumin, apolipoprotein-A, human transferrin, and
E-cadherin by HuS-E/2 in comparison to HuS-T/2 cells.
These differences became more pronounced in the late
passages. In a similar manner, HuS-E/2 cells continued
to express ail of the examined CYP genes, with the
excepiion of CYP 3A4, while HuS-T/2 cells lost expres-
sion of CYP 3A4, 1B, and 2EI completely and displayed
markedly lower expression of CYP 1B1 than HuS-E/2
cells. Thus, human hepatocytes immortalized by HPV
E6/E7 transfection are phenotypically similar to pri-
mary hepatocytes, even during extended cultures.

Recently, it was reported that the JFH-1 strain and
derived chimeras could only infect and propagate effi-
cientlty m Huh7.5.1 and Huh7.5 ceils, both of which
are subclones of Huh7 cells [7-9]. This limitation, how-
ever, may be specific to the JFH-1 strain, which may not
accurately reflect the course of other HCV straing’ infec-
tion. Thus, usage of HCV particles isolated from patient
serum could be more useful to study authentic HCV
infection. Using sera from HCV patients as a source

of infective virus, HPV18/E6E7-immortalized cell lines
exhibited higher reproducible susceptibility to HCV
infection than HuS-T, PH5CHS, and Huh-7.5 cell lines.

IRF3 and IRF7 play an important role in the activa-
tion of interferon signaling [28]. We suppressed the func-
tions of IRF-3 or IRF-7 to assess their role in HCV
infectivity. In fact, we observed significant increase of
HCV replication in HuS-E/2 cells bearing dominant-
negative IRF7 that impaired IFN signaling. The sup-
pression of IRF-3, however, did not have any significant
effect on HCV infectivity or replication in this cell line.
This may result from the blockade of IRF-3 activation
by an HCV NS3/4A serine protease [29] through at least
two independent pathways that inhibit the TLR 3-depen-
dent and RIG-I-dependent signaling pathways [29-33].
Although HCV was shown to inhibit basal expression
levels of IRF-7 at both mRNA and protein levels and
it was shown that NS5A suppresses IRF-7-induced
IFNo promoter activation [34], Stimulation of TLR7Y
was shown to activate IRF-7 and induce suppression
of HCV replicon levels in Huh-7 cells [35]. This suggests
that the inhibition of IRF7 by HCV is not complete.
Using IRF-7-deficient (IRF-7—/-) mice, Honda [36]
demonstrated that the transcription factor IRF-7 is
essential for the induction of IFNo/B genes. We estab-
lished a clone stably expressing DNIRF-7 (HuS-7E/
DN24)}, which demonstrated higher infectivity with dif-
ferent HICV strains than the parental HuS-E/2 clone.

In summary, we have established a human hepato-
cyte-derived cell line that maintains the characteristic
features of primary hepatocytes by transduction with
HPVIE/E6ET7. This cell line is highly infectable by
HCV, which suggests that these cells may be useful to
characterize the molecular mechanisms involved with
HCYV infection and to develop novel HCV treatment
modalities.
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Abstract

We have previously described a synthetic T7-driven ¢cDNA minigenome containing the antisense sequence of luciferase gene and inter-
nal ribosome entry site of encephalomyocarditis virus flanked by 5'- and 3/-end sequences of hepatitis C virus {HCV) that contain cis-
acting replication elements. Synthesis of minus-strand RNA from the artificial minigenome was determined by using Huh-7 cells harbor-
ing autonomously replicating HCV subgenome as a helper for provision of functional replication compenents. To further confirm and
extend these studies, we investigated here whether the minigenome replication system could be reconstituted by transfection of naive
Huh-7 cells with plasmid expressing nonstructural (NS) proteins. Reporter assay and Northern blot analysis revealed that rrans-expres-
sion of NS proteins from 3 to 5 resulted in high level of luciferase activity and synthesized minus-strand RNA. The analogous result was
also obtained with the minigenome derived from HCV 2a, and both HCV 1b- and 2a-derived NS protein were able to support the chi-
meric minigenomes whose 5'- or 3'-end was replaced by the respective region of the heterologous virus. These results provide a basis for

establishing the reverse genetic system that is helpful to study ¢is- and trans-acting factors involved in HCV RNA replication.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Hepatitis C virus; Minigenome; trans-Replication

Hepatitis C virus (HCV) is an important human patho-
gen with an estimated 170 million chronic carriers through-
out the world, and many of them are at a high risk for
developing liver cirrhosis and hepatocellular carcinoma
[1]. HCV is a member of the Flaviviridae family with a posi-
tive-sense RNA genome of ~9600 nucleotides in length.
The geneme is flanked by highly structured nontranslated
regions (NTRs) important for both RNA translation and
replication. The viral genome encodes a polyprotein pre-
cursor of approximately 3010 amino acids, which is pro-
cessed by viral and cellular protease to produce the
structural proteins (core, El, and E2) and nonstructural
(NS) proteins (p7 and NS2 to NS5B).

* Corresponding author. Fax: +81 6 6964 2706,
E-mail address: j-zhang@fuso-pharm.cojp {J. Zhang),

0006-291X/% - see front matler © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2006.10.188

Like other pius-stranded RNA viruses, HCV genomic
RNA is first transcribed into a minus-strand intermediate,
which in turn serves as the template for production of
progeny plus-strand RNA. Although the basic steps in rep-
lication have been well established, little is known about
the detail of these processes. Studies of HCV replication
have been hampered by the lack of an efficient tissue cul-
ture system. Although the development of subgenomic rep-
licon has facilitated the investigation of viral RNA
replication in cell culture [2], culture-adaptive mutations
within the NS proteins are required for efficient replication
[3.4], and full-length genomes carrving such mutations do
not produce infectious virus particles [5,6]. More recently,
it was reported that genotype 2a JFHI genome replicates
efficiently independent of the culture-adaptive mutations
and supports production of viral particles [7]. This in vitro
system, together with the later-developed JFHI1-based
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chimeras [8,9], are an important progress in HCV research,
allowing the study of unknown aspects of HCV life cycle.
However, a comparison study showed that JFHI differs
from the earlier-generated HCV 1b replicon in indepen-
dence of the cellular cofactor {cyclophilin B) for the repli-
cation and less sensitivity to antiviral reagent [10],
suggesting that the strain- or genotype-specific properties
may exist and the observation obtained with JFHI cannot
be simply extrapolated to other isolates.

Synthetic minigenomes have been deseribed in a number
of minus- and plus-stranded RNA viruses, which has con-
tributed greatly to the analysis of cis-acting sequences and
trans-acting proteins required for viral replication, matura-
tion, and packaging [11,12]). We previously established a
helper virus-dependent expression system utilizing HCV-
derived munigenome, and Huh-7 cells harboring autono-
mously replicating HCV subgenome [I3]. In this study,
we further investigated whether the minigenome replication
system could be reconstituted by transfection of naive
Huh-7 cells with plasmid expressing NS proteins. It was
shown that synthesis of minus-strand RNA from HCV
minigenome can be supported by rrans-expressed polypro-
tein NS3 to NS5B, and the NS proteins were able to
replicate not only the homologous minigenome but the
heterologous and chimeric minigenome as well.

Materials and methods

Plasmids. HCV lb-derived minigenome plb-1b was previously referred
to as pT7cRLNSSBI {131 For construction of chimeric minigenome p2a-
1b, the first 376 nucelotides of HCV 2a cDNA with the T7 promoter
directiy coupled at the 5'-end were amplified by PCR with primers 5'-tataa
gcttTAATACGACTCACTATAACCTGCCCCTAATAGGGGC-3 and
$ugegealgc TTTGGTTTTTCTTTGAGGTT-3. The Renifla luciferase
gene was amplified from pRL-TK (Promega) using primers 5'-cteiclagaA
TGACTTCGAAAGTTTATGA-3 and 5'- tgeecalgc TTATTGTTCATT
TTTGAGAA-3". The resulting PCR products were digested with HindIil-
Sphl and Sphl-Xbal, respectively, and inserted into the HindIl1/Xbal sites
of plb-1b. The 3'- part of the NS5B coding region fused 3’ UTR of HCV
2a cDNA was amplified by PCR using primers 5-ataggatccCCTCAGAA
AACTTGGGG-3' and 5'-ataggcgccagegaggagectigggaccatgecggecACAT
GATCTGCAGAGAGACC-3', digested with BamHI and Narl, and
cioned, along with the anncaled oligonucleotides containing partial
sequence of the HDV ribozyme {13}, into 8amHI/EcoRI-cut plb-ib or
p2a-lb, creating plb-2a and p2a-2a, respectively.

To construct plasmid pNS3-51b expressing polyprotein from HCV b,
a ¢cDNA containing the ORF of NS3 to NS5B was amplified with primers
5%-atatctagaATGGGCCCATCACGGCTTA-3 and 5'-alaggegegeeTCA
CCGGTTGGGGAGCAGG-3, digested with Xbal and Ascl, and cloned,
along with HindIT1/ Xbal-cut HCV sequence {1-341] nt}, into pGEMEX-1
veclor {Promega) which was medified by deletion of ail of the T7 gene 10
and introduction of Hindlll and Ascl sites between T7 promoter and
terminator [14]. pNS3-52a, which expresses the polyprotein from HCV 2a,
was constructed similarly except with the primers of corresponding
sequence from genolype 2a. The sequences of these constructs were con-
firmed by nuclectide sequencing.

Cefls. The cell line Huh-7 was purchased [rom the American Type
Culture Collection {ATCC) and mainlained in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal calf
serum and 30 U/m] penicillin and streptomycin in a 5% CO; humidified
atmosphere. A Huh-7-derived cell line (HBuh-NNRZ) stably replicating

HCV subgenomic replicon was grown in DMEM containing 300 pg/ml
G418 (Geneticin, Invitrogen) [15,16}.

Transfection. Huh-7 cells were seeded at 1x 10° per well of 12-well
plates. Twenty-four hours later, 0.5 ng FcoRI-linearized minigenome
(pib-1b, plb-2a, p2a-1b, or p2a-2a), 0.5 ng pGEMEX-1, pN83-51b, or
pNS3-52a, 0.5pg pAMS-1, and 0.1 pg pGL3-Conirel vector were
cotransfecied into cells with Fugene HD Translection Reagent (Roche).
The cells were harvested at the indicated time points, and cell lysates were
assayed for luciferase activity as described below.

Lueiferase assay. Cell iysates were prepared from transfected cells,
centrifuged briefly, and 20 ul of the supernatanis was used for luciferase
assays with Dual-Luciferase Reporter Assay System (Promega) according
to the manufacturer's instructions. Luciferase activities were measured
using a TD-20/20 Luminometer (Promega).

Western blot analysis. Protein was electropheresed on a sodium
dodecyl sulfate-polyacrylamide gel, iransferred to Hybond-P PVDV
Membrane {Amersham). The blots were probed with Antiserum Product
2871 and 2881 (ViroStat) for detection of NS3 and N54, rabbit polycional
antibody {ab2594, Abcam Limited) for NSS5A, and goat polycional
antibody (s¢-17532, Santa Cruz Biotechnology, Inc.) for NS5B. Signals
were visuafized with ECL Plus Western Blotting Detection Reagents
{Amersham).

Northern blot anclysis. RNAs were isolated from transfected cells with
Trizol reagent (Invitrogen) and treated with RNase-free DNase
(Promega). The purified RNAs were separated by denaturing agarose gel
electrophoresis and analyzed by Northern blot using digoxigenin-labeled
antisense Renifla luciferase sequence.

Results
Synthetic minigenome derived from HCV

The minigenome construct derived from HCV 1b con-
sists of the antisense sequence of the Renilia luciferase gene
and internal ribosome entry site (IRES) of encephalomyo-
carditis virus (EMCV) flanked upstream by 5'-end (nucleo-
tides 1-377) and downstream by 3’-end sequence containing
NS5B coding region from nucleotides 9067 to 9371 plus
3-UTR of HCV cDNA. The cassette was positioned
precisely at the T7 transcription start site followed by self-
cleaving HDV ribozyme to ensure authentic 5'- and 3’-ends
(Fig. 1A, plb-1b). If the minigenome could be accepted as a
template by the replication complex provided in trans, the
luciferase gene, which is encoded by synthesized minus-
strand RNA, would express in HCV-infected cells. Fully
consistent with this hypothesis, luciferase activity was
selectively detected in Huh-7 cells harboring an autono-
mously replicating HCV subgenome (Huh-NNRZ) [13].

Replication of HCV minigenome in Huh-7 cells expressing
polyprotein NS3 to NS3B

The ability of the synthetic minigenome to replicate in
replicon cells prompted us to investigate whether the repli-
cation of minigencme could be supperted by HCV proteins
expressed in frans. For this purpose, Huh-7 cells were
transfected with the minigenomic construct plb-1b, plas-
mid encoding a polyprotein encompassing NS3 to NS5B
under the control of T7 RNA polymerase promoter,
pAMSE-1 plasmid expressing T7 RNA polymerase [14],
and pGL3-Control vector. The cells were harvested at 3





