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2.8. Nasal carriage model

S. pneumoniae EF3030 strain at a dose of 3 x 10° cfu in suspended
30wl of sterile saline was similarly intranasally administered to
both immunized and untreated mice 2 weeks after the last immu-
nization. One or 6 days after bacterial challenge, NW was obtained
as described above, and a quantitative bacterial culture of the NW
was performed.

2.9. Statistics

Statistical analyses were performed using one-way ANOVA and
multiple comparison methods by Fisher’s LSD. Data were consid-
ered to be statistically significant if the P-values were less than 0.05.
All data were expressed as mean +S.D.

3. Results
3.1. PspA-specific IgG and IgG isotypes in plasma

Nasal administration of PspA plus Pam3CSK4, Poly(1:C), LPS or
CpG1826 significantly increased the levels of PspA-specific IgG in
the plasma, compared with administration of PspA alone (P<0.05,
Fig. 1A). No differences were found in the levels of PspA-specific [gG
among mice nasally administered PspA plus each TLR agonist. The
CV of the levels of PspA-specific [gG by PspA plus each TLR agonist
was much smaller than that induced by PspA alone.

Since the preparation of PspA after removal of LPS with Endo-
trap contained LPS (3.25 ng per 2.5 g of PspA), PspA-specific IgG
might be elicited by the adjuvant effect of the residual LPS. We then
compared the levels of PspA-specific IgG in between the plasma of
mice nasally administered 2.5 ug of PspA preparations containing
either 3.25ng of LPS or 0.12ng of LPS. No significant differences
were found in the levels of PspA-specific IgG in plasma of mice after
nasal immunization with two different PspA preparations (data not
shown), These data suggest the residual LPS did not contribute to
the induction of PspA-specific IgG in plasma as an adjuvant, and
PspA itself could induce PspA-specific IgG in plasma.
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To assess whether each TLR agonist induces either a Th1- or a
Th2-associated 1gG isotype response, plasma samples were ana-
lyzed for PspA-specific IgG1 and IgG2a isotypes (Fig. 1B). Nasal
administration of PspA plus Pam3CSK4, Poly(I:C) or LPS signifi-
cantly increased the levels of PspA-specific IgG1 in plasma, while
PspA-specific IgG1 increased to a lesser extent in plasma of mice
nasally administered PspA plus CpG1826. The IgG1 levels dif-
fered significantly between mice administered PspA plus either
Pam3CSK4, Poly(I:C) or LPS and mice administered PspA plus
CpG1826 (P<0.05, Fig. 1B). Furthermore, PspA-specific IgG1 lev-
els were significantly higher in mice administered PspA plus either
Pam3CSK4, Poly(1:C), LPS or CpG1826 than in mice administered
PspA alone (P<0.05). In contrast, mice nasally administered PspA
plus either Poly(I:C) or CpG1826 demonstrated significant increases
in the levels of PspA-specific IgG2a in plasma, compared with
mice administered PspA plus either Pam3CSK4, LPS or PspA alone
(P<0.01). The CV of the levels of PspA-specific IgG1 in plasma of
mice nasally administered PspA plus each TLR agonist was much
smaller than that of mice nasally administered PspA alone. In con-
trast, the CV of the levels of PspA-specific IgG2a induced by either
PspA plus each TLR agonist, except for Poly(I:C), or PspA alone was
large in plasma.

3.2. PspA-specific IgG and IgA in BALF and NW

Although the levels of PspA-specific IgG were negligible in the
BALF and NW of mice given PspA alone, the levels of PspA-specific
1gG were significantly greater in the BALF (Fig. 2A) and NW (Fig. 3A)
of mice nasally administered PspA plus either Pam3CSK4, Poly(1:C),
LPS or CpG1826 than in mice nasally administered PspA alone
(P<0.05). A PspA-specific IgG1 response was found in the BALF
of mice administered PspA plus either Pam 3CSK4, Poly(I:C), LPS
or CpG1826 (Fig. 2C). In contrast, significant increases of PspA-
specific IgG2a were also found in the BALF of mice administered
PspA plus either Poly(l:C) or PspA plus CpG1826, compared with
mice administered PspA plus either Pam3CSK4 or LPS or PspA alone
(P<0.05, Fig. 2C). However, PspA-specific IgG2a was rarely detected
in the BALF of mice administered PspA plus either Pam3CSK4 or
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Fig. 1. Induction of PspA-specific 1gG (closed bar) (A), PspA-specific IgG1 (open bar) and IgG2a (gray bar)(B) in plasma by intranasal immunization with either PspA plus each
TLR agonist or PspA alone. Mice were nasally immunized three times weekly intervals with 10 g of TLR agonist and 2.5 ng of PspA. One week after the final immunization,
mice were euthanized to obtain plasma, and PspA-specific antibody titers were determined using ELISA. The results are expressed as means + S.D. for six mice per group. CV,
coefficient of variation; LPS, E. coli K12 LPS; CpG, CpG DNA ODN1826. *P<0.05, when compared with mice nasally administered PspA alone; **P<0.05, when compared with
mice nasally administered PspA plus either Pam3CSK4, Poly(I:C) or LPS; ***P <0.05, when compared with mice nasally administered PspA plus either Pam3CSK4, LPS or PspA

alone.
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Fig. 2. Induction of PspA-specific IgG (closed bar) (A), IgA (hatched bar) (B} and PspA-specific igG1 (open bar) and 1gG2a (gray bar) (C) in bronchoalveolar lavage fluid (BALF)
by intranasal immunization with either PspA plus each TLR agonist or PspA alone, Mice were nasally immunized three times weekly with 10 pg of TLR agonist and 2.5 j.g of
PspA. One week after the final immunization, mice were euthanized to obtain BALF and NW, and PspA-specific antibody titers were determined using ELISA. The results are
expressed as means + S.D. for six mice per group. CV, coefficient of variation; N.A., not available; LPS, E. coli K12 LPS; CpG, CpG DNA ODN1826. *P < 0.05, when compared with
mice nasally administered PspA alone; **P<0.05, when compared with mice nasally administered PspA plus either Pam3CSK4, Poly(1:C) or LPS; ***P<0.05, when compared

with nasally administered PspA plus either Pam3CSK4, LPS or PspA alone.

LPS or PspA alone. Mice nasally administered PspA plus Pam3CSK4,
Poly(1:C), LPS or CpG1826 demonstrated significant increases in the
levels of PspA-specific IgA in the BALF (Fig. 2B) and NW (Fig. 3B),
compared with mice nasally administered PspA alone (P <0.05). The
levels of PspA-specific IgA were significantly lower in the BALF of
mice administered PspA plus CpG1826 than in mice administered
PspA plus either Poly(1:C) or LPS (P<0.05). The CV of the levels of
PspA-specific 1gG or IgA induced in the BALF by PspA plus each
TLR agonist was similarly much smaller than that induced by PspA
alone. A similar tendency of the CV was found in NW.

3.3. Bacterial clearance from the lungs

At 3h post-nasal challenge with a sub-lethal dose of serotype
3 WU2 strain, the bacterial density (mean+S.D. for Logyg cfu/g) in
the lungs reached to 6.0 + 0.4 and 6.0 £ 0.3 in mice nasally adminis-
tered PspA alone and PBS alone, respectively (Fig. 4A). No significant
difference was found between these two groups. In contrast, sig-
nificant decreases were found in bacterial density in the lungs of

mice nasally administered PspA plus Pam3CSK4, Poly(1:C), LPS or
CpG1826, compared with mice nasally administered either PspA
alone or PBS alone (P<0.05). No significant differences were found
in the bacterial density among mice nasally administered PspA plus
each TLR agonist. At 6 h post-nasal challenge with the same dose of
WU2 strain, the bacterial density (mean+S.D. for Logyg cfu/g) in
the lungs remained unchanged at 6.3 £ 0.4 for mice administered
PBS alone (Fig. 4B). In contrast, significant decreases were found
in the bacterial density in the lungs of mice nasally administered
either PspA plus each TLR agonist or PspA alone, compared with
mice administered PBS alone (P<0.05). No significant difference
was found in the bacterial density among mice nasally administered
either PspA plus each TLR agonist or PspA alone, At 12 h post-nasal
challenge, the bacterial density (mean = S.D. for Log;g cfu/g) in the
lung declined to 4.7 +: 0.7 in mice administered PBS alone (Fig. 4C).
In contrast, bacteria were not detected in the lungs of mice nasally
administered either PspA plus each TLR agonist or PspA alone. No
bacteria were detected in the blood of any mice examined at 3 h,
6 h and 12 h post-nasal challenge.
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Fig. 3. Induction of PspA-specific 1gG (closed bar) (A) and IgA (hatched bar) (B) in nasal wash (NW) by intranasal immunization with either PspA plus each TLR agonist or
PspA alone. Mice were nasally immunized three times at weekly intervals with 10 .g of TLR agonist and 2.5 g of PspA. One week after the final immunization, mice were
euthanized to obtain BALF and NW, and PspA-specific antibody titers were determined using ELISA. The results are expressed as means + S.D. for six mice per group. CV,
coefficient of variation; LPS, E. coli K12 LPS; CpG, CpG DNA ODN1826. *P<0.05, when compared with mice nasally administered PspA alone.

3.4. Bacterial clearance from the nasopharynx

One day after nasal challenge with 3 x 10° cfu of serotype 19F
EF3030 strain, the bacterial density (mean+S.D. for Logg cfu/ml)
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Fig. 4. The effect of intranasal immunization by PspA plus each TLR agonist on the
bacterial densities in the lung tissue at 3 h(A),6 h(B)and 12 h (C) post-challenge with
S. pneumoniae WU2 strain. A dose of 2 x 10° cfu/mouse was nasally administered to
mice previously immunized with either PspA plus each TLR agonist, PspA alone or
PBS alone, Mice were euthanized to obtain the lung tissues from infected mice at
indicated time-points after bacterial challenge, and quantitative bacterial cultures
of lung tissue were performed. Values represent the Logp cfu/g (mean£S.D.) for
six mice per group. CV, coefficient of variation; N.A., not available; LPS, E. coli K12
LPS; CpG, CpG DNA ODN1826. *P < 0.05, when compared with mice nasally adminis-
tered either PspA alone or PBS alone; **P<0.05, when compared with mice nasally
administered PBS alone.

in NW reached to 5.2140.26 and 5.08 4 0.11 in mice administered
both PspA alone and PBS alone, respectively (Fig. 5A). No signifi-
cant difference was found between these two groups. In contrast,
significant decreases were found in the bacterial density of mice
nasally administered PspA plus either Pam3CSK4, Poly(I:C), LPS or
CpG1826, compared with mice nasally administered PspA alone
(P<0.05). Nosignificant differences were found in the bacterial den-
sity among mice nasally administered PspA plus each TLR agonist.
Six days after challenge with 3 x 10° cfu of the EF3030 strain, the
bacterial density (mean £ S.D. for Logjo cfu/ml) in NW declined to
4.78 £0.29 and 4.69 £0.29 for mice administered both PspA and
PBS alone, respectively (Fig. 5B). No significant difference was found
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Fig. 5. The effect of intranasal immunization by PspA plus each TLR agonist on the
bacterial densities in the nasopharynx 1 day (A) and 6 days (B) after challenge with
S. pneumoniae EF3030 strain. A dose of 3 x 10° cfu/mouse was nasally administered
to mice previously immunized with either PspA plus each TLR agonist, PspA alone
or PBS alone. Mice were euthanized to obtain the nasal wash (NW) from infected
mice at indicated time-points after bacterial challenge, and a quantitative bacterial
culture of NW was performed. Values represent the Logyo cfu/ml (mean +S.D.) of
for six mice per group. LPS, E. coli K12 LPS; CpG, CpG DNA ODN1826. *P<0.05, when
compared with mice nasally administered either PspA alone or PBS alone.

—277—



3186 K. Oma et al. / Vaccine 27 (2009) 3181-3188

between these two groups. Similarly, significant reductions were
detected in the bacterial density of mice nasally administered either
PspA plus Pam3CSK4, Poly(I1:C) or LPS, but not CpG1826, compared
with mice nasally administered either PspA or PBS alone (P<0.05).
No significant differences were detected in bacterial density among
mice nasally administered either Pam3CSK4, Poly(1:C) or LPS.

4. Discussion

In the present study, nasal immunization with PspA plus each
TLR agonist, such as either Pam3CSK4, Poly(I:C), LPS or CpG1826,
induced PspA-specific IgA and IgG in the airways as well as PspA-
specific IgG in systemic circulation of mice. In contrast, nasal
administration of PspA alone induced PspA-specific IgG in plasma,
but neither PspA-specific IgA nor IgG in the airways. Therefore, we
confirmed that each TLR agonist was an effective nasal adjuvant for
the PspA antigen.

The concentrations of PspA-specific IgG in both BALF and plasma
and PspA-specific IgA in both BALF and NW increased similarly
in mice administered PspA plus each TLR agonist. Furthermore,
Pam3CSK4 and LPS induced Th2-associated IgG isotype responses,
while Poly(I:C) and CpG 1826 induced Th1- and Th2-associated IgG
isotype responses. Previous studies also reported that both CpG
motifs and Poly(l:C) induced a Th1 response: our data are con-
sistent with these reports [26,32]. Moreover, the previous reports
on the Th2 immune response induced by agonists of either TLR2
(Pam3Cys) or TLR4 (IpxL1 mutant LPS), are consistent with the
results we obtained using either Pam3CSK4 or LPS [26,33].

Itis of interest to determine whether the PspA-specific antibody
induced in the airway by nasal immunization of PspA plus ago-
nist of TLR has a protective role against pneumococcal infection.
Arulanandam et al. demonstrated that intranasal immunization
with PspA plus interleukin-12 (IL-12) induced the concentra-
tions of PspA-specific IgG1, IgG2a and IgA in both plasma and
BALF of mice, compared with administration of PspA alone [34].
Because IL-12 activates Th1 and NK cells to induce IFN-v, the
production of both Th1l- and Th2-associated IgG isotypes spe-
cific for PspA were found in this study. Furthermore, the authors
found that immune sera raised by PspA plus IL-12 augmented
opsonophagocytic activity against S. pneumoniae. This response was
primarily attributable to IgG2a and, to a lesser extent, IgA, although
this assay evaluated antibody-mediated opsonophagocytic activity
without complement. Because PspA-specific antibodies overcome
the anti-complementary effects of PspA [11}], in the presence of a
complement, they likely mediate the efficient opsonophagocytic
killing of S. pneumoniae.

In our sub-lethal pneumonia model using a serotype 3 WU2
strain, the significant reduction in bacterial density in the lungs
of mice nasally administered PspA plus each TLR agonist at 3 h,
but neither at 6 h nor at 12 h, post-infection, was associated with
induction of PspA-specific IgA and IgG in the airways. No reduc-
tion of bacterial density in the lungs of mice nasally administered
PspA alone at 3 h post-infection may also be explained by a negli-
gible level of PspA-specific igG2a and a low level of PspA-specific
IgG1 in the plasma of these mice. By contrast, no differences were
found in the bacterial density in the lungs of mice nasally admin-
istered PspA plus each TLR agonist nor in mice administered PspA
alone at 6 h and 12 h post-nasal challenge. These findings may be
explained by the extravasation of PspA-specific IgG into the alve-
olar space of mice given PspA alone during the progression of
lung inflammation at 6h or 12h post-nasal challenge {35], as a
relatively low, but detectable level of PspA-specific IgG was mea-
sured in the plasma of these mice after nasal immunization. A
previous study demonstrated that the induction of PspA IgG1, fol-
lowed by IgG2b, but not IgG2a, by oral immunization with PspA
plus cholera toxin could provide protective immunity in mice [36].

Although the opsonophagocytic activity of PspA IgG1 has not been
evaluated, PspA-specific IgG1 primarily induced in plasma of mice
nasally administered PspA alone should transfer from plasma to
the alveolar space and act as an opsonic antibody at 6h and 12h
post-infection. Because an influx of neutrophils occurs in the lungs
within several hours after bacterial challenge in mice [37], PspA-
specific IgG is likely to enhance complement fixation on the surface
of bacterium [11]. Thus, opsonophagocytic killing is enhanced by
accumulation of neutrophils in the lung parenchyma.

The effect of PspA plus each TLR agonist to reduce bacte-
rial density in the nasopharynx of mice continued for 6 days
after pneumococcal challenge, except for PspA plus CpG1826, in
a nasopharyngeal colonization model using a serotype 19F EF3030
strain. Similar levels of PspA-specific IgG and IgA in the NW of mice
nasally administered PspA plus each TLR agonist cannot explain the
lack of bacterial reduction found only in mice nasally administered
PspA plus CpG1826 at 6 days post-challenge. Since we previously
reported the discrepancy between the level of serotype-specific IgG
and opsonophagocytic functions in certain host conditions [38], the
functional assays of PspA-specific 1gG or IgA induced by PspA plus
each TLR agonist may explain a lack of bacterial reduction found
only in mice nasally administered PspA plus CpG1826 at 6 days
post-infection. Further studies on the time-course of the levels of
PspA-specific IgG and IgA after infection also are required.

Our data suggest that the PspA-specific antibody induced in the
airway by nasal immunization with PspA plus each TLR agonist
reduced the density of bacterial colonization in the upper airways of
mice. A previous study also reported that intranasal immunization
with PspA plus cholera toxin B subunit (CTB) induced a salivary
IgA response to PspA and decreased nasopharyngeal carriage in
mice [39]. However, reduction in the nasaopharyngeal carriage
was greater following nasal immunization with PsaA, which is an
adhesin of pneumococci, than after immunization with PspA plus
CTB [5]. Another study also reported that nasal immunization with
PspC, which is a paralog of PspA that is also termed CbpA, plus CTB
also reduced nasopharyngeal carriage in CBA/N mice at 7 days post-
bacterial challenge [40]. In an infant rat model, PspC was shown to
act as a cell surface adhesin and to play a major role in nasopha-
ryngeal colonization [41]. PspA, therefore, may also play some
role in bacterial adherence in the nasopharynx of mice, although
opsonophagocytic killing of S. pneumoniae by PspA-specific anti-
bodies cannot be ruled out.

The complement-fixing ability of the IgG2a isotype on the
bacterial surfaces is higher than other IgG isotypes [42], and
PspA-specific antibodies may mediate the complement-dependent
opsonophagocytic killing of S. pneumoniae. Therefore, Thl-
associated immune responses to PspA are expected to be more
efficacious for preventing pneumococcal infections, as previously
reported [19,20]. However, the effects on bacterial clearance by
nasal immunization with PspA plus Poly(1:C) or CpG1826, which
showed a balanced IgG1/IgG2a immune response to PspA, were
comparable to those by nasal immunization with PspA plus either
Pam3CSK4 or LPS, which showed a predominant induction of
PspA-specific IgG1 in the present study. Although the function of
PspA-specific IgA remains unknown, it may play a role in bacterial
clearance of the airways as PspA-specific IgG play an important role
[5,20,21].

Since bacterial products, such as Pam3CSK4 and LPS, are highly
toxic to humans, non-toxic TLR4 agonist, such as monophospho-
ryl lipid A (MPL) or IpxL1 mutant LPS, may have clinical use as
a mucosal adjuvant [13,43]. Polyl:PolyC;,U {(Ampligen®), which
exhibits greatly reduced toxicity and is being used in humans, can
act as a mucosal adjuvant similar to Poly(1:C) for the influenza virus
[44,45]. A previous study also reported that nasal administration of
CpG 1826 did not induce any local or systemic tissue damage or
inflammation in mice [46]. Therefore, CpG ODN may be used as a
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safe mucosal adjuvant in humans. Because the antibacterial effects
of nasal immunization with PspA plus a TLR agonist were evidentin
the present study, the combination of a safe TLR agonist and PspA
has potential clinical application as a nasal pneumococcal vaccine.

The mucosal immune system in respiratory and alimentary
tracts regulates immune responses to pathogenic and commensal
bacteria, and quiescently maintains the mucosal surface {47]. This
review suggests the presence of a multivalent mucosa-associated
regulatory system of unique mononuclear cells in the upper
airways, including NALT DCs which can induce antigen-specific
immune responses, although the phenotype of NALT DC has not
been determined. It is conceivable that soluble TLR agonists admin-
istered with PspA may have distinct mode of distribution within
the mucosa. In particular, efficiency of cellular up-take by, and
the resultant activation of, the antigen presenting cells includ-
ing the DCs for soluble TLR agonists may be quite different from
‘endogenous’ TLR agonists existing as a compartment of commen-
sal microbes, normally restricted on mucosal surface niche. This
distinct delivery mode for antigens may explain, in part, why
PspA-specific antibodies were induced in the airway by nasally
administered PspA plus each TLR agonist, but not by PspA alone
in this study.

Pivotal but complex roles of innate immune receptors in the
induction of adaptive immune responses (immunogenicity) have
only recently been revealed. In fact, some innate immune recep-
tors such as RIG-I-like receptors (RLRs) and NOD-like receptors
(NLRs) have also been shown to be involved in the immunogenic-
ity of vaccines. For example, Poly(1:C), dsRNA ligand for both TLR3
and melanoma-associated gene 5 (MDAS5), works as an adjuvant
mainly via MDAS5, and to lesser extent, TLR3 [48]. On the other
hand, although influenza A virus stimulates both TLR7 and RIG-1
for innate immune activation, only the TLR7-MyD88 pathway was
required for the protective adaptive immune response in mice [49].
Moreover, NLRs that sense microbial and self-derived danger parti-
cle (or crystal) molecules in the cytosol [50]. Aluminum hydroxide
(alum), which is a widely used adjuvant in human vaccines, stimu-
lates the signaling of NLR pathways for a humoral adaptive immune
response [51]. Alum-mediated adjuvant activity, however, remains
to be controversial [52]. Taken together, activations of TLR, RLR, or
NLR on antigen presenting cells including DCs by microbial stimuli
seem to have non-redundant roles in inducing the following adap-
tive immune responses to co-administered antigens. Presumably,
Pam3CSK4 and LPS trigger activation of TLR 2 and 4 on NALT DCs,
respectively. Similarly, Poly(I:C) triggers activation of both MDA5
in cytoplasm and TLR3 in endosome, and CpG 1826 activates TLR9
in endosome of NALT DCs. Therefore, nasal administration of each
TLR agonist, in combination with PspA, works as potent mucosal
adjuvants for induction of PspA-specific antibodies in the airways.

In conclusion, the induction of PspA-specific IgA and IgG was
associated with enhanced bacterial clearance of pneumococcal
strains with different serotypes from the nasopharynx and lungs
of mice nasally administered PspA plus each TLR agonist. Despite
the difference in the Th1- and Th2-associated IgG isotype responses
among TLR agonists, bacterial clearances from the lungs at 3h
post-infection in a pneumonia model, and from nasopharynx in a
colonization model at 1 day post-infection, were equivalent in mice
after nasal immunization with PspA plus each TLR agonist.
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Table 1 Questionnaires for pneumococcal vaccination and revaccination

Questions no. of subjects (%)
no. of total subjects; 385
Pneumococcal vaccination at the no. of subjects answered ves (%) 290 (75.3)
affiliated institution no. of subjects answered no (%) or 95 (24.7)
with no answer
o no. of total subjects; 290
Negative influence of the no. of subjects answered yes (%) 144 (49.7)
contraindication on revaccination A A
for the first vaccination no. of subjects answered no or with 146 (50.3)
no answer (%)
no. of total subjects; 290
Pneumococcal revaccination no. of subjects answered yes (%) 46 (1
no. of subjects answered no or with 244 (
no answer (%)
no. of total subjects; 290
Necessity for approval of no. of subjects answered yes (%) 252 (86.9)
revaccination no. of subjects answered no or with 38 (13.1)
no answer (%)

Tid, By, 2D LLEREOFLEIrOWT
NHhEEMLE FERAE1LARETCICERIRLT
V- NREERHT L

B

1. BiREEY 7 F v BREOERRE

1) 7yr— gk

P E N 989 DT v — MREAHKD I B 401 8
(405%) HSFYL B I, 2D 9 b IR 6E 2 R A A 4K 385
B CEMEARIE 960%) THolz, HEHEOUNITE
MA%953%, FI4EEL 531/ (SD:85) Tho .
BI&& O EEBEREIE, REMERR 382%, BRI
R 28.3%, FANLIIE 145%, BHAr - 2 = v 7 109%
DNET, ZHEAR TIXITR SN 543%, — &M E
138%, BAYENEL 88% DIETH »7-. HEED 76.7%
PHRETH - 72,

2) MikskE v 7 F v BRI

iR E%157:385 805 H 290 % (753%) Z[EH
Mgk TR 7 F OB EBLTEY, Z0290%%
HAtmE L L7z (Table 1), HEMAIZEM ORI
52% TH Y, BERAOFLEIL48% TH-7z. MidkEk
WO o F o BMAPERLBEORBEERIE, B%HE
MM B (COPD), Zofbo@imigs, M - M
BB, BEOAE, BRBOMETH -7 B
R LTV LERBIZOWTIE 75 ELE 393%, 653
PLE387%, 80 L 221% DMETH -7 F/2
EHEE 2002055, 1444 497%) » 6 FHHEMEH
BolhoTwah I, WHEMLEZZFEHRE -
e ARBEES (Table 1). X612, ZThsEE
EHLROBH» S WREE LR 12 L35 BETTE

194 (SD2678)) TH Y, HMEREIZ 234 FITH-
7.

3) Wi%kERE Y 2 F v BEEORK & BIRG
WEABE 208095, 464 (159%) OEMIE
Vv Em LD Y LHE L7 (Tablel). 2046
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SNhdhol, 11 ZOEMOBFEREERONRIZ, 1
GOEmMMBSEFNENISH, 86, 76, 56, 46, 3
BlOBEI, 2HDEMBZNEFR2HOEEILZ, 3%
DEMPENZN 1 Pl BEICTHEmEZ ERHL T
B T - BB OPHERIE 744 (SD 1 103) T
HY, FOEBERBEONTIL, COPD =& BMHE
BAs194) (388%), BEHELOLARETH (143%) R ET
o7z (Table 2). MEFEM D & FHEME $ TORMIE,
F363 h H (SD:118) Tdh - 7. B EN OB
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B BIRSO®RENH - 2. ZORRIZESE
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7z,
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Table 2 49 reported cases with pneumococcal revaccination during last two

years by the questionnaire

Demographic features

Male sex (%) 27 (65.1)

Age, mean years (SD) 744 (10.3)

Duration between primary and revaccination, mean months (SD) 63 (11.8)

Underlying diseases; no. of cases (%)

Chronic lung diseases 19 (38.8)
COPD 13 (26.5)
Other chronic lung diseases 6 (12.2)

Chronic heart disease 7 (14.3)

Diabetes mellitus 1(20)

Others 19 (38.3)

Reason for revaccination; no. of cases (%)

Request by the patient 43 (87.8)

Request by the family 1(20)

Recommendation by the doctor 5 (10.2)

SD; standard deviation, COPD; chronic obstructive pulmonary disease
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Abstract

A questionnaire study on the necessity of approval for revaccination
of the pneumococcal polysaccharide vaccine

Kazunori Qishi”, Kazuyoshi Kawakami®, Hideaki Nagai”,
Keisuke Sunakawa’ and Akira Watanabe”
YInternational Research Center for Infectious Diseases, Research Institute for Microbial Diseases,
Osaka University
*Department of Medical Microbiology, Mycology and Immunology,
Tohoku University Graduate School of Medicine
“Department of Respirology, National Hospital Organization Tokyo Hospital
“Graduate School of Infection Control Sciences, Kitasato University, Laboratory of Infectious Diseases
“Research Division for Development of Anti-Infective Agents, Institute of Development,
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To clarify the current situation of revaccination with pneumococcal polysaccharide vaccine (PPV) and the ad-
verse effects caused by revaccination with PPV in the elderly in Japan, a questionnaire study was carried out
among the 989 members of the directors and councillors of the Japanese Respirology Society and the Japanese As-
sociation for Infectious Diseases. Of 385 evaluable respondents, 290 who had had experience giving PPV immuni-
zation were regarded as the study subjects. Of whom 46 subjects (15.9%) had had experience of PPV revaccina-
tion. However, 252 subjects (86.9%) recognized that PPV revaccination is necessary. In addition, of the 290 sub-
jects, 114 subjects (49.7%) had experienced a patient refusing the first vaccination with PPV because of contrain-
dications for PPV revaccination. Of 46 subjects with experience of PPV vaccination, 4 subjects found adverse ef-
fects in the recipients of PPV revaccination. The adverse effects found were not serious. The present study dem-
onstrated that most of the study subjects recognized the necessity of PPV revaccination, and in part, those sub-
jects implementing PPV revaccination were responding to requests by patients or their family. It was also sug-
gested that the contraindication for PPV revaccination could prevent the increase of the coverage rate of PPV.
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The deduced amino acid (aa) sequence of L2 of the newly sequenced HPV51 strain, isolated by Matsukura and
Sugase (Ma-strain), was markedly different from that of the prototype HPV51 isolated by Nuovo et al. (Nu-
strain) (GenBank M62877) in two regions: aa 95-99 (region 1) and aa 179-186 (region 1i). The two regions of
Ma-strain were homologous to those of the other mucosal HPVs, The aa sequences of the N-terminal and C-
terminal regions of Ma-L2 and Nu-L2 were identical and contained the nuclear localizing signal (NLS). When
expressed in HEK293 cells, Ma-strain L2 (Ma-12) was located in the nucleus but Nu-strain L2 (Nu-L2), in the
cytoplasm. The chimeric L2s having both Nu-L2 regions [ and Il were located in the cytoplasm, and those having
one of them were located both in the nucleus and cytoplasm, suggesting that Nu-L2 regions | and 1l inhibit the
NLS function. For a better understanding of a role of L2 in infection, pseudovirion {PV) preparations were
produced with a reporter, Ma-strain L1, and various L2s (Ma-L2, Nu-L2, or the chimeric L2s). These PV
preparations contained structurally similar particles composed of L1 and 1.2 and the packaged reporter plasmid
at a similar level. The reporter expression was not induced in HEK293 cells after inoculation with PVs
containing the L2s that are incapable of localizing in the nucleus when expressed alone. Among PVs containing
12s capable of localizing in the nucleus, the reporter expression was induced only by PVs containing Ma-L2
region L. Thus, the results indicate that the expression of the reporter in the HPV51 PV requires the nuclear
localizing ability of 1.2 and another unknown function associated with region I.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Human papillomavirus (HPV) is a small nonenveloped virus with
circular double-stranded DNA genome (8000 base-pairs) packaged in
an icosahedral capsid composed of two capsid proteins L1 (major) and
L2 (minor) (Howley and Lowy, 2001). Various HPVs, which have been
identified in proliferative lesions including cervical cancer, are
classified into more than 100 genotypes based on the homology of
nucleotide sequence of L1 gene (Howley and Lowy, 2001). HPV infects
the epithelium and propagates in the differentiating keratinocytes or
establishes a latent state in the epithelial basal cells (Howley and
Lowy, 2001). There are no cell cultures supporting efficient HPV
propagation,

Infectious HPV pseudovirions have been developed (Unckell et al,,
1997; Stauffer et al, 1998; Buck et al, 2004) and are used as a
surrogate virus to study biological functions and immunogenicity of
the capsid proteins (Sapp and Selinka, 2005; Buck et al,, 2005). The
mRNAs transcribed from the codon-modified L1 and L2 genes escape

* Corresponding author.
E-mail address: kanda@nih.go.jp (T. Kanda).

0042-6822/% - see front matter © 2009 Elsevier Inc. All rights reserved.
doi;10.1016/j.virol.2009.08.034

from the mechanism inducing the rapid degradation of the authentic
L1- and L2-mRNAs in the undifferentiated cells (Sokolowski et al.,
1998; Collier et al., 2002). L1 and L2 expressed in cultured cells from
the codon-modified genes self-assemble to form L1/L2 virus-like
particles (L1/L2-VLPs) in the nucleus. When L1 and L2 are expressed
in the SV40 T-antigen positive cells transfected with a reporter
plasmid carrying SV40-ori, the replicating reporter plasmid is
packaged into the L1/L2-VLP to produce a pseudovirion (PV) (Buck
et al, 2004). Because the efficiency of the packaging is not high, a
semi-purified PV preparation contains complete PVs and empty L1/
L2-VLPs. The reporter is expressed at a readily detectable level in the
cells inoculated with the PV preparation.

According to the registered nucleotide sequence of HPV51 DNA
(GenBank M62877), isolated from cervical condyloma by Nuovo et al.
(1988) and sequenced by Lungu et al. (1991), the deduced amino acid
(aa) of the HPV51 L2 is markedly different from those of the other
mucosal HPVs in two regions, aa 95-99 (region I) and aa 179-186
(region 11) (Fig. 1A). This led us to newly sequence the L2 gene of
another HPV51 isolated from a Japanese woman with CIN (Matsukura
and Sugase, 1995). In this study, we found that the two regions of the
new isolate were different from those of the prototype but
homologous to those of the other mucosal HPVs. We prepared and
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Fig. 1. Amino acid sequence of L2. (A) Amino acid sequences of L2 aa 95-99 (region 1) and aa 179-186 (region II) of prevalent mucosal HPV L2s. HPV51 isolated by Nuovo et al.
(1988) (Nu-strain) is indicated as HPV51-Nu and HPV51 isolated by Matsukura and Sugase (1995) (Ma-strain) is indicated as HPV51-Ma. {B) Total amino acid sequences of L2 of the
two HPV51 strains. The upper line (Nu-12) shows amino acid sequence of L2 of HPV51 Nu-strain (deduced from the nucleotides sequences of GenBank M62877). The lower line (Ma-

L2) shows that of HPV51 Ma-strain.

characterized PVs by using L2s of the two strains. We found that the
reporter expression from HPV51 PVs appears to require two L2
functions: a capacity to localize in the nucleus when expressed alone
and unknown function associated with region I

Results
Sequencing of HPV51 L1 and L2 genes

We sequenced the L1 and L2 genes of HPV51 isolated by Matsukura
and Sugase (Ma-strain) (Matsukura and Sugase, 1995) (GenBank
accession numbers for L1 and L2 genes of Ma-strain are GQ487711 and
GQ487712, respectively) and compared the deduced aa sequences
with those of the registered HPV51 (Nuovo et al,, 1988) (named Nu-
strain in this study). The aa sequence of the Ma-strain L2 (Ma-L2) was
different from that of Nu-strain L2 (Nu-L2) at 6 aa positions and in
regions [ and II (Fig. 1). The aa sequences of the two regions of Ma-L2
were homologous to those of the other mucosal HPVs (Fig. 1A).

The aa sequence of Ma-strain L1 (Ma-L1) was different at only four
positions (L at aa 52, G at aa 264, S at aa 265, and T at aa 272) from
those of Nu-strain L1 (Nu-L1).

Subcellular localization of the [2s

We produced codon-modified genes encoding Ma-L1, Ma-L2, and
Nu-L2, using appropriate synthetic oligonucleotides. Then, six DNA
fragments encoding chimeric L2s, from Ch1-L2 to Ch6-L2 (Fig. 2A),
were produced by PCR-based DNA synthesis.

Fig. 2B shows immunofluorescence staining of the L2s transiently
expressed alone in HEK293FT cells. HEK293 cells were transfected
with the expression plasmid for L2s and fixed with paraformaldehyde
1 day later. The cells were incubated with the cross-reactive anti-L2
serum, which had been produced by immunizing mice with HPV16 L2
peptide (aa 11-200), and incubated with Alexa Fluor 488-conjugated
anti-mouse IgG rabbit serum. L2 was detected by fluorescence

microscopy. Ma-L2 and Ch3-L2 were located almost exclusively in
the nucleus. Nu-L2, Ch1-L2, and Ch6-L2 were located in the
cytoplasm. Ch2-12 was located mostly in the nucleus with fluores-
cence somewhat weaker than that of Ma-L2, along with some cells
showing fluorescence in both the nucleus and the cytoplasm. Ch4-L2
and Ch5-L2 were located in the nucleus, with some cells showing
cytoplasmic fluorescence as well.

When Nu-L2 was co-expressed with Ma-L1, which has a strong
nuclear localizing signal (Zhou et al.,, 1991), the localization of Nu-L2
was shifted to the nucleus (data not presented), suggesting that Nu-L2
made a complex with Ma-L1 and moved to the nucleus with the help
of Ma-L1.

Nuclear localizing signal of HPV51 L2

Ma-L2 and Nu-L2 had two nuclear localizing signals (NSLs) at their
both ends. The DNA fragments of MA-L2 corresponding regions of aa
5-11 (encoding RARRRDR), aa 95-99 (region I, encoding VIIEPIAP-
TEPSIVNLVD), aa 179-187 (region I, encoding GHIFTSTLT), and aa
452-457 (encoding RKRRKR) were fused to the N-terminus of
enhanced green fluorescent protein (EGFP). The resultant fusion
genes were transiently expressed in HEK293FT cells and localization
of EGFP was examined by fluorescent microscopy (Fig. 3). The plain
EGFP was located in both of the cytoplasm and the nucleus. The EGFP
with the N-terminal region or the C-terminal region was clearly
accumulated in the nucleus. The localization of EGFP with region I was
similar to that of plain EGFP. The EGFP with region I was located in
the nucleus slightly more than in the cytoplasm in some cells, but the
nuclear accumulation in those cells was much less than the EGFP with
the N- or C-terminal NLS. Because the aa sequences of Nu-L2 N-
terminal and C-terminal regions are identical with those of Ma-L2, the
NSLs of Nu-L2 have the same NSL sequences. Thus, the data indicate
that both terminal regions evidently contain NSLs like the L2s of
HPV6b and HPV16 (Sun et al,, 1995; Darshan et al,, 2004), suggesting
that Nu-L2 regions I and Il inhibit the NLS function of Nu-L2.

—287—



K. Kondo et al. / Virology 394 (2009) 259~265 261

A aad5 | aa99

ast7a W aa1s7
m——— aazil aa376 aad01
GHIFTSTLT N \ P
~D.YLLVHY D L T

v

aal2 aa82 aat09
Ma-L2 I V EPIAP D
Nu-L2 V I DLWHH B
Ma-L2 | I [ |
Nu-l2 |
chi-L2 | [
ch2-12 | [ 1]
ch3-L2 | [ il i
cha-12 | I [ |
chs-12 | I Tl
Ch6-L2 | [ 1

B

Ché-L2

Fig. 2. Subcellular localization of the L2s. (A) Schematic representation of the L2s used in this study. (B) Subcellular localization of the L2s. 293FT cells were transfected with the
expression plasmid for L2, One day later, the cells were fixed and L2 was detected with anti-L2 mouse antiserum and Alexa Fluor 488-conjugated goat anti-mouse igG (H+L)
(Invitrogen). The cells were coated with ProLong Gold anti-fade reagent (Invitrogen) and examined with a confocal microscope (FluoView1000, OLYMPUS, Tokyo, Japan).

Preparation and characterization of HPV51 pseudovirions

Since L2 is believed to play a critical role in the early process of
infection (Pereira et al., 2009), we prepared and characterized HPV51
PVs containing either Ma-L2 or Nu-L2. The PVs were produced by using
the codon-modified genes. HEK293FT cells were transfected with the
Li- and L2-expression plasmids together with pYSEAP, a reporter
plasmid expressing secretary alkaline phosphatase (SEAP). Sixty hours
later the nuclear extract was centrifuged on a density-gradient as
previously described (Kondo et al., 2007). A fraction containing the
majority of the PVs was used as a PV preparation. The PV preparation

EGFP EGFP-N

[

EGFP-RI

produced with Ma-L2, Nu-L2, Ch1-12, Ch2-L2, Ch3-L2, Ch4-12, Ch5-L2,
or Ch6-L2 was named as PV51Mal2, PV51Nul2, PV51ChlL2,
PV51Ch2L2, PV51Ch3L2, PV51Ch4L2, PV51Ch5L2, or PV51Ch6L2,
respectively. For comparison, the nuclear extract from HEK293 cells
transfected with the L1-expression plasmid and pYSEAP, without L2-
expression plasmid, was similarly processed to produce PV51L2(—).

Transmission electron microscopy showed that PV51Mal2 and
PV51Nul2 were composed of homogeneous spherical particles with a
diameter of approximately 55 nm (Fig. 4A).

SDS-gel electrophoresis showed that all the PV preparations,
except for PV51L2(—), contained both L1 and L2 (Fig. 4B). The

~ EGFP-RIl EGFP-C

Fig. 3. Subcellutar localization of the enhanced green fluorescent protein (EGFP) fused with nuclear localizing signal of Ma-L2. 293FT celis were transfected with the expression
plasmid for EGFP or EGFP fused with N-terminal region (aa 5-11) (EGFP-N), region | (aa 92-109) (EGFP-RI), region I (aa 179-187) (EGFP-RII), and C-terminal region (aa 452-457)
(EGFP-C). One day later, the cells were fixed and examined with a confocal microscope (FluoView1000, OLYMPUS, Tokyo, Japan).
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Fig. 4. Characterization of HPV51 pseudovirion preparations. (A) Electron micrograph of PV51Mal2 and PV51Nul2. The pseudovirion preparation was allowed to settle on carbon-
coated copper grids and negatively stained with 4% uranylacetate. The grids were examined in a HITACHI model H-7600 transmission electron microscope and photographed at an
instrumental magnification of x 200,000. Bar = 50 nm. (B) SDS-gel electrophoresis of the pseudovirion preparations. The pseudovirion preparation was mixed with an equal volume
of SDS sample buffer and boiled. Then the sample was electrophoresed on 10% SDS-polyacrylamide gel. Protein was stained with SYPRO Ruby Protein Gel-Stain (Life Technologies
Corp.) and detected with a Typhoon 9410 image analyzer (GE Healthcare Life Sciences). (C) Level of the reporter plasmid packaged in the pseudovirion. The mixture of the
pseudovirion preparation and DNase-I was incubated at 37 °C for 1 hour. DNase-resistant DNA was extracted and quantified by real-time PCR with primers complementary to the

reporter plasmid, pYSEAP.

aliquots of the preparation were electrophoresed on an SDS-
polyacrylamide gel and stained with SYPRO Ruby Protein Gel Stain
(Life Technologies Corp.). Protein in the gel was detected with a
Typhoon 9410 image analyzer (GE Healthcare Life Sciences). The
L1-contents in the PV preparations, which were estimated by
comparison of L1-bands with BSA-bands of known amount (from
0.01 to 0.1 pg per lane) on an SDS-gel (data not shown), ranged
from 0.4 to 0.8 pg/pl. The PV preparation containing approximately
1 pg of L1 was electrophoresed and the proteins in the gel were
stained similarly. PV51MaL2 contained slightly more L2 than the
other PVs, Nu-L2, Ch2-12, Ch3-L2, and Ch5-L2 migrated faster than
the other L2s, indicating that region I was associated with the faster
migration.

The PV preparations were found to contain the packaged reporter
plasmid at a similar level (Fig. 4C). The PV preparations containing 2
to 4 pg of L1 were digested with DNase-I extensively and the level of
the DNase-resistant pYSEAP was measured by a real-time PCR

method. The numbers of reporter copies and the particles were
calculated from the DNA and L1 contents, respectively. The PV
preparations were estimated to contain approximately 0.3 to 1
genome copies per 100 particles; that is, the complete PVs constituted
approximately 0.3% to 1% of the particles in a preparation. It is
noteworthy that PV51L2(—) contained a similar level of the packaged
reporter, indicating that the presence of L2 did not affect the
packaging efficiency.

Expression of the reporter in HEK293FT cells inoculated with HPV51
pseudovirions

Fig. 5 shows the levels of reporter expression in HEK293FT cells
inoculated with the PVs. The 293FT cells (10% cells) were inoculated
with the PV preparation containing approximately 5x10* genome
copies and incubated at 37 °C for 3 days. Then, the SEAP activity of the
culture medium was measured. The cells inoculated with PV51L2(—)
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SEAP activity {(RLU: OD at 405 nm)

PV51MaL2
PY51NuL2
PV51Ch1L2
PV51Ch2i.2
PV51Ch3L2
PV51ChAL2
PV51Ch5L2
PV51Ch6L2
PV51L2()

Fig. 5. Expression of secretary alkaline phosphatase (SEAP) in 293FT cells inoculated
with the pseudovirion preparations. HEK293 cells inoculated with the pseudovirion
preparation were incubated for 3 days and SEAP activity of the culture medium was
measured by the colorimetric SEAP assay. Mock: SEAP activity of the culture medium of
the cells not inoculated with the pseudovirion. RLU: relative light unit.

did not express the reporter, indicating that L2 is required for the
reporter expression. The cells inoculated with PV51MaL2, PV51Ch3L2,
and PV51Ch5L2 expressed the reporter efficiently and those with
PV51Ch2L2 expressed less efficiently. The cells inoculated with
PV51Nul2, PV51Ch1L2, PV51Ch4L2, and PV51Ch6L2 did not express
the reporter, Evidently, L2s in PV51NulL2, PV51Ch1L2, PV51Ch4L2, and
PV51Ch6L2 lacked the function required for the reporter expression.

Discussion

This study showed that the prototype HPV51 (Nuovo et al,, 1988)
is likely defective because the PV containing its L2 lacks infectivity
(Fig. 5). Regions I and 11 of the prototype L2 were markedly different
from those of the new isolate (Matsukura and Sugase, 1995), which
were homologous to those of the other mucosal HPVs (Figs. 1A and B).
The prototype may have been cloned from defective DNA that was
integrated in the chromosome or maintained as an episome in the
cervical condyloma.

Ma-L2 expressed alone in HEK293FT cells was located exclusively
in the nucleus (Fig. 2B), perhaps by using its NLSs at the both ends as
previously shown for L2s of HPV6b and 16 (Sun et al,, 1995; Darshan
et al,, 2004). By contrast, Nu-L2 expressed in HEK293FT cells was
located exclusively in the cytoplasm (Fig. 2B), despite the presence of
NLS. Regions [ and II of Nu-L2 probably affect the conformation of Nu-
L2 and the resultant change may inhibit the activity of NSLs. The NLS
function of chimeric L2s, having either region I or region If of Nu-L2
(Ch2-L2, Ch4-12, and Ch5-L2), may have been partially reduced and
that of chimeric L2s, having both regions (Ch1-L2 and Ch6-12),
markedly reduced.

Nu-L2 and three chimeric L2s, Ch1-L2, Ch4-L2, and Ch6-12,
migrated faster than the other L2s on the SDS-gel electrophoresis
(Fig. 4B). Because only these L2s contain region I of Nu-L2, the faster
migration is probably associated with the conformational modifica-
tion induced by Nu-L2 region L

Nu-L2 was translocated to the nucleus in the cells expressing Ma-
L1, suggesting that Nu-L2 binds to L1 and makes a complex, as
described previously for HPV11 L1 and L2 (Finnen et al., 2003), and
the complex moves to the nucleus by using the NLS of L1. The L1-
mediated translocation seems to make L2s with the reduced NSL
activities possible to assemble into the particles in the nucleus.

PV51Mal2 and PV51Nul2 contained spherical particles (Fig. 4A)
composed of L1 and L2 (Fig. 4B). PV51Mal2, PV51Nul2, PV51Ch1L2,
PV51Ch212, PV51Ch3L2, PV51Ch4L2, PV51Ch5L2, and PV51Ch6L2
contained L1 and 12 at a comparable ratio and the DNase-resistant
(very likely packaged) reporter plasmid at similar levels (Fig. 4C).

However, the reporter was expressed in HEK293FT cells inoculated
with PV51Mal2, PV51Ch212, PV51Ch3L2, and PV51Ch5L2 but not with
Pv51Nul2, Pv51Ch1L2, or Pv51Ch4L2, and Pv51Ch6L2 (Fig. 5). Thus,
the PVs having Ma-L2 region I induced the expression of the reporter.
These L2s are capable of localizing in the nucleus and migrate slower
than the other 12s in the SDS-gel electrophoresis. As reported
previously for L2 of HPV16 (Day et al,, 2004), probably L2 binds to
the packaged DNA and takes it to the nucleus. Then, an unknown
second function, which may be associated with L2 conformation
maintained by the aa sequence of Ma-L2 region |, helps the expression
of the reporter plasmid. Ch4-12, which was located in the nucleus but
migrated faster, probably lacks the second function.

The reporter plasmid was packaged into PV51L2(—) similarly,
indicating that L2 is not involved in the packaging (Fig. 4C) as
reported by Buck et al. (2005). The particles containing the reporter
plasmid were approximately 0.3% to 1% of the particles in the PV
preparations. The extremely low packaging efficiency suggests that
the packaging occurs by chance. For the survival of HPV51 in humans,
HPV genomic DNA must have an unidentified mechanism, such as a
packaging signal, to induce efficient packaging.

In summary, this study clearly showed that although HPV51 L2 is
not involved in the packaging of the reporter into the L1/L2-VLP in the
process of pseudovirion production, the expression of the packaged
reporter requires the functions of L2: its nuclear localizing capacity
and unknown function associated with aa 95-99.

Materials and methods
Cell

HEK293FT cells, a cell line expressing a high level of SV40 T-
antigen, was purchased from Life Technologies Corp. (Carlsbad, CA,
USA). The cells were cultured in Dulbecco's modified minimal
essential medium (DMEM) supplemented with 10% fetal bovine
serum, 1% non-essential amino acids (Life Technologies Corp.), 1%
GlutaMax-I (Life Technologies Corp.), and Geneticin (500 pg/ml; Life
Technologies Corp.).

Expression plasmids

The L1 and 12 genes of the cloned Ma-strain HPV51 DNA (a gift
from Dr. Toshihiko Matsukura) (Matsukura and Sugase, 1995) were
sequenced with an ABI 3130xl sequencer (Life Technologies Corp.).
The aa sequences of L1 and L2 of Matsukura strain were deduced from
the nucleotide sequences and those of Nuovo strain were deduced
from the nucleotide sequences in the database (GenBank M62877).
The nucleotide sequence of the codon-modified gene encoding the L1
or the L2 was designed with the following codons, which are used most
frequently in human mRNAs; Ala; GCC; Cys: TGC; Asp: GAC; Glu; GAG;
Phe: TTC; Gly: GGC,; His: CAC; lle: ATC; Lys: AAG; Leu: CTG; Asn: AAC;
Pro: CCC; Gln: CAG; Arg; AGG; Ser: AGC; Thr: ACC; Val: GTG; Trp: TGG;
Tyr: TAC. The codon-modified genes were produced by PCR with sense
and antisense synthetic oligonucleotides that had an annealing region
(approximately 20 nucleotides) at its 3’ end. HPV16L1 gene inserted
between Notl and HindIll sites in p16L1h (gifts from ]. T. Schiller), a
plasmid expressing the codon-modified HPV16 L1, was replaced with
the codon-modified L2 genes encoding Ma-L1, Ma-L2, and Nu-L2 to
produce pMa-L1, pMa-L2, and pNu-L2, respectively.

Three regions of the codon-modified Nu-L2 gene, nt1-96, nt1-327,
and nt1-561 (A at the first ATG of Nu-L2 gene was numbered as nt1)
were replaced with corresponding regions of codon-modified Ma-12
genes by using PCR to produce Ch1-12, Ch2-12, and Ch3-12 genes,
respectively. The regions of the codon-modified Ma-L2 gene,
nucleotide (nt) 285 to 296 and nt 536 to 560 were replaced with
corresponding regions of codon-modified Nu-L2 gene by using PCR to
produce Ch4-12 and Ch5-L2 genes, respectively. The region of Ch4-12
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gene, nt1 to nt456, was ligated with the region of Ch5-12 gene, nt457
to nt1410, at the Pmil site to produce Ch6-L2 gene. These genes were
inserted similarly to p16L1h to produce pCh1-L2, pCh2-L2, pCh3-L2,
pCh4-L2, pCh5-L2, and pCh6-L2, respectively.

Expression plasmids for EGFP fused with L2 NSLs were produced
by insertion of the annealed synthetic oligonucleotides encoding
MVAT plus none, aa 5-11, aa 92-109, aa 179-187, and aa 452-457 of
Ma-L2 at the multicloning site of EGFP gene (pCMS-EGFP; Clontech
Inc. Mountain View, CA). The resultant fusion EGFP contained
additional aa sequences at its N-terminus.

The plasmid expressing secretary alkaline phosphatase from SV40
early promoter, pYSEAP, was a gift from ]. T. Schiller.

The nucleotide sequences of the all the plasmids constructed in
this study were verified by sequencing.

Fluorescence microscopy

HEK293FT cells in an 8-well chamber plate (Nunc, Rochester, NY)
were transfected with 0.2 pg of the expression plasmid for L2 by using
Optifect transfection reagent (invitrogen). One day later, the cells
were fixed with 4% paraformaldehyde in PBS and incubated with 0.5%
Triton X-100 in PBS. The cells were reacted with anti-L2 serum
obtained by immunizing mice with HPV16L2 peptide (the region of aa
11-200), which cross-reacts with L2s of various mucosal HPVs,
followed by Alexa Fluor 488 goat anti-mouse IgG (H + L) (Invitrogen).
The cells were coated with ProLong Gold anti-fade reagent (Invitro-
gen) and examined with a confocal microscope (FluoView1000,
OLYMPUS, Tokyo, Japan).

HEK293FT cells in an 8-well chamber plate (Nunc, Rochester, NY)
were transfected with 0.2 g of the expression plasmid for EGFP fused
with Ma-L2 NSL by using Optifect transfection reagent (Invitrogen).
One day later, the cells were fixed with 4% paraformaldehyde in PBS,
coated with ProLong Gold anti-fade reagent (Invitrogen), and imaged
in a BZ-8000 fluorescence microscope (Keyence, OSAKA, Japan).

Production of pseudovirions

HEK293FT cells (Life Technologies Corp.), which had been seeded
in a 10-cm culture dish (1X107 cells) at 16 hours before the
transfection, were transfected with a mixture of an L1-plasmid
(13.5 pg), an L2-plasmid (3 pg), and pYSEAP (13.5 ug) by using
Fugene HD (Rosch Diagnostics GmbH, Mannheim, Germany). Sixty
hours later, the cells were harvested with trypsin. The cells were
suspended in 0.5 ml of lysis buffer (PBS containing 1 mM CaCly,
10 mM MgCl,, 0.35% Brij58 [Sigma-Aldrich Inc., St. Louis, MO], 0.1%
Benzonase [Sigma-Aldrich Inc.], 0.1% Plasmid Safe ATP dependent-
DNase [EPICENTRE Corp. Madison, WI1}) and incubated for 30 hours at
37 °C with slow rotation. The lysate was cooled on ice for 5 minutes,
mixed with 5 M NaCl solutions to adjust the concentration of NaCl to
0.85 M, and further kept on ice for 10 minutes. Then, the lysate was
centrifuged at 5000g for 10 minutes at 4 °C. The supernatant was
layered on an Optiprep gradient (from top to bottom, 27%, 33%,
and39% in PBS containing 1 mM CaCly, 10 mM MgCl,, and 0.8 M NaCl)
and centrifuged at 50,000 rpm for 3.5 hours at 16 °C in an SW55Ti
rotor (Beckman Coulter Inc. Fullerton, CA). Fractions (300 pl each)
were obtained by puncturing the bottom. Aliquots (5 il per fraction)
were analyzed by SDS-gel electrophoresis. The fraction that contained
L1 most abundantly was used as a pseudovirion (PV) preparation.

Electron microscopy

The particles in a PV preparation were allowed to settle on carbon-
coated copper grids and stained with 4% uranylacetate, The grids were
examined in a HITACH!I model H-7600 transmission electron
microscope and photographed at an instrumental magnification of
% 200,000.

Quantification of L1 protein

APV preparation (0.1 gl) or standard protein solution consisting of
the known amount (~0.1-1 pg/ul) of bovine serum albumin (BSA)
was mixed with an equal volume of SDS sample buffer and boiled.
These samples were electrophoresed on 10% SDS-polyacrylamide gel.
Protein was stained with SYPRO Ruby Protein Gel Stain (Life
Technologies Corp.) and detected with a Typhoon 9410 image
analyzer (GE Healthcare Life Sciences). The amount of L1 protein in
the PV preparation was estimated from comparing the images
obtained with a Typhoon 9410 imaging analyzer and Image Quant
TL software (GE Healthcare, Chalfont St. Giles, UK).

Quantification of DNase-resistant reporter DNA

Five microliters of a PV preparation was mixed with 195 ul of PBS
containing MgCl, (10 mM) and DNase-1 (70 U). After incubating at
37 °C for 1 hour, DNA was extracted by using QlAamp DNA Blood kit
(Qiagen GmbH, Hilden, Germany). pYSEAP DNA in the sample was
quantified by real-time PCR using forward primer (AGAACCCG-
GACTTCTGGAAC) and reverse primer (GGCAGCTGTCACCGTAGACA).

Quantification of SEAP activity

A PV preparation was inoculated to HEK293FT cells (2x10%),
which had been seeded 1 day prior to the inoculation in 96-well flat-
bottom tissue culture-treated plates (Corning Costar Corp., New York,
NY). The cells were incubated for 3 days and SEAP activity of the
culture medium was measured by the colorimetric SEAP assay (NCI
home page: http://home.ccr.cancer.gov/lco/ colorimetricseap.htm).
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Transcription, replication, and segregation of human papillomaviruses (HPVs) are regulated by various
host factors, but our understanding of host proteins that bind to the HPV genome is limited. Here we
report the results of a search of cellular proteins that can associate with specific genomic regions of
HPV type 16 (HPV16). We found that human nucleolin, an abundant nucleolar protein, was preferentially

Keywords: ) ) captured in vitro by an HPV16 genomic fragment from nucleotide positions (nt) 531-780. Electrophoretic
:u"l‘a“lPapmoma"””S mobility shift assays with a bacterially expressed nucleolin revealed that nucleolin bound to an HPV16
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genomic region between nt 604 and 614 in a sequence-dependent manner. Chromatin immunoprecipi-
tation analysis showed that both exogenous and endogenous nucleolin bound to a plasmid containing
the HPV16 genomic region in Hela cells. Furthermore, nucleolin associated with the HPV16 genome sta-
bly maintained in HPV16-infected W12 cells, suggesting that the nucleolin binding may be involved in

Host factor
Genome maintenance

the dynamics of the HPV genome in cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Human papillomaviruses (HPVs), which are recognized as the
causative agents of cervical cancer, have circular double-stranded
DNA genomes with sizes close to 8 kbp [1]. HPV infects basal cells in
the epidermis and its genome is maintained as episomes, whereas
the viral genome amplification occurs in upper differentiating epithe-
lium [2]. Due to the limited coding capacity of its small genome, HPV
relies heavily on the function of host cell proteins for viral transcrip-
tion, replication and segregation [3,4]. The transcription of the HPV
genome is driven by two major promoters: in HPV type 16 (HPV16)
genome, the early promoter Pg; directs early gene transcription, while
the late promoter Pgyo induces capsid expression. After initial
unwinding of the replication origin by the coordinated action of the
HPV E1 and E2 proteins, the HPV DNA replication progresses with
the use of cellular replication proteins. For viral genome maintenance,
the HPV genome is passively segregated by being tethered to host
chromosomes, then passed into nuclei of daughter cells. Because of
a lack of cell culture systems for efficient HPV propagation, molecular
mechanisms of these processes are not fully understood.
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of Infectious Diseases, 4-7-1 Gakuen, Musashi-murayama, Tokyo 208-0011, Japan.
Fax: +81 42 567 5632.
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Nucleolin is an abundant, ubiquitously expressed protein that is
found in the nucleolus, the nucleoplasm, and on the cell surface,
and is involved in regulation of ribosomal DNA (rDNA) transcrip-
tion and the maturation of pre-ribosomal RNA [5]. In addition,
nucleolin exerts several nuclear functions related to the transcrip-
tion of several genes by the RNA polymerase II [6-8], genotoxic
stress response [9], and chromosome congression in mitosis [10].

To gain new insights into how the dynamics of the HPV genome
are regulated by host factors, we searched for cellular proteins that
can bind to the two promoter regions of HPV16 using an unbiased
proteomic approach. We describe the identification and character-
ization of nucleolin as an HPV16 genome-binding protein that may
play a role in regulation of the HPV life cycle.

Materials and methods

Isolation of HPV16 genome-binding protein and its identification by
peptide mass fingerprinting. Three HPV16 DNA fragments, I (nt
7791-120, 234 bp), Il (nt 131-360, 230 bp), and Il (nt 531-780,
250 bp), were generated by PCR using following primers: 1 forward,
5'biotin—~TAC ATG AAC TGT GTA AAG GTT AGT CA-3'; L reverse, 5'-
TGT GGG TCC TGA AAC ATT GCA GTT CTC TTT-3'; H forward, 5'bio-
tin—AGA AAG TTA CCA CAG TTA TGC ACA GA-3'; ll reverse, 5'-GTT
CCA TAC AAA CTA TAA CAA TAA TGT CTA-3'; 1l forward, 5'biotin—
CAA GAA CAC GTA GAG AAA CCC AGC TG-3; lll reverse, 5'-GTG TGT
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GCT TTG TAC GCA CAA CCG-3'. The biotinylated PCR products were
purified using the Wizard SV gel and PCR clean-up system (Prome-
ga) and coupled to Dynabeads M-280 streptavidin (Dynal, Norway)
in a buffer consisting of 10 mM Tris-HCI (pH 7.5), 0.5 mM EDTA,
and 1 M NaCl. The Hela nuclear extract was prepared by Dignam'’s
procedure and incubated with the HPV16 DNA-coupled magnetic
beads at 4 °C overnight. The beads were then washed three times
in a wash buffer (10 mM Hepes, pH 7.9, 200 mM NacCl, 10 mM
KCl, 1.5 mM MgCl,, TmM DTT, 0.1% NP-40, and 10% glycerol).
The bound proteins were released from the beads in SDS-sample
buffer by boiling for 5 min and fractionated in a 4-20% gradient
SDS-polyacrylamide gel (Daiichi Pure Chemicals, Japan), followed
by silver staining. The 95-kDa protein band bound to fragment I
was excised from the gel and subjected to in-gel trypsin digestion.
The resultant peptide mixtures were analyzed by MALDI-QIT-TOF
MS (AXIMA-QIT, Shimazu Biotech, Japan). Mascot software (Matrix
Science) was used for protein identification.

Electrophoretic mobility shift assay (EMSA). The full-length cDNA
of human nucleolin was amplified by RT-PCR from mRNA of Hela
cells. The resultant cDNA sequence completely matched the nucle-
olin sequence in the GenBank (NM 005381). To generate an expres-
sion plasmid for glutathione S-transferase (GST) fused nucleolin,
the cDNA fragment encoding nucleolin amino acid (aa) from 289
to 710 was amplified by PCR with the full-length nucleolin ¢cDNA
as a template, and cloned into pGEX-2TK (GE Healthcare). GST-
nucleolin and GST were expressed in Escherichia coli and purified
using a GSTrap HT column and an AKTAprime (GE Healthcare).
The EMSA was performed as described previously [11]. The DNA/
protein complex was separated on a 5% polyacrylamide gel and
visualized by autoradiography on X-ray films.

Chromatin immunoprecipitation (ChIP) assay. An expression plas-
mid for N-terminally FLAG-tagged nucleolin (FLAG-nucleolin) was
constructed by cloning the full-length ¢DNA of nucleolin into
p3xFLAG-CMV10 (Sigma). The ChIP assay was performed as de-
scribed previously [11] with some modifications. Briefly, HeLa cells
were transfected with pGL3-Pg,o or pGL3-Basic (Promega) together
with the FLAG-nucleolin expression plasmid or p3xFLAG-CMV10
using FUGENEG (Roche). At 48 h after the transfection, the cells
were fixed with 1% formaldehyde at 37 °C for 5 min, lysed and son-
icated using a Bioruptor (Cosmobio, Japan). The sonicated extract
was immunoprecipitated with specific antibodies that had been
coupled to Dynabeads M-280 sheep anti-mouse IgG (Dynal). Anti-
bodies used were anti-FLAG M2 (Sigma), anti-nucleolin (MS-3,
Santa Cruz, or 4E2, Abcam), or control mouse IgG (Santa Cruz).
After washing the beads, the immunoprecipitated DNA/protein
complexes were eluted, and reverse cross-linked. DNA was purified
and subjected to PCR for HPV16 DNA (from nt 501 to 670), 18S
rDNA, or pGL3-Basic. PCR primers were as follows: HPV16 forward,
5-CCG GTC GAT GTA TGT CIT GTT GCA GAT CAT-3'; HPV16 re-
verse, 5'-CAT CCT CCT CCT CTG AGC TGT CAT TTA ATT-3’; 18SrDNA
forward, 5'-GCC TGG ATA CCG CAG CTA GGA ATA ATG G-3'; 185
rDNA reverse, 5'-TTG ATT AAT GAA AAC ATT CTIT GGC AAA TG-3/;
pGL3-Basic forward, 5-AGA CCC ACG CTC ACC GGC TCC AGA-3';
pGL3-Basic reverse, 5-ACG AGC GTG ACA CCA CGA TGC CTG T-3".
The amounts of the immunoprecipitated DNA were quantified by
real-time PCR analysis using a LightCycler 480 (Roche) with the
LightCycler 480 SYBR Green I Master reagent (Roche). W12 cells
were cultured in an undifferentiated state as described [12], and
the ChIP assay was performed without plasmid transfection.

Generation of nucleolin-knockdown cells and Western blotting. The
stable nucleolin-knockdown cell line derived from HelLa cells was
established by transfection of an expression plasmid for small hair-
pin RNA (shRNA) against nucleolin and subsequent selection of
cells in the presence of 10 pg/ml puromycin. The shRNA-expres-
sion plasmid was constructed by cloning the shRNA target se-
quence for nucleolin (5-GGA AGA CGG TGA AAT TGA T-3') [13]

into pBAsi-hU6 (Takara, Japan). For Western blot analysis, cell ex-
tracts were prepared by boiling cells in SDS-sample buffer. Protein
samples were separated on a 12% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane (Schleicher & Schuell, Ger-
many), and probed with a specified primary antibody and a
peroxidase-conjugated secondary antibody. Antibodies used were
anti-nucleolin (MS-3, Santa Cruz, or 3G4B20, Active Motif), anti-
PCNA (PC10, Santa Cruz), and anti-FLAG M2. Specific proteins were
visualized using an ECL Western blot detection system (GE
Healthcare).

Results

Identification of nucleolin as a protein binding to an HPV16 genomic
fragment

Two regions in the HPV16 genome were chosen as targets to
screen for cellular proteins that might potentially regulate tran-
scription and/or replication of HPV (I and IIl in Fig. 1A). Fragment
I (nt 7791-120) contains the regulatory sequence for the HPV16
early promoter Pg; and the replication origin, whereas fragment
HI (nt 531-780) includes the late promoter Pg70. To find specific
binding proteins for these fragments, fragment II (nt 131-360)
was used as a control for comparison, because no particular bind-
ing proteins were assigned to this region. These DNA fragments
were generated by PCR so as to have 5'-biotin-labeled ends, cou-
pled to streptavidin-conjugated magnetic beads and then incu-
bated in a nuclear extract prepared from Hela cells. After
washing the beads, bound proteins were released and separated
by SDS-PAGE, followed by silver staining. Among many protein
bands detected, fragment 11l selectively bound to a 95-kDa protein
(Fig. 1B), while no specific proteins were detected for fragment I.
To identify the 95-kDa protein, the band was excised from the
gel, digested with trypsin, then subjected to peptide mass finger-
printing. The list of observed mass fingerprints significantly fitted
the predicted mass fingerprint of human nucleolin (p va-
Iue = 0.0094). Western blot analysis with an anti-nucleolin anti-
body verified an enrichment of nucleolin in the bound fraction of
fragment 11 (Fig. 1C).

In vitro binding of nucleolin to the HPV16 DNA

An electrophoretic mobility shift assay (EMSA) revealed that a
recombinant nucleolin bound to a site in the HPV16 genome from
nt 591 to 620. Human nucleolin from amino acid 289 to 710, which
contains four RNA-binding domains and a C-terminal glycine/argi-
nine-rich region (Fig. 2A), was expressed as a fusion protein with
GST (GST-nucleolin) in bacteria and affinity purified (Fig. 2B). This
truncated nucleolin has been shown to exhibit DNA-binding activ-
ity [6]. GST-nucleolin was examined in EMSA for its capability to
form a complex with overlapping DNA probes having the HPV16
sequences from nt 531 to 660. Among the HPV16 probes tested,
probe f generated a shifted band with GST-nucleolin (Fig. 2C).

Nucleolin has been previously reported to bind to a different
location in the HPV18 genome in vitro, and the binding site has
been assigned to the sequence 5-TTGCTTGCATAA-3’ (nt 7642-
7653 in the HPV18 genome) [14]. Similarity between the HPV18
sequence and probe f was explored, and the same sequence motif,
5'-TTGCXXXCAXA-3', was found in the two sequences (Fig. 2D,
upper panel). To test whether this sequence motif was recognized
by nucleolin, base substitutions that have been shown to abolish
the nucleolin binding to the HPV18 site were introduced into
probe f. The mutations completely disrupted the GST-nucleolin
binding to the probe (Fig. 2D), demonstrating that nucleolin
bound to this motif in probe f in a sequence-dependent manner.
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