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Figure 5. Protective role of neuraminidase (NA}-binding antibodies (Abs) against homologous virus challenge. Anti-NA Abs were absorbed from the
serum of mice that were vaccinated with PR8 (A-C) or NIBRG-14 (D—F), and the absorption efficiency was estimated by enzyme-linked immunosorbent
assay, as shown in figure 3 (A, D). For NIBRG-14, the serum from recombinant NA (rNA}-primed mice was added into NA Ab—depleted serum to restore
the levels of anti-NA Abs to the levels in the unabsorbed control serum (gray bars). Data are the mean = standard deviation (n = 3). *Ab titers are
below the detection limit. Amounts of neutralizing Abs were estimated using MN assays (B, E), and the protective efficacy of each serum type in vivo
(C. F)was estimated as shown in figure 3. Gray circles denote mice that were administered the serum mixture (anti—rNA Ab-depleted serum and anti-rNA
Ab-containing serum). Data are representative of 2 independent experiments. Ag, antigen; rHA, recombinant hemagglutinin. Black bars, absorbed serum

samples; white bars, unabsorbed control samples.

tenth of the MN Ab titers in the unabsorbed control serum (figure
3Band 3E). This result shows that the remaining Abs specific for the
native form of HA are below the minimal threshold (one-fourth of
unabsorbed serum) for the protection of infected mice (figure 1B
and 1C). To compare the protective efficacy of immune serum with
or without anti-HA Abs, CB17-SCID mice were intravenously ad-
ministered each type of serum and then intranasally challenged with
5 LDy, of PR8 or a highly pathogenic H5N1 virus. Mice that were
administered serum without anti-HA Abs were more susceptible to
lethal infection with PR8 virus than were those that were adminis-
tered unabsorbed serum (figure 3C) (P = .009, by the generalized
Wilcoxon test); this finding confirms that anti-HA Abs play a
pivotal role in virus neutralization in vivo. Similarly, the absorp-
tion of anti-HA Abs from the serum samples of mice that were
administered NIBRG-14 vaccine significantly reduced the pro-
tective efficacy against a lethal challenge with the highly patho-

genic A/Vietnam/Jp1203/2004 virus (figure 3F) (P = .001).
Thus, these results support the possibility that HA-binding Abs
with low HI and MN activity in anti-NIBRG-14 serum contrib-
ute to in vivo protection against a homologous virus challenge.

Association of complement with enhancement of the inhibi-
tory effect of virus attachment by anti-NIBRG-14 serum.  Feng
et al. [16] have reported that low HI and MN activity of several
H1-specific monoclonal Abs can be enhanced by the addition of
the complement factor Clq, implying that the in vivo protective
efficacy of anti-NIBRG-14 serum with compromised HI and
MN activity may be improved by the addition of this comple-
ment factor to the serum. To investigate this hypothesis, we
monitored the inhibitory effect of anti-NIBRG-14 serum
against virus attachment to MDCK cells in the presence of Clq.
Preincubation of inactivated NIBRG-14 virus with anti-
NIBRG-14 serum in the presence of naive mouse serum or pu-
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Figure 6. Histopathologic findings in mice infected with a highly pathogenic HSN1 virus. CB17-severe combined immunodeficient (SCID) mice were
reconstituted with unabsorbed immune serum (unabsorbed serum) or with serum absorbed by a recombinant hemagglutinin (rHA) or an recombinant
neuraminidase (rNA) column. Naive SCID mice that were not reconstituted with serum were used as control mice. At 810 days after infection, the
lungs and brain of each mouse were collected, fixed with formalin, and analyzed by hematoxylin-eosin staining or antinucleoprotein immunohisto-

chemical analysis (original magnification, X50).

rified C1q partially enhanced the inhibition of virus attachment
by the serum (figure 4). These data suggest that the inhibitory
effect of anti-NIBRG-14 serum against virus attachment may
depend on the presence of complement factors.

Contribution of NA-binding Abs to protection. The pro-
tective efficacy of anti-NA Abs was examined by an adoptive
transfer of the absorbed serum. The amount of anti-NA Abs in
the absorbed serum from PR8-vaccinated mice could not be de-
tected, even by use of the highly sensitive ELISA. Therefore, the
amount of NA-binding Abs remaining in this serum (< 18.8% of
the amount noted in control serum) could not be precisely de-
termined (figure 5A). Both MN assay and the serum transfer
experiments revealed that the neutralization ability of the ab-
sorbed serum was not significantly different from that of the
unabsorbed control serum (figure 5B [P = .500] and 5C
[P = .571]). In contrast, the absorption of anti-NA Abs from
the immune serum of NIBRG-14-vaccinated mice significantly
reduced the protective efficacy of the serum, and the mice that
were administered this absorbed serum died more rapidly than
did those that were administered the unabsorbed control serum
(figure 5F) (P = .002). However, the MN assay did not detect a

significant difference between the neutralization ability of the
absorbed and unabsorbed serum (figure 5E) (P = .056).

To confirm whether the reduction in the protective efficacy of
the serum is solely the result of the absorption of anti-NA Abs, we
added the immune serum of INA-immunized mice to the absorbed
serum to restore the level of anti-NA Abs. This addition of immune
serum from rNA-immunized mice restored the amount of anti-NA
Abs in the absorbed serum to the level of that in the unabsorbed
control serum (figure 5D). Of note, the adoptive transfer of serum
supplemented with anti-NA Abs prolonged the survival of infected
mice to the length of survival of control mice (figure 5F)
(P = .282). This finding confirmed that the anti-NA Abs con-
tained in the serum of NIBRG-14—vaccinated mice were respon-
sible for providing immune protection. Thus, these data indicate
that, even in the presence of anti-HA Abs, anti-NA Abs elicited
by NIBRG-14 vaccines can afford protection against a lethal in-
fection with homologous H5N1 virus.

Virus spread and pathologic findings in mice reconstituted
with either HA or NA Ab—absorbed serum. Mice that were
administered immune serum lacking either anti-HA or anti-NA
Abs were subjected to histopathologic analysis. In naive mice, an
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abundance of viral nucleoprotein antigens was detected in both
the lungs and brain, and interstitial infiltration of inflammatory
cells was also observed (figure 6). In contrast, viral nucleoprotein
antigen in the lungs of mice reconstituted with unabsorbed con-
trol serum was scarcely present in the lungs and was absent in the
brain 10 days after infection. Absorption of either HA or NA Abs
was associated with a similar phenotype, and viral antigens were
abundantly detected in both the lungs and the brain. Thus, ab-
sorption of either type of Ab results in a distinct pathologic dif-
ference from SCID mice reconstituted with unabsorbed serum;
however, the pathologic characteristics were comparable among
mice given either HA Ab- or NA Ab—deficient serum.

DISCUSSION

The data presented in this study suggest that NIBRG-14 vaccines
possess sufficient immunogenicity and induce comparable
amounts of anti-HA Abs. Although the anti-HA Abs have weak
HI and MN activity, they contributed to the neutralization of
homologous H5N1 virus, parﬁally with the help of complement
factors in vivo. Of note, the higher level of anti-NA Abs elicited
by NIBRG-14 vaccines also participated in protection, even in
the presence of anti-HA Abs. These results provide new insights
into the protective immunity elicited by currently stockpiled
H5N1 vaccines and indicate that methods other than the con-
ventional HI assay are required for the estimation of vaccine
efficacy.

Induction of anti-HA Abs with low HI activity has been ob-
served in mouse and ferret models of H5N1 and H2N2 avian
influenza virus infection, suggesting that this phenomenon is
not limited to a particular host species or to a subtype of avian
influenza virus |7, 8, 17]. When whole influenza virus that bore
a Ser223—>Asn223 substitution in the HA of Vietnam 2004
strains was used as detection antigen, the sensitivity of the HI
assay improved {7, 17]; this finding supports the insensitive de-
tection of anti-HA Abs by conventional HI assay rather than the
poor induction of anti-HA Abs (figures 1 and 2). Ser223 does not
appear to be included in the antigen recognition sites of several
mAbs against the HA of Vietnam 2004 strain, and the
Ser223— Asn223 substitution may alter the conformation or re-
ceptor specificity of the H5 protein, which eventually increases
HI sensitivity [7, 18]. Moreover, the sensitivity of the Hl assay for
antiavian H2 Abs was improved by using only the isolated H2
HA antigen instead of the whole virus [17]. These results suggest
that the unique antigenic structure of HA or the interaction be-
tween HA and other viral antigens on the surface of avian influ-
enza virus may significantly affect the sensitivity of the HI assay.

The addition of complement to the anti-NIBRG-14 serum
partially restored the neutralization activity of the serum, similar
to that of mAbs against H1 protein [16]. The large complex
formed by the complement and the HA-bound Abs may cause
steric interference between HA and sialic acid, as has been pos-

tulated elsewhere [19]. To our knowledge, steric interference on
virus attachment has been reported only in monoclonal Abs
against HA of PR8 virus. In the present study, we found that it
can also occur in polyclonal Abs against HSN1 virus. Additional
studies are required to clarify whether the phenomenon can be
observed for all influenza viruses and whether the balance of HA
and NA activities is involved in this process. .

It has been shown that large amounts of anti-NA Abs contrib-
ute to providing protection to the host [11, 20]. However, when
NA is conjugated with the HA antigen in the form of a whole
virion, the anti-NA Ab response is inhibited by intravirionic an-
tigenic competition [12]. Thus, the level of anti-NA Abs elicited
by inactivated PR8 and NC20 vaccines may be insufficient for
providing immune protection to the host (figure 5). In this con-
text, the significant contribution of anti-NA Abs elicited by the
NIBRG-14 vaccine to provision of immune protection is re-
markable, and it may partially explain the protection that is in-
dependent of Hland MN Ab titers. The anti-NA Ab titer elicited
by the NIBRG- 14 vaccine reached a level that was approximately
one-sixth of the anti-HA Ab titer (figure 24}, which is close to
the ratio of HA to NA proteins noted on the surface of virion
(5:1). This finding suggests that intravirionic competition is re-
duced in NIBRG-14 vaccine.

At present, we do not know the exact mechanisms underlying
the enhanced induction of anti-NA Abs by NIBRG-14 vaccine.
Given the labile nature of N1 protein, the differential induction
of anti-NA Ab between NIBRG-14 and HINI1 vaccines may re-
flect that N1 protein from NIBRG-14 is more stable and immu-
nogenic than N1 proteins from PR8 and NC20 after the process
of vaccine preparation. In addition, the extent to which HA and

. NA antigens are cross-linked by formalin treatment may be weak

on the surface of NIBRG-14, leading to less intravirionic com-
petition.

Recent clinical studies have used clade 1 vaccines from A/Viet-
nam/04 strains, but most avian H5N1 viruses prevalent in the
past year belong to clade 2. Thus, rgA/Indonesia/5/2005 (clade
2.1) and rgA/Anhui/1/2005 (clade 2.3) were selected as vaccine
seed viruses in Japan, but the H5 proteins of both viruses possess
the Ser223 residue, indicating that the Hl and MN activity of the
anti-HA Abs elicited by each vaccine may be compromised. Re-
cently, it has been shown that anti-HA Abs elicited by rHA of the
rgA/Indonesia/5/2005 strain showed a level of homologous HI
activity that was 4.6-fold higher than that of Vietnam 2004 strain
[21]. Thus, the interference of HI activity in clade 2 strains may
be modest. We are currently characterizing the anti-HA and
anti-NA Abs elicited by clade 2 vaccines, to clarify whether the
data obtained for the NIBRG-14 vaccines can be generalized to
other clades of H5N1 vaccines.
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The highly pathogenic avian H5N1 influenza virus has the potential to incite a global pandemic. There-
fore, there is an urgent need to develop effective vaccines against these viruses. Because it is difficult to
predict which strain of influenza will cause a pandemic, it is advantageous to develop vaccines that will
confer cross-protective immunity against variants of the influenza virus. Recently, we reported that the

Toll-like receptor 3 agonist, polyl:polyC;,U (Ampligen®), has been proven to be safe in a Phase IIl human
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trial, and is an effective mucosal adjuvant for intranasal H5N1 influenza vaccination. Intranasal admin-
istration of an Ampligen® adjuvanted pre-pandemic H5N1 vaccine (NIBRG14), which was derived from

H5N1 the A/Vietnam/1194/2004 strain, resulted in the secretion of vaccine-specific IgA and IgG in nasal mucosa

Adjuvant
Intranasal vaccine
Heterosubtypic immunity

and serum, respectively, and protected mice against homologous A/Vietnam/1194/2004 and heterologous
A/Hong Kong/483/97 and A/Indonesia/6/2005 viral challenge.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

There are presently anumber of pre-pandemic H5N1 vaccines in
existence, which were derived from currently circulating strains of
the virus. However, the continual mutation of H5N1 renders them
of limited use. Therefore, it is of crucial importance to develop an
influenza vaccine that confers cross-protective immunity not only
against the homologous influenza virus but also against the variants
that arise from mutation of the virus.

Inactivated vaccines against the influenza virus have been
administered parenterally to induce viral-specific serum IgGs that
are highly protective against homologous virus infection. However,
they are much less effective against heterologous virus infection
[1]. By contrast, a number of studies have shown that the mucosal
immunity acquired through natural infection, which is mainly
mediated by the secreted form of IgA (sIgA) in the respiratory
tract, is more effective and cross-protective against heterologous
virus infections than the systemic immunity induced by parenteral
vaccination [1-3]. It is believed that sIgA is more cross-protective
against heterologous influenza compared with IgG due to its diva-
lency (higher avidity) and location [1]. In this regard, induction of
virus-specific sigA in the respiratory tract has a great advantage in

* Corresponding author at: Influenza Virus Research Center, National Institute of
Infectious Diseases, 4-7-1 Gakuen, Musashimurayama-shi, Tokyo, Japan.
Tel.: +81 42 561 0771; fax: +81 42 561 6572.
E-mail address: hasegawa@nih.go jp (H. Hasegawa).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2009.04.074

conferring protection against an unpredictable pandemic of highly
pathogenic avian influenza viruses.

We previously demonstrated that the synthetic double-stranded
RNA (dsRNA) poly(I:C) is a promising and effective intranasal adju-
vant for influenza virus vaccine. Poly(I:C) interacts with Toll-like
receptor 3 (TLR3), which plays a key role in the innate immune sys-
tem and activates immune cell responses. Intranasal administration
with splitinfluenza vaccine in combination with poly(I:C) increased
both the mucosal and systemic humoral immune response, result-
ing in complete protection against homologous and heterologous
influenza viruses in mice [4]. Although poly(1:C) is a potent mucosal
adjuvant that induces type I interferons (IFNs) and has the potential
to bridge the gap between innate and adaptive immunity [5], it has
been associated with serious adverse events during clinical trials
[6].

Polyl:polyC;2U (Ampligen®), a dsRNA compound that is sim-
ilar to poly(1:C), degrades easily in vivo due to the existence
of mismatched residues in the nucleotide. It has a good safety
profile based on clinical trials, including a recently conducted
double-blind, placebo-controlled Phase III clinical trial [7]. To
date, more than 75,000 doses of Ampligen have been admin-
istered to humans, at an average dose of 400mg, and it
has been generally well tolerated. We examined the cross-
protective effect of intranasal vaccine given in combination with
Ampligen in mice. We demonstrated that co-administration of
the vaccine with Ampligen elicited cross-protective immunity
against heterologous A/Hong Kong/483/97 and A/Indonesia/6/2005
viruses.
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2. Materials and methods

The strains of H5N1 viruses used in this study were A/Hong
Kong/483/97, A/Vietnam/1194/2004, and A/Indonesia/6/2005 [8].
The A/Hong Kong/483/97 virus was prepared in Madin-Darby
canine kidney (MDCK) cells without any special step for mouse
adaptation. The A/Vietnam/1194/2004 and A/Indonesia/6/2005
viruses were propagated in 10-day-old embryonated chicken
eggs for 2 days at 37°C. The formalin-inactivated whole
virus vaccine (NIBRG14) was prepared from a recombinant
avirulent avian virus that contains modified hemagglutinin
(HA) and neuraminidase from the highly pathogenic avian
influenza strain A/Vietnam/1194/2004 and other viral proteins
from the influenza strain A/PuertoRico/8/34 (A/PR8, HIN1)
[9]. The trivalent-inactivated influenza vaccine (split-product
HA vaccines) prepared for the 2005-2006 season, including
A/NewCaledonia/20/99 (H1N1), A/NewYork/55/2004 (H3N2), and
B/Shanghai/361/2002, was purchased from Kitasato Institute
(Saitama, Japan). Polyl:polyC;oU (Ampligen®) was kindly provided
by Hemispherx Biopharma (Philadelphia, PA).

BALB/c mice were anaesthetized with diethyl ether and immu-
nized 2 or 3 times, either intranasally or subcutaneously, with 1 pg
of NIBRG14 [10] or trivalent split-product virus vaccines [11] with
or without adjuvant at 3-week intervals. Each mouse was anaes-
thetized and infected by intranasal administration of 4 .l of PBS
containing virus suspension with 1000 PFU of H5N1 virus into
each nostril (2 wl/nostril) at 2 weeks after final vaccination. The
immune response elicited after vaccination was examined 2 weeks
after the final vaccination using a number of immunological assays
(ELISA, hemagglutination inhibition (HI), and virus neutralization
(VN) assays) [10,11]. The protective efficacy of the vaccines was
examined by assessing viral titer in the nasal wash and monitoring
survival rate of mice after the challenge. All animal experiments
were performed in accordance with the Guides for Animal Exper-
iments Performed at the National Institute of Infectious Diseases
(NIID) and were approved by the Animal Care and Use Committee
of NIID. Infection with H5N1 virus was performed under Biosafety
Level 3 containment and was approved by NIID.

3. Results and discussion

3.1. Antibody responses in mice immunized intranasally or
subcutaneously with NIBRG14 vaccine and Ampligen

To determine the efficacy of Ampligen as a mucosal adjuvant
for H5N1 vaccines, the antibody response to NIBRG14 was exam-
ined. Mice were immunized twice by intranasal or subcutaneous
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administration of NIBRG14, with or without Ampligen, and their
antibody response was measured by ELISA. In nasal washes, higher
levels of anti-NIBRG14 IgA Ab were observed in animals immu-
nized intranasally with 1 g of NIBRG14 and 10 wg of Ampligen
(Fig. 1A). A small IgA response was elicited by intranasal administra-
tion of NIBRG 14 without adjuvant, and no IgA response was evident
in any of the mice which received a subcutaneous vaccination of
NIBRG14 with or without Ampligen. Neutralizing activity against
homologous A/Vietnam/1194/2004 virus was detected in the sera
from mice immunized either intranasally or subcutaneously, with
or without adjuvant. However, no neutralizing activity against het-
erologous A/Hong Kong/483/97 or A/Indonesia/6/2005 viruses was
detected in the sera from any immunized group, suggesting that
serum IgG antibodies are insufficient to neutralize heterologous
virus and IgA antibodies at the mucosal surface might be more
important than serum IgG antibodies for the protection against het-
erologous viruses. However, nor was neutralizing activity detected
in the nasal wash from any group against both homologous and
heterologous viruses. We suspect that, due to the dilution by PBS
when the nasal wash samples were collected, the concentration
of vaccine-specific IgA in our samples was much lower than the
physiological concentration in the nasal mucosa, and therefore neu-
tralizing activity in the nasal wash may not have been detectable.

3.2. Intranasal vaccination with NIBRG14 and Ampligen protects
mice against highly pathogenic avian influenza virus infection

We next examined the protective effect of intranasal vaccination
with NIBRG14 in combination with Ampligen against homolo-
gous and heterologous H5N1 viruses. Mice were immunized, either
intranasally or subcutaneously, with 1ug of NIBRG14 and 10 g
of Ampligen, and then challenged by infection with homologous
A/Vietnam/1194/2004, heterologous A/Hong Kong/483/97 or het-
erologous A/Indonesia/6/2005 viruses. All of the mice immunized
intranasally with combined vaccine and Ampligen completely
cleared the viruses in their nasal cavity (Table 1). By contrast, signif-
icantly higher levels of virus in nasal wash samples were detected
in mice immunized subcutaneously with vaccine and Ampligen.
All of the mice in both groups survived following homologous
A/Vietnam/1194/2004 viral challenge (Table 1). In the heterologous
viral challenge experiment, the virus titer in the nasal wash of the
intranasal vaccination group was significantly lower than that of
the subcutaneous vaccination group following infection with the
A/Hong Kong/483/97 or A/lndonesia/6/2005 virus. Consequently,
though intranasally immunized mice survived lethal infection with
A/Hong Kong/483/97 or A/Indonesia/6/2005 viruses, the 100% of
A/Hong Kong/483/97 and 60% of A/Indonesia/6/2005 infected mice

1. NIBRG14 + Ampligen (i.n.)
2. NIBRG14 alone (i.n.)
—_ 3. NIBRG14 + Ampligen (s.c.)
/ 4. NIBRG14 alone (s.c.)
/-\ 5. Non-immunized
L~4
< ANietnam

Fig. 1. Anti-NIBRG14-specific IgA and IgG responses in BALB/c mice immunized twice intranasally or subcutaneously with vaccine alone, or in combination with Ampligen.
Nasal washes and serum samples were collected 14 days after the final immunization. Antibody titers were measured by ELISA (A). The serum collected at 2 weeks after the
booster was analyzed for the presence of neutralizing antibodies against homologous or heterologous influenza virus (B). Inhibition of the virus was assessed by the additional
reduction in infectivity beyond the background of naive mice. Sample was run in duplicate, and data are presented per group, where the ability to inhibit 100% of infection

at the indicated dilution is shown.
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Table 1

H5N1 virus titers in nasal washes and survival rates after challenge with homologous and heterologous viruses.

Vaccination (route) Challenge virus

A/Hong Kongj483/97

Alindonesia/6/2005 -

AJVietnam/1194/2004
Virus titer (pfu/ml) Survival rate (%) Virus titer (pfu/ml}) Survival rate (%) Virus titer (pfu/ml) Survival rate (%)
NIBRG 14 + Ampligen (i.n.) 0 100 gr2 4 ~ 80 ey e e
NIBRG 14+ Ampligen (s.c.) 112+£72 100 10415 + 4649 0 - °°1393 i534"_‘ e S A0 <
- 1110+ 494 Y 2765 £2065 - 0 127600 £3355 20
Vaccine Anti-A/Vietnam IgA Anti-A/Vietnam IgG
in nasal wash in serum
Trivalent Ampligen Route (Abs. at 405 nm) (Abs. at 405 nm)
vaccine
0.0 04 0.8 1.2 0.0 0.2 0.4 0.6
(ng) (ng) 1 [ | [ T N B B
1 10 |.N. 00 QO * am O *
1 10 S.C. © 0
- - - 00

Fig. 2. Cross-reactive IgA and IgG antibodies to A/Vietnam/1194/04. The mice were initially immunized with 1 g of trivalent-inactivated vaccines with Ampligen through
intranasal or subcutaneous route. Immunization was repeated at 3 and 5 weeks after the initial immunization. The nasal washes and serum samples were collected 2 weeks
after the final immunization. The concentrations of IgA and 1gG antibodies titer to A/Vietnam/1194/04 were measured by ELISA. Bars represent the means + S.E. of 1:5 diluted
samples (nasal washes) or 1:200 diluted samples (sera) and open circles indicate individual animals.

immunized subcutaneously with vaccine and Ampligen succumbed
to death (Table 1). These data indicate that intranasal vaccination
with combined H5NT1 vaccine and Ampligen is more effective than
subcutaneous vaccination in protection against homologous and
heterologous H5N1 influenza virus challenge [10].

3.3. Induction of cross-reactive antibodies to HSN1 virus by
intranasal vaccination with seasonal influenza vaccine and
Ampligen

We next characterized the cross-reactive antibody response
to A/Vietnam/1194/2004 (H5N1) virus in mice immunized, either
intranasally or subcutaneously, with 1 g of seasonal influenza
vaccine and 10 wg of Ampligen. Compared to that in the subcu-
taneously immunized mice, the concentration of IgA antibodies
against A/Vietnam/1194/2004 in nasal wash samples was signifi-
cantly increased in mice inoculated intranasally with the trivalent
vaccine and Ampligen (Fig. 2). The concentration of IgG antibod-
ies against A/Vietnam/1194/2004 in serum was also significantly
increased in mice inoculated either intranasally or subcutaneously
with the trivalent vaccine and Ampligen combination (Fig. 2). HI
titers with regard to heterologous A/Vietnam/1194/2004, A/Hong
Kong/483/97, and A/Indonesia/6/2005 virus were also examined
in vitro using serum and nasal samples from the same group of
mice. However, these samples did not show any appreciable cross-
neutralizing activity against the H5N1 virus strains. The inability
to detect any neutralizing activity in the nasal wash samples was,

again, likely due to the dilution of antibodies by PBS when the nasal
wash samples were collected.

34. Cross-protection against different H5N1 influenza virus
strains by intranasal inoculation with seasonal influenza vaccine
and Ampligen

We next examined whether the combination of the
seasonal influenza vaccine and Ampligen could confer cross-
protection against heterologous H5N1 influenza viruses,
including the A/Vietnam/1194/2004, A/Hong Kong/483/97 and
Allndonesia/6/2005 strains (Table 2). We immunized mice,
either intranasally or subcutaneously, with 1ug of seasonal
influenza vaccine and 10ug of Ampligen, then monitored
viral titer and survival of mice after intranasal challenge with
a lethal dose of A/Vietnam/1194/2004, A/Hong Kong/483/97
or A/lndonesia/6/2005 virus. Mice that had been inoculated
intranasally or subcutaneously with a combination of triva-
lent virus and Ampligen showed a significant reduction in
A/Vietnam/1194/2004 virus titer, compared with non-inoculated
mice. Furthermore, 50% of the intranasally inoculated mice
survived, whereas all of the subcutaneously inoculated mice
had succumbed to death by 14 days post-infection with
A/Vietnam/1194/2004 virus (Table 2). In challenges with 1000
PFU of A/Hong Kong/483/97 virus, mice that had been inoculated
with both the trivalent vaccine and Ampligen showed a 25%
reduction in virus titer, compared with non-inoculated mice

Table 2
Cross-protective effect of inoculation with seasonal influenza vaccine and Ampligen against HSN1 influenza viruses.
Vaccination (route) Challenge virus
A/Vietnam/1194/2004 A/Hong Kong/483/97 A/Indonesia/6/2005
Virus titer (pfu/ml) Survival rate (%) Virus titer (pfu/ml) Survival rate (%) Virus titer (pfu/ml) Survival rate (%)
Trivalent vaccine + Ampligen (i.n.) 435 + 231 50 103 £ 94 100 20500 + 4843 100
Trivalent vaccine + Ampligen (s.c.) 726 + 281 0 138 + 54 70 12400 = 1198 20
- 4505 + 1113 0 484 + 195 60 45200 = 5492 20
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(Table 2). At 14 days after challenge with A/Hong Kong/483/97,
all of the intranasally inoculated mice were still alive, whereas
30% of the subcutaneously inoculated mice (n=10) and 40% of
the non-inoculated mice (n=10) had died. Finally, in challenges
with A/Indonesia/6/2005 virus, mice that had been inoculated
intranasally or subcutaneously with the trivalent vaccine and
Ampligen combination showed a significant reduction in virus
titer compared with non-inoculated mice. At 14 days after challenge
with A/Indonesia/6/2005 virus, all of the intranasally inoculated
mice were still alive, whereas 80% of the subcutaneously inoculated
mice had died (Table 2). Taken together, these resuits indicate that
intranasal inoculation with the trivalent vaccine combined with
Ampligen is more effective against infection with heterologous
H5N1 influenza virus than subcutaneous vaccination.

4. Concluding remarks

To develop an effective influenza vaccine, it is beneficial to
mimic the process of natural infection that bridges the innate and
adaptive immune systems [12]. In the present study, we showed
that polyl:polyC12U (Ampligen®) has mucosal adjuvant activ-
ity when co-administered intranasally with formalin-inactivated
H5N1 influenza whole-virion vaccine or the trivalent-inactivated
influenza vaccine licensed in Japan for the 2005-2006 season.
It increased both the mucosal and systemic humoral responses,
and protected mice against homologous and heterologous highly
pathogenic H5N1 avian influenza viruses {10,11]. Because TLR3,
the receptor that is activated in response to Ampligen [13], is
localized to the endosomal compartment in cells, concomitant
administration of Ampligen and liposomes may be more effective
than Ampligen alone. In fact, chitin microparticles, as a carrier for
poly(1:C), enhanced antibody responses and provided protection
against lethal H5N1 influenza virus challenge when administered
in conjunction with poly(1:C) [14]. We have also observed that
co-administration of H5N1 vaccine with Ampligen as a mucosal
adjuvant elicited high levels of vaccine-specific IgA titer in saliva
and IgG titer in the serum in Cynomolgus macaques (Ichinohe et
al. unpublished data). Plans to test the efficacy of the adjuvant-
combined intranasal influenza vaccine in human clinical trials will
be underway in Japan as early as 2010. Finally, it would be of
great benefit to develop biocompatible materials that will enhance
the adhesion and uptake of vaccines in the nasal cavity and the
respiratory tract. This could significantly enhance the efficacy of

inoculation in humans, since the relative extent of the nasal cavity
differs from that in mice, and most of the vaccine is ingested when
it is intranasally administered to humans.
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SPECIAL REPORT

Pandemic flu: from the front lines

As the novel HIN1 pandemic flu virus infects people worldwide, researchers in some of the affected
countries describe in their own words the scientific and public-health challenges they face.

MEXICO

POPULATION 110 MILLION

Data suggest that Mexico has seen two waves of
infection — the first, which peaked in late April,
affected the Mexico City area, and the second,
broader wave spanned June through August
in southern states, including Chiapas, Yucatan
and Quintana Roo. To prepare for a potentially
larger wave this winter, Mexico is raising pub-
lic awareness, standardizing timely diagnosis
and treatment and reinforcing equipment and
management protocols in intensive-care units
throughout the country.

To improve surveillance, Mexico has acceler-
ated the upgrading of its public-health labora-
tory network. The national reference laboratory
and 28 states will soon have real-time PCR
for running diagnostic tests. This builds on a
restructuring of Mexico's national surveillance
and reporting systems, which started in 2007.

As Mexico’s strategic reserve of antivirals
would cover only 1% of the population for
community cases and up to 80,000 hospitalized
cases, the nation is implementing a central logis-
tics and delivery system to assure their efficient
allocation. The country also expects to have 20
million doses of the HIN1 vaccine available
by December. As even this would cover only a
fraction of the population, the government will
prioritize health-care workers, then individuals
at risk of severe disease, such as pregnant women
and people with chronic underlying illnesses.
Stefano Bertozzi, executive director at the Center
for Evaluation Research and Surveys at the
National Institute of Public Health in Cuernavaca

AUSTRALIA

POPULATION 21 MILLION

The timing of the epidemic has differed across
the country, which has meant that we needed
different public-health measures and messages
in individual states. The pandemic virus seems
to be outcompeting the seasonal flu viruses.
The great majority of flu cases around the
country are now pandemic HIN1.

One interesting question is whether this
pandemic virus will completely replace any of
the seasonal flu strains. If it doesn’t, that's going
to complicate the production of future seasonal
flu vaccines, as we will need a vaccine against
four strains instead of the current three. The
Australian government has ordered 21 million

20
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doses of dedicated pandemic virus vaccine, so
if we need two doses per person, that covers half
the population. There has been alot of discus-
sion about who should get it first, and when.

We are seeing similar patterns of disease
severity to those reported worldwide, with
most cases being mild. But there have been a
significant number of cases with severe disease,
not just in the at-risk groups, but also in healthy
people. Our indigenous population is being
hit harder, and we are seeing disproportionate
numbers hospitalized with severe disease.

An important message for other countries
that have intensive-care facilities is to expect
significant pressure on them. There is a need
for mechanical ventilators, and we have seen
heavy use of scarce extracorporeal membrane
oxygenation units.

Anne Kelso, director of the World Health
Organization Collaborating Centre for Reference
and Research on Influenza in Melbourne

JAPAN

POPULATION 128 MILLION

Japan stopped counting cases on 25 July and
launched a new cluster surveillance system that
is directly in the hands of the health ministry.
Our Infectious Disease Surveillance Center no
longer has any disease data feed, making it dif-
ficult to analyse epidemiological trends or dis-
ease burden. But we have received hundreds of

© 2009 Macmillan Publishers Limited. All rights reserved
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reports through routine sentinel-based surveil-
lance of clusters of disease from many regions
and big cities, so there is extensive spread.

The demand on public-health services to
report and investigate all cluster cases is over-
whelming public-health staff and leading toa
breakdown in the normal public-health diag-
nostic service in local laboratories.

With the rising numbers of cases we are see-
ing a corresponding increase in deaths. As else-
where, it is younger people who are affected with
more severe disease requiring hospitalization,
but the overall hospitalization rate is no greater
than that of human seasonal influenza. Japan
has an ageing population with large numbers of
people older than 65, many with at-risk under-
lying health conditions, but so far pandemic
HINI seems to be largely sparing the elderly.

The country’s pandemic plan was based
almost entirely on a severe pandemic of H5N1
avian influenza, which limited medical consul-
tations to just a few hospitals.

The government seems to be relaxed with
the low level of epidemic by the less virulent
virus since May, and seems to have yet to draw
any lessons from the pandemic. As a result,
local and regional authorities have now inde-
pendently started to prepare for the coming flu
season.

Masato Tashiro, director of the Department of
Viral Diseases and Vaccine Control at the National
Institute of Infectious Diseases in Tokyo

SOURCE: ECDC
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ARGENTINA

POPULATION 40 MILLION

The current epidemiological situation is a
generalized spread of the virus throughout the
country, although with a marked downward
trend in the number of reports of the levels of
influenza-like illness. The epidemic started in
mid-May in Buenos Aires, and three weeks later
spread to the city’s larger metropolitan area.
Activity peaked on 25 July, with influenza A
representing 80% of the circulating respiratory
viruses; 65% were HIN1-pandemic confirmed.
Very few isolates were H3 and H1 seasonal.

Health systems in Argentina were overloaded
because of government advice to people to con-
sult a physician on first signs of flu symptoms
such as fever or cough.

The major challenge at the lab level was in
diagnosing the first cases produced by a new,
unknown virus. Later, the challenge was for lab
capacity to meet demand. Information transmit-
ted to the public was not always clear enough,
and the mass media had a negative role, includ-
ing providing contradictory information and
producing fear.

Vilma Savy, head of the respiratory virus service at
the National Institute for Infectious Diseases in
Buenos Aires

VIETNAM

POPULATION 85 MILLION

The first cases in Vietnam were at the end of
May, a bit later than in many other parts of
Asia, probably because Vietnam does not
have a major international airport hub. We are
now seeing an increase in disease and a small
number of severe cases. Vietnam was a hotspot
for H5N1 avian influenza in 2003 and 2004, and
the pandemic preparation that resulted from
both this and SARS has made a massive differ-
ence to the current situation.

Prior to avian flu, few hospital staffhad com-
munity-acquired pneumonia on their radar;
attention was concentrated on malaria, dengue
fever and tuberculosis. Now clinicians have
a much greater awareness of the need to look
out for clusters of respiratory illnesses. There
has also been greater interaction and collabora-
tion between clinical and other researchers, and
between centres across the country.

Access to vaccines and drugs remains an
important issue. There is a global shortage of
vaccines, and the rich countries have bought
up all the first stocks. This is a really urgent
issue; if we can get this right now, then many of
the past issues around sharing of samples, data
and general openness on emerging infectious
diseases will be helped, maybe resolved. If we
get it wrong, we will be back to square one. If
ever there was a time for the rich world to reach

out and ensure equity of access to drugs and
vaccines, it is now.

Jeremy Farrar, Vietnam director for the Wellcome
Trust Major Overseas Programme, director of
Oxford University's Clinical Research Unitin

Ho Chi Minh City, and coordinator of the South East
Asia Infectious Disease Clinical Research Network

UNITED STATES

POPULATION 301 MILLION

US health-care systems have been stretched and
have no surge capacity. The system cannot han-
dle this pandemic, even it if remains moderate
in severity. The same applies to many of the sup-
plies we get. Ask anybody who has tried to order
an N95 respirator recently; there aren't any. We
recently surveyed a group of world-class phar-
macists to identify the essential drugs needed
daily to keep patients from dying. They came
up with a list of more than 30 — all generics,
and most made offshore, mainly in Asia, and
China and India in particular. Nobody is think-
ing what might happen to US or global supply
chains when pandemic flu hits these countries,
where the primary workforce are the young,
who are most affected by the virus.

The United States has a federal programme
for vaccine procurement but it is administered
at the state level, and the two do not always mesh
up. It is still not clear how this vaccine is going to
be rolled out, or whether it will be here in time.

I worry most that, given current existing
public concerns about vaccines, in the autumn
we might see mounting public responses and
concerns about pandemic-vaccine safety, and
people refusing to be vaccinated. Expect the
unexpected over the next six months.

Michael Osterholm, director of the University of
Minnesota's Center for Infectious Disease
Research and Policy in Minneapolis

INDIA

POPULATION 1.1 BILLION

The virus is now transmitting in city clusters.
Large numbers of people are turning up at des-
ignated testing facilities, swamping an already
stretched surveillance system, so there is little
room for monitoring mutations and reassort-
ment. This should be done. One way would be
to bring in academic labs outside of the gov-
ernment testing system, but sharing of clinical
materials and trust is low.

Deaths have sparked a fair amount of con-
cern and panic. Poor communication of risks
by the government and the public-health sys-
tem is largely to blame.

Even if this pandemic remains moderate, the
impact in India is likely to be severe, owing to
its high population density, low awareness of

©® 2009 Macmillan Publishers Limited. All rights reserved
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the pandemic and the propensity of the virus to
infect the young (50% of Indians are under 25
years of age). Moreover, there is a high load of
other infectious diseases as well as chronic con-
ditions, groups that are at higher risks of severe
forms of pandemic HIN1 disease. The health-
care infrastructure is poor.

Despite this bleak outlook, India has strengths
for tackling the virus, including that the govern-
ment has pandemic plans in hand, and that we
have a vibrant generic-pharmaceutical industry
as well as a decent capacity for manufacturing
vaccines. There is little clarity, however, as to
India’s vaccine plans, and the regulatory proc-
ess is archaic, so it is not even clear whether
pandemic vaccine could be rapidly approved
for use in the country. The government says it
has enough Tamiflu for 3 million people.
Shahid Jameel, head of the virology group at the
International Centre for Genetic Engineering and
Biotechnology in New Delhi

SUB-SAHARAN AFRICA
POPULATION 800 MILLION

H1N1 has not yet been reported in Nigeria, or
any of the other sub-Saharan African countries
with which we collaborate — Niger, Burkina
Faso or the Central African Republic, although
the Democratic Republic of Congo has one con-
firmed case. But surveillance is still very poor,
and the virus may well often escape detection.
International media attention to the pandemic
is probably more than it deserves from an Afri-
can public health point of view. Any diversion
of resources from other important programmes
needs to be carefully evaluated for long-term
cost-benefit and sustainability.

Systems for lab surveillance and reporting of
respiratory illnesses have improved since H5N1,
which has hit nine sub-Saharan African coun-
tries since it first spread to the continent in 2006.
With international support Nigeria, for exam-
ple, has set up a central national laboratory for
human influenza surveillance in Abuja, as well
as several decentralized satellite labs.

There is no culture of testing for respiratory
viruses, however, and the effort that went into
H5N1 control is losing steam. The H5N1 virus
was perceived as a major threat to the poultry
industry, whereas the disease burden of pan-
demic flu seems low. Don’t expect much mobi-
lization for a virus where most cases are mild.m
Claude P. Muller, head of the Institute of
Immunology at the WHO Collaborative Center for
Reference and Research on Measles Infections in
Luxembourg

Interviews by Declan Butler
See www.nature.com/swineflu for more on
pandemic flu.
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Abstract Two hundred and seventy-two strains of Strepto-
coccus pyogenes isolated from patients with invasive and
noninvasive infections in Japan were evaluated for the
prevalence of fibronectin-binding protein genes (priFl and
prtF2). The possible associations of the genes with strepto-
coccal pyrogenic exotoxin genes, macrolide resistance
genes, and emm types were also evaluated. Overall, about
50% of S. pyogenes isolates carried fibronectin-binding
protein genes. The prevalence of the priF/ gene was signifi-
cantly higher among isolates from noninvasive infections
(71.4%) than among isolates from invasive infections
(30.8%; P = 0.0037). Strains possessing both the prifl and
prtF2 genes were more likely to be isolates from noninva-
sive infections than isolates from invasive infections (50.6%
vs 15.4%; P = 0.019). 5. pyogenes isolates with streptococcus
pyrogenic exotoxin genes (speA and speZ) were more
common among isolates without fibronectin-binding protein
genes. The speC gene was more frequently identified among
isolates with fibronectin-binding protein genes (2 = 0.05).
Strains belonging to emm75 or emmi2 types more [re-
quently harbored macrolide resistance genes than other
emm types (P = 0.0094 and P = 0.043, respectively). Strains
carrying more than one repeat at the RD2 region of the
prtFl gene and the FBRD region of the priF2 gene were
more prevalent among strains with macrolide resistance
genes than among strains negative for macrolide resistance
genes. These genes (i.e., the prtFl, priF2, and spe genes)
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may enable host-bacteria interaction, and internalization in
the host cell, but may not enable infection complications
such as invasive diseases.

Key words Streptococcus pyogenes - priFl gene - prtF2 gene
- Macrolide resistance - spe gene - emum type

Introduction

Streptococcus pyogenes is a major ctiological agent causing
various infectious diseases; both noninvasive diseases, such
as acute otitis media (AOM) and pharyngo-tonsillitis, and
invasive diseases, such as toxic shock syndrome, bactere-
mia, purulent arthritis, rheumatic fever, and necrotizing
fasciitis.' Although S. pyogenes has long been considered an
extraccllular pathogen that adheres to human mucosal epi-
thelium. some isolates possess invasive capacity for cultured
human epithelial cells.” Penicillins were reported to fail
to eradicate §. pyogenes in up to 30% of patients with pha-
ryngo-tonsillitis. The intracellular localization of S
pyogenes is a good explanation for antimicrobial treatment
failure in S. pyogenes infections.™

Surface proteins have been considered as virulence
factors of S. pyogenes, and more than a dozen surface pro-
teins may be involved in the adherence and intracellular
invasion of this pathogen.”®’ Fibronectin-binding proteins
encoded by the prtFl and prtF2 genes have been shown to
be important adhesins for the binding to the extracellular
matrix of respiratory cpithelial cells that results in promot-
ing the entry of S. pyogenes into the cells.® Although the
prifFl gene was shown to be prevalent among S. pyogenes
strains persisting among asymptomalic carriers, a recent
study showed no association between the prtFl gene and
the source of isolates such as those obtained from invasive
diseasc and those obtained from the throat swabs of asymp-
tomatic carriers.”"" In Japan, about 77.3 % of S. pyogenes
isolates from the throat swabs of paticnts with pharyngitis
were reported to harbor the priFl gene." The prevalence
of the prtF2 gene was also not different among strains
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Reference

3
31
31
36
17
17
17

PCR product

248
955
584
782
155
416
536
391
706
125
250
189

148

Annealing
temperature
44°C
44°C

4°C

44°C
44°C
44°C

44°C

44°C

44°C

60°C

62°C

55°C

55°C

ATT CTT GAG CAG TTA CC

TGG TAG AAG TTA CGT CC

AAA TAT CTG ATCTAGTCCC

GTA ATT AAT GGT GTA GCC

TAG TAG CAA GGA AAA GG

CTA TTC TCT CGT TAT TGG

TTT CAT GTTTATTGC C

CAT TGG TTC TTC TTG ATA AG

TAA TAT AGC CTG TCT CGT AC

TCG CCG TTT CACTGA AAC CACTCA
GGA ATC TCA GAG TTA CTT TCT GGT TCC
ACT ATA AAG ATA AGA TACTCA ACA GT
TCG GCT ATA GCG ATA CGT TTA ATC

Reverse primer

GTT GAG ACA

GAA GAA AAG CTT CCA GAC GAG CAA GG

Streptococcus invasive locus genes

ATA TCT CCA CCA ATC ACT TTA AGT A
GAT GAA GTT CGT CAA GCT GACT

TAA GAA CCA AGA GAT GG

AAG AAG CAA AAG ATA GC

GATTTCTACTTATITCACC

TACTTG GAT CAA GACG

AGA AACTTATITGCCC

AGA TTG GAT ATC ACA GG

ATCTTT CAT GGG TACG

TAA CTC CTG AAA AGA GGCT

GTG TAG AAT TGA GGT AATTG
Fibronectin-binding protein genes

TTT TCA GGA AAT ATG

Primer sequence, 5” — 3’
Forward primer

speA
speB
speC
speF
speG
speH
spel
speZ
ssa
priFl
prtF2
silC

silD

Table 1. Primers used in this study for gene profiles

Streptococcus pyrogenic exotoxin genes

Gene

isolated from asymptomatic carriers and strains isolated
from patients with pharyngitis.

Streptococcus pyrogenic exotoxins, a family of highly
mitogenic proteins, encoded by spe genes, are secreted by
the vast majority of S. pyogenes, have very potent activities
as superantigens, and play key roles in disease manifesta-
tion."? However, there is no study regarding the prevalence
of prtFI and prtF2 genes and the distribution of spe genes
in Japan.

In this study, we evaluated the possible association
between specific patterns of fibronectin-binding protein
genes and the source of infections in noninvasive and
invasive diseases in a Japanese population. We further
examined the relationship among fibronectin-binding
protein genes, streptococcus pyrogenic exotoxin genes,
and the streptococcal invasive locus gene (sil gene). The
relationship among fibronectin-binding protein genes,
emm types, and macrolide resistance genes was also
investigated.

Materials and methods
Strains

We evaluated 259 S. pyogenes isolates from individual
patients with noninvasive diseases (tonsillitis, 168 isolates;
rhinosinusitis, 51 isolates; acute otitis media (AOM), 38
isolates; conjunctivitis, 2 isolates) and 13 S. pyogenes iso-
lates from individual patients with invasive diseases (septi-
cemia, 5 isolates; purulent arthritis, 4 isolates; meningitis, 2
isolates; necrotizing fasciitis, 1 isolate; peritoneal abscess, 1
isolate). All strains were isolated between 2002 and 2004 in
different regions of Japan. The patients were 128 males and
144 females, ranging in age from 1 to 72 years (mean  SD,
21.3 + 16.8 years). S. pyogenes was identified on the basis of
B-hemolysis, Gram’s stain, latex agglutination with a com-
mercially available latex reagent (BioMérieux SA, Marcy
I’Etoile, France), the PYR test (Nippon Becton Dickinson,
Tokyo, Japan), the rapid ID 32 Strepto test (BioMérieux),
and bacitracin (Oxoid, Cambridge, UK) susceptibility. All
strains were stored at —80°C in Todd-Hewitt medium (Difco
Laboratories, Detroit, MI, USA) until the study.

Polymerase chain reaction (PCR)

Total genomic DNA from S. pyogenes isolates was pre-
pared by lysis and ethanol precipitation methods. In brief,
S. pyogenes isolates were lysed by using lysis solution con-
taining 1 M Tris pH 8.9, 4.5% nondent-P-40, 4.5% Tween-
20, and 10 mg/mi proteinase K, and genomic DNA was
precipitated by ethanol methods. The target gene was
amplified in a DNA thermal cycler (Gene Amp PCR System
9700: Parkin Elmer, Norwalk, CT, USA). The primers, the
annealing temperatures, and the PCR product size for the
priFl gene,*" the priF2 gene,™ and the spe genes'” are
" listed in Table 1. Macrolide resistance genes (mefA, ermB,
and ermTR) of S. pyogenes were determined by the PCR
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Table 2. Prevalence of fibronectin-binding protein genes according to the source of the isolates

pnl'.'l and priF2 genes

Absent

prtF2 gene

Numbers of  prtFi gene

isolates

Source

prtF2 gene

priFl gene

Total

Frequencies
of FBRD
repeats

Total

Frequencies of RD2

repeats

Total

Frequencies of

Frequencies of RD2

repeats

FBRD repeats

46.2%

6
39

15.4%
50.6%
49.0%

2
131

2
45

23.1%
13.5%
13.9%

3
35
38

8

2
54
56

13
259
272

Invasive

15.4%
20.8%
20.6%

15.2%
16.5%

0

105

23

4

10 23

10

Noninvasive

Total

45

133

369

methods described by Weber et al.’ PCR detection of the
streptococcal invasive locus (sil) gene was performed
according to the method described by Bidet et al.”” The
products were analyzed by gel electrophoresis in a 2% (wt/
vol) agarose gel. All the PCR experiments were conducted
in duplicate.

Sequencing

The number of RD2 repeats of the prtFI gene and FBRD
repeats of the prtF2 gene was confirmed by the direct
sequencing of several representative PCR amplified prod-
ucts using an Applied Bio-systems sequencing kit and ABI
Prism 310 Genetic Analyzer (Applied Bio-systems, Carls-
bad, CA, USA).

The emm typing of S. pyogenes was performed by DNA
sequencing according to the recommendations of the
Division of Bacterial and Mycotic Diseases, the Centers
for Disease Control and Prevention (CDC) and the emm
sequence database (http://www.cdc.gov/ncidod/biotech/
strep/strepindex.htm).

Statistical analysis

Comparisons between two groups were analyzed by
Fisher’s exact test. A P value of <0.05 was considered sta-
tistically significant. Calculations were performed using the
statistical software package Prism 4 (GraphPad Software,
Inc, Ja Lolla, CA, USA).

Results

Prevalence of fibronectin-binding protein genes according
to sources of the isolates .

Among the 13 isolates from invasive infections, prtF1, priF2,
and both genes were identified in 2 (15.4%),3 (23.1%), and
2 (15.4%) isolates, respectively (Table 2). On the other
hand, among the 259 isolates from the noninvasive infec-
tions, priFl, prtF2, and both genes were identified in 54
(20.8%), 35 (13.5%), and 131 (50.5%) isolates, respectively.
The prtFI and prtF2 genes were more prevalent among
isolates from noninvasive infections than among isolates
from invasive infections (84.8% vs 53.8%; P = 0.013). The
prevalence of the prtF1 gene among isolates from noninva-
sive infections was greater than that among isolates from
invasive infections (71.3% vs 30.8%; P = 0.0037), while
there was no difference in the prevalence of the prtF2 gene
according to the source of the isolates 64.0% vs 38.5%; P =
0.0788). The prevalence of strains possessing both genes
was significantly higher among isolates from noninvasive
disease than among isolates from invasive diseases (50.5%
vs 15.4%; P =0.019).

The 129 (69.7%) of 185 isolates with the prtFI gene from
noninvasive infections carried more than one repeat in the
RD2 domain, while no isolates with the prtFI gene from
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Table 3. Relationship of fibronectin-binding protein genes with streptococcal pyrogenic exotoxin genes and streptococcal invasive locus genes

Numbers (%) of isolates with

Streptococcal pyrogenic exotoxin genes

Streptococcal invasive

locus
speA speB speC speG speH speZ silC silD

priFl gene

Positive 189 21 (11.1%) 189 (100%) 143 (75.7%) 3(16%) 1(0.5%) 9 (4.8%) 26 (13.8%) 26 (13.8%)

Negative 83  25(30.1%) 83 (100%) 43 (51.8%) 8(96%) 2(24%)  20(24.0%) 9 (10.8%) 9 (10.8%)
prtf2 gene

Positive m 19 (11.1%) 171 (100%) 120 (70.2%) 5(9%) 1(06%) 8 (4.7%) 20 (117%)  20(11.7%)

Negative 101 27(26.7%) 101 (100%) 66 (65.3%) 6(59%) 2(20%) 21(208%) 15(14.9%) 15 (14.9%)
Total 272 46(169%) 272 (100%) 186 (68.4%) 11(4.0%) 3 (L1%) 29(10.7%)  35(129%) 35(129%)

invasive infections carried more than one repeat in the RD2
domain (P = 0.0095). In contrast, no significant differences
were found in the numbers of repeats in the FBDR domain
of the prtF2 gene carried by isolates from invasive or non-
invasive infections (P = 1.00).

Relationship of fibronectin-binding protein genes with
streptococcal pyrogenic exotoxin genes and streptococcal
invasive locus genes

Out of 189 S. pyogenes isolates with the preFl gene, 21
(11.1%), 189 (100%), 143 (75.7%), 3 (1.6%), 1 (0.5%), and
9 (4.8%) isolates were positive for the speA, speB, speC,
speG, speH, and speZ genes, respectively, compared with
25(30.1%), 83 (100%), 43 (51.8%), 8 (9.6%),2 (2.4%), and
20 (24.0%) isolates, respectively, in the 83 prtFl-negative
isolates (Table 3). The differences in the prevalence of the
speA, speG, and speZ genes between the prtFI-positive and
priFl-negative strains were statistically significant (P =
0.0003, P = 0.0041, and P = 0.0001, respectively). In contrast,
the speC gene was predominant among the prtFI-positive
strains (75.6%) compared with the prtFl-negative isolates
(P = 0.0002).

Of 171 S. pyogenes isolates with the prtF2 gene, 19
(11.1%), 171 (100%), 120 (70.2%), 5 (2.9%), 1 (0.6%), and
8 (4.7%) isolates were positive for the speA, speB, speC,
speG, speH, and speZ genes, respectively, compared with
27 (26.7%), 101 (100%), 66 (65.3%), 6 (5.9%), 2 (2.0%),
and 21 (20.8%) isolates, respectively, in 101 prtF2-negative
isolates (Table 3). The prevalence of the speA and speZ
genes among the prtF2-positive isolates was higher than
that among the preF2-negative isolates (P = 0.013 and
P = 0.0001, respectively). :

The overall prevalences of the speA, speB, speC, speG,
speH and speZ genes were 16.9%, 100%, 68.4%, 4.0%,
1.1%, and 10.7%, respectively. The speF, spel, and ssa
genes were not identified.

The prevalences of the si!C and silD genes among prtFl-
and prtF2-positive isolates were similar to those among
prtFl- and preF2-negative isolates.

Relationship between fibronectin-binding protein genes
and emm types

The 272 S. pyogenes isolates belonged to 32 emm types. The
predominant emm types were emm12 (56 isolates; 20.6%),
emm1 (39 isolates; 14.3%), emm75 (31 isolates; 11.4%),
emm?28 (22 isolates; 8.1%),emm4 (16 isolates; 5.9%),emm11
(15 isolates, 5.5%), emm89 (15 isolates; 5.5%), and emm58
(10 isolates; 3.7%). These eight emm types accounted for
75.0% of the total S. pyogenes isolates (Table 4).

Isolates belonging to emm58 (80.0%), emm15 (64.5%),
and emm4 (50.0%) types possessed the prtFI gene alone.
In contrast, only isolates belonging to emm89 (13.3%)
possessed the prtF2 gene. Isolates belonging to emmll
(86.7%), emm89 (86.7% ), emm28 (81.8%), emm12 (80.4%),
and emm4 (43.8%) types possessed both the prtF1 and
priF2 genes. About 79.5% of the emm]l type isolates did
not possess either the prtFl gene or the priF2 gene
(Table 4).

Relationship of macrolide resistance genes with
fibronectin-binding protein genes and emm types

A total of 47 (17.3%) strains had either the mefA, ermB, or
ermTR genes. Thirty-one of these strains (66.0%) had the
mefA gene, 6 (12.8%) had the ermB gene, and 10 (21.2%)
had the ermTR gene. The strains having macrolide resis-
tance genes had a higher prevalence of the prtFl gene
(P = 0.0356), while there was no association between the
macrolide resistance genes and the preF2 gene (P = 0.2492).
Strains belonging to the emm75 and emm12 types harbored
macrolide resistance genes at a greater prevalence than
other emm types (P = 0.0094 and P = 0.043, respectively).
Strains that carried more than one repeat at the RD2
domain of prtFI and more than one repeat at the FBRD
domain of prtF2 were more prevalent among isolates
with macrolide resistance genes than among isolates
without macrolide resistance genes (P =0.0031 and P = 0.05,
respectively) (Table 5).

- 126 -



Table 4. Relationship between fibronectin-binding protein genes and
emm types

priFl prtF2 Both None Total

Source of isolates
Invasive 2 3 2 6 13
Noninvasive 54 35 131 39 259

emm type

1 2 2 4 31 39
2 2 1 3
3 8 1 9
4 8 1 7 16
6 | 4 1 6
9 2 2
1 1 1 13 15
12 1 8 45 2 56
18 1 1
2 4 1 2 7
28 2 2 18 22
44 1 |
48 3 1 4
49 1 1
53 1 1
54 1 1
58 8 1 1 10
63 1 1
68 3 3
73 1 4 5
75 20 1 3 7 31
77 1 1 2
80 1 1 2
87 1 1
89 2 13 15
94 5 1 6
102 1 1
103 1 1
104 1 1
112 1 I
113 1 1
st815 1 |
st3211 1 1 2
stL62 1 1 2
st1731 1 1
1759 1 1
Total 56 38 133 45 272

Table 5. Macrolide resistance gene and its relationship with FBP and
emm type among GAS isolates

Macrolide Total

resistance

emm types

4 9 11 12 28 58 75 77 113

mefA
prtFl 2 1
priF2 9
Both 1 1 2 10 1
None 4 1
ermB
prifFl 1
prtF2 1
Both 1 1 2
None
ermTR
priFl 2
priF2 1
Both 4 1 1
None 1

(=B (VIR = P ]

—_ = N

FBP, fibronectin-binding protein; GAS, group A streptococcus

3n

Discussion

Surface proteins such as fibronectin-binding proteins repre-
sent important virulence factors for S. pyogenes.'® Binding
to extracellular matrix proteins supports the persistent colo-
nization of S. pyogenes on mucosal surfaces. The prtFI gene
has been identified in a high percentage (77.3%) of strains
from patients with pharyngitis.” In the present study, the
proportion of isolates carrying the prtFI gene was higher
among strains from noninvasive infections than among
strains from invasive infections, although the prevalence of
isolates with the prtFI gene among strains from invasive
infections varied between 50% and 65% in other
studies.’**'*'>? In contrast, the carriage rate of the prtF2
gene was comparable to the proportion generally reported
in other studies.""” Isolates carrying the prtFl and prtF2
genes simultaneously were more prevalent among strains
from noninvasive infections than among strains from inva-
sive infections.'”?? Genomic analysis of the prtF1 and
prtF2 genes has shown that both genes are inherited either
within a potential pathogenicity island in the serotype M12
or at another locus on the genome of serotypes M3 and M18
as a potential consequence of genome-scale recombination
events.®? In the present study, the isolates with the priFl
gene from noninvasive infections had more RD2 and FBRD
repeats than the isolates from invasive infections. However,
the repeat numbers in the preFl gene were unrelated to the
ability to bind fibronectin. Repeat variations, such as the
repeat variations in M-protein of emm type 6, may alter S.
pyogenes to enable it to escape the immune system during
binding to epithelial cells.*? Of interest, in our study, S.
pyogenes isolates harboring speA and speZ were more fre-
quent among strains without the preFI and prtF2 genes, in
contrast to findings for speC. Streptococcal pyrogenic exo-
toxins cause potent inflammatory responses and tissue
damage. The speA and smeZ genes are considered to be
correlated with the development of severe complications of
diseases.” In contrast to the distribution of the speA and
speZ genes, we found no difference regarding the distribu-
tion of the si/ gene among prtFI- and prtF2-positive isolates.
These finding suggest that the prtFI and prtF2 genes may
contribute mainly to the binding of S. pyogenes to the extra-
cellular matrix of the host cell rather than contributing to
disease complications. Although a previous study supported
the idea that internalization has a potential role in the early
stages of invasive diseases, recent studies have demon-
strated that invasive isolates were internalized less effi-
ciently than strains derived from patients with skin or throat
infections.”>* However, the biological significance of the
internalization of S. pyogenes is not clear. The strains
bearing the prtF1 and/or the prtF2 gene might be better
colonizers of the human host.

In order to determine whether particular virulent clones
were circulating within Japanese populations, we further
evaluated the presence of macrolide resistance genes and
emm types in relation to the priFI and prtF2 genes. Tradi-
tionally, S. pyogenes has been classified on the basis of
serotype diversity of the M-protein. Because of the meth-
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odological limitation of serotyping, DNA sequence-based
methods for emm gene (emm typing) have been applied for
characterizing S. pyogenes. The use of emm typing has
allowed the recognition of several previously unknown
types in different geographic areas, demonstrating the use-
fulness of this procedure for detecting genetic diversity
among S. pyogenes isolates. The association between spe
genes and ermm type in S. pyogenes has also been reported.”
In the present study, the predominant emm types were
emml12, emml, emm75, emm28, emm4, emmll, emm89,
and emm58. There was a peculiar association of erm genes
with prtFl1 and prtF2 genes®'*** The emm75 strains were
more likely to possess prtFl, whereas strains belonging to
other emm types were more likely to possess the prtFl and
prtF2 genes.'™" Macrolide resistance was reported to be
detected at a higher incidence in noninvasive infections
than in invasive infections. Most of the isolates with erm
genes in the present study possessed either the prtFI or the
priF2 genes. Among the isolates with the mefA gene, we
found strains with the prtF2 gene at a prevalence of 29.0%
and both the prtFl and prtF2 genes at a prevalence of
45.2%, comparable with results in previous studies regard-
ing a nonconsistent association between the preFland mefA
genes.*'® Facinelli et al.* observed a strong association of
erm genes with the prtFl gene, while there was a less con-
sistent association of erm genes with mefA. A recent study
reported that prtFl-negative macrolide-susceptible or
mefA-carrying isolates, which were poorly equipped to
enter cells, produced more biofilm than macrolide-resistant
S. pyogenes.*®%

The current observations about fibronectin-binding
protein genes, streptococcus pyrogenic exotoxin genes, and
macrolide resistance genes associated with emm genes indi-
cates a clonal spread of particular clones across popula-
tions,'? suggesting an increased possibility that noninvasive
strains will be involved in the acquisition of antibiotic-
resistance determinants by interspecies recombination. Not
only virulence traits but also antibiotic resistance, especially
to macrolides, can enhance bacterial fitness and can be
responsible for treatment failures.

Conflict of interest None to declare.
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To develop an effective nasal vaccine for Streptococcus pneumoniae, the effects of a panel of Toll-like
receptor (TLR) agonists in combination with pneumococcal surface protein A (PspA) on induction of
PspA-specific antibodies and bacterial clearance were compared in mice. Mice were nasally immunized
with 10 pg of TLR agonist (TLR 2-4 and 9) and 2.5 pg of PspA once per week for 3 weeks. Significantly
increased levels of PspA-specific immunoglobulin G (IgG) and IgA in the airways and PspA-specific 1gG in
plasma were found in mice administered PspA plus each TLR agonist, compared with mice administered

';:m’ords" PspA alone. In a sub-lethal pneumonia model using a serotype 3 pneumococcal strain, bacterial density in
TLR agonist the lungs of mice was significantly reduced in mice administered PspA plus each TLR agonist, compared

with mice administered either PspA alone or phosphate-buffered saline alone 3 hafter bacterial challenge.
Similarly, enhanced bacterial clearance was found in the nasopharynx of mice administered PspA plus
each TLR agonist 1 day after infection with a serotype 19F strain. Our data suggest that PspA-specific
antibody induced by nasal immunization with PspA plus TLR agonist is capable of reducing the bacterial
load in both the nasopharynx and lungs after challenge with pneumococci with different serotypes.
Despite the skewed Th1/Th2 immune responses, the effects of nasal immunization with PspA plus each
TLR agonist on bacterial clearances from the lungs 3 h after infection and from nasopharynx 1 day after
infection in mice were equivalent.

Mucosal adjuvant

Nasal immunization
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Pneumococcal colonization
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protein tethered to the cell surface through its C-terminal choline-
binding repeat region [4]. PspA is present on all pneumococcal
strains, and anti-PspA antibody enhances bacterial clearance and

1. Introduction

Streptococcus pneumoniae (S. pneumoniae) is a leading human

pathogen causing diseases ranging from otitis media to pneumo-
nia, bacteremia, and meningitis in children and adults. Although
pneumococcal conjugate vaccine provides protective immunity
against pneumonia as well as invasive disease in infants [1,2],
polysaccharide-based vaccines are not ideal because they must
include multiple polysaccharide serotypes and do not protect
against strains with non-vaccine serotypes [3]. Previous investi-
gators have examined several pneumococcal proteins as potential
vaccine candidates with promising results [4-7]. One of these can-
didates, pneumococcal surface protein A(PspA)is a choline-binding
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induces cross-protection against infection from strains with differ-
ent serotypes [8]. According to the mapping studies of the major
cross-protective epitopes that reside in the ~100 amino acids of
the a-helical region, PspAs have been divided into seven clades
that constitute three families [9]. PspAs of families 1 and 2 are
expressed by >98% of strains. Anti-PspA antibodies overcome the
anti-complementary effect of PspA, allowing for increased comple-
ment activation and C3 deposition on PspA-bearing bacteria[10,11].

Nasal immunization is the most effective way to induce both
mucosal secretory-IgA responses and systemic IgG responses
[12]. An appropriate mucosal adjuvant is required to elicit an
antigen-specific immune response in both mucosal and systemic
compartments [13]. The Toll-like receptor (TLR) family is the best-
studied family of pattern recognition receptors, and it recognizes

— 130 —



Author's personal copy

3182 : K.Oma et al. [ Vaccine 27 (2009) 3181-3188

a broad spectrum of pathogen-associated molecular patterns from
different classes of microbes [14]. TLR ligands may stimulate den-
dritic cells (DC), thereby acting as an effective adjuvant to allow
a DC-targeted protein to induce protective CD4 T cell responses
at mucosal surfaces [13,14]. Thé balance of Th1/Th2 immune
responses appears to be dependent on each TLR ligand [15]. Thi
immune responses augment IgG2a production, while Th2 immune
responses enhance IgG1 and IgE production by B cells [16-18]. The
pattern of IgG subclass response may affect the bacterial clearance
afforded by such humoral immunity during infections. Two recent
studies employing a PspA DNA vaccine [19} and a nasal lactococ-
cal vaccine producing PspA [20] have suggested that the induction
of a balanced IgG1/lgG2a response to PspA correlates with an
increased protection against pneumococcal infections. Therefore,
in this study, we examined the relationship between the Th1- or
Th2-associated 1gG isotype response and the enhanced bacterial
clearance of S. pneumoniae from the airways after intranasal immu-
nization using a mixture of PspA plus each TLR 2-4 or 9 agonist in
mice.

2. Material and method
2.1. Mice

Female C57BL/6 mice (6-8-week-old) were purchased from
Charles River Japan, Kanagawa, jJapan. Mice were transferred to
microisolators and maintained in horizontal laminar flow cab-
inets. They were provided sterile food and water in a specific
pathogen-free facility. All mice used in these experiments were free
of bacterial and viral pathogens. '

2.2. Bacterial strains

S. pneumoniae WU2 strain with serotype 3, expressing PspA
belongs to family 1, clade 2 and is virulent in mice [21]. S. pneumo-
niae EF3030 strain with serotype 19Fis a clinical isolate, expressing
PspA belongs to family 1, clade 1, and is relatively avirulent in mice
[22]. These strains were kindly provided by Dr. D.E. Briles, Umver51ty
of Alabama at Birmingham.

2.3. Recombinant PspA

PspA used for nasal immunization in this study was recombi-
nant PspA/Rx1 (pUABO55) [5]. The recombinant plasmid pUABO55
containing the 0.9 kb pspA gene fragment inserted between the pelB
leader sequence and the His-tag site in vector pET20b (a gift from

- Dr. S.K. Hollingshead, University of Alabama at Birmingham) was
transformed into E. coli strain BL21 (DE3) for protein production.

Rx1/PspA is of PspA family 1 (clade 2), which is the same family as

both the WU2 strain and EF3030 strains. Induction with isopropyl-
thio-B-p-galactopyranoside (Sigma, St. Louis, MO) resulted in
production of 6x His-tagged recombinant PspA. The recombinant
PspAs were purified by chromatography chelating-sepharose 4B
pre-loaded with Ni* (GE Healthcare, Buckinghamshire, England)
according to the manufacturer’s instruction. The fraction containing
PspA was loaded onto a gel filtration superdex-75 5/30 GL column
(GE Healthcare) to further purify the PspA. Contaminated endo-
toxin was removed from the PspA preparation by using EndoTrapR
(Profos AG, Rosenberg, Germany). The purified PspA preparation
was analyzed for the presence of endotoxin using a chromogenic
Limulus lysate endopoint assay, QCL-1000R (Cambrex, Walkersville,
MD), and it contained 1.30ng of LPS per 1 g of PspA. To remove
LPS extensively from the PspA preparations, we used another LPS
removal column, ProteoSpin® (Norgen, Thorold, Canada) and pre-
pared the PspA with a lower concentration of LPS (0.048 ng of LPS
per 1 g of PspA).

2.4. Adjuvant

Pam3CSK4 is a synthetic tripalmitoylated lipopeptide that mim-
ics bacterial peptides [23], and is recognized by the TLR2/TLR1
heterodimer. Poly(I:C) is a synthetic analog of double-stranded
RNA, a TLR3 agonist [24]. Pam3CSK4, Poly(1:C), and Ultra Pure
Escherichia coli K12 LPS, a TLR4 agonist, were purchased from
InvivoGen (San Diego, CA). CpG DNA- ODN1826 (TLR9 ligand,
5/-TCCATGACGTTCCTGACGTT-3') was. purchased from Hokkaido
System Science (Sapporo, Japan) [25]. Each of these adjuvants was
used in a dose of 10 g for nasal immunization, because these TLR
agonists demonstrated potent adjuvant effects at this dose in mouse
experiments [24-26). : .

2.5. Nasal immunization

Mice were immunized three times at weekly intervals
intranasally with 12 .l of phosphate-buffered saline (PBS) contain-
ing 10 g of each TLR agonist and 2.5 pg of PspA, 2.5 u.g of PspA
alone or 12 pl of PBS alone on day 0, days 7 and days 14. On days
21, mice were euthanized to obtain plasma, bronchoalveolar lavage
fluid (BALF) and nasal wash (NW). A dose of 2.5 g of PspA was
employed for nasal immunization in this study, as nasal immu-
nization with this dose of PspA plus 10 ng of each TLR agonist
induces PspA-specific antibodies in the airways. A dose of PspA
alone for nasal immunization, therefore, contained 3.25 ng of LPS.
After removing the mandible, the nasal cavity was gently flushed
from the posterior opening of the nose with 1 ml of PBS [27]. The
NW flushing out from the anterior openings of the nose was col- .
lected. BALF was obtained by irrigation with 1 m! of PBS using of a
blunted needle inserted into the trachea after tracheotomy {28].

2.6. PspA-specific antibody assays

PspA-specific antibody titers of IgC, IgG1,1gG2aorlgAin plasma,

* BALF and NW were determined by ELISA as previously described

[28]). The coefficient variation (CV) of the levels of PspA-specific
1gG, 1gG1, IgG2a or IgA was also determined.
PspAwas used as the coating antigen (1 pg/ml). 100 wlof sample

" was added to each well, followed by incubation at 37 °C for 30 min.

The plate was washed, and then reacted with 100} of alkaline
phosphatase-conjugated goat anti-mouse IgA, IgG, IgG1 or [gG2a

- (Zymed, San Francisco, CA). The OD at 405 nm was then measured.

The end-point titers were expressed as the reciprocal Log; ofthe last
dilution giving an OD4p5 of 0.1 OD unit above the ODyg5 of negative
control samples obtained from non-immunized mice.

2.7. Pneumonia model

To determine the effects of nasal immunization with PspA plus
each TLR agonist, S. pneumoniae WU2 strain at a dose of 2.0 x 106 cfu
suspended in 30 pl of sterile saline was intranasally administered to
both immunized and untreated mice 2 weeks after the last immu-
nization. The 2-week interval between the last immunization and
the bacterial challenge was kept to avoid the influence of each TLR

_ agonist on pulmonary defense, as-some TLRs are involved in the

innate immune response to S. pneumoniae [29-31). The lungs were

" removed aseptically from mice that had been euthanized with pen-

tobarbital at 3h, 6h and 12 h post-bacterial challenge. The lung
tissue was homogenized in 9 ml of sterile saline per gram of lung
tissue prior to culturing and quantitative bacterial cultures of lung
tissue were performed on horse blood agar. The detection limit of .
bacterial culture of the lung tissue was 103 cfu/g. The survival rate
after intranasal challenge with 2.0 x 10 cfu of the WU2 strain was
100%..
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2.8. Nasal carriage model

S.pneumoniae EF3030 strainata dose of 3 x 10° cfuin suspended
30l 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-specificIgG
among mice nasally administered PspA plus each TLR agonist. The
CV of the levels of PspA-specific IgG 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 pg of PspA), PspA-specific 1gG
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 g 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 IgG isotype response, plasma samples were ana-
lyzed for PspA-specific IgG1 and IgG2a isotypes (Fig. 1B). Nasal
administration of PspA plus Pam3CSK4, Poly(1: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(I: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 CpG 1826 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
IgG 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(I: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 IgG (closed bar)(A), PspA-specific IgG1 (open bar)and 1gG2a (gray bar)(B)in plasma by intranasal immunization witheither PspA plus each
TLR agonist or PspA alone. Mice were nasally immunized three times weekly intervals with 10 pg of TLR agonist and 2.5 g 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. v,
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(1:C) or LPS; **+p< (.05, when compared with mice nasally administered PspA plus either PAm3CSK4, LPS or PspA

alone.
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