S-IgA and IgG standards for each IAV subtypes are not
commercially available, the concentrations of anti-IAV-specilic
antibody in the nasopharyngeal specimens and sera were

determined from the standard regression curves with human IgA
and IgG of known concentrations in a human IgA and IgG

quantitation kits (Bethyl Laboratories Inc., Montgomery, TX).
The relative values of anti-TAV-specific S-IgA- and IgG were
" expressed as units (U); one U of each anti-IAV-specific S-IgA and
IgG was determined from the regression curves as the point
corresponding to 1 fig of human IgA and 1 mg of human IgG
detected in the assay system, respectively, as described previously
[13,17]. Since the concentration of nasal wash samples varies
“~widely between individuals depending on the aspiration efficiency
and patient age, the concentration of anti-IAV-specific S-IgA (U/
mL) was normalized by the amount of protein (mg/mL). Since
there was no significant variability in serum protein concentra-

_ tions, the row values of anti-IAV-specific IgG concentrations (U/

mL) were used. The protein concentrations in the nasopharyngeal
specimens were measured using a bicinchoninic acid protein assay
reagent kit (Pierce, Rockford, IL).

Statistical analysis

Results are presented as the median (interquartile range), or
numbers (%) of observations. The S-IgA levels in nasopharyngeal
specimens of the different patient groups were compared by the
Mann-Whitney U-test and Wilcoxon signed-rank test. Between
group comparisons of disease symptoms were made using Fisher's
exact test with the Bonferroni correction. A P value ' <0.05 was
considered statistically significant. '

Results

Patient characteristics’

Table 1 lists the characteristics of patlenta of the five groups.
The most common features of influenza were fever (defined as
body temperature =38°C), sore throat, cough, nasal discharge,
headache and body aches. About half (48.6-64.7%) of the patients
in each group had received vaccination before the onset of the
influenza séason and no significant differences in the values were
observed among the five groups. The prevalence of disease signs
and symptoms at admission to hospital was similar among the five
~ groups. The time between onset of illness and initial examination
ranged from 1.0 to 1.9 days with a mean value of 1.7£0.6 days.

Table 1. Patient characteristics.
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Effects of OSV and ZNV on nasopharyngeal antiviral-S-
IgA production and serum antiviral-lgG in patients
treated with or without CAM

Table 2 summarizes the levels of anti-TAV(HINI1)- and (H3N2)-
specific $-IgA (U/mg protein) and total $-IgA (Ug/mg protein)
before and 5 days after treatment with OSV and ZNV, with or
without CAM. In the control {no treatment) group, significant
increases in the concentrations of anti-TAV-specific S-IgA against
subtypes HINL (P<<0.03) and H3N2 (P<0.01) were observed at 5
days after infection. The percentages of patiénts with greater than
or equal (=1-fold) to baseline titer before treatment and greater
than or equal to a four-fold increase (=4-fold) from baseline titer
in the no-treatment group against subtype HI1NI were 61.5 and
26.2, respectively, and against subtype H3N2 were 69.2 and 15.4,
respectively. Treatment ‘with OSV and ZNV significandy
suppressed the percentage of patients with =1-fold of baseline
titer against both HIN1 and H3N2 subtypes, compared with the
values in the no-treatment group. However, co-administration of
CAM and OSV boosted S-IgA induction and increased the’
percentage of patients with =1-fold of baseline titer from 42.9 to
63.0 against HIN1 and from 42.9 to 70.0 against FHI3N2 (P value
versus OSV group for HIN1: P<0.06 to <0.09, H3N2: <0.05).
Co-administration of CAM and ZNV resulted in mild restoration
of the suppressed percentage of patients with =1-fold of baseline:
titer from 37.0 to 50.0 against HINI and from 48.1 to 60.0 against
H3N2, although the differences between the two were not
statistically significant. There were no significant differences in
the percentages of patients with =4-fold of baseline S-IgA titer
among the five treatment groups.

Table 3 lists the levels of serum anti-IAV(H1N1)- and (H3N2)-
specific IgG (U/mL) and total IgG (mg/mL) before and 5 days
after treatment of IAV infection' with OSV and ZNV, with or
without GAM. Significant increases were noted in serum levels of
anti-IAV-specific IgG in all groups at 3 days after treatment,
except those against HINI in the OSV and ZNV groups. In
particular, ZNV treatment significantly reduced the percentage of
patients with =1-fold of baseline titer against HINI compan.d
with the no-treatment group, from 73.3 to 40.9 (P<0.01),in a
manner similar to that noted in mucosal S-IgA responses. In
addition, the combination of CAM plus ZNV significantdy
increased thé percentage of patients with =1-fold of baseline titer
against HIN1 (P<0.01), though the increase against H3N2 was

All patients ?:;atment osvy OSV+CAM ZNV ZNV+CAM

(n=195) (n=68) (n=70) (n=20) (n=27) {(n=10)
Age, years, (range)* ©59%33 (0-14)  73%3.9(0-14) 4227 (0-10) 5.1£2.1(1-9) 7.0x1.6(5-9) 69x20 (4-9)
Time between onset iliness and initial examination (days)* 1.7+06 1.6+£0.7 1.7x06 1.9+06 1606 1.0+07
Previous vaccination (%) 112(57.4) 44(64.7) 34(48.6) 12(60.0) 17(63.0) 5(50.0)
Fever (%5) 180(95.2) 63(92.6) 68(100) 16(88.9) 25(96.2) 8(88.9)
Sore throat (%) 68(35.4) 24(35.3) 20(29.9) 4(20.0) 15(55.6) 5(50.0)
Cough (98} 173(88.7) 64(94.1) 61(87.1) 16(80.0) 23(85.2) 9(90.0)
Nasal discharge (%) 177(80.8) 67(98.5) 64(91.4) 17(85.0) 20(74.1) 9(90.0)
Headache (%) 70(36.6) 26(38.2) 20(30.3) 4(20.0) 14(51.9) 6(60.0)
Body aches (%) 54(28.7) 16(23.5) 24(37.5) 3(15.8) 8(29.6) + 3(30.0)

*Data are mean=SD,
doi:10.1371/journal.pone.0070060.t001
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Table 2. Changes in anti-IAV-specific S-IgA production in untreated patients and patients treated with OSV and ZNV for 5 days, with or without CAM.

Percentage of patients with =1-fold and =4-fold increases in anti-'

Treatment n S-IgA concentration . ) JIAV-specific S-IgA concentration during treatment
Anti-IAV-specific S-igA (U/mg protein) Total S-lgA {ug/mg protein) ‘
HIN1 ) H3N2 HIN1 ' ' HaN2 ‘

=1-fold (After/ 24-fold (Aftar/ =1-fold (After/ =4-fold (After/

Before After Before After Before After before) before), before) before)

No treatment 65. 23 {0.5-5.7) 3.1 (1.2-7.8)* 2.2 {06-3.8) 31 (1 .0,—6,7)" 12076 (90.3-177) 143.5 (118-204)* 615 262 t69.2 15.4

osv 70 1.3 (0.6-5.9) 1.2 (0.4-5.0) 1.0 (0.4-2.8) 1.1 (0.5-3.1) 122.8 (79.1-147) 128.0 (82.8-163) 429° 18.6 $29% » 143

OSV+CAM 20 0.9 (0t3~1 4) 1.9 {0.3-12.3)* 0.7 {0.2-1.7) 15 (03-76) 121.6 {74.1-153) 134.1 (98.9-214)* 65.0% . 300 70.0° 20.0

NV 27 3.8 (1.7-12.3) 4.5 {0.5-1 5.8) 2.0 {1.4-3.8) 2.6 (0.5-7.8) 109.7 (86.8-181) 149.8 (101-216) 37.0° 185 48.1° 111

ZNVHCAM | 10 2.0 (1.6-7.1) 6.3 (2.2-19.5) 1.7 (1.2-2.4) 4.3 (1.8-11.6) 143.3 (104-202) 173.2 (151-207) 50.0 30.0 60.0 30.0

Data are median (interquartile range)

*P<0.05,

“P<0.01, versus before treatment for the same parameter (Wilcoxon signed-ranks test).
§p<0.05, versus the respective no treatment (Fisher's exact test). *P<0.01, versus the respective no treatment {Fisher's exact test).
#p<0.06 to <0.09, versus the OSV group (Fisher's exact test). 'p<0.05, versus the OSV group (Fisher's exact test).
doi:10.1371/journal.pone.0070060.t002

. Before and after denote before and after treatment, respectively.

Tab!e.é. Changes in anti-IAV-specific IgG production in untreated patients and patients treated with OSV and ZNV for 5 days, with or without CAM.

Treatment n

IgG concentration

Percentage of patients with =1-fold and =4-fold increases in anti-

1AV-specific 1gG concentration during treatment
Anti-JAV-specific 1gG {(U/ml) Total IgG (mg/mL)
HiN1 H3N2 HINT H3N2
A =1-fold (After/ =4-fold (After/ =1-fold (After/ =4-fold (After/

Before After Before After Before After before) before) before) before)
No treatment 49 0.5 (0.2-0.9) 0.8 {0.4-1.5)" 0.4 {0.2-0.7) 08 (0.3-1.4" 19.3 (10.9-48.3} 17.7 (10.2-28.1)* 735 » 306 735 347
Qsv 52 0.2 (0.03-0.7) 0.5 (0.06~1.0) 0.2 {0.04-0.5) 0.4 (0.06-1.1)° 13.2 (9.1-17.6) 11.8 (8.6-17.4) 63.5 21.2 75.0 327
OSV+CAM 14 0.5 (0.3-0.6) 0.9 (0.5-1.4)° 0.5 (0.2-0.5) 0.6 (0.4-1.2)* 14.1 (10.1-21.1) 12.0 (9.6-16.7) 786 214 85.7 14.3
ZNV 22 0.6 {0.3-1.1) 0.6 (0.4-1.1) 0.3 (0.2-0.5) 85 (0,4—0.9)", 119 (8.3-314) 15.3 (9.4-28.4) 409% 136 G8.2 - 182
ZNV+CAM 8 0.3 (0.2-0.6) 0.9 (0.2-1.8)% 0.4 (0.2-0.7) 1.4 (0.4-2.6)* 12.0 (8:.9-14.9) 100.0% 250 " 100.0% 50.0

154 (10.2-22.0)

Data are median (interquartile range). Before and after denote before and after treatment, respectively.

=<5,

*p<0.01, versus before treatment for the same parameter {Wilcoxon signed-ranks test).

¥p<0.01, versus the respective no treatment (Fisher's exact test).

#p<0,06 to <0.09, versus the ZNV group (Fisher's exact test).
1p<:0.01, versus the ZNV group (Fisher's exact test).
doi:10.1371/journal.pone,0070060.t003
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marginal, (P<0.06 to <0.09), compared with ZNV alone. There
were no significant differences in the percentages of patients with
=4-fold of baseline IgG titer among the five treatment groups.
Table 4 compares the prevalence of disease manifestations at
- day 3 after treatment. Significant improvements were noted in the
prevalence of cough in the OSV+CAM group, compared with the
O8V group (P<0.03), and nasal discharge in the ZNV+CGAM
group, compared with the ZNV group (£<0.03). However, there
were no significant differences in the effects of various treatments
on the other listed symptoms among the five treatment groups.

Frequency of re-infection in subsequent year
Based on the low level of acquired mucosal anti-IAV-specific S-
IgA after infection, patients were at risk of re-infection in the
subsequent year, particularly those treated with OSV or ZNV.
Figure 1 lists the percentages of re-infected individuals according
to the treatment received in the preceding year. The IAV
pHIN12009 was the predominant circulating virus in Japan with a
peak during October-December of 2009. Even under the spread of
a new virus subtype in the 2009/2010, only 8.6% of the children
“of the no-treatment group were re-infected. However, the
proportions of children treated the previous year with OSV and
ZNV who developed re-infection in 2009-2010 were significantly
higher at 37.3% and 45.0%, respectively (P<0.01), than those of
the no-treatment group. The combination treatment of GAM plus
OSV and CAM plus ZNV tended to reduce the re-infection vate
to 17.6% and 22.2%, respectively, albeit insignificantly.

Discussion

The main findings of the present study were the following: (i)
Treatment with antiviral neuraminidase inhibitors, OSV and
ZNV, tended to suppress the production of respiratory anti-IAV-
specific S-IgA as well as systemic anti-JAV-specific IgG in pediatric
patients with influenza. (if) The combination treatment of CGAM
plus OSV or ZNV mildly or significantly enhanced the production
of anti-IAV S-IgA in the nasopharyngeal specimens and/or anti-
IAV IgG in sera and tended to restore the suppressed local
mucosal and systemic immunity observed with antiviral inhibitor
agents. (iil) The rates of IAV re-infection in the subsequent year
were significantly higher for the OSV and ZNV groups than the
control group, whereas the combination of (‘A_\I plus OSV or
" ZNV tended to reduce such rate.

There is general agreement that the first line of host defense
against infection is mucosal immunity, particularly nasopharyngeal
immunity, which constitutes a major component of the immuno-
logical humoral and- cell-mediated responses in the upper and

Clarithromycin Enhances Immunity

lower respiratory tracts [18,19]. However, the currently
available intramuscularly and subcutaneously-injected influenza
vaccines predominantly induce systemic IgG but not S-IgA and
weak cellular immunity in the airway mucosa [18-21]. In fact,
the levels of anti-IAV S-IgA relative to the total sIgA were low
in nasal washes of all influenza patients on admission, whereas
serum levels of anti-IAV IgG levels varied widely, probably
reflecting the history of infection and vaccination in these
individuals [13,17]. Treatment of pediatric influenza with OSV
or ZNV for 5 days significantly suppressed acquired anti-IAV S-
IgA levels in nasal washes (Table 2) and these changes may also
explain the Inghcr frequency of re-infection in the OSV and
ZNV groups in the subsequent year (Figure 1). The results may
be supported by previous findings that mucosal $- -IgA s
primarily involved in cross-protection of the mucosal surface
against variant IAV infection, and the mechanism of broad-

. spectrum cross-protection could be explained by the wide-range

cross-reactivity of S-IgA [22-253].

The suppressive effects of OSV and ZNV on mucosal anti-IAV
S-IgA levels, probably due to diminution of viral antigen-
production by anti-viral neuraminidase inhibitors, seem to be
ameliorated by co-administration of CAM. CAM boosted mucosal
and/or systemic immunity and tended to increase the levels of
anti-IAV S-IgA in nasal washes and IgG in serum in the OSV-
and ZNV-treated panents (Tables 2 and 3). This effect of CAM
resulted in an increase in the percentage of patients with =1-fold
of baseline titer before treatment, particularly S-IgA in the OSV-
treated patients and IgG in the ZNV-treated patients. Although
patients of the ZNV group were slightly older (about 2 years) than
those of the OSV group, because of age limitation of oral
inhalation of ZNV powder, the observed effects of ZNV on
mucosal and systemic immunity were similar to those of OSV with
or without CAM. The effects of OSV and ZNV with or without
CAM could be clearer in naive children with low or undetectable
pre-existing immunological memory. The present results empha-
size the need to study the effects of CAM in adult patients with
pre-existing immunological memory and elderly patients with low

immunological responses.

Nasopharyngeal-associated lymphoreticular tissue is known as
the production site of nasal S-IgA, where IgA-committed B cells
undergo class switching. Subsequently, IgA-committed B cells
migrate to mucosal effector tissues including the nasal passages
[26]. We reported recently that CGAM enhances IgA class
switching recombination through upregulation of BAFF in
mucosal dendritic cells and activation-induced cytidine deaminase
in B cells [14]. The present clinical results add support to these
early studies.

Table 4. Rates of improvement of clinical symptoms after 5 days of no treatment and treatment with OSV, OSV+CAM, ZNV and

ZNV+CAM.
Improvement (%) Fever Sore throat Cough Nasal discharge Headache Body aches
No treatment (n=68) 94.1 (64/68) 92.0 (23/25) 35.4 (23/65) 41.5 (27/65) 96.0 (24/25) 100 (16/16)

oSV {n=70) 94:3 (66/70) 68.2 {15/22) 31.3 (20/64) 39.4 (26/66) 100 (21/721) 100 (26/26)
OSV+CAM (n=20) 95.0 (19/20) 80.0 (4/5) 58.8% (10/17) 61.1 (11/18) 100 (4/4) 100 (4/4)
ZNV (n=27) 96.3 (26/27) 93.3 (14/15) 50.0 (12/24) 37.5 (9/24) 86.7 (13/15) 87.5 (7/8)
ZNV+CAM (n=10) 100 (10/10) 100 (5/5) 60.0 {6/10) 77.8" (7/9) 100 (6/6) 100 (3/3)

*P<0 05, versus OSV (Fisher's exact test).
£P<0.05, versus ZNV (Fisher's exact test).
doi:10.137 1/journal.pone.0070060.t004

" PLOS ONE | www.plosone.org

Data are percentage of patients who reported disappearance of symptoms per patients wnh symptoms at the start of treatment.
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Figure 1. Re-infection rate in 2009/2010 season. The re-infection rate in 2009/2010 season in children who were infected with IAV during the
2008/2009 season and either untreated or treated with OSV, OSV+CAM, ZNV and ZNV+CAM. Data show the percentage of infected children in each
group. ¥P<<0.05, * #¥P<<0.01, versus no treatment (Fisher's exact test with Bonferroni correction).

doi:10.1371/journal pone.0070060.g001

In conclusion, the present study showed that CAM boosts and
tends to restore the suppressed mucosal and/or systemic immunity
in pediatric patients with influenza treated with OSV and ZNV,
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Abstract

The H1N1 influenza A virus, which originated in swine, caused a global pandemic in 2009, and the highly pathogenic H5N1
avian influenza virus has also caused epidemics in Southeast Asia in recent years. Thus, the threat from influenza A remains a
serious global health issue, and novel drugs that target these viruses are highly desirable. Influenza A RNA polymerase
consists of the PA, PB1, and PB2 subunits, and the N-terminal domain of the PA subunit demonstrates endonuclease activity.
Fullerene (Ce) is a unique carbon molecule that forms a sphere. To identify potential new anti-influenza compounds, we
screened 12 fullerene derivatives using an in vitro PA endonuclease inhibition assay. We identified 8 fullerene derivatives
that inhibited the endonuclease activity of the PA N-terminal domain or full-length PA protein in vitro. We also performed in
silico docking simulation analysis of the Ceo fullerene and PA endonuclease, which suggested that fullerenes can bind to the
active pocket of PA endonuclease. In a cell culture system, we found that several fullerene derivatives inhibit influenza A
viral infection and the expression of influenza A nucleoprotein and nonstructural protein 1. These results indicate that
fullerene derivatives are possible candldates for the development of novel anti-influenza drugs.
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Introduction

In 1918, an influenza A pandémic caused 50 million deaths

worldwide [1], and the development of strategies that can be used
to prevent future expansions of this virus continues to be an
important endeavor [2]. The avian H5NI influenza A virus is
highly pathogenic to humans [3], and the emergence of a new
strain of this virus in 2009, the swine-originating A/HINI pdm
influenza virus, further emphasizes that this issue is a serious global
health problem: [4,5]. Although inhibitors of influenza A, e.g., the
neuraminidase-like compound oseltamivir, are widely used as
antiviral drugs [6,7], the adverse effects of these agents and the
emergence of viral strains that are resistant to these drugs have
now been reported [8,9].

To prevent and control influenza outbreaks, the development of
novel antiviral drugs that are not based on neuraminidase
inhibition is now regarded as critical. The influenza A genome
consists of segmented single-stranded RNA (), and its transcription
and replication require the activity of a highly conserved RINA-
dependent RNA polymerase [10,11]. This polymerase is essential
for the propagation of the influenza A virus and is a very
promising target for the development of antiviral drugs. The
influenza A virus RNA polymerase is composed of three subunits—
PA, PB1, and PB2 [12]-and synthesizes viral mRNA using short
capped primers that are cleaved from the host’s cellular pre-

mRNAs by the viral endonuclease [13,14]. Yuan et al. and Dias _

et al. have shown that the N-terminal domain of the PA subunit
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contains the active site of the endonuclease, and that this domain
also harbors RNA/DNA endonuclease activity [13,14]. Hence, we
speculate that PA endonuclease would contain very effective
targets for the development of novel anti-influenza A drugs, as we
have shown that several chemicals, e.g., catechins, phenethylphe-
nyl phthalimide analogs, and marchantin analogs, inhibit this
endonuclease and possess antiviral activity [15-17].

Fullerene (Cgp), 2 carbon buckyball, was discovered by Harold
Kroto, James R. Heath, Sean O’Brien, Robert Curl, and Richard
Smalley in 1985 [18]. It has since been utilized in electronic and
mechanical applications [19]. In physiological studies, the
biological effects of water-soluble fullerene derivatives containing
several hydrophilic groups are noteworthy because fullerene itself
is water-insoluble. Water-soluble fullerene derivatives are known
to. possess various biological and pharmacological properties,
including antioxidant activity and inhibitory effects against human
immunodeficiency virus (HIV) proteases and DNA photocleavage
[20-23]. Mashino et al. also demonstrated that pyrrolidinium
fullerene derivative 6 (Fig. I) has antiproliferative and antibacterial
activity [24], malonic acid fullerene derivative 2 (Fig. 1) has
excellent antioxidant activity [25], and proline-modified fullerene
derivative 3 (Fig. 1) inhibits HIV-reverse transcriptase [22]. Thus,
fullerene derivatives are expected to become a novel type of
medication because of their unique skeleton.

In our current study, we used an i wire influenza PA
endonuclease assay to analyze the effects of 12 different fullerene
derivatives on the endonuclease activity of the PA N-terminal
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Figure 1. Chemical structures of the C60 fullerene derivatives tested in this study. The chemical structures of the fullerene derivatives
examined in this study are shown. The sources for these structures are described in the Materials and Methods. No. 1, 1,4-dihydro-6,7-dihydroxy
[60]fullerenonaphthlene; no. 2, [60]fullerenodicyclopropane-1,1,1',1"-tetracarboxylic acid; no. 3: [60]fullerenopyrrolidine-2,5-dicarboxylic acid; no. 4,
1-carboxymethyl [60]fullerenopyrrolidine-2,5-dicarboxylic acid; no. 5, 5-isopropyl [60fullerenopyrrolidine-2-carboxylic acid; no. 6:1,1,1',1'-tetramethyl -
[60]fullerenodipyrrolidinium diiodide; no. 7, [60lfullerenopiperazine-1,4-diacetic acid; no. 8: [60]fullerenotricyclopropane-1,1,17,1/,1”,1"-hexacar-
boxylic acid; no. 9, 1-ethyl [60]fullerenopyrrolidine-2,5-dicarboxylic acid; no. 10, 1-ethoxycarbonylmethyl [60]fullerenopyrrolidine-2,5-dicarboxylic acid

2-ethyl ester; no. 11, 5-phenyl [60]fullerenopyrrolidine-2-carboxylic acid; and no. 12, 4-(1'-methyl [60]fullerenopyrrolidin-2'-yl}-1-methylpyridinium

iodide.
doi:10.1371/journal.pone.0066337.9001

" domain and full-length PA, We found that the fullerene derivatives
inhibit influenza PA endonuclease activity and viral infection. Our
results indicate the possibility of developing fullerene derivatives
into novel anti-influenza A drugs in the future.

Results

Inhibition of PA Endonuclease by Fullerene Derivatives
For the i vitro PA endonuclease assay, we expressed and
purified a recombinant influenza PA endonuclease domain (1-220
residues; Fig. 2A, B) using bacteria as described previously [15~
17]. For the assay, we incubated 0.1 UM recombinant PA
endonuclease domain with 1 or 10 M of each fullerene derivative
(Fig. 2C). The PA endonuclease domain digested M13 mpl8
circular single-stranded DNA i vitro (Fig. 2C, lanes 1 and 2) [12-
16], and we investigated whether any of the fullerene derivatives
could inhibit this activity. The fullerene derivatives 2-5, 7, 8, 10,
and 11 significantly inhibited the digestion of M13 mp18 at a dose
of 10 uM, no. 12 slightly inhibited digestion, and no. 1, 6, and
9 had no or weak inhibitory activity (Fig. 2C). This is the first

study to report that fullerene derivatives can inhibit the activity of -

influenza enzymes. Fullerene derivative no. 6 caused a mobility
shift of M13 mp18, possibly because it has a cationic amine group
\ (Fig. 2G, lane 13). The solubility of the fullerene derivatives 1 and
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6 in water was relatively low, which might have been the cause of
their decreased activity levels.
To investigate the effects of full-length- PA protein on PA

~ endonuclease activity and the inhibitory activity of the fullerene

derivatives, we examined whether the fullerene derivatives also
inhibit the endonuclease activity of full-length PA protein. We
expressed the recombinant full-length PA protein by using a
baculovirus to infect Sf9 insect cells (Fig. 3A) and purified it using a
Ni-agarose and HiTrap-Q, column (Fig. 3B). The recombinant
full-length PA protein demonstrated endonuclease activity (Fig. 3G,
lanes 1 and 2) [26,27]. Then, we tested the 12 fullerene derivatives
using this same assay. The fullerene derivatives 2-5, 7, 8,-10, and
11 inhibited the endonuclease activity of full-length PA (Fig. 3C),
which is consistent with the results for the PA endonuclease
domain (Fig. 2C). The M13 mp18 band in the no. 12-treated lane
was degraded (Fig. 3C lane 14), the band in the no. 1 and 9-
treated lanes slightly remained (Fig. 3G, lanes 3 and 11), suggesting
that fullerene derivatives no. 1 and 9 also slightly inhibited the PA
endonuclease activity of the full length PA protein.

As shown in Figs. 2C and 3G, the M13 mp18 band in the no. 6-
treated lanes shifted and was clear (Fig. 3C lane 8), respectively,
suggesting that no. 6 has the ability to cleave DNA. Thus, we
examined the nuclease activity of the fullerene derivatives (Fig. 4).
The result showed that fullerene derivative no. 6 by itself has
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Figure 2. Inhibition of the activity of the PA endonuclease domain by the fullerene derivatives. (A) Schematic of the PA subunit of
influenza RNA polymerase. (B) Purification of the bacterially expressed PA endonuclease domain using a HiTrap-Q column. The arrow indicates the PA
endonuclease domain. (C) The effects of the various fullerene derivatives on the endonuclease activity of the PA N-terminal domain of the influenza A
RNA polymerase were tested. The recombinant PA N-terminal domain protein was added to each reaction at a concentration of 0.25 11g/100 plL. A

zero control (i.e., no PA domain added) was also assayed. The fullerene derivatives were added at a dose of 1 or 10 uM, and M13 mp18 was used as

the substrate.
doi:10.1371/journal.pone.0066337.g002

significant nuclease activity in the absence of PA endonuclease
(Fig. 4). No. 12 also showed weaker nuclease activity by itself
(Fig. 4).

Docking Simulation of Influenza A Endonuclease and Csq
Fullerene
Previously, we reported that 3 of 34 phthalimide chemicals and
"5 of 33 phytochemicals inhibited PA endonuclease activity
[12,15,16]. In the case of the fullerenes, 8 of the 12 fullerene
derivatives inhibited PA endonuclease activity; thus, we thought
that the fullerene skeleton itself could fit into the active pocket of
the influénza PA endonuclease domain. To investigate how the
fullerene molecule binds to and fits in the active pocket of the PA
endonuclease domain, we performed in silico docking simulation
analysis of this interaction at the level of the tertiary structure using
Molecular Operating Environment software (MOE; Chemical
Computing Group, Quebec, Canada) [28]. The results show that
fullerene fits into and fills the active pocket of the endonuclease
domain of the influenza RINA polymerase (Fig. 5A), suggesting
that this may be the major cause of the inhibitory mechanism. The
two divalent ions of manganese in the active pocket are reportedly
necessary for influenza endonuclease activity [13,14]. Fullerene
binds to manganese ions by arene-cation interactions at the back

PLOS ONE | www.plosone.org

of the active pocket (Fig. 5B and 5C), suggesting that this binding is
also one of the inhibitory mechanisms.

Toxicity of the Fullerene Derivatives Against the Madin-
Darby Canine Kidney Cell Line

We evaluated the toxicity of the fullerene derivatives against
Madin-Darby canine kidney (MDCK) cells before examining their
antiviral activity against the influenza A virus. Various concen-
trations (12.5-100 uM) of the fullerene derivatives were added to
cultures of MDCK cells. Marchantin E (ME) was used as the
positive controls for anti-influenza activity [16]. At 24 h post-
incubation, the cell viability of the treated-cells was determined
using an MTT cell proliferation assay (Fig. 6A). The viability of
the cells treated with the fullerene ‘derivatives 1-12 and ME was
not significantly different to that of the cells treated with dimethyl
sulfoxide (DMSO) at a concentration of 12.5 to 100 pM. We also
performed naphthol blue black assay for cytotoxicity of fullerene
derivatives (Fig. 6B). At 24 h post-incubation, the viable cells were
stained using a blue dye. The wells treated with 0.8-100 uM of the
fullerene derivatives 1-12 and DMSO were stained blue (Fig. 6B).
Taken together, these data show that the fullerene derivatives (1-
12) are not toxic to MDCK cells up to a concentration of 100 LM.
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Figure 3. Inhibition of the activity of full-length PA endonuclease by the fullerene derivatives. (A) Schematic of the constructed plasmid,
baculovirus expression, and purification of full-length PA protein. (B) Purification of full-length PA protein using a HiTrap-Q column. The numbers
indicate the fractions. The arrow indicates full-length PA protein. (C) The effects of the various fullerene derivatives on the endonuclease activity of
full-length PA protein of influenza A RNA polymerase were tested. Recombinant full-length PA protein was added to each reaction at a concentration
of 0.25 ug/100 pL. A zero control (i.e, no PA protein added) was also assayed. The fullerene derivatives were added at a dose of 10 uM and

M13 mp18 was used as the substrate.
doi:10.1371/journal.pone.0066337.g003

Inhibition of Influenza A Virus Infection by the Fullerene

Derivatives

We evaluated the antiviral activity of the fullerene derivatives
against the influenza A virus (A/Puerto Rico (PR)/8/34 (HINI)
or A/Aichi/2/68 (H3N2)). Various concentrations of the fullerene
derivatives and the virus were mixed and added to cultures of
MDCK cells [29]. ME and DMSO were used as positive and
negative controls for the inhibitory effect of influenza A virus
infection, respectively. At 24 h post-infection, we performed
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influenza A nucleoprotein (NP)-immunostaining of the treated
cells, and the stained cells were counted. At 100 pM, fullerene
derivatives no. 2-8, 11 and 12 significantly reduced the number of
NP-positive cells in comparison with the control (DMSO), in A/
PR8/34 (HINI)-infected cells (Fig. 7A & C). Also in A/Aichi/2/
68 (H3N2)-infected cells, at 100 UM, fullerene derivatives no. 2—8
and 10-12 significantly reduced the number of NP-positive cells in
comparison with the DMSO (Fig. 7B & D). The fullerene
derivatives 10 in A/PR8/34 (HINI) also slightly decreased the
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Figure 4. Nuclease activity of the fullerene derivatives. The method was the essentially same as that of Figs. 2 & 3, except the condition of the
absence of PA protein. The fullerene derivatives were added at a dose of 10 UM and M13 mp18 was used as the substrate. The digestion of the

substrate was examined by agarose electrophoresis.
doi:10.1371/journal.pone.0066337.g004

number of NP-positive cells (Fig. 7A & C). Conversely, the number
of NP-positive cells treated with the fullerene derivatives 1 and
9 were comparable to that of the DMSO-treated cells (Fig. 7A-D).

Based on these results, to compare their activities quantitatively,
we calculated IC;5, values of fullerene derivatives against A/PR8/
34 (HINI1) and A/Aichi/2/68 (H3N2) strains. Against HIN1 PR8
strain, ICsq values are as follows: 57 UM for fullerene derivatives
no. 2; 70 uM for no. 4; 37 UM for no. 5; 20 UM for no. 6; 37 uM
for no. 8; 44 uM for no. 11; 78 uM for no. 12; more than
100 pM for no. 3, 7 or 10; 43 uM for ME (Table 1). Against
H3N2 Aichi strain, ICsq values: 91 UM for fullerene derivatives
no. 4; 31 uM for no. 6; 63 UM for no. 12; more than 100 pM for

A ' B

PA endonuclease

active site

Mn2* jon

C60 fuilerene

PA endonuclease
active site

no. 2, 3,5,7,8,10 or 11; 53 uM for ME (Table 1). IC5q values of
fullerene derivatives no. 1 or 9 could not be calculated against the
strains because of their weak activities (Table 1). Taken together, it
indicated that several fullerene derivatives have stronger anti-
influenza activity than ME.

Moreover, we examined the expression levels of viral proteins
by western blotting of treated-cell lysates in A/PR8/34 (HINI)-
infected wells at 4, 8, 12 (Fig. 8A), and 24 h (Fig. 8B) post-
infection. The expression levels of influenza A NP and nonstruc-
tural protein 1 (NS1) proteins in the cells treated with the fullerene
derivatives 5, 6, and 11, and ME were reduced as compared with
that of the DMSO-treated cells, but slightly reduced in the wells

C
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Figure 5. Docking simulation of Cg, fullerene with influenza PA endonuclease. (A) Docking simulation analysis of Cgg fullerene with the PA
endonuclease domain of influenza A RNA polymerase. The fullerene is shown as a sphere. The surface of the pocket of PA endonuclease is shown in
green and purple. The pink ball indicates the carbon atoms in the fullerene. (B) The fitting of the fullerene to the active pocket of PA endonuclease.
PA endonuclease is depicted as a ribbon structure. The ¢-helix and B-strands are shown in red and yellow, respectively. The fullerene is shown as a
gray stick structure. The manganese ions in PA endonuclease are behind the fullerene. (€) Two-dimensional analysis of the interactions between
fullerene and PA endonuclease. The fullerene is shown in the center with the key and with the interacting amino acids shown around it. MN indicates
the Mn2* ions. The modes of interaction are shown at the bottom. The arene of the fullerene interacts with 2 Mn*" ions and the amino acids, e.g.,
lysine and histidine, in PA endonuclease. ’
doi:10.1371/journal.pone.0066337.g005
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Figure 6. Toxicity of the fullerene derivatives against MDCK cells. (A) Various concentrations (12.5-100 puM) of the fullerene derivatives
(n=4) were added to cultures of MDCK cells. DMSO and ME were used as negative and positive controls for anti-influenza activity, respectively. At
24 h post-incubation, cell viability was determined using an MTT cell proliferation assay. Data represent the mean = standard error of the mean
(S.EM.). (B) Various concentrations (0.8-100 M) of the fullerene derivatives were added to cultures of MDCK cells. ME was used as positive control
for cytotoxicity. At 24 h post-incubation, the cells were fixed and viable cells were stained with a naphthol blue black solution.

doi:10.1371/journal.pone.0066337.g006

treated with the fullerene derivatives 2-5, 7, 8, 10 and 12 (Fig. 8A
and 8B). Conversely, the expression levels of influenza A NP and
NSI proteins in cells treated with the fullerene derivatives 1 and
9 were comparable to those in the DMSO-treated cells (Fig. 8A
and 8B). Taken together, these data show that the fullerene
derivatives 2-8 and 10-12 possess antiviral effects against the
influenza A virus, and their mechanism of action may be by the
inhibition of PA endonuclease activity (no. 2-3, 7, 8, and 11) or
their ability to cleave viral RNA (no. 6 and 12).

Discussion

In this study, we showed that the fullerene derivatives 2-5, 7, 8,
10, and 11 or 6 and 12 possess inhibitory activity against influenza
PA endonuclease or the ability to cleave DNA, respectively.
Moreover, we showed that the fullerene derivatives 2-8 and 10-12
inhibit the infection of the influenza A virus. Above all, no. 6

PLOS ONE | www.plosone.org

showed the strongest antiviral activity. A previous report showed
that certain fullerene derivatives have DNA and RNA cleavage
activity [20,30]. As shown in Figs. 2C and 3C, the M13 mpl8
band in the no. 6-treated lanes shifted and was clear, respectively.
Since no. 6 has the activity to cleave DNA, the antiviral activity of
no. 6 may be caused by its cleavage of viral RNA. Therefore,
fullerene derivatives are promising novel anti-influenza chemicals.
These data are an important advance that could be used in future
strategies to refine fullerene-based drug designs. Our analysis
provides valuable new information for the design of novel anti-

. influenza drugs. There was no correlation between the PA

endonuclease and antiviral activity of fullerene derivative no. 12.
This may be because it targets influenza A virus attachment/entry
or growth in cells and also because of differences in its
permeability into the cells. When we performed the anti-viral
experiment without pre-incubation, we could not find an
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doi:10.137 Vjournal.pone.0066337.9007

experimental condition under which the fullerene derivatives
showed anti-virus activity. This suggests that the fullerene
derivatives may have virucidal activity or they may enter cells by
associating with the virus. .

Other groups also have reported novel anti-influenza polymer-
ase inhibitors such as T-705 and L-742,001 [27,31-36], which are
substituted pyrazine and piperidine compounds, respectively.
Since the chemical structures of fullerene derivatives are
completely different from those of them, indicating that fullerene
derivatives are quite novel anti-influenza compounds. -

Finally, we conclude that the chemical and biochemical
information presented here will be very useful for the future

_development of novel fullerene-based drugs against influenza A.

Materials and Methods

Preparation of the Cg, Fullerene Derivatives
Water-soluble fullerene derivatives were synthesized and
purified using previously reported methods with small modifica-
tions [20—25]. All of the fullerene derivatives were dissolved in
DMSO to a concentration of 10 mM as stock solutions. The
fullerene derivatives (Fig. 1) used in these experiments consisted of
the following [20-25]: no. 1, 1,4-dihydro-6,7-dihydroxy [60]full-
erenonaphthlene; no. 2, [60]fullerenodicyclopropane-1,1,17,1"-tet-

PLOS ONE | www.plosone.org

racarboxylic acid; no. 3, [60]fullerenopyrrolidine-2,5-dicarboxylic
acid; no. 4, 1-carboxymethyl [60]fullerenopyrrolidine-2,5-dicar-
boxylic acid; no. 5, 5-isopropyl [60]fullerenopyrrolidine-2-carbox-
ylic acid; no. 6,1,1,1°,1'-tetramethyl [60]fullerenodipyrrolidinium.
diiodide; no. 7, [60]fullerenopiperazine-1,4-diacetic acid; no. 8,
[60]fullerenotricyclopropane-1,1,17,17;1"*,1"-hexacarboxylic acid;
no. 9, l-ethyl [60}fullerenopyrrolidine-2,5-dicarboxylic acid;
no. 10, l-ethoxycarbonylmethyl [60]fullerenopyrrolidine-2,5-di-
carboxylic acid 2-ethyl ester; no. 11, 3-phenyl [60]fullerenopyrro-
lidine-2-carboxylic acid; and no. 12, 4-(1'-methyl [60]fullereno-
pyrrolidin-2'-yl)-1-methylpyridinium iodide.

Bacterial Expression and Purification of the PA
Endonuclease Domain

‘The influenza A virus (A/PR/8/34 (H1N1)) RNA polymerase
PA plasmid, pBMSA-PA, was obtained from the DNA bank at

" Riken BioResource Center (Tsukuba, Japan; originally deposited

by Susumu Nakada) [37]. The cDNA fragment corresponding to
the PA N-terminal endonuclease domain (residues 1-220; Fig. 2A)
was amplified by polymerase chain reaction (PCR) [38] from
pBMSA-PA. The amplified product was subcloned into the
pET28a (+) plasmid (Novagen, Madison, WI, USA). The
induction of recombinant protein expression was achieved by
the addition of isopropyl-D-thiogalactopyranoside [39], and this
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Table 1. IC5 of the fullerene derivatives against influenza A
virus HIN1 and H3N2 strains.
1Cs0 (UM)
H1N1 PR8 strain H3N2 Aichi strain
Marchantin E 43 53
Fullerene no. 1 ND ND
derivatives
: no. 2 57 >100
no.3 >100 >100
. no. 4 70 - 91

no.5 37 5100

no. 6 20 31

no.7 >100 >100

no. 8 37 >100

no. 9 ND ND

no. 10 >100 >100

no, 11 44 >100

no. 12 78 63
ND: not detected.
doi:10.1371/journal.pone.0066337.t001

" was followed by purification using Ni**-agarose [40]. The
recombinant PA endonuclease domain protein was further
purified to near homogeneity (Fig. 2B) using a HiTrapQ-FF
column (GE Healthcare, Buckingharnshire, UK).

Baculoviral Expression and Purification of the Full-length
PA Subunit

The cDNA fragment corresponding to the full-length protein-
coding region of PA was amplified by PCR [38] from pBMSA-PA:
using the primers PA_start TOPO (CAC CAT GGA AGA TTT

A

fullerene derivatives
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TGT GCG AQ), PA stop (CTA ACT CAA TGC ATG TGT
AAG), PA_mid_anti (TCT TTG GAC ATT TGA GAC AG), and

" PA_mid_TOPO (CAC CAA TTG AAG AAA GGT TTG). The

amplified product was then subcloned into the pPENTR/D-TOPO

‘plasmid (Gateway®, Life Technologies™, Carlsbad, CA, USA)

using topoisomerase I cloning. The resulting construct was then
converted to pDEST10-PA using the clonase (Fig. 3A). The
plasmid was transfected inte Sf9 insect cells using the helper virus.
The resultant baculovirus was again transfected into Sf9 cells [4-1}
The expressed full-length PA protein was purified using Ni**
agarose and a HiTrap Q FF column (GE Healthcare) with the
AKTA prime plus system (Fig. 3B). :

: PA Endonuclease Activity and Fullerene Denvatlves

Nuclease Assays

Influenza A RNA polymerase PA endonuclease activity assays
were performed as described by Dias et al. with some modifica-
tions [12-16]. Briefly, the pH was lowered from 8.0 to 7.3, and
1 pg M13 mpl8 single-stranded circular phage DNA was used as
the substrate. A total of 0.25 llg recombinant PA endonuclease
domain or full-length PA protein were added to 100 UL assay
buffer for each reaction (the final concentration of the protein was
approximately 0:1 uM). For the fullerene derivative nuclease
assay, n6 PA protein was added at this step. The fullerene
derivatives (summarized in Fig. 1) were then added to the reaction,
and the products were analyzed by agarose electrophoresis and
stained with ethidium bromide. '

In Silico Docking Simulation Analysis of Fullerene Cgo and
the PA Endonuclease Domain of Influenza RNA

Polymerase
All moleculdr modeling studies were performed using MOE

“software (Chemical Computing Group) [26,42,43]. Information

regarding the tertiary structure of the influenza PA endonuclease
domain (PDB ID: 3HW6) was obtained from a protein data bank -

" [29]. This enzyme was prepared for docking studies in which (1)

pMso ME 1 2 3 4 5 6 7 8

9 10 11 12
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Figure 8. Expression levels of influenza A viral proteins., We mixed 100 yuM of the fullerene derivatives or ME and an MO of 1 influenza A virus
(A/PR/8/34 (H1N1)) and added the mixture to cultures of MDCK cells. At 4, 8, 12 (A), and 24 h (B) postinfection, the expression levels of influenza A NP
and NS1 proteins in treated-cell lysates were analyzed by western blotting, and B-actin was analyzed as an internal control. The experlments were

performed three times and the results were reproducible.
doi:10.1371/jounal.pone.0066337.g008

PLOS ONE | www.plosone.org : : 8

June 2013 | Volume 8 | Issue 6 | e66337



the ligand molecule was removed from the active site of the
enzyme; (2) hydrogen atoms were ‘added to the structure using
standard- geometry; (3) the structure’ was minimized using an
MMFF94s force-field; (4) MOE Alpha Site Finder was used to
search for active sites within the enzyme structure and dummy
atoms were created from the obtained alpha spheres; and (5) the
obtained model was then used in the Dock program (Ryoka
Systems Inc.,, Tokyo, Japan). The conformation of the fullerene
was generated by systematic, stochastic searches and Low Mode
MD (molecular dynamics).
MTT Cell Proliferation Assay

The cytotoxicity of the fullerene derivatives in MDCK cells was
determined with an MTT cell proliferation assay kit according to
the manufacturer’s instructions (Cayman, Arbor, MI, USA).
Briefly, MDCK cells were cultured in Dulbecco’s modified Eagle
medium (DMEM; Gibco/Invitrogen, Carlshad, CA, USA) sup-
plemented with 10% fetal bovine serum, 1% penicillin-strepto-
mycin, and 4 mM L-glutamine at 37°C under 5% COjy. A
confluent monolayer of MDCK cells was prepared in each well of
a 96-well plate. Various concentrations (12.5-100 uM) of the
fullerene derivatives and ME in DMSO (100 uM chemicals: 1%,
50 uM: 0.5%, 25 pM: 0.25%, 12.5 pM: 0.125%.), which were
used as the anti-influenza activity [16], were mixed in an infection
medium (DMEM supplemented with 1% bovine serum albumin,
1% penicillin-streptomycin, and 4 mM L-glutamine). The mixture
was added to the cells, and the treated cells were incubated for
24 h at 37°C under 5% CO,. After incubation, the cells were
treated with the MTT reagent and incubated for 4 h at 37°C
under 5% CO,, The wells were treated with the crystal dissolving
solution to lyse the formazan produced in the cells, and the
absorbance of each well was measured at 370 nm using a
microplate reader.

Cytotoxicity Assay by Naphthol Blue Black

A confluent monolayer of MDCK cells was prepared in each
well of a 96-well plate. Various concentrations (0.8~100 pM) of
the fullerene derivatives in DMSO were mixed with an infection
medium (DMEM supplemented with 1% bovine serum albumin,
1% penicillin-streptomycin, and 4 mM L-glutamine) and incubat-

ed for 30 min at 37°C under 5% CO, [43]. The mixture was’
added to the cells, and the treated cells were incubated for 24 h at .

37°C under 5% COy. After incubation, the cells were fixed using a
10% formaldehyde solution. Viable cells were stained with a
naphthol blue black solution (0.1% naphthol blue black, 0.1%
sodium acetate, and 9% acetic acid) [43].

Immunostaining of Influenza A Virus-infected Cells

- MDCK cells were prepared in each well of a 96-well plate.
Various concentrations (25-100 uM) of the fullerene derivatives
and ME ‘were mixed at a multiplicity of infection (MOY) of 1

influenza A virus (A/PR/8/34 (H1N1) or A/Aichi/2/68 (H3N2)) -

in the infection medium and incubated for 30 min at 37°C under
5% COsy. The mixture was added to the cells, and the treated cells
were incubated for 24 h at 37°C under 5% CO,. After incubation,
the cells were fixed with- 4% paraformaldehyde in phosphate-
buffered saline (-) for 30 min at 4°C and then permeabilized with
0.3% Triton X-100 for 20 min at room temperature. A mouse
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anti-influenza A NP antibody (FluA-INP 4F1; SouthernBiotech,
Birmingham, AT, USA) and horseradish peroxidase-conjugated
goat anti-mouse IgG antibody (SouthernBiotech) were used as
primary and secondary antibodies, respectively [44]. To visualize
the infected cells, TrueBlue peroxidase substrate (KPL, Gaithers-
burg, MD, USA) was added, and color development was
terminated after 15 min of incubation by washing with H,O.
The wells were photographed under a microscope, and the stained
cells were counted.

Western Blotting . )
MDCK cells were prepared in each well of a 24-well plate. We
mixed 100: LM of the fullerene derivatives and ME at an MOT of |
influenza A virus (A/PR/8/34 (HIN1)) in the infection medium
and incubated the solution for 30 min at 37°C under 5% CO,.
The mixture was added to the cells, and the treated cells were
incubated for 4, 8, 12, and 24 h at 37°C under 5% CO,. After
incubation, the cells were lysed with a sodium dodecyl sulfate
buffer (125 mM Tris-HC], pH 6.8, 5% sodium dodecyl sulfate,
25% glycerol, 0.1% bromophenol blue, and 10% f-mercaptoeth-
anol) and boiled for 5 min. The cell lysates were then loaded onto
2.10% polyacrylamide gel. The proteins were transferred to a
polyvinylidene fluoride microporous membrane (Millipore, Bill-
erica, MA, USA). For primary antibodies, mouse anti-influenza A
NP antibody (FluA-NP 4F1; SouthernBiotech) and goat anti- -
influenza A NS1 antibody (vC-20; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) were used to detect NP and NSI,
respectively. A rabbit anti-B—actin antibody (13E5; Cell Signaling,
Danvers, MA, USA) was used as an internal control. Horseradish .
peroxidase-conjugated goat anti-mouse IgG antibody (South-
ernBiotech), donkey anti-goat IgG antibody (sc-2020; Santa Cruz
Biotechnology) and goat anti-rabbit IgG antibody (IKPL) were used
as secondary Abs. The blots were developed by using Western

" Lightning ECL Pro (PerkinElmer, Waltham, MA, USA).

Statistical Analysis

All results were expressed as the mean £ standard error of the
mean. Differences were analyzed for statistical significance by one-
way analysis of variance (ANOVA) for comparison among the
DMSO, ME and fullerene derivative-treated groups. The results
were considered = significantly different at #<<0.05 and
##p<0.01 when comparing the number of stained cells in the
ME or fullerene derivatives-treated groups to that of the DMSO-
treated group.
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Background We found previously that bovine pulmonary
Surfacten® used in newborns with acute respiratory distress
syndrome is a safe and efficacious antigen vehicle for intranasal
vaccination. '

Objectives The objective of this study was to industrially produce
a synthetic adjuvant mimicking Surfacten® for clinical use without
risk of bovine spongiform encephalopathy.

Methods We selected three Surfacten lipids and surfactant protein

(SP)-C as essential constituents for adjuvanticity. For replacement of
the hydrophobic SP-C, we synthesized SP-related peptides and
analyzed their adjuvanticity. We evaluated lyophilization to replace
sonication for the binding of influenza virus hemagglutinin (HA) to
the synthetic adjuvant. We also added a'carboxy vinyl polymer
(CVP) to the synthetic adjuvant and named the mixture as SF-10
adjuvant. HA combined with SF-10 was administered intranasally to
mice, and induction of nasal-wash HA-specific secretory IgA (s-IgA)

and serum IgG with Th1-/Th2-type cytokine responses in nasal
cavity and virus challenge test were assessed.

Results and Conclusions Intranasal immunization with HA-SF~10
induced significantly higher levels of anti-HA-specific nasal-wash
s-IgA and serum IgG than those induced by HA-poly(I:C), a
reported potent mucosal vaccine, and provided highly efficient
protection against lethal doses of virus challenge in mice. Anti-HA-
specific serum IgG levels induced by HA-SF-10 were almost ’
equivalent to those induced by subcutaneous immunization of HA
twice. Intranasal administration of HA-SF-10 induced balanced
anti-HA-specific IgGl and IgG2a in sera and IFN-y- and IL-4-
producing lymphocytes in nasal cavity without any induction of
anti-HA TgE. The results suggest that HA-SF-10 is a promising nasal
influenza vaccine and that SF-10 can be supplied in large quantities
commercially.

Keywords influenza vaccine, mnasal vaccination, Pulmonary
surfactant, synthetic mucosal adjuvant, Th1/Th2 ;esponses.

Please cite this paper as: Kimoto er al. (2012) Intranasal influenza vaccination using a new synthetic mucosal ad)uvam SE-10: induction of porent local and
systemic immunity with balanced Thl and Th2 responses. Influenza and Other Respiratory Viruses 7(6), 1218~1226.

Introduction

The recent global spread of swine-origin HIN1 influenza A
virus (IAV) highlighted the need for the development of
effective vaccines for the prevention of viral infection and
transmission. The currently available influenza vaccines
administered intramuscularly or subcutaneously induce a

predominanﬂy IgG-mediated protection in the systemic

immune compartment and significantly reduce hospitaliza-
tion and deaths when they match antigenically the circulating
viral strains,"? However, this immiinization results in neither
adequate induction of antiviral secretory IgA (s-IgA), which
provides a wide cross-protection, nor.efficient prevention of
the initial airway infection®* or cell-mediated responses in
the upper and lower respiratory tracts.” To address the need

for improved influenza vaccines, nasal vaccination that
stimulates both mucosal and systemic immunity® is desirable
for future vaccination against airway viral infection.
Mucosal vaccines and adjuvants have been studied for over
40 years®’; however, many were found to be ineffective or
have safety problems.® There are two key issues with regard
to nasal vaccines.” One is the poor efficiency of antigen
uptake across the nasal mucosa due to mucociliary clearance.
The other is the safety issue; that is, protection against
hyperstimulation of antigen-presenting cells or unexpected
antibody induction. At present, the cold-adapted live flu
mucosal vaccine, FluMist®, is available in the USA' for
individuals aged 2-49 yedrs and has been licensed in Europe
from 2012 under the name FLUENZ for children aged 2-

17 years. It is not licensed for children <2 years of age where

© 2013 The authors. Influenza and other Respiratory Viruses published by John Wiley & Sons Ltd
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it is known to potentially cause post-vaccination flu .

. . 2
symptoms with severe wheezing,''?

To overcome these issues,” we recently reported that
natural pulmonary surfactant and its commercially available
bovine product, Surfacten®, which has been used as a natural
replacement medicine in premature babies for more than
25 years without significant adverse effects,® show safety and
efficacy of mucosal adjuvanticities by promoting antigen
delivery to antigen-presenting cells in mice and mini-
pigs.”**** The lung surfactant is effectively uptaked into
alveolar cells, macrophages, and dendritic cells and rapidly
metabolized in vivo with a short half-life of 6-7 hour in the
lungs.'® In addition, we recently found that three major
Surfacten lipids and surfactant protein C (SP-C) are essential
constituents for, mucosal adjuvanticity of Surfacten.’ In
mammals, SP-C .is a 33- to 35-residue lipopeptide that
consists of a hydrophobic . transmembrane o-helix and a
cationic N-terminal segment and plays an important role in
_the uptake of surfactant lipids to alveolar macrophages and
epithelial cells.'”” To provide ample supply of the mucosal
adjuvant for clinical use, it is important to commercially
develop a synthetic compound that carries no risk of bovine
spongiform encephalopathy.

In this study, we describe an effective preparanon process
of a synthetic surfactant (SSF) and a further improved
synthetic mucosal adjuvant SF-10 mimicking Surfacten for

large-scale manufacturing by improving the following issues.

As a substitute for SP-C(1-35), which does not dissolve easily
in common organic solvents, we identified a methanol-
soluble SP-related peptide. The formation of a complex
betwéen influenza hemagglutinin vaccine (HA) and SSF was
improved for large-scale manufacturing by lyophilization
instead of sonication. In addition, we found a mucoadhesive
additive to increase the viscosity of HA-SSF mixture to avoid
rapid clearance from the nasal cavity and termed the
improved adjuvant compound SF-10. Based on these
improvements, we analyzed the enhancement of mucosal
and systemic immunity by SE-10 and the resultant Th1- and
~ Th2-type cytokine responses and protective immunity in
mice. :

Materials and methods

Animals and virus
All experiments were performed in 6- to 8-week-old BALB/c
fernale mice obtained from Japan SLC, Inc. (Shizuoka,
Japan). All animals were treated according to the Guide for
the Care and Use of Laboratory Animals (NIH Publication
No. 85-23, 1996), and the study was approved by the Animal
Care Committee of the Tokushima University. JAV/ PR8/34
(HIN1) and A/New Caledonia/20/99(H1IN1) were provided
" by The Research Foundation for Microbial Diseases of Osaka
University (Kagawa, Japan). -

SF-10 mucosal adjuvant |

Reagents

Surfacten® was purchased from Mitsubishi Pharma (Tokyoe,
Japan). 1,2-Dipalmitoyl-phosphatidylcholine (DPPC), phos-
phatidylglycerol (PG), and ‘palmitate (PA) for the prepara- -
tion of SSF were obtained from Nippon-Fine Chemical
(Osaka, Japan). Synthetic SP-related peptides (Table 1;
>80% grade) were obtained from Greiner (Frickenhausen,
Germany). A carboxy vinyl polymer (CVP) was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and poly(lL: ()]
from Alex1s Biochemicals (Lausen, Sw1tzerland)

Preparation of antigen and SSF
IAV/New Caledonia/20/99(H1IN1) split antigen (0-2 pg of
viral protein, corresponding to 0-14 pg HA; Denka Seiken,

* Tokyo, Japan) was used as a HA antigen in the present

studies. SSF was prepared by mixing three lipids, DPPC, PG,
and PA, and various SP-related synthetic peptides, at a molar
ratio of 75:25:30:0-6, respectively, as described previously.’
SSF samples (4 mg phospholipids/ml) were then lYOphlhled
for storage. -

Immunization and virus challenge -

Lyophilized  SSF (its weight was expressed as that of
phospholipids) was suspended in distilled water and then
mixed with HA (its weight was expressed as protein) in saline

‘at a ratio of 10:1 (wt/wt) as described previously.” The SSF—

HA complex formation was carried out by sonication or
lyophilization. Sonication method® A mixture of SSF and

Table 1. Amino acid sequences of peptides derived from SP-B and
SP-C

Amino acid sequence

SP-B-type peptide
SP-B FPIPLPYCWLCRALIKRIQAMIPKG

(1-25)

SP-B AMIPKGALAVAVAQVCRVVPLVAGGICQCLAERYSVILLDT
(20-60)

SP-B RMLPQLVCRLVLRCSMD
(64-80)

KL4 KLLLLKLLLLKLLLLKLLLLK

. SP-C-type peptide
SP-C FGIPCCPVHLKRLLIVVVVVVLIVWVIVGALLMGL
(1-35)
Sp-C FGIPCCPVHLKR
(1-12)
SP-C FGIPCCPVHLKRLLIVVVY
(1-19)
SP-C LLIVWVVVVLIVWVIVGALLMGL

(13-35)
SP-CL11T  PVHLKRLLLLLLLLELL
SP-CL16  PVHLKRLLLLELLLELLELELL
K6L16 KKKKKKLLLLLLLLLELLLLEL

© 2013 The authors. Influenza and other Respiratory Viruses published by John Wiley & Sons Ltd
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HA was treated for 3 minute in a sonic oscillator (model S-

250D; Branson Ultrasonics, Danbury, CT, USA). followed by
- upside-down mixing every 30 minute for 2 hour at room
~temperature and then stored at 4°C.

. Lyophilization method
A mixture of SSF arid HA was incubated at 42°C, the critical
temperature of Surfacten 'hplds, for 10 minute with gentle
" mixing, followed by freezing at —75°C, and then lyophilized.

Lyophilized HA + SSF was dissolved in saline before use. Just

before administration to mice, CVP in saline at pH 7-0 was
added to HA-SSF solution at a final concentration of 0-5%,
and the final solution (HA + SSF + CVP) was renamed as
HA~-SF-10. The amount of HA bound to SSF was calculated
" by estimating the amount of unbound HA in the SSF-free
supernatant fraction after centrifugation as described previ-
ously.” However, the percentage binding of HA to SE-10
could not be measured due to the inability to separate
unbound HA from HA-SF-10 complex by centrifugation or

. ultrafiltration because of increased viscosity after the

addition of CVP. v

Mice were immunized by intranasal instillation two or
three times every 2 weeks with the prepared samples (2 pl)
into each nostril. Positive control mice were subcutaneously
injected HA in 100 pl saline under the above immunization
schedule, Two weeks after the last immunization, serum and
nasal washes were prepared as described previously.”'*

For virus challenge experiments, immunized mice were
infected with IAV/New Caledonia/20/99(HIN1) at 5 x 10*
plaque-forming unit (PFU) by intranasal instillation, for the
measurement of neutralization activities of nasal washes. At
day 4 after the challenge, virus titers were measured in nasal
and lung washes by the plaque assay using Madin-Darby
canine kidney cells, which is based on the detection of
infected cells using anti-IAV nucleoprotein monoclonal
antibody, as described previously.'®
. Immunized mice were also infected with lethal doses of
highly pathogenic IAV/ PR8/34(H1N1, 50 and 800 PFU) in
20 pl saline, and the survival rate was monitored for 14 days.

Analysis of mucosal immune responses by ELISA
and ELISPOT

Two weeks after the last immunization, serum and nasal-
wash specimens were prepared as described previously'

and subjected to enzyme-linked immunosorbent assay

(BELISA) to determine anti-HA-specific s-IgA, IgG, IgGl,
IgG2a, and IgE levels.>'*'> We used goat anti-mouse IgA,
IgG (Sigma, St. Louis, MO, USA), IgGl, IgG2a, or IgE

(Bethyl Laboratories, Montgomery, TX, USA) antibodies

conjugated with horseradish peroxidase as the secondary
antibodies. The levels of total IgE were determined by
mouse [gE ELISA Quantitation Set (Bethyl Laboratories).
We used 50 ng/ml of purified mouse anti-HA s-IgA, IgG,

IgGl, and IgG2a antibodies, which were prepared as .
described previously,™* as standards. The hemagglutination
inhibition (HI) titers in serum were analyzed after treat-
ment of samples with receptor-destroying enzyme, and the
assay was conducted according to the protocol for HI
testing established by the World Health Organization, as
reported previously.' :
Mononuclear cells isolated from nasal passages and
nasopharynx-associated lymphoid tissue (NALT) by discon-
tinuous Percoll (GE Healthcare, Buckinghamshire, England)
density gradient centrifugation'® were subjected to enzyme-
linked immunosorbent spot (ELISPOT) assay, as described

" previously.’® The numbers of IL-4- and IFN-y-producing

cells were counted by Mouse ELISPOT Set for IL-4 (BD
Pharmingen, Franklin Lakes, NJ, USA) and IFN-y (MAB-
TECH, Nacka Strand, Sweden) according to the protocols
provided by the manufacturers.

Neutrallzmg act1v1ty

To assess the neutralizing activities of the s- -IgA in nasal
washes, the s-IgA fraction was purified with KAPTIV-AE™
IgA affinity column according to the protocol provided by
the manufacturer (Tecnogen, Piacenza, Italy). The concen-
tration of s-IgA was measured by Mouse IgA ELISA
Quantitation Set (Bethyl Laboratories). IAV/New Caledo-
nia/20/99(H1IN1) at 200 PFU was incubated with 100 pl of
the serially diluted s-IgA at 37°C for 1 hour and then the
virus titers in the mixtures were measured by the plaque
assay, as described previously.”

Statistical analysis
All data were expressed as mean =+ SD. Differences between
groups were examined for statistical significance using the
unpaired Student’s r-test. A P value less than 0-05 denoted
statistical significance.

‘Results

Improvement of synthetlc mucosal adjuvant SSF for
ample supply

We reported previously that SP-C but not SP-B is an
essential constituent of Surfacten for mucosal adjuvantic-

“ity.” SP-C(1-35) with hydrophobic properties, however, is

soluble in 100% trifluoroacetic acid but not in common
organic solvents, and its industrial production is scarce.
Thus, we designed various peptide fragments of SP-C and
SP-B and their modifications (Table 1). SSFs were synthe-
sized by mixing three lipid constituents and.each synthetic
peptide, and the adjuvanticity was analyzed (Table 2).
Adjuvanticity of SSFs containing SP-C-related peptides with
11 to 16 hydrophobic amino acid chain length, but-not 7,
was almost equivalent to that of Surfacten. Although
SSF containing the C-terminal-side hydrophobic domain
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Table 2. Effects of mucosal adjuvants, Surfacten, and SSF on the
induction of HA-specific antibodies

Anti-HA antibodies (ng/ml)

Nasal washes (s-IgA) Serum (lgG)
Saline 10-1 £ 4.5 195.5 = 43.1
HA 96+ 74 302.0 £ 125.9
HA-St 196-2  67-7 2907-3 & 14650
HA-SSF
SP-B type
SP-B(1-25) 52-0 £+ 38.7 622.0 & 163-9
SP-B(20-60) 374 £ 294 853-9 + 344.3
SP-B(64-80) 711 £ 376 6259 + 1216
KL4 88.3 + 49.3 778.6 %+ 3259
SP-C type
SP-C(1-35) 238.1 £ 122.0* 26289 4 942.0%
SP-C(1-12) 23.7 £ 255 798-0 + 688-2
SP-C(1-19) 46-4 + 401 7351 4 398.6
SP-C(13-35) 3181 & 326-6% 2332-0 = 1079.7*
SP-CL11 136-6 + 85-1* 3851-3 + 2164-1*%
SP-CL16 209-8 £ 114.3* 2455.2 + 1674.3*
K6L16 222.7 £ 145.3* 21045 4 941.7*

Mice were treated with intranasal inoculation of 0-2 ug HA with or
without 2 pg of St and various SSF twice at 2-week interval. Two
weeks after the last immunization, anti-HA-specific s-IgA in nasal
washes and anti-HA-specific 1gG in sera were assayed. Data are
mean =+ SD of 10-15 mice.

*The values are almost equivalent to those of HA-St.

peptide SP-C(13-35) showed relatively high values of anti-
HA-specific s-IgA in nasal washe$ and anti-HA-specific IgG
in sérum, the levels were not consistent with large SD
values. SP-C-related peptides with 11 to 16 hydrophobic
amino acid chain length and basic residues in the

SF-10 mucosal adjuvant |

.N-terminal side were soluble in methanol or ethanol, and

their adjuvanticity was equivalent to that of Surfacten.
Based on these results, we selected a peptide K6L16 among
the active peptides, SP-C(1-35), SP-C(13-35), SP-CLI11,
SP-CL16, and K6L16, as a substitute for SP-C(1-35), which
is soluble in methanol- and easy for handling, in the
following experiments. ’ ' ‘

To achieve effective antigen delivery, we mixed HA and
SSE by sonication to make HA-SSF binding complex.

" However, avoiding heat ‘damage to HA during sonication is

difficult. Accordingly, we used lyophilization as an alternative

_to sonication and to remove water molecules in the

interaction space between HA and SSF for the binding.
Lyophilization increased the binding of HA to SSF to >92%
compared with 65-70% by sonication and significantly
increased the induced levels of anti-HA-specific s-IgA in
nasal washes at 11-5-fold and IgG in sera at 168-5-fold
(P < 001), compared with those by SSF prepared by
sonication (Table.3). .

To increase the retention time of HA-SSF in the nasal
cavity, we added the mucoadhesive polymer CVP to HA-SSF,
to increase its viscosity, at a final concentration of 0-5% just
before immunization. The addition of CVP to the lyophil-
ization-prepared HA-SSF further enhanced the induction of
anti-HA-specific s-IgA in nasal washes significantly at 4.3-
fold (P < 0-05) and anti-HA-specific serum IgG at 1-3-fold,
the induced levels being the highest among the materials
tested. Only limited inductions of anti-HA-specific s-IgA and
anti-HA-specific IgG were detected in animals immunized
with HA+CPV without SSF, suggesting that SSF is an
essential constituent for mucosal adjuvanticity in the
mixture, The mixture of HA-SSF and CVP, the best

antigen—adjuvant complex, was renamed as HA-SF-10 in

the following experiments.

Table 3. Evaluation of various mixing procedures of HA and SSF on induction of HA-specific antibodies

Anti-HA antibodies (ug/ml)

Materials Preparation

HA SSF cvp Sonication Lyophilization HA binding (%) Nasal washes (s-lgA) Serum (IgG)

- - - - - - 00 0.0 0-1 % 0-1

+ - - + - - 0-0 £ 0.0 0.5 + 0.5

+ + - + -~ 65-70 0-2 £ 02 4.3 0.9

* + - - + 92-98 23 £147 724-5 + 24811
+ — + - - - 03 4 02 4-9 + 1.6

+ + + + - - 33 £ 09" 5687 & 95.2°
+ + + - + - 9.9 £ 5.1%* 925.0 £ 633.31

Mice were immunized intranasally with HA, with SSF and/or CVP in each combination, three times at 2-week interval. Two weeks after the last
immunization, anti-HA-specific s-lgA in nasal washes and IgG in sera were measured by ELISA. Data are mean + SD of 10-15 mice.

TP < 0-01, compared with HA-SSF mixture prepared by sonication.
*P < 0-05, compared with HA-SSF mixture prepared by lyophtlization.
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. Mucosal adjuvanticity of HA-SF-10

For the possible ‘clinical use of SF-10, we evaluated the
adjuvanticity of HA-SF-10 and its protective immunity
compared with subcutaneously administered HA and intra-

nasally administered HA-poly(I:C), which is one of the most.

¥ 2 o
potent mucosal vaccines reported,”® as positive controls

(Figure 1). HA administered subcutaneously twice-effec- -

tively induced anti-HA-specific IgG in sera, but not s-IgA
in nasal washes. In contrast, intranasally administered HA-
SF-10 significantly induced both anti-HA-specific s-IgA in
nasal washes and anti-HA-specific IgG in sera, when
immunization was repeated three times, compared with the
levels induced by intranasal administration of HA. or saline
three times. No further increase in the induction was
observed by administration of HA-SF-10 four times (data
not shown). In addition, the levels of anti-HA- -specific s- IgA
in nasal washes and anti-HA-specific IgG in sera induced by
intranasally administered HA~SF-10 were significantly
higher at 3-7- and 3.9-fold, respectively, than those induced

by intranasally administered HA-poly(l:C) three times

(P < 0-05). Anti-HA-specific IgG levels in sera induced by
intranasal administration of HA-SF-10 three times were
almost equivalent to those induced by twice subcutaneous
administration of HA. The mean HI titers in serum induced

by intranasal administration of HA-SF—10 three times were

>300 and were in the similar ranges to those induced by
subcutaneous administration of HA twice (Figure S1).

Neutralization activities of nasal washes and
protective immunity induced by HA-SF-10

In the next step, we assessed the neutralization activities of
nasal washes. The neutralizing activity of nasal-wash s-IgA
fraction after intranasal immunization with HA-SF-10 is
shown in Figure 2A. Nasal-wash s-IgA of mice immunized
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Figure 2. Neutralization activity and protective immunity of nasal washes
in mice immunized with intranasal HA-SF-10. (A) Neutralization of IAV/
New Caledonia/20/99(H1N1) by isolated s-IgA fraction from nasal washes

. of mice immunized with intranasal HA-SF~10 or saline. Data are mean

virus titer & SD of three different experiments. (B and C) Two weeks after
the last immunization, mice were infected with 5 x 104 PFU of IAV/New
Caledonia/20/99(H1N1), and virus titers in nasal washes (B) and lung
washes (C) were measured at day 4 after mfectton Data are mean & SD
of 8-10 mice. *P < 0-05.

intranasally with HA-SF-10 neutralized the inoculated IAV/
New Caledonia/20/99(H1N1) in a dose-dependent manner,
but the fraction obtained from mice treated with saline did
not show such activity. )
We confirmed the protective immunity in virus challenge
expenments (Figure 2B,C). The virus titers in nasal énd lung
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Figure 1. Comparison of the effects of intranasal immunization with HA-SF-10 on mucosal and systemic immunity with those of poly(:C) and

subcutaneous administration of HA. Mice received intranasal HA (0-2 ug) combined with or without SF-10 (2 1g), poly(:C) (2 ug), or saline, 2 or 3 times
every 2 weeks. Anather group of mice received subcutaneous HA once or twice every two weeks. After boost inoculation at 2 weeks, the levels of anti-
HA-specific s-IgA in nasal washes (NW) (A) and anti-HA-specific IgG in sera (B) were measured. Data are meari  SD of 5-10 mice. *P < 0-05, **P < 0.01.
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washes were measured after 4-day infection of immunized
mice with 5 x 10* PFU of IAV/New Caledonia/20/99
(HIN1). High virus titers were detected in mice immunized
~with saline or intranasal HA. In contrast, the virus titer was
below the detection limit in both nasal and lung washes of

mice immunized intranasally with HA-SF-10. We also-

assessed the protective immunity in mice challenged with
two lethal doses (10 x LDsq, 56 PFU and 160 x LDsp, 800

PFU) of IAV/PR8/34(H1N1), a similar subtype but highly
pathogenic strain of IAV (Figure 3). All mice that were .

immunized intranasally with HA-SF-10 survived against the
infection with 10 x LDsp of IAV/PR8/34(H1IN1), but all
mice that were immunized with intranasal HA or saline died
at day 10. About 80% of mice immunized twice with
subcutaneous HA died at day 8 (Figure 3A). Even in more
severe virus challenge, 90% of mice immunized with
intranasal HA-SF-10 survived against infection with
160 x LDs;, of IAV/PR8/34(HIN1), while only 10% of mice

immunized intranasally with HA-poly(I:C) and none of
those immunized intranasally with HA or saline sumved'

(Floure 3B).

.Induction of HA-spec1ﬁc Thi- and Thz-type
immune responses by HA-SF-10

To assess the effect of intranasal administration of HA-SF-10
on T-helper responses, we analyzed the subclasses of anti-

HA-specific IgG (IgG1 and IgG2a) as well as IgE in sera and

the induction of Thl- and Th2-type cytokine responses in
mucosal lymphoid tissues. Intranasal immunization with
HA~SF-10 induced not only anti-HA-specific IgG1 and Th2-
type antibody, but also anti-HA-specific IgG2a and Thl-type
antibody, and these levels suggested a balanced Th1/Th2
response (Figure 4A). The induced levels of IgG1 and IgG2a
by intranasal administration of HA-SF-10 were significantly
. higher than those by HA-poly (I:C) (P < 0-01 and P < 0-05,
respectively). However, the mean serum IgG2a/IgG1 ratio in
mice immunized intranasally with FA-SPF-10 was compara-
ble with that of mice immunized with HA-poly(I:C)
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(Figure 4B). On the other hand, the mean serum IgG2a/
IgG1 ratio was significantly low in mice immunized subcu-
taneously with HA compared with the value induced by

* HA-SF-10 (P < 0-05).

Finally, we analyzed anti-HA-specific IgE (Figure 4C) and
total IgE levels (Figure 4D) to exclude allergic responses after
intranasal immunization with HA-SF-10. None of the mice
immunized intranasally with HA-SE-10 showed the induc-
tion of anti-HA-specific IgE or total IgE in the serum,
although distinct induction by subcutaneous administration
of HA was detected. We also studied the expression levels of
IFN-y (Thl-associated cytokine) and IL-4 (Th2-associated
cytokine) in mucosal lymphoid tissues of mice, such as
NALT and nasopharynx, by ELISPOT (Figure 5). Mice"
immunized intranasally with HA-SF-10 showed signiﬁcanﬂy
higher induction of both IL-4- and IFN-y-producing cells
than the induction of mice immunized intranasally with HA
or saline. The numbers of induced IL-4- and IFN-y-
producing cells were higher in nasopharynx than those in
NALT. The number of induced IL-4-producing cells and
IFN-y-producing cells supports the results of the balanced

_serum [gG2a/IgG1 ratio shown in Figure 4.

Duscussuon

Many potential mucosal ad;uvam‘s have been evaluated in the
past, but no safe and efficacious mucosal adjuvant is available

+ commercially at present. To overcome these issues, we

recently reported a bovine pulmonary surfactant that
enhances antigen delivery to dendritic cells, increases antigen
sustainability in the nasal cavity, and induces both mucosal
and systemic immunity.>'*** To provide ample supply of
this adjuvant without any risk of bovine spongiform
encephalopathy, we prepared synthetic SSF, which comprises
three major lipids, and synthetic human SP-C(1-35),
resembling the natural surfactant.’ Although the mucosal
adjuvanticity of SSF is almost equivalent to that of natural
Surfacten, there are four major problems that curtail the use
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Figure 3. Survival rates of immunized mice after infection with lethal doses of |AV/PR8/34(H1N1) virus. (A) Mice were immunized with intranasal HA
(0-2 ug) combined with or without SF-10 (2 pg), polyc (:C) (2 ug) or saline three times every 2 weeks. Anather group of mice received subcutaneous (s.c.)
HA twice every two weeks. Two weeks after the last immunization, mice were infected with 10 x LDg (50 PFU) (&) and 160 x LDsg (800 PFU) (B) of IAV/

PR8/34(HINT} vn’us and their survival rates Were monitored.
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