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Fig. 3. Activation of IFN-P gene by NS3B is mediaed through the TLR3
signaling pathway. (A) Down-regulation of IFN-p3 mRNA by transfection of
TLR3 siRNA. PH/NSSB cells were transfected wilh dsRNA  duplexes
targeting TLR3, TLR4, or luciferase GL2Z, After 5 days, the expression levels
of TLR3, TLR4, IFN-p, and GAPDH mRNAs were examined by RT-PCR.
(B) Growth curve of PH/NSSB cells transfected with siRNAs. After 2 days of
Iransfeciion, the proliferation kinetics of PH/NSSB cells transfected with GL2
{circles), TLR3 (squares), and TLR4 (triangles} siRNAs were analyzed as
indicated in Fig. IF. (C) BrdUrd incorporation analysis of PH/NS3B cells
Iransfzcted witl: GL2, TLR3, and TLR4 siRNAs. Afier 2 days of transfection.
the cells were synchronized, and cell eycle progression was analyzed as
indicated in Fig. 1D.

refrovirus pCXpur encoding TLR3 or pCXpur as a negative
contrel, yielding cells stably expressing TLR3 and control
HEK?293 cells. The expression of NS3B or TLR3 was confirmed
by Western blot analysis (Fig 6A). We then performed a dual-
luciferase reporter assay using an IFN-B gene promoter. The
results revealed that the luciferase activity was enhanced in only
the HEK 293 cells stably expressing both NS5B and TLR3 (F s
6B). This suggests that TLR3 mediates NS3B's induction of
IFN-p. However, since the enhancement of luciferase activity
was approximately two-fold, we failed to detect the enhance-
ment of the mRNA expression levels for IFN-B and one of its
target genes, ISG56 {data not shown). To accurately assess the
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enhancement, high expression levels of NS5B and TLR3 in
HEK293 cells will be needed.

The RIG-I-mediated signaling patinway is not implicated in the
induction of IFN- in PH/NS3B cells

Recently, RIG-1, a cellular DExD/H box helicase, was found
to be a double-stranded RNA (dsRNA) binding protein that
functions independently of TLR3 to induce IFN-3 in response to
viral infection (Yoneyama et al., 2004). Since another recent
study showed that both the TLR3- and RIG-I-mediated signaling
pathways are flnctional in PHSCHS cells (Li et al.. 2003a,
2005b), we examined whether or not the RIG-I-mediated
signaling pathway is invelved in N$5B’s induction of IFN-f,
First, PH/NS5B and PH/Ctr cells were infected with retrovirus
pCXpur encoding mye-tagged RIG-IC, 2 dominant negative
inhibitor of RIG-1 harboring only the helicase domain but not the
twe N-terminal CARD domains (Yoneyama et al., 2004), or
pCXpur as a negative control. Cells that stably expressed myc-
tagged RIG-IC were thus obtained. The expression of myc-
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Fig. 6. Ectopic expression of TLR3 enhances the IFN-p gene promoter in only
the HEK293 cells stably expressing NS3B. (A) Expression of TLR3 and NS3B
in HEK293 cells introduced by retrovirus-mediated gene transfer, Western biot
analysis of HEK/ACr or HEK/NSSB cells infected with pCXpur retrovirus
encoding myc-lagged TLR3 was performed. The pCXpur retrovirus was used
as a conlrol infection. Anti-mye, anti-NS3B, and anti-B-actin antibodies were
used for the immunoblatting analysis, (B} Dual lueiferase reporter assay of the
IFN-13 gene prometer, The cells shown in panel A were (ransfected with plFN-
P(-123)-Lue. and the dual luciferase assay was performed as described
previcusly (Dansake et 2003). Data are means % SD from (hree independent
Iriplicate experiments.
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Fig. 7. Induction of IFN-p by NS5B is nol mediated through the RIG-I
signaling pathway. (A) Expression of RIG-IC and NS5B in PHSCHS cells
intraduced by retrovirus-mediated gene iransfer. Western blot analysis ol PH/
Cir or PH/NSSB cells infected with pCXpur retrovirus encoding myc-tagged
RIG-1C was performed. The pCXpur retrovirus was used as a control infection.
Anti-myc, anti-NS38B, and anti-B3-actin antibodies were used for the immune-
blotting analysis. (B) Dual luciferase reporier assay of the IFN-p gene
promoter, The cells shown in panel A were transfected with pIFN-P(-125)-Luc.,
and the dual luciferase assay was performed as indicated in Fie. 8B, (£) RT-
PCR analysis of IFN-$ and 18G56 mRNAs. The wotal RNAs were extracted
from the cells shown in panel A and subjected to RT-PCR analysis using primer
sels for IFN-P (341 bp), ISG36 (320 bp). and GAPDH (387 bp).

tagged RIG-IC was confirmed by Western blot analysis (Fis

7A). Using PH/Ctr cells stably expressing mye-tagged RIG-1C,
we confirmed that JFN-{ production was markedly suppressed
after infection with Sendai virus (data not shown), as initially
observed in Newcastie disease virus infection (Yonevama ¢t al.

2004). This indicates that RIG-IC functions as a dominant
negative inhibitor of RIG-I in PITSCHS cells. We then performed
a dual-luciferase reporter assay using an /FN-f§ gene promoter.

The results revealed that the enhancement of luciferase activity
in PH/NSSB cells was not suppressed regardless of RIG-IC
expression (Fig. 7B). Furthermore, the mRNA expression levels
for IFN-B and one of its target genes, ISG56, were also
unchanged by the expression of RIG-IC (Fig. 7C). These results
suggest that NS58’s induction of IFN-J3 is not mediated through
the RIG-I signaling pathway.

NS5B does not interact with TLR3 adaptor protein

Since we showed that NS5B’s induction of IFN- was
mediated through the TLR3 but not the RIG-1 signaling pathway,
we further examined the mechanism underlying IFN-f induc-
tion by testing the possibility of interaction between NS5B and
the TLR3 adaptor protein TRIF (Yamamoto et al., 2002). We
prepared HEK/NSSB cells stably expressing myc-tagged NS5A
or myc-tagged TRIF and examined whether or not NS3B
interacts with TRIF by an immunoprecipitation method foltow-
ing Western bloi analysis. The results clearly showed that NS5B
and myc-tagged NS3SA were co-immunoprecipitated by anti-
myc antibody as reported previously (Shirota et al.. 2002).
However, co-immunoprecipitation of NS5B and myc-tagged
TRIF was clearly not observed (Fig. 8). This result suggests that
the activation of the TLR3 signaling pathway by NS5B occurs
through one or more factors other than TRIF.

Induction of IFN-§ depends on RNA-dependent RNA
polvmerase (RedRp) activity of NS5B

Since dsRNA, an intermediate of viral replication, is known
as a natural Higand for the activation of TLR3 (Alexopoulou et
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Fig. 8. NS5B does not interact with TRIF, HEK/NSSB cells were inlected with
pCXpur retrovirus encoding mye-tagged NSSA (middle lane) or myc-tagged
TRIF {right lane). pCXpur vetrovirus was used as a control infection (left lane).
Cell tysate was immunoprecipitated ({P) with anti-mye antibody-conjugated
agarose beads, The immuneprecipitates were resolved by SDS-PAGE, and anti-
myc (upper panel) and anti-NS3B (middle panel) antibodies were used for the
immunoblotting (1B anatvsis, To confinm the expression level of NSSB, cell
tysates were subjected to immunoblotiing analysis using anti-NS5B antibody
{lower panel).
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al., 2001; Takeda et al., 2003), we next examined whether or
not the induction of IFN-B in human hepatocytes expressing
NS5B (591 amino acids; amino acids 2420 to 3010 in the HCV-
b genotype) (Kate et al., 1990) depends on NS5B’s RdRp
activity, Since this activity is already well characterized
(Hagedorn et al., 2000), we constructed several NS5B mutants
to evaluate this subject (Fig. 9A). One is the substitution mutant
(G2736V of the GDD motif (amino acids 2736—8) located in the
catalytic site, and the other is the deletion mutant A2575-7
(R2753T, K27548, and A2575-7) at the priming and interro-
gation sites, all of which are essential for NS3B’s RdRp activity
(Behrens et al,, 1996; Bressanelli et al., 2002). We also
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constructed three carboxyl-truncated forms (AC21, AC56, and
ACS7, lacking 21, 56, and 97 amino acids, respectively) of
NS5B. These truncated mutants of NS3B lack the last 21
hydrophobic amino acids, which are necessary and sufficient to
target NS5B to the cytosolic side of the endoplasmic reticulum
{ER) membrane (Schmidt-Mende et al., 2001, Yamashita et al.,
1998). Although AC21 and ACS56, but not AC97, possess RdRp
activity in vitro, AC56 shows higher RdRp activity than AC21
because only the latter possesses a regulatory motif inhibiting
RNA binding and polymerase activity (Leveque et al., 2003).
We prepared PH5CHS cells stably expressing these NS5B
mutants and then performed cell cycle analysis using these
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Fig. 9. The RdRp activity of NS5B anchoring on ER membrane is required for inductien of IFN-[3 and following the delay of S phase progression. (A) Schemalic
presentation of the NS5B mutants used. Only amino acid sequences in the muizted regiens of NS3B are indicated, (B) Cell cyele analysis of PH/NSSB and PHSCHS

cells expressing NS5B mutants, Cell ¢yele distribution was analyzed as described in Fig

B. (C) RT-PCR analysis ol IFN-p mRNA in PH/NS5B and PHSCHS cells

expressing NS3B mutants. RT-PCR analysis was performed as described in Fig. 3A.
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prepared cells. The results revealed no effect on S phase
progression in the PH3CHS cells expressing NS5B mutants
(Fig. 9B), although PHSCHS cells expressing AC56 showed a
slight delay of S phase progression. Induction of IFN-p mRNA
was also not observed in the PH5SCHS celis expressing NS3B
mutants (Fig. 9C). These results revealed that the delay of S
phase progression and the induction of IFN-p depend on the
RdRp activity of NS3B, and these effects are coupled with ER
membrane anchorage of NS5B in cells.
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To examine the activation of IRF3, a factor specifically
induced by stimulated TLR3 or TLR4, by the expression of
NS3B and its ntants, we performed a dual-luciferase reporter
assay using a synthetic promoter having five repeats of the
consensus ISRE, which was the same as the TRF3 target
sequence in the /FN-f gene promoter (Fig. 10A) and an intrinsic
IFN-fi gene promoter (Fig. 10B). The results showed that the
hiciferase activity was enhanced approximately five-fold (Fig.
10A) and eight-fold (Fig. 10B) only in PH/NSSB cells,
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Fig. 10. NS3B {ull form is required for activation of IRF3 farget sequences ond 1FN-(3 signaling pathway. (A) Dual iuciferase reporter assay toward IRF3 larget
sequences, PHAICHR cells were wansfected with the pSRE-Lue (Stratagene} and pCXbsr encoding NS38 or its mulaat, and the dual fuciferase assay was performed-
as indicated in Fig, 6B, The lysates of cells ransfected with pCXbsr were used as a control. (B) Dual luciferase reporter assay of the [FN-j gene promoeter. Dual
luciferase assay was performed as described in panel A except using plFN-pB-125)-Lue instead of pISRE-Luc. (C) Western biot analysis of the compeonents involved
in the IFN-p signaling pathway. The [ysates of PH/NS5B and PHSCHS cells expressing NS5E mutants were subjected o immunoblotting using anti-NS3B, anti-p-
STATH(Y701), anti-STAT ], anti-1RF7, and anti-3-actin antibodies. PHSCHS cells treated with or withou! IFN-[3 (300 [U/m] for 24 h) were also analyzed as a control.
(D) Subeellular distribution of endegenous IRF3. PH/Ctr and PH/NS3B cells were processed and stained wilh anti-IRF3 antibedy and an FITC-conjugated secondary
antibody. PHSCHS cells treated with poly (IC) were also used as a positive control.
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suggesting that IRF3 is activated by the NSSB full form.
Interestingly, however, luciferase activity was enhanced ap-
proximately four-fold (Fig. 10A) and three-fold (Fig. 10B) in
PH5CHS cells expressing ACS6, although the enhancement
was not as great as the five-fold (Fig. 10A) and eight-fold (Fig.
i0B) in PH/NSSB cells, respectively. We then examined the
phosphorylation status of STAT! on Y701 and the level of
IRF7, one of the downstream targets of the IFN-J signaling
pathway (Katze et al.. 2002). Western blot analysis revealed
marked phosphorylation of STAT1 and IRF7 expression in PH/
NS5B cells as weli as in PH5CHS cells treated with IFN-3

(Fig. 10C). Although slight phosphorylation of STAT] was
observed in the PHSCHR cells expressing AC36, IRF7
expression was not observed (Fig. 10C), Unlike PH/NS5B
cells and PHSCHB cells expressing ACS36, neither the
phosphorylation of STATI nor the expression of IRF7 was
detected in PHS5CHS cells expressing other NS5B mutants,
These results indicated that AC56 had an extremely low abitity
to induce IFN-p after activation of TLR3, although ACS56 was
still able to enhance the IRF3 target promoter. To obtain further
evidence of the activation of IRF3, we examined the subcel-
lular distribution of endogenous IRF3 in PH/Ctr and PH/NS5B

A 120 MMS 120 H202 120 uv-B
100 __ 00 . t0D
® ® S
= & < g0 = B0
T ™ ©
2 8o 2 &0 2 60
I = =3
3 > 3 4
=
¢ W an ° 7
20 20 20
o/ 0 o —
0 0.51.0152025 0 25 50 75100125 0 25 50 75100125
Dose (mM) Dose (M) Dose (J/m?}
100 ADR 100 NCS
= 10 g
fd
2 S
= 2
3
oy H 0
T
0 50100150200 250 0 50100150 200250
Dose {nM) Dose (ng/mt)
B

CtrfIFN-B

Fig. 11. Sensitivity of PH/NS3B cells against DNA-damaging reagenis. (A) Clonegenic assays for PH/Cir {square) and PH/NSSB (circle) cells after treatment with
increasing doses of DNA-damaging reagents. Cells were treated with MMS, Ha0., UV-B, ADR, and NCS. Ten days afler the treatment, cells were lixed and stained
with Coomassie brilliant blue. Only colonies containing >30 cells were scored as being derived from viable clonogenic cells. Data are means + SD from two
independent wiplicate experiments. {B) PH/Ciwr, PH/NSSB, and 1FN-f-treated (20 1U/ml) PH/Ctr ¢ells were treated with ADR {300 nM) or NCS {100 ng/mi). The
panels show survived colonies that are stained with Coomassie brilliant blue at 10 days afier the treatment.



358 K. Noka et al. / Virology 346 (2006} 348362

cells. In PH/Ctr cells, IRF3 was distributed in a perinuctear and/
ar cytoplasmic context. However, in PH/NS3B cells as well as
PHS5CHE cells treated with poly (IC), 1RF3 was distributed to the
nucleus, a finding consistent with its activated state (Fig. 10D).
Taken together, our findings indicate that the RdRp activity of
HCV NS5B anchoring on ER membrane is necessary and
sufficient to activate the TLR3 signaling pathway.

PH/NSIB cells are more susceptible than PH/Ctr cells to
DNA-damaging reagents

To better understand the effect of IFN-f induction in PH/
NS5B cells, we next examined the susceptibilities of PH/NS5B
and PH/Ctr cells against various types of DNA-damaging
reagents. A clonogenic assay using PH/NS5B and PH/Ctr celis
was performed by treatment with MMS (a DNA alkyiating
reagent) and H;0O, (a DNA oxidative reagent} and by UV-B
irradiation, which induces DNA single-strand breaks and/or
thymidine dimer formation in DNA. ADR and NCS, which
induce DNA double-strand breaks, were also used for the
clonogenic assay. As shown in Fig. 1A, PH/NS5B and PH/Ctr
cells were susceptible to the MMS treatment, the H,O,
treatrpent, and the UV-B irradiation, and no differences were
observed between their susceptibilities. Interestingly, however,
PH/NSS5B cells were more susceptible than PH/Ctr cells against
ADR or NCS treatment (Fig. 11 A). These results suggest that
PH/NSS5B cells are more sensitive than PH/Ctr cells to damage in
the form of DNA double-strand breaks. To clarify whether or not
IFN-f induction increases the susceptibility against ADR or
NCS treatment, we examined the effect of ADR or NCS in PH/
Ctr cells treated with IFN-{3. Tn this treatment, the cells changed
to susceptibie phenotype against ADR or NCS treatment, as
observed in PH/NSSB cells (Fig. 11B). These results suggest
that IFN-3 induced by NS3B in PH5CHS cells changes the cells
into the hypersensitive phenotype, making them susceptible to
DNA damage in the form of double-strand breaks.

Discussion

In the present study, we found that HCV NS5B induced
IFN-p in two kinds of immortalized human hepatocyte cell
lines, PHSCH8 and NKNT-3. We showed that NS5B’s
induction of IFN-[3 was mediated through the TLR3 but not
the RIG-I signaling pathway. The induction of TFN-13 caused
the delay of cell eycle progression through the S phase in these
cells. Since it has been generally known that the activation of
the TLR3 signaling pathway is caused by dsRNA, a molecular
pattern asseciated with replicating viral genomes, we first
obtained data suggesting that dsRNA is generated by NS3B
even without replication of the viral genome.

TLRs belong to a family of evolutionarily conserved innate
mmmune recognition molecules, and ten members of the TLR
family have been identified in human (Medzhitov 00
Takeda et ai.. 2003). TLR3 recognizes dsRNA and induces
the antiviral immune respeonses (Alexcpoulou et al, 2001
Matsumoto et al., 2002). TLR3 activates transcription factor
IRF3 through TRIF, feading to IFN-3 production (Oshiumi et

al.. 2003: Yamamoto et al., 2002, 2003). We speculated on two
possible mechanisms underiying the activation of the TLR3
signaling pathway by NS5B. The first possibility is that
protein—protein interaction between NS3B and TRIF is
involved 1n the activation of the TLR3 signaling pathway.
However, we failed to obtain evidence of direct interaction
between NS5B and TRIF. The second possibility is that the
RdRp activity of NS5B contributes to the activation of TLR3.
To evaluate this hypothesis, we examined whether or not
several NS3B mutants, including carboxyl-truncated mutants
or an RdRp activity-defective mutant {G2736V), could induce
[FN-f. The experimental data clearly showed that neither the
G2736V mutant nor the carboxyl-truncated mutants could
induce 1FN-p. Therefore, we suggested that NS5B RdRp
activity anchoring the ER membrane is critical for the
activation of the TLR3 signaling pathway.

The finding that NS3B RdRp activity on the ER membrane
was a critical factor for the induction of IFN-[3 surprised us
because we expected that dsRNA, a natural ligand for TLR3,
was produced in NS5B-expressing hepatocyte cells without
replication of the viral RNA genome. Therefore, we now
presume a daring hypothesis: that NS5B can produce dsRNA
using cellular RNA as a template on the ER membrane. Since
no direct evidence has been found to support this hypothesis at
this stage, finther experiments are necessary to evaluate this
hypothesis. For instance, if possible, the detection of newly
synthesized dsRNA in NS5B-expressing cells or the detection
of newly synthesized dsRNA Ly recombinant NS5B using
cellular RNA in vitro may become positive evidence. Further-
more, since the formation of a membrane-associated replication
complex is a characteristic of positive-stranded RNA viruses,
including HCV (Shi et al,, 2003), it will also be interesting to
examine whether or not the RdRps of the other RNA viruses
possess novel activity similar to that observed in this study. At
least we recently detected that NS5B derived from an HCV-2a
genome designated JFH-1, which produces virus particles
infectious for HuH-7 cells (Wakita et al., 2003), also strongly
imduced IFN-2 in PH5CHE cells (Tkeda et al., unpublished
data). In addition, we are not able to completely exclude the
possibility that NS5B-encoding RNA, but not NS5B, specifi-
cally activates the TLR3 signaling pathway. However, this
possibility is unlikely because the G2736V mutant with only
one nucleotide substitution could not activate the TLR3
signaling pathway,

Since the activation of the TLR3 signaling pathway in
NS35B-expressing PH5CHS or NKNT-3 cells is considered to
be due to a novel function of NS5B, it is important to clarify
whether or not this function ocewrs in the HCV ife eycle.
Although HCV replicon systems carrying autonomously
replicating HCV RNA genomes deveioped using HuH-7
(3w A0000 Hheda v al 2002 Le ar oal o ay
and Hela {Zhu o '(H13) cells have became powerful tools
for basic studies of HCV, these systems would not be suitable
to prove our hypothesis because the induction of IFN-$ by
NS5B was not observed in HuH-7 or Hela cells, in which the
TLR3J signaling pathway was suggested to be defective, In fact,
it has been recently reported that HuH-7 cells lack a TLR3
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response to external dsRNA (Lanford et al., 2003). Therefore, a
new HCV replicon system needs to be developed using other
human cell lines possessing intact TLR3 signaling pathways.
We are currently making a trial to establish an HCV replicon
systemn using PH5CHS or NKNT-3 cells,

On the other hand, it has been recently found that an HCV
serine protease, NS83-4A, can bleck the phosphorylation and
effector action of IRF3 (Foy et al., 2003). This finding using
HuH-7 celis suggests that NS3-4A mediates the proteolysis of
cellular proteins within an antiviral signaling pathway
upsiream of IRF3, leading to persistent viral infection. The
recently idenfified TRIF (Li et al., 2005a, 2005b) and RIG-I
(Foy et al., 2005} are possible candidates for these cellular
proteins. Therefore, it was thought that IFN-f3 induction by
NS5B through the activation of TLR3 might be suppressed by
NS3-4A in PHSCHS cells. In fact, our recent study showed
that NS3-4A, in a serine protease activity-dependent manner,
suppressed NS5B’s activation of the IFN system {Dansako et
al., 2005). However, the synergistic induction of TFN-p in
PH5CHS cells co-expressing Core and NS5B was only
partially suppressed by NS3-4A, whereas the induction of
IFN-B by NS5B only was drastically suppressed by NS$S3-4A
(Dansako et al., 2003). We speculate that a biologicai
implication of this phenomenon is that HCV proteins
contribute to the maintenance of a low steady state of the
virus by controlling the expression level of IFN- in the
infected cells.

In addition to the delay of cell cycie progression through the
S phase, enhanced susceptibility to DNA-damaging reagents
was found in NS5B-expressing PHSCHS8 cells. This phenom-
enon was attributed to JFN-B induced by NS3B. Further
characterization of this phenomenon may contribute to the
understanding of IFN-’s biological effects on hepatocytes and
effects on the pathogenesis of hepatocellular carcinoma caused
by HCV. Furthermore, the findings of the present study may
contribute to an undersianding of the mechanisms underiying
the TLR3 activation invelved in innate immunity against vira}
infection. In addition, our findings suggest that an antiviral
state in uninfected ceils may be induced by the expression of a
viral protein, NS5B.

Materials and methods
Cell culture and cell cyele analusis

The non-neoplastic immortalized human hepatocyte cell
lines, PH5CHS8 and NKNT-3 cells, were maintained as
described previously {(Ikeds et af 1998 Kebavashi et
2000). Human hepatoma cell fine HuH-7 cells, human cervical
carcinoma HelLa cells, and HEK 293 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum.

To synchronize the cells at the G1/S transition, growing
cells were treated with thymidine (Sigma, St. Louis, MO) (2.5
mM) for 19 h, washed in PBS, and released into fiesh medium
for 11 h. The celis were then ireated with aphidicolin (Sigma)
(5 pM) for 13 h, washed in PBS, and released into fresh

mediwm, The cells were pulse-labeled with 10 pM bromo-
deoxyuridine (BrdUrd; Sigma) for | h, fixed with 70% ethanol
at indicated time points, stained with fluorescein-isothiccyanate
(FITC)-conjugated mouse monoclonal antibody to BrdUrd (BD
Pharmingen, San Diego, CA), and counterstained with
propidium lodide (PI) (Sigma). The cellular contert of DNA
was determined by flow cytometry with FACScalibur instru-
ment, and data were analyzed with CELL Quest software (BD
Biosciences, San Jose, CA} (Naka et al., 2004). To determine
the population of G2-M phase reached cells, the cells were
treated with Nocodazole (Noc; Sigma) (200 ng/ml) at 3 h after
release into the S phase. Then, after 7 h {post release from 12
h), the cell population that had accumulated in the G2-M phase
was analyzed by flow cytometry. To examine the effects of
IFN-pB, PHSCHS and NKNT-3 cells were treated with or
without IFN-B (500 IU/ml) at 12 h prior to release, and cell
cycle progression was analyzed. To assess the effect of anti-
IFN-B neutralizing antibody, NS5B-expressing cells were
treated with anti-IFN-3 antibody (70 U/ml, OBT0377, Oxford
Biotechnology, Oxfordshire, UK) during celi cycle synchroni-
zation and after release from the G¥/S boundary.

Vector construction and retrovirus infection

Retroviral vectors pCXbsr (Akagi et al.. 2000) and pCX4bsr
{Akagi et al.. 2003), which contain the resistance gene for
blasticidin, were used in this study. The DNA fragments
encoding the influenza hemagglutinin tagged (HA)-core, NS3,
HA-NS4B, HA-NS5A, HA-NS5B, and NS3B were amplified
from pMILE (HCV 1B-1 strain belonging to genotype 1b;
accession no. ABO80299) by PCR using KOD-plus DNA
polymerase (Toyobo, Osaka, Japan). The obtained DNA
fragments were subcloned into the EcoRI (BamHI for NS3B)
and Norl sites of pCXbsr or pCX4bsr. The DNA fragment
encoding myc-tagged NSSA was also amplified from pMILE
by PCR. The obtained DNA fragment was subcloned into the
EcoRI and Notl sites of pCXpur (Akagi et al.. 2000), which
contains the resistance gene for puromycin. The DNA
fragiments encoding TLR3 (accession no. NM_003265), Toll-
IL-1 receptor (TIR) domain-containing adaptor-inducing IFN-
B (TRIF or TICAM-1, accession no. NM_182919), and RIG-
1C, a dominant negative inhibitor of retinoic acid-inducible
gene-I (RIG-I} (Yoneyama et al., 2004), were amplified from
cDNAs obtained from PHSCHS cells. The primer sequences
containing the Sphl (for forward) or Notl {for reverse)
recognition sites for TER3, TRIF. and RIG-IC were designed
to enable expression of the TLR3, TRIF, and RIG-IC open-
reading frames. respectively. The obtained DNA fragments
were subcloned inte the Spii and Ne:l sites of pCXpur/mye,
which can express myc-tagged protein. The /FN-f gene
promoter region {—123 to +19) described previously (F

-H) was amplified using genomic DNA derived from
PHSCHS cells and a primer set of ¥-ACGGGGTACC-
GAGTTTTAGAAACTACTAAAATG-3' containing the Kpnl
recognition site (underlined} and 3-AGGAAGATCTTC-
GAAAGGTTGCAGTTAGAATG-Y containing the Bglll rec-
ognition site (anderlined). The obtained DNA fragment was
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subcloned into the Kpnl and Bgl/ll sites of pGL3-Basic
(Promega) and was termed pIFN-B(-125)-Luc. Retrovirus
infections were performed as described previously (Naganuma
et al.. 2004).

RT-PCR and RNA interference

RT-PCR was carried out as described previously (Dansako et
al., 2003). The sequences of sense and antisense primers for [FN-
[ (accession no. V00547) were 5'-CCCTGAGGAGATTAAG-
CAGCTGC-Y and 5'-AGTTCCTTAGGATTTCCACTCTG-
AC-3". The sequences of primer set for ISGS6 (accession no.
X03557) were 5-AGAAGCAGGCAATCACAGAAAAGC-
TG-3' and 5-CCAGGGCTTCATTCATATTTCCTTCC-3.
Small-interference RNA (siRNA) duplexes targeting the coding
regions of human TLR3, TLR4, and luciferase GL2 (Eibashir et
al., 2001} as a control were chemically synthesized (Greiner,
Teokyo, Japan). The sequences of the human TLR3 oligonucieo-
tides were: 5-CCUCCAGCACAAUGAGCUATT-¥ and 5'-
UAGCUCAUUGUGCUGGAGGTT-3'. The sequences of the
human TLR4 oligonucleotides were: 5'-CCUCCCCUUCUC-
AACCAAGTT-3 and 5-CUUGGUUGAGAAGGGGAGGTT-
3. The celis were transfected with the indicated siRNA duplex
using OligofectAMINE (Invitrogen, Carlsbad, CA). Total RNAs
were extracted afier 3 days, and RT-PCR was performed using
primer sets for TLR3 (Kadowaki et al.. 2001}, TLR4 (Kadowaki
ct al.. 2001}, and GAPDH (Dansako et al., 2003).

Western blot analysis

The preparation of cell lysates, SDS-PAGE, and fmmu-
noblotting analysis were performed according to standard
procedures using primary antibodies, rat menoclonal anti-HA
(3F10; Roche Motecular Biochemicals, Mannheim, Ger-
many), mouse monoclonal anti-NS3 (clone MMM33: Nova-
castra Laboratories, Newcastle upon Tyne, UK), anti-NS5B
(a gift from Dr. M. Kohara), anti-myc (PL14; Medical and
biological laboratories, Nagoya, Japan), anti-B-actin (AC-15,
Sigma), anti-STAT1 (clone 42; BD Transduction Laborato-
ries, San Diego, CA), rabbit polyclonal anti-phospho-
STATi(Y701) {Cell Signaling Technology, Beverly, MA),
and anti-IRF7 (1-246, Santa Cruz Biotechnology, Santa
Cruz, CA), and horseradish-percxidase-conjugated secondary
antibodies. The immune complex was visualized using the
ECL Western blot detection system (Amersham Bioscience,
Piscataway, NI).

Reporter assay

The luciferase activity was measured by dual-luciferase
assay system (Promega, Madison. W1) as previously described
{Dansako et al. 2003). Briefly, cells were transfected with
pISRE-Luc (Stratagene, Lalolla, CA} or plFN-{-123)-Luc
reporter plasmid together with phRL-CMV (Promega) as an
intermnal control reporter plasmid by FuGENEG (Roche). After
48 h of wansfection, cell lysates were then prepared and
assayed for luciferase activities; transfection efficiency was

normalized by renilla luciferase activity (internal control)
derived from phRL-CMV. Three independent triplicate trans-
fection experiments were conducted in order to verify the
reproducibly of the results.

Immunoprecipitation

Cells were lysed in a buffer containing 50 mM Tris (pH
7.4), 125 mM NaCl, 0.1%(v/v) Nonidet P-40 (NP-40; Sigima),
5 mM EDTA, 0.1 M NaF, and a mixture of protease inhibitors
{Complete; Roche). Pre-cleared cell lysates were subjected to
immunoprecipitation using agarose-conjugated anti-myc anti-
body (PL14, MBL). Bound proteins were ehuted from beads by
boiling i SDS sample buffer, and immuncblotting analysis
was performed using anti-myc or anti-NS5B antibody, and
HRP-conjugated anti-mouse IgG TrueBlot {eBioscience, San
Diego, CA).

Immunoflucrescence analvsis

To examine the intraceliular protein localization, 2 x 10°
cells were cultured and treated on chamber slides then fixed
and probed with polyclonal rabbit anti-IRF3 antibody (FL-425,
Santa Cruz Biotechnology) and FITC-conjugated donkey anti-
rabbit secondary antibody according to a method described
previously (Foy et al.,, 2003), PH5CHS cells treated with poly
(1C) (2.5 pg/ml for 6 h; Amersham Biosciences) were used as a
positive controf for the activation of IRF3.

Evaluation of sensitivity to DNA damage

Cells in an exponential growth phase were plated onto 10-
cm plates (5 x 10 cells/plate) and cultured for 4 days. The
cells were treated with hydrogen peroxide (H,0,, Wako Pure
Chemical, Osaka, Japan}, methylmethane sulfonate (MMS,
Sigma), Adriamycin (ADR; doxorubicin; Sigma). and neocar-
zinostatin chromophore (NCS; generously provided by
Kayaku, Tokyo, Japan) for 2:1y at 37 °C. For UV-B treatment
(UV-B radiation at 302 nm), the medium was aspirated prior to
exposure, the cells were washed twice with PBS, and then a
fresh cuiture medium was added. Ten days later, the cells were
fixed and stained with Coomassie brilliant blue as described
previously (Naganuma et al.. 2004). Only colonies containing
=50 cells were scored as being derived from viakle clonogenic
cells.
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(HCV}, k FREFREY 4 AR (HIV) o+ 3%
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Fe 1 10 19854E~20054E = T DL H 0 HBs FEN 4
& HBc Ffsl9iE4 2R3, HBs fE "HEAUZ 10885
BURSIE AT I M AR L 200548 12420.05% 12 2 T8
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HBsHiE HBeIRF

1985 1.28 -

1986 1.28 -

1987 1.28 -

1988 1.05 -

1989 0.95 -

1980 .80 1.09
1991 0.64 1.00
1992 0.51 0.95
1893 0.41 1.12
1294 0.34 1.60
1995 0.371 1.84
1698 0.25 162
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2000 0.13 1.85
2001 0.12 1.57
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2004 0.07 0.66
2005 0.05 0.45
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Abstract

Neulralizing antibody against human papillemavirus (HPV) minor capsid protein 1.2 can cross-neuviralize different HPV genotypes in vitre. To
identify the segments containing the cross-neutralization epitopes of HPV16 L2, we characterized antisera obtained by immunizing two rabbits
with each of the ten synthetic peptides of 14 to 20 amine acids (aa) long, which represents a part of the HPV16 1.2 sequence from aa 14 to 144
The antisera against the peptides within the region from aa 18 to 144 efficiently bound to HPVI6 Li/L2-capsids and neutralized HPV!6
pseudovirions, indicating that the region is displayed on the surface of the capsids and contains several neutralization epitopes. Antiserum against
the peptide from aa 18 (o 38 (anti-P18/38) cross-neutralized HPV18, Anti-P36/75 cross-neutralized HPVI1, 31, and 58. Anti-P61/75 and anti-P64/
81 cross-neutralized HPV18 and 58. Anti-P96/115 and the antiserum induced by a mutant P96/115 (S and T at aa 101 and 112 were replaced with
L and S, respectively) cross-neutralized HPV31 and 58. The mixture of equal volumes of three antisera, anti-P18/38, ant-P56/75, and anti-mutant
P96/115, neutralized HPV 16, 18, 31, and 58 more efficiently than anti-P56/75 alone, suggesting that there is a synergistic effect of antibedies on
the cross-neutraiization. The cross-neutralization appears to be correlated with conserved aa sequences among HPV types. The data in this study
provide a basis for designing vaccine antigens effective against a broader spectrum of the high-risk HPVs.
© 2006 Elsevier Inc. All rights reserved.

Kevwords. HPV16: Minor capsid protein L2; Neutralization epitope

Introduction

Human papiliomavirus (HPV) is a small nonenveloped virus
having an 8-kb double-stranded circular DNA. To date more
than 100 HPV genotypes, classified based on the homology of
genoimic DNA, have been identified in proliferative lesions of
skin or mucosa {Stoler, 2000). HPVs that infect the genital
mucosal epithelia are divided mio two groups: low-risk types
{such as types of 6 and 1]} found mainly in benign condyloma
and 15 high-risk types (types of 16, 18,31,33,35,39,45,51. 52,
36,38, 59, 66, 68, and 73) (Munoz et al. 2004) found iz cervical
cancer, the most frequent gynecological cancer in the world
{Ferlay et ai 1998 fone  999). Although the distribution of

* Corresponding author, Fax: +81 3 3285 1166.
E-matl adelress: kandaienih.zo jp (T. Kanda).

0042-6822/8 - see front matter & 2006 Elsevier Inc. All rights reserved.
doi: 10,1016/, virel. 2006.08.037

high-risk HPVs in humans slightly varies from region to region,
type 16 (HIPV16) accounts for about 50% of the cases worldwide
(Munoz et al., 2004).

An icosahedral HPV capsid is composed of major capsid
protein L1 and minor capsid protein L2. Since it is difficult to
obtain a large amount of HPV particles by using conventional
cell cultures, swrogate systems capable of expressing L1 and
L2 have been developed to obtain HPV capsids for structural
and immunological analysis. Expression of L1 either alone or
together with L2 in cultured cells results in production of L1
capsids (also called virus-like particle; VLP) (Kir aner et

G -.) or LI/L2-capsids (' 1). The L1 capsid is
composed of 360 L1 molecules arranged as 72 pentameric
capsomeres {Buk.r -t ai 99 C awiord and C awlord
1963), and the L)/L2-capsid contains additional 12 L2 mole-
cules whose N-terminal region is displayed on the surface of
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the capsids (Heino et al, 1995; Liv et al, 1997). These
particles are morphologically indistinguishable by electron
microscopy from HPV virions exiracted from the lesions
(Kimbauer et al., 1992).

Expression of L.} and L2 in celis harboring episomal copies of
BPVI genome or an expression plasmid results in packaging of
the episomal DINA into the L1/L2-capsids to produce infectious
nseudovirions (Buck et al,, 2004: Roden et al., 1996; Stauffer et
al., 1998: Unckell et al., 1997; Zhao et al., 1998: Zhou et al,,
1993). Although it is not clear whether the psendovirions are
assembled in the same way as the authentic HPV virion, the
pseudovirions are used as a surrogate virus to detect neutralizing
activity of anti-HPV antibodies.

Anti-L1 antibodies obtained by immunizing mice or rabbits
with the L1 capsids have been shown to have primarily type-
specific neutralizing activity. Limited cross-neutralizing activity
has been observed between closely related types such as HPV 18
and 45, and HPV6 and HPV11 {Giroglou et al,, 2001). Anti-L1
antibodies can protect animals against challenge with animal
papillomaviruses (Breitburd et al., 1993: Suzich et al.. 1993).
The L1 capsids of HPV6, {1, 16, and 18 were used in the recent
clinical trials as prophylactic vaccines, which successfully
induced type-specific neutralizing antibodies in recipients
(Harper et al., 2006: Villa et al., 2003,

Anti-L2 antibodies have cross-neutralizing activity in vitro.
Roden et al. (2000) showed that the antisera cbtained by
immunizing sheep with bacterially produced L2s of HPVG, 16,
and 18 neutralize the pseudovirions of homologous HPV types
and cross-neutralize those of the heterologous HPV types.
Kawana et al. (1999) showed that 2 mouse monoclonal antibody
recognizing a linear epitope within HPV16& amino acids (aa)
108120 inhibits infection with HPV16 and 6 pseudovirions,
which were produced by an in vitro packaging method.
Recently, Pastrana et al. {2003) reported that antibodies to
bovine papillomavirus type 1 (BPVI) L2 aa 1-88 neutralize
HPV16, 18, and BPV1 pseudovirions and HPV 1] native virions
efficiently and HPV31, 6 and cottontail rabbit papillomavirus
pseudovirions less efficiently.

Vaccination of animals with L2 protects animals from animal
papillomavirus challenge similarly to vaccination of animals
with the L1 capsids. Embers et al. (2002) showed that immu-
nization of rabbits with the peptides having amino acié
sequences of rabbit oral (ROPV) and cutaneous (CRPV)
papillemavirus L2 segments corresponding to HPVI6 L2 aa
108-120 protect the rabbits from chalienge with ROPV and
CRPV, respectively. The level of protection induced by these
peptides is comparable to that with L1 capsid vaccination. These
data, together with the cross-neutralization activity of anti-L2
antibody in vitro, suggest that L2-vaccine may induce antibody
protecting against a broad spectrum of the high-risk HPVs, The
detailed characterization of L2-neutralization epitopes is
required to design L2-vaccine antigens,

In this study we preduced antisera by immunizing rabbits
with synthetic peptides representing segments of the HPVI6 L2
surface region and examined their neutralizing activity against
HPVI16 and cross-neutralizing activities against HPV18, 31,
and 58,

Results and discussion
Binding of anti-L2-peptide rabbit antisera with LI/L2-capsid

We searched for potentially immunogenic segments within
the N-terminal region {amino acids [aa] 1-150) of HPV16 1.2
by using a computer program (Lasergene Soft ver.6, DNA Star
Inc., Madison, WI). The peptides representing the aa sequences
of the predicted antigenic segments and three mutant peptides
(Fig. 1) were synthesized and conjugated with keyhole limpet
hemocyanin (KELH). Numbering of aa in L2 of HPV 16 is
deduced from the revised sequence of HPVI16 (HPV16R)
registered in the HPV Sequence Database (Los Alamos
National Laboratory, NM). The peptide having aa sequence
corresponding to HPV16 L2 aa 14 to 27 was designated as P14/
27. The other peptides were designated similarly. Peptides P28/
42(32v, 39T) (D at aa 32 and K af aa 39 of P28/42 were
replaced with Vand T, respectively), P61/75(73V)(l at aa 73 of
P61/75 was replaced with V), and P96/115(101L, 1128) (S ataa
101 and T at aa 112 of P96/115 were replaced with L and §,
respectively) were designed to convert the original aa into those
of majority of the oncogenic HPVs. The immunization of two
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Fig. | Symthetic peplides used as antigens for inmmunizing rabbits. The
potentially immunogenic segments were searched for within the HPVIG L2
surface region. The peplides having the amino acid sequences ol the predicled
antigenic rvegions were svnthesized and conjugated with keyvhole limpet
hemocyanin (KLH), The numbers above the amine acid sequences are amino
acid number of HPV16 L2, which consists of 473 amino acids. The N-terminal
Cs of PSG/TS, PG1/75, P61/75{73V), P64/R1, POO/LTL PIG/ITS, PRO/IIS(IOIL,
1128}, and P107/122 and the C-terminal C of P131/144 were added for the C-
mediated conjugation reaction. Two rabbits were immunized with each peptide.
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rabbits with each of the peptide antigens induced antibodies
with binding titers of 8000 to 64,000. The binding titer was
expressed as a reciprocal of the maximum dilution of serum that
induced higher OD than that the comresponding preimmune
serum diluted at 1 to 100 did (data not shown).

Table ! shows the bindings of the antisera that were diluted
at 1 to 500 to the L1 capsids of HPV {6, the L1/L.2-capsids of
HPV16, 18, 31, and 58 by ELISA. The antiserum from rabbit
#1 immunized with P-14/27 (anti-P14/27#1) did not react to
the L1/L2-capsids, but anti-P14/27#2 reacted to the Li/L2-
capsids. Because both antisera were highly reactive to P14/27,
P14/27 prabably contained at least two epitopes. The epitope
recognized by anti-P14/27#1 appears not to be displayed on
the surface of the L1/L2-capsid, suggesting that the N-terminal
border between the inside and surface region of 1.2 is within
the segment from aa 14 to 27. The other sera against the
peptides having the authentic aa sequences of HPV16 L2 were
found to bind to HPVI16 L1/.2-capsids, indicating the 12
region from aa 18 1o 144 is displayed on the surface of the L1/
L2-capsids.

Anti-P56/75#] and #2, anti-P61/75#1 and #2, anti-P64/81#1
and #2, anti-P90/111#1, anti-P96/115#1and #2 cross-bound to
the L1/L2-capsids of HPV1E§, 31, and 58. Anti-P90/111#2 did
not bind to the L1/L2-capsids of HPV18 and 58. 1t is possible
that epitope(s) recognized by anti-P90/111#2 may be different
from those recognized by anti-P90/§11#1.

Although anti-P28/42 sera bound to HPV16 L1/L2-capsids
efficiently and to HPV58 L1/L2-capsids less efficiently, anti-
P28/42(32V, 39T) bound to HPV16 L1/L2-capsids with a low

Tabie 1
Binding of antibedy to the L1/L2-capsids of HPV 16, 18, 31 and 58 (absorbency
in ELISA with serum diluted at 1 to 500)

Antiserum/Antigen HPVi6 HPVi6 HPVIE HPV3l HPVIR

L1 LI/L2 Li/L2 LI/E2  Li/L2

Anti-P14/27 #1 0.066 0.066 0044 0053 0.061
#2 0.064 0.112  0.055 (037  0.138

Anli-P18/38 #1 0.069 0744 Q.037 G067  0.124
#2 0.160 0457 0065 G090 0,06

Ani-P28/42 #1 0.085 0255 0055 G113 0,159
#2 0.084 0.547  0.061 009t 0.136

Anti-P28/42 (32V, 39T) #100.093  0.106  0.058 G075 0053
#2 0.089  0.035 0059 0070 0.070

Anti-P-36/75 #1 0.068 0951 0717 G807 0314
72 0085 1.022 03565 (336 0462

Anti-P6L/73 #0066 0954 0634 Gadd 0271
#2 0,109 0.884 0612 0343 0553

Anti-P61/75 (73V) #0073 0700 0379 0421 0.170
#2 0.073  0.694 0269 0427 0133

Anti-P&4/81 #1 0.226  1.033 0838 0693 0340
#2012 1029 0647 G717 0203

Anli-PSO/111 #0104 1.04% 0367 0561 0.265
#2 0078 0879 0085 0439 0,09

Anti-P36/115 #1 0087 0984 0436 0497 0172
#2 0102 1.049 0808 0757 0570

Anti-PSe/115 (1011, 1128y #1 0.075 0.840 0.070 0.808 0.430
#20.043  084] 0421 0672 D371

Anti-P107/322 #1 0.086  1.03 0068 0149 0309
Anti-P131/144 #1 0,072 0497 0048 0077 0032
#2 0119 0921 0.056 0064 0072

efficiency and did not bind to the £.1/1.2-capsids of HPV18, 31,
and 58. The result strongly suggests that D ataz 32 and K at aa
39 are associated with the epitope.

Anti-P61/75(73V)#1 and #2 and anti-P96/115¢(101L, 1128)
#2 bound to the L1/L2-capsids of HPV16, 18, 31, and 58,
suggesting that P61/75(73V) and PO6/115(101L, 112S) have
potential to induce antibodies capable of binding to the 15
oncogenic HPVs,

Neutralization of HPV16, 18, 31, and 58 pseudovirions with
the rabbit antisera

Neutralizing activities of the antisera were measured by
inhibition of infection of 293TT cells, a human fibroblast cell
line expressing a high level of SV40 T-antigen, with infectious
HPV16, 18, 31, and 38 pseudovirions containing the SEAP
expression plasmid having the SV4(Q replication origin. Serum
was mixed with the pseudovirion stock and then inoculated to
293TT cells. Seventy-two hours later the SEAP activity of the
culure medium was measured. The neutralizing titer was
expressed as a reciprocal of the maximum dilution of serum that
reduced the level of SEAP activity to half of the sample not
treated with serum (Table 2).

Anti-P14/27#1 and #2 did not neutralize the pseudovirions
tested in agreement with the Jack of their efficient binding to the
L1/L2-capsids (Table 1).

Anti-P18/38 neutralized HPVI16 and cross-neutralized
HPV18. Although the antisera diluted at 1 to 500 did not bind
to the HPV18 L/L2-capsids efficiently (Table 1), the antisera
bound to HPV 18 pseudovirions (data not presented), suggesting
that the capsid containing DNA may be somewhat different
from the empty capsid conformationally.

Anti-P28/42#1 did not neutralize HPV 16 nor cross-neusral-
ized HPV18, 31, and 38. Anti-P28/42#2, which bound to the
HPVI6 L1/L2-capsids more efficiently than anti-P28/42#1
(Table 1), neutralized HPV16 and cross-neutralized HPV5S.
Because anti-P28/42#1 and anti-P28/42#2 showed a similar
binding efficiency to the HPVS58 L1/L2-capsid, antibodies in
these antisera probably recognized different epitopes.

Anti-P56/75#1 and #2 uecutralized HPVI16 and cross-
neutralized HPV18, 31, and 38. Anti-P61/75#]1 and #2 and
anti-P64/8 1#1 and #2 neutralized HPV16 and cross-neutralized
HPV18 and 58. Based on the comparison of the aa sequences of
P56/75, Pa1/75, and P64/81, we speculated that P56/75 may
mduced antibody recognizing the portion from aa 56 to 61, of
which aa sequences are common among the 15 oncogenic
HPVs (Fig. 2). Because anti-P61/75 and anti-P64/81 did not
cross-neutralize HPV31 despite the efficient binding to HPV31
L1/L2-capsids (Tabwe ), it is strongly suggested that the
binding is necessary but not sufficient for the neutralization.

Both anti-P90/111#] and #2 neutralized HPV]6, and anti-
POO/111#2 cross-neutralized HPV31. Anti-P96/115#1 and #2
neutralized HPV16. Auti-P96/113#2. which bound to the L1/
L.2-capsids more efficiently than anti-P96/115#1, efficiently
cross-neutralized HPV31 and HPV38 but did not HPVIS.
Anti-P107/122#] and anti-P131/144#2 neutralized HPV16
exclusivelv.
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Table 2
Neutiralization of HPV16, 18, 31, and 58 pseudovirions with the antisera

Antiserum Neutralizing titer against
HPVi6 HPVI8 HPV31 HPV3g

Ant-P14/27 #l <50 <50 <50 <50
#2 <59 <50 <50 <50
Anti-P18/38 #1 800 50 <30 <50
# 400 100 <30 <30
Anti-P28/42 #1 <50 <350 <30 <350
#2 800 <350 <30 50
Anti-P28/42, #1 <50 <50 <30 <30
32V, 39T #2 <50 <50 <350 <50
Anti-P56/75 #1 400 200 200 400
#2 200 30 100 200
Anti-P61/757 #1 400 100 <50 S0
#2 800 200 <50 100
Anti-P61/75, #1 100 <50 <350 <50
73V #2 100 <50 50 <50
Anti-P64/81 #1 3200 400 <50 100
#2 200 200 <50 50
Anti-POG/111 #l 200 <50 50 <50
#2 200 <50 <50 <50
ANti-PY6/113 #1 200 <50 50 <50
#2 400 <30 400 200
Anti-P96/113, #l 100 <30 200 200
10IL, 1128 #2 100 50 100 100
And-P107/122 #1 100 <50 <50 50
Anti-Pi31/144 #1 <30 <50 <50 <50
2 200 <50 <350 <30

Among antisera induced by the peptides having aa substitu-
tions, anti-P96/115(101L, 1128) showed efficient cross-neutral-
ization. Anti-P96/115(101L, 1128}] neutralized HPV 16, 31,
and 38. Anti-P96/115(101L, 1128)#2 neutralized the all HPVs
tested.

We selected three antisera, anti-P1 8/38#2, anti-P36/75#1, and
anti-PO6/115(101L, 1128)#1, which showed the cross-neutraliz-
ing activity and the antigens used to obtain these antisera do not
overlap each other, mixed equal volumes of these antisera, and

36 61

2469

Table 3
Neutralization of HPV 16, 18, 31, and 38 pseudovirions with the mixture of three
antisera

Mixture of antisera Neutralizing titer

HPV16 HPVIE HPV3IlL HPVS3S
Anti-P18/38 #2
Anti-P56/75 #1 1660 %00 800 400
Anti-P96/115 (101L, 1128) #1
Anti-P18/38 #2
Anti-P56/75 #1 800 800 400 100
Preimmune for P96/115 (10L1, 1128) #1
Preimmune for P18/38 #2
Anti-P56/75 #1 100 50 30 30
Preimmune for P96/115 (101L, 1125} #1
Preimmune for P18/38 #2
Preimmune for P5S6/75 #1 <50 <350 <50 <50

Preimmune for P96/115 (1011, 1125} #1

the mixture’s neutralizing activity was measured similarly. The
mixture neutralized HPV16, 18, 31, and 58 efficiently. When
anti-P18/38#2 and anti-P96/115(101L, 1125)%#1 were replaced
with preimmune seruin, neutralization activity was lowered. The
data suggest that the bindings of multiple antibodies to the L2
surface region enhance neutralization of HPVs,

In summary, the data in this study indicate that multiple
neutralization epitopes are present within the HPV 16 L2 surface
region, from aa 18 to 144. It was suggested that some of the
peptide antigens having highly conserved aa sequences in the
L2 surface region among oncogenic HPVS would have a
potential to induce type common neutralization antibodies.
From the data of the neutralization tests with the mixtures of
three antisera (Table 3), it was suggested that the effective
neutralization could be achieved through the binding of multiple
antibodies to the L2 surface. [t appears to be a good idea to
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Fig. 2. Amino acids sequences of the L2 portions, aa 18 10 38, aa 56 to 81, and aa 96 to 115 of HPV 16 and the corresponding portions of the other oncogenic HP Vs,
Amino acids identical w (hose of HPV 16 were indicated by asterisk (*).
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develop a vaccine antigen capable of inducing multiple anti-
bodies binding to different epitopes on the L2 surface region.
Since the aa sequences of the L2 surface regions of 15
oncogenic HPVs are largely similar, it seems possible to
develop a vaccine antigen capable of inducing antibodies
binding to the L2 surface regions of the multiple types of the
oncogenic HPVs.

Materials and methods
Cell

293TT cells, a cell line expressing a high level of SV40
T antigen, was a kind gift from I. T. Schiller (National Cancer
Institute, USA). The cells were cultured with in Dulbecco’s
modified minimal essential medium (DMEM) supplernented
with 10% fetal bovine serum, 1% non-essential amino acids
(Invitrogen Corp. Carlsbad, CA), 1% GlutaMax-I {Invitrogen
Corp.), and hygromyecine B (400 pg/ml) {Invitrogen Corp.).

Plasmids

Five plasmids; pYSEAP expressing SEAP, pl6L1h expres-
sing HPV16 L1, pl6l2h expressing HPVI6 L2, peLlfB
expressing HPV18 L1, and peL2bhb expressing HPV18 L2
were gifts from J.T. Schiller. Four plasmids; p3tL1h expressing
HPV31 Lt, p311L2h expressing HPV31 L2, p538L1h expressing
HPV58 L1, and p58L2h expressing HPVS8 L2 were newly
constructed by the replacement of the HPVI6L1 gene in
pléLih with the codon-modified HPV31L1, HPV3IL2,
HPVS8L1, and HPV58L2 genes, respectively. The codons
were changed to those used most frequently in human mRNAs;
Ala: GCC; Cys: TGC; Asp: GAC; Glu; GAG; Phe: TTC; Gly:
GGC; His: CAC; ller ATC; Lys: AAG; Leu: CTG; Asn: AAC,
Pro: CCC; GIn: CAG; Arg; AGG; Ser: AGC; Thrr ACC; Val:
GTG; Trp: TGG; Tyr: TAC.

Synthetic peptides

Peptides (Fig. 1) were synthesized by Fmoc method
{SCRUM Inc., Tekyo, Japan). C was added to the N-terminus
of P56/75, P61/75, PG1/T5(73V), P64/81, P-96/115, PIG/115
(101L. 1228), and P-107/122 and to the C-terminus of P131/
144, respectively. The carrier protein, keyhole limpet hemo-
cyanin (KLH), was conjugated with P14/27 and P18/38 by
bisimide-ester method. KLH was conjugated with the other
peptides at the N- or C-terminus Cs of the peptides by the
m-maleimidobenzoyl-N-hydroxysuccinimide-ester miethod.

Rabbit anti-peptide serum

The peptide was conjugated with KLH at the cysteine
residue of each peptide. Japanese white rabbits (2.3-3.0 kg of
weight, 2 animals for each antigen) were subcutaneously
injected with the KLH conjugated peptide antigens mixed with
Freund’s complete adjuvant (SCRUM Inc., Tokyo, Japan).
Immunization was repeated 4 times at 2-week interval, and

serum was abtained at 1 week after the last immunization. The
antisera were filtered (Steradisc25, KURABO Inc., Osaka,
Japan} before use for the assays in this study.

Preparation of capsids

The recombinant baculoviruses capable of expressing
HPVI6L1, HPVI6LI/L2, HPVISLI/L2, HPV3ILI/LZ,
HPV58L1/L2 were produced by using Bac-to-Bac baculovirus
expression system (Invitrogen Com., Carlsbad, CA), following
the manufacturer’s instruction. The transfer vectors pFastbacl
was used for the cloning of the L1 gene, and pFastbac dual was
used for the cloning of both L1 and L2 genes. The recombinant
baculovirus was inoculated to Sf9 cells (5 bottles of 175 cm?
culture flask) and incubated for 3 days at 27 °C. The cells were
collected and suspended in 5 ml of PBS containing 0.5% NP-
40. After 10-min incubation at reom temperature (RT), the cells
were centrifuged at 10,000xg at 4 °C for 15 min to precipitate
nuclei. The nuclei were suspended in PBS containing CsCl
(1.28 g/ml) and lysed with brief sonication. The solution was
centrifuged at 34,000 rpm at 20 °C for 20 h in an SW50.1 rotor
(BECKMAN COULTER Inc., Fullrerion, CA). The fractions
around a buoyant density of 1.28 g/ml were pooled and dialyzed
against phosphate buffer (pH7.4) containing 0.5 M NaCl at 4 °C
to remove CsCl.

ELISA with the LI capsid of HPV1§ and the L1/L2-capsids of
HPVi6, 18, 31, and 58 as antigens

A well of the ELISA plate was coated with 100 ul of PBS
(pH 7.4) containing the purified L1 capsids (1 pg) or the L1/L2-
capsids (1 pg) by incubation for 14 t0 16 h at 4 °C. The well was
blocked with 5% skim milk in PBS containing 0.1% Tween 20
for 2 h at 37 °C. After washing with PBS containing 0.05%
Tween 20 and 0.05% NP-40 three times, 100 ] of the serum
sample was added to the well and incubated for 1 h at RT. The
secondary antibody was horseradish peroxidase-conjugated
anti-rabbit TgG goat serum (SC-2030, Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA). A mixture of 0.01% H,0- and o-
phenylenediamine (2 mg/ml) in 0.1 M citrate buffer (pH4.7)
was added to the wells and the absorbency at 450 nm was
measured after incubation for 30 min at 22 °C.

Preparation of pseudovirions

293TT cells, which had been seeded in a 10-cm cuiture dish
(4% 10° cells) at 16 h before the transfection, were transfected
with a mixture of an L1-plasmid, an L2-plasmid, and pYSEAP
by using Optifect (Invitrogen Com.). For HPV16&, 31, and 58
psevdovirion production 3.5 pg of the L1-plasmid, 3 pg of
the [2-plasmid, and 13.5 pg of pYSEAP were used. For
HPVIS pseudovirion production 14.5 pg of the L1-plasmid,
1 ng of the L2-plasmid, and 14.5 ug of pYSEAP were used.
Sixty hours later the cells were harvested with trypsm, The
cells were suspended in 0.5 ml of lysis buffer (PBS containing
I mM CaCl,, 10 mM MgClZ, 0.35% Brij58 [Sigma-Aldrich
Inc., St. Louis, MQ], 0.1% Benzonase {Sigma-Aldrich Inc.],
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0.1% Plasmid Safe ATP dependent-DNase {EPICENTRE
Corp. Madison, WI]) and incubated for 30 h at 37 °C with
slow rotation. The lysate was cooled on ice for 5 min, mixed
with 5 M NaCl solutions to adjust to concentration of NaCl to
0.85 M, and further kept on ice for 10 min. Then, the lysate
was centrifuged at 5000xg for 10 min at 4 °C. The
supernatant was laid on an Optiprep gradient (from top 0
bottom, 27%, 33%, and 39% in PBS containing 1 mM CaCl,,
10 mM MgCt, and 0.8 M NaCl) and centrifuged at
50,000 rpm for 3.5 h at 16 °C with SW33Ti rotor (Beckman
Coulter Inc. Fullerton, CA). Fractions (300 ul each) were
obtained by puncturing the bottom. An aliquot (! nl) of each
fraction was inoculated to 293TT cells (2 x 104) in 96-well flat-
bottom tissue culture treated plates (Corning Costar Corp.,
New York, NY). SEAP activity of the culture mediuim was
measured by the colorimetric SEAP assay (NCI home page:
hitp://home.cer.cancer.gov/lco/colorimetricseap.htm). The frac-
tion induced the highest SEAP activity in the culture medium
of the cells was used for the neutralization test as a stock of the
infectious pseudovirions. To remove aggregates the pseudovir-
ion stock was filtered (Ultrafree-MC centrifugal Filter Devices,
MILIPORE corp., Bedford, MA) before use for the neutral-
ization assay.

Neutralization test

The serwn was diluted with the neutralization medium
(DMEM [without phenol red] containing 10% FBS, 1% non-
essential amino acids, 1% GlutaMax-I). Fifty pl of a serum
sample was mixed with 50 pl of the neutralization medium
containing an aliquot of the pseudovirion stock (0.05 pi of
HPV16, 31, and 38 pseudovirions and 0.2 ul of HPVIS
pseudovirions} and incubated for 1 h at room temperature.
Then, the mixture was inoculated to 293TT cells (2 x 10*) that
had been seeded with 100 pl of the nevtralization medium in 96-
well flat-bottom tissue culture plates 6 h prior to the inoculation,
The culture medium was harvested after incubation of the cells
for 66 h at 37 °C, and SEAP activity of the culture medium was
measured by the colorimetric SEAP assay. The neutralization
titer was presented as the reciprocal of maximum dilution of
serum that reduced SEAP level to haif of the sample not treated
with serum.
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CD1d Degradation in Chlamydia trachomatis-infected
Epithelial Cells Is the Result of Both Cellular and
Chlamydial Proteasomal Activity”
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Chlamydia trachomatis is an obligate intracellular patho-
gen that can persist in the urogenital tract. Mechanisms by
which C. trachomatis evades clearance by host innafe
immune responses are poorly described. CD1d is MHC-like,
is expressed by epithelial cells, and can signal innate immune
responses by NK and NIKKT cells. Here we demonstrate that C.
trachomatis infection down-regulates surface-expressed
CD14d in human penile urethral epithelial cells through pro-
teasomal degradation. A chlamydial proteasome-lilke activity
factor (CPAF) interacts with the CD1d heavy chain, and
CPAF-associated CD1d heavy chain is then ubiquitinated and
directed along twe distinct proteolytic pathways. The degra-
dation of immature glycosylated CD1d was blocked by the
proteasome inhibitor lactacystin but not by MG132, indicat-
ing that degradation was not via the conventional protea-
some. In contrast, the degradation of non-glycosylated CD1d
was blocked by lactacystin and MG132, consistent with con-
ventional cellular cytosolic degradation of N-linked glyco-
proteins. Immunofluorescent microscopy confirmed the
interruption of CD1d trafficking to the cell surface, and the
dislocation of CD1d heavy chains into both the cellular
cytosol and the chlamydial inclusion along with cytosolic
CPAF. C. trachomatis targeted CD1d toward two distinct
proteolytic pathways. Decreased CD1d surface expression
may help C. trachomatis evade detection by innate immune
cells and may promote C. trachomnatis persistence.

*This work was supported by National Institutes of Health Grants
U19A1061972 and Al046518 (to D. 1.5, A.).Q., and R. B.P.) and KD44319
{z0 R. . B.). The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.5.C. Section 1734 soleiy to
indicate this fact.

' To whom correspondence should be addressed: Division of Reproductive
Endocrinclogy and Fertility, Dept. of Obstatrics, Gynecelogy and Wornen's
Health, University of Missouri-Columbia School of Medicine, Columbia
Regional Hospital, 402 Keene 5t., Third floor, Columbia, MO 65201, Tel.:
573-499-6044; Fax: 573-499-6063; E-mail: schustd@health.missouri.edu.

7368 JOURNAL OF BIOLOGICAL CHEMISTRY

Chlamydia trachomatis serovars DI  are common obligate
intracellular pathogens that infect the colamnar epithelia of the
human urogenital mucosa (1, 2). Infection most frequently
occurs in the penile urethra or endocervix and causes acute
inflammatory responses at these sites (1-3). Despite immune
recognition of infection, C. trachomatis can persist within the
host, and persistence is associated with more severe disease (2,
3). C trachomatis-associated alterations in host immunity are
thought to promote persistence, and these immunoevasive
mechanisms may affect innate immune responses, adaptive
immune responses, or both.

Mechanistmns for evasion of adaptive responses by C. tracho-
matis have been described, including the down-regulation of
MHC? class | heavy chain (HC) and B2-microglobulin {32m)
expression (4 -7). Down-regulation appears to be the result of a
novel chlamydial proteasome-like activity factor (CPAF) {4, 6).
CPAF, composed of N-terminal (29 kDa) and C-terminal (35
kDa) fragments, is secreted from the chlamydial inclusion into
the host cytosol and degrades the transcriptional factor RFX5
that would otherwise up-regulate promoters of MHC class I HC
and fB2m genes {4, 6). C. trachomatis also targets upstream
stimulation factor-1 for CPAF-mediated degradation, result-
ing in the inhibition of interferon y-inducible expression of
MHC class 11 preducts (3). Cellular fractionation places
CPAF into subfractions that differ from those containing the
classic cytosolic proteasome subunits. Further, CPAF-asso-
ciated proteasomal activity is inhibited by one cytosolic pro-
teasome inhibitor, lactacystin, but not by other proteasome
inhibitors (4, 6). These data indicate that CPAF has protea-
somal activities distinct fromn those of the classic cytosolic
proteasome.

2 The abbreviations used are: MHC, major histocompatibility complex; CPAF,
chlamydial protease/proteasome-like activity factor; HC, heavy chain;
B2m, B2-micregiobulin; PURL, penite urethral epithelial cells; p.i, post
infection; mAb, moneclenal antibody; P, immunoprecipitation; 18, immu-
noblotting; NK, natural killer cells; NKT, natural killer T cells; ER, endogplas-
mic reticulum; LPS, lipopelysaccharide.
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