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The HIN1 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 (Cgp) is 2 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 C¢ 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 candidates for the development of novel anti-influenza drugs.
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Introduction

In 1918, an influenza A pandemic 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 H5N1 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 RINA (-), and its transcription
and replication require the activity of a highly conserved RINA-
dependent RINA 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, PBI, 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, nhibit this
endonuclease and possess antiviral activity [15-17].

Fullerene (Cgo), a 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. 1) 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 w witro 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 [60]fullerenopyrrolidine-2-carboxylic acid; no. 6:1,1,1',1'-tetramethy!
[60]fullerenodipyrrolidinium diiodide; no. 7, [60]fullerenopiperazine-1,4-diacetic acid; no. 8 [60]fullerenotricyclopropane-1,1,1,1',1"',1"’-hexacar-
boxylic acid; no. 9, 1-ethyl [60}fullerenopyrrolidine-2,5-dicarboxylic acid; no. 10, 1-ethoxycarbonyimethyt {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.g001

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 UM of each fullerene derivative
(Fig. 2C). The PA endonuclease domain digested MI13 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. 2C, 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 S9 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. 3C,
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. 3C, 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 3C, the M 13 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 ng/100 pL. A
zero control (i.e., no PA domain added) was also assayed. The fullerene derivatives were added at a dose of 1 or 10 pM, and M13 mp18 was used as

the substrate.
doi:10.1371/journal.pone.0066337.9002

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 Cgo
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 influenza PA endonuclease domain. To investigate how the
fullerene molecule binds to and fits in the active pocket of the PA
endonuclease domain, we performed i 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
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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 uM. 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 pM 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 uM.
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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 UM, 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 (HIN1)-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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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 ICsq values of fullerene derivatives against A/PR8/
34 (HIN1) and A/Aichi/2/68 (H3N2) strains. Against HIN1 PR8
strain, IC5o values are as follows: 57 UM for fullerene derivatives
no. 2; 70 uM for no. 4; 37 uM for no. 5; 20 pM for no. 6; 37 UM
for no. 8; 44 uM for no. 11; 78 uM for no. 12; more than
100 UM 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 pM for no. 12; more than 100 pM for

A B

PA endonuciease

Mn2* jon

T80 fullerene

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 (HIN1)-
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
PA endonuclease .

€60 fullerene

Figure 5. Docking simulation of Cg, fullerene with influenza PA endonuclease. (A) Docking simulation analysis of Ceq 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 a-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. (C) 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 Mn?* 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.E.M.). (B) Various concentrations (0.8-100 uM) 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
NS1 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.-2-5, 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
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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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Figure 7. Immunostaining of influenza A virus-infected cells. Various concentrations of the fullerene derivatives (25-100 uM) and an MOI of 1
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influenza A virus infection, respectively. Data represent the mean = S.E.M.
doi:10.1371/journal.pone.0066337.g007

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 Cgq 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-1,1,1,1"-tet-

PLOS ONE | www.plosone.org 7

*p<0.05, *p<0.01.

racarboxylic acid; no. 3, [60]fullerenopyrrolidine-2,5-dicarboxylic
acid; no. 4, I-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-1,1,1°,1",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, 5-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

June 2013 | Volume 8 | Issue 6 | e66337



Table 1. iCs of the fullerene derivatives against influenza A
virus HIN1 and H3N2 strains.
1Cs0 (M)
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 N

no. 5 37 >100

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, Buckinghamshire, 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

Anti-influenza Activity of Fullerene Derivatives

TGT GCG AC), PA stop (CTA ACT CAA TGC ATG TGT
AAG), PA_mid_and (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 pENTR/D-TOPO
plasmid (Gateway®, Life Technologies™, Carlsbad, CA, USA)
using topoisomerase [ cloning. The resulting construct was then
converted to pDEST10-PA using the clonase (Fig. 3A). The
plasmid was transfected into Sf9 insect cells using the helper virus.
The resultant baculovirus was again transfected into Sf9 cells [41].
The expressed full-length PA protein was purified using Ni**-
agarose and a HiTrap Q IT column (GE Healthcare) with the
AKTA prime plus system (Fig. 3B).

PA Endonuclease Activity and Fullerene Derivatives
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 g M13 mpl8 single-stranded circular phage DNA was used as
the substrate. A total of 0.25 lg recombinant PA endonuclease
domain or full-length PA protein were added to 100 pL assay
buffer for each reaction (the final concentration of the protein was
approximately 0.1 uM). For the fullerene derivative nuclease
assay, no 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 molecular 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)

DMSO ME 1 2 3 4 5 6 7 8 9 10 1 12

(h) 4812 4812 48124812481248124 812 481248124812 4812 4812 4 8124812

NP e~ — o oo - - o - - N oy o -
NS1 ikl ce s

Bractin werws s e se ws s we et - 1y o 920 i o O

B fullerene derivatives
bMsoME 1 2 3 4 5 6 7 8 9 10 11 12
NP D e QIR G0 i v e gy sweoves YR Gy v >
p-actin

Figure 8. Expression levels of influenza A viral proteins. We mixed 100 uM of the fullerene derivatives or ME and an MOl 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 experiments were

performed three times and the results were reproducible.
doi:10.1371/journal.pone.0066337.g008
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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, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum, 1% penicillin-strepto-
mycin, and 4 mM L-glutamine at 37°C under 5% CO,. 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 pM chemicals: 1%,
50 uM: 0.5%, 25 pM: 0.25%, 12.5 uM: 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% COs. After incubation, the cells were
treated with the MTT reagent and incubated for 4 h at 37°C
under 5% COy 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 570 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 uM) 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% COs [43]. The mixture was
added to the cells, and the treated cells were incubated for 24 h at
37°C under 5% COa. 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 pM) of the fullerene derivatives
and ME were mixed at a multiplicity of infection MOI) of 1
influenza A virus (A/PR/8/34 (HINI) or A/Aichi/2/68 (H3N2))
in the infection medium and incubated for 30 min at 37°C under
5% CO,. The mixture was added to the cells, and the treated cells
were incubated for 24 h at 37°C under 5% CQos. 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-NP 4F1; SouthernBiotech,
Birmingham, AL, 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 HyO.
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 M of the fullerene derivatives and ME at an MOI of 1
influenza A virus (A/PR/8/34 (HIN1)) in the infection medium
and incubated the solution for 30 min at 37°C under 5% COs,.
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-HCl, pH 6.8, 5% sodium dodecyl sulfate,
25% glycerol, 0.1% bromophenol blue, and 10% B-mercaptoeth-
anol) and boiled for 5 min. The cell lysates were then loaded onto
a 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 (FIuA-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-f—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 (KPL) 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 *p<<0.05 and
##$<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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Abstract

Background/Aims: Treatment with antiviral neuraminidase inhibitors suppresses influenza viral replication and antigen
production, resulting in marked attenuation of mucosal immunity and mild suppression of systemic immunity in mice. This
study investigeted the effects of immunomodulator clarithromycin {CAM) supplementation on mucosal and systemic
immunity in pediatric patients with influenza treated with neuraminidase inhibitors.

Methods: A retrospective, non-randomized case series study was conducted among five treatment groups of 195 children
aged 5.97-3.3 years infected with influenza A in 2008/2009 season. The five treatment groups were oseltamivir {OSY),
zanamivir (ZNV), OSV+CAM, ZNV+CAM and untreated groups. Anti-viral secretory IgA {S-igA) levels in nasal washes and igG
levels in sera were measured. The re-infection rate was analyzed among the same five treatment groups in the 2009/2010
5eason.

Results: Treatment of influenza with OSV and ZNV for 5 days attenuated the induction of anti-viral S-lgA in nasal washes
and anti-viral 1gG in serum, compared with the untreated group. The combination of CAM plus OSV or ZNV boosted and
restored the production of mucosal S-IgA and systemic IgG. The re-infection rates in the subsequent season were
significantly higher in the OSV and ZNV groups than the untreated, while CAM+05V and CAM+ZNV tended to reduce such
rate.

Conclusions: CAM restored the attenuated anti-viral mucosal and systemic immunity and reduced the re-infection rate in
the subseguent year in pediatric patients with influenza treated with OSV and ZNV.
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Introduction

Influenza is a worldwide public health problem, particularly
with emerging new strains to which vaccines are ineffective,
limited, or unavailable. The antiviral newaminidase inhibitors
oseltamivir (OSV) and zanamivir {ZNV) are important treatment
options for seasonal influenza infections [1,2], and are being
stockpiled in many countries as part of their pandemic response

PLOS ONE | www.plosone.org

planning. These inhibitors impair the release of new influenza
virions from infected cells by blocking the actions of viral
neuraminidases [2|, resulting in effective suppression of viral
RINA replication and viral antigen production. In contrast to the
therapeutic effects of OSV, we reported recenty that OSV
significantly suppressed the production of mucosal antigen (Agj-
specific secretory IgA (S-IgA; antibody and Ag-specific IgA-
forming cells in the mouse airway, probably due to the suppressed
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viral antigen production, but it did not seriously suppress the
production of systemic anti-viral IgG and IgG-forming cells in the
spleen [3].

In order to prevent complications and aggravation of the flu
symptoms, it is not uncommon, in Japan, to prescribe clarithro-
mycin (CAM) developed by modification of erythromycin [4], an
immunomodulator macrolide antibiotic {5-8] with antiviral
actividies [9,10], in combination with OSV or ZNV. In this
regard, we previously reported that administration of CAM in
influenza A virus (IAV)-infected mice suppressed tumor necrosis
factor alpha production and augmented interleukin-12 production
in the blood {11,12], resulting in alleviation of the flu symptoms,
while oral treatment with OSV attenuated the induction of

respiratory anti-JAV specific secretory IgA (S-IgA) immune

responses [3]. Furthermore, we have verified in IAV-infected
children that oral CAM augments the nasopharyngeal mucosal
immune responses, while OSV suppresses the production of
mucosal ant-IAV S-IgA {13]. Of interest, we have also reported
that 75% of patients treated with the combination of CAM and
OS8YV show increases in S-IgA production to'levels similar to those
seen in patients treated with CAM alone and untreated patients.
In addition, we recently determined the molecular mechanisms
vesponsible for the enhanced induction of mucosal IgA class
switching recombination in CAM-treated mice [14]. The obtained
data indicated that CAM significantly enhances the expression
levels of B-cell-activating factor of the tumor necrosis factor family
{(BAFF) molecule on mucosal dendritic cells as well as those of
activation-induced cytidine deaminase and Ip-Cat transceripts on B
cells [14]. The results indicated that CAM enhances S-IgA
production through the induction of IgA class switching recom-
bination wn IAV-infected mice.

In previous clinical studies [13] on the immunomodulatory and
boost effects of CAM on the nasopharyngeal mucosal immune
response in pediatric patients with influenza treated with OSV,
several questions remain to be answered: (i) Do antiviral
neuraminidase ihibitors other than OSV, such as ZNV, an
orally inhaled powder, also suppress the adaptive respiratory S-
IgA response? (i) Do the antiviral neuraminidase mnhibitors also
affect serum IgG responses in pediatric influenza? (i) Do antiviral
neuraminidase inhibitors, with and without CAM, affect the rate
of future influenza virus re-infection? The present retrospective
and non-randomized case series study was conducted o provide
answers to these questions in 195 children infected with IAV. We
report here that treatment with ZNV suppressed airway mucosal
immunity and systemic immunity in pediatric influenza in a
manner similar to OSV. The addition of CAM induced a mild
hoost and tended to restore the suppressed mucosal anti-viral S-
IgA response in the OSV- and ZNV-treated patients, and also
boosted serum IgG response, with a significant improvement in
anti-JAV-specific 1gG production in the ZNV-treated group. In
addition, CAM tended to decrease, albeit insignificantly, the re-
mfection frequency in the OSV- and ZNV-treated groups.

Methods

Ethics Statement

After explanation of the purpose of this clinical study, written
informed consent was obtained from each parent of pediatric
patients for enrollment in the study and for the use of stored
nasopharyngeal aspirates and blood for quantitative analyses of
anti-JAV antibodies. Permission to perform clinical studies and
ethical approval of the study protocol were granted by the Ethics
Committee of Tokushima University Hospital (Permit Number,
#463). The study was conducted under the supervision of the
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pediatricians involved (MA, NH, YT, S8, KS, TY, KIN, MM, MI,
YY and S8), and parents were advised of risks, benefits and the
right to withdraw their children from further involvement in the
study at any point without repercussions. All data, particularly
patient identification data, were physically and electronically
secured throughout the study.

Study population

The study subjects were 195 children (age, 5.9%3.3 years,
mean®SD, range, 0-14 years), who were infected with [AV
between October 2008 through March 2009 in 11 Pediatric
Clinics and Children’s Hospitals in the mid-west region of Japan.
A descriptive survey study on re-infection was conducted for the
same children from October through March of 2009/2010. The
inclusion criteria were the followings: patients who presented to
the Pediatric Clinics and Children’s Hospitals and diagnosed with
the rapid diagnosis Espline Influenza A&B-N kit (Fujirebio Inc.,
Tokyo, Japan) and whose treatment was initiated within 48 hours
of the onset of fever. Patients with congenital defects and those
with co-morbid chronic diseases were excluded. Since the number
of Japanese infected with influenza B in the 200872009 season was
not large [15], and the antigen of influenza B/Victoria lineage
prevailing in the season was not commercially available for the
analysis of antibody titers, statistical analysis was conducted only
on data of patients who presented with IAV.

Treatment regimens

Patients diagnosed with 1AV infection were divided into five
groups according to the prescription of each pediatrician involved:
the no-treatment group m=68), the OSV group (70 patients
treated orally twice daily with OSV at 2 mg/kg body weight for 5
days), OSV+CAM group (20 patients treated orally twice daily
with OSV at 2 mg/ke body weight for 5 days plus oral CAM at
5.0-7.5 mg/kg body weight for 3 days), the ZNV group (27
patients older than 4 years treated twice daily with orally inhaled
ZNV powder at 10 mg for 5 days) and ZNV+CAM group (10
patients treated twice daily with orally inhaled ZNV powder at
10 mg for 5 days plus oral CAM at 5.0-7.5 mg/kg body weight
tor 5 days). There were no outbreaks of Adycoplasma or Chlamydia at
the time of the study. All patients were followed for 5 days.

Collection of biological samples

All children suspected clinically to have influenza underwent
both nasopharyngeal aspiration and serum collection. Nasopha-
ryngeal aspiration was conducted on each nostril for 1 minute,
through a silicon tube, and the aspirate collected in a centrifuge
tube connected to an evacuator, as described previously [16,17].
The isolated specimens were immediately cooled on ice, homog-
enized by sonification for 20 seconds ou ice, in a model 250, 20%
duty, 2-cycle Sonifier® (Branson Ultrasonics Co., Danbury, CT),
and the inscluble materials were removed by centrifugation at
2000 g for 5 minutes at 4°C.. The supernatants of nasopharyn-
geal specimens and serum were stored at —30°C until use.

" Enzyme-linked immunosorbent assay (ELISA)

The concentrations of total IgA, IgG and anti-IAV-specific S-
{gA i nasopharyngeal specimens and anti-IAV-specific IgG in
sera were measured by ELISA, as described previously [13,17].
For measurement of anti-IAV-specific antibody, the prevalent IAV
strains were selected as coating ELISA antigens: In the 2008/2009
flu season before May 2009, IAV/Brisbane/39/2007(H1N1)-like
and JAV/Uruguay/716/2007(H3N2}-like subtypes were prevalent
in Japan [15]. Since the affinity purified human anti-IAV-specific
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S-IgA and IgG standards for each IAV subtypes are not

commercially available, the concentrations of ant-IAV-specific -

antibody in the nasopharyngeal specimens and sera were
determined from the standard regression curves with human IgA
and lgG of known concentrations in a human IgA and IgG
quantitation kits {(Bethyl Laberatories Inc., Montgomery, TX].
The relative values of anti-JAV-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 ug 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/
mbLj was normalized by the amount of protein (mg/mlj. Since
there was no significant variability in serum protein concentra-
tions, the row values of anti-JAV-specific 1gG concentrations (U/
ml) were used. The protein concentrations in the nasopharyngeal
specimens were measured using a bicinchoninic acid protein assay
reagent kit (Pierce, Rockford, 1L).

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.

Resuits

Patient characteristics

Table 1 lists the characteristics of patients 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 season 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 1.720.6 days.

Table 1. Patient characteristics.

Clarithromycin Enhances Immunity

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-IAV(HINT)- and (H3N2)-
specific S-IgA (U/mg protein} and total S-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-IAV-specific S-IgA against
subtypes HINT (£<0.05) and H3N2 {P<0.01} were observed at 5
days after infection. The percentages of patients 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
i the no-treatment group against subtype HIN1 were 61.5 and
26.2, respectively, and against subtype H3N2 were 69.2 and 15.4,
respectively.  Treatment with OSV and ZNV significantly
suppressed the percentage of patents with =1-fold of baseline
titer against both HINT 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 = I-fold of bascline titer from 42.9 to
65.0 against HINT and from 42.9 to 70.0 against H3N2 (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(HINI)- and (H3N2)-
specific IgG (U/mL) and total IgG {mg/mL) before and 5 days
after treatment of IAV infection with OSVY and ZNV, with or
without CAM. Significant increases were noted in serum levels of
anti-JAV-specific 1gG in all groups at 5 days after treatment,
except those against HINI in the OSV and ZNV groups. In
particular, ZNV treatment significantly recuced the percentage of
patients with' =1-fold of baseline titer against HINI compared
with the no-treatment group, from 73.5 to 40.9 {£<0.01}, in a
manner similar to that noted in mucosal S-IgA responses. In
addition, the combination of CAM plus ZNV significantly
ncreased the percentage of patients with = 1-fold of baseline titer
against HINI {P<C0.01}, though the increase against H3N2 was

No
All patients Treatment osv OSV+CAM ZNV ZNV+CAM
{n=195) n=68) {n=70) {n=20) (n=27) - {n=10)
Age, years, (range)* 59+33 (0-14) 7.3%3.9 (0-14) 4227 (0-10) 5.1+2.1 (1-9) 7.0%16 (5-9) 6.9+20 (4-9)
Time between onset illness and initial examination {days)* 1706 1.6%0.7 17206 1.9::0.6 1.6+0.6 1.0+0.7
Previous vaccination (%) 112(57.4) 44(64.7) 34(48.6) 12(60.0) 17(63.0) 5(50.0)
Fever (%) 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 (%) 173(88.7) 64(94.1) 61(87.1) 16(80.0) 23(85.2) 9(90.0)
Nasal discharge (%) 177(90.8} 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:10.137 1/journal.pone.0070060.t001
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Table 2. Changes in anti-lAV-specific S-IgA production in untreated patients and patients treated with OSV and ZNV for 5 days, with or without CAM.

S-lgA concentration

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

Treatment n [AV-specific S-IgA concentration during treatment
Anti~lA\f-specific S-IgA {U/mg protein) Total S-IgA (ug/mg protein)
H1N1 H3N2 HIN1 H3N2

) : =1-fold (After/ =4-fold (After/ =1-fold (After/ =4-fold (After/

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

No treatment 65 2.3 (0.5-5.7) 31 {(1.2-7.8)* 2.2 (0.6-3.8) 3.1 (1.0-6.7)" 120.6 (90.3-177) 143.5 (118-204)* 61.5 26.2 69.2 154

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 a29° 14.3

OSV+CAM 20 0.9 (0.3~1.4) 1.9 (0.3-12.3)* 0.7 (0.2-1.7) 1.5 (03-7.6) * 121.6 (74.1-153) 134.1 (98.9-214)* 65.0% 30.0 70.0° 20.0

ZNV 27 3.8.(1.7-12.3) 4.5 (0.5-15.8) 2.0(1.4-3.8) 2.6 (0.5-7.8) 109.7 (86.8~181) 149.8 (101-216) 37.0° 18.5 48.1* 113

ZNV+CAM 10 2.0 (1.6-7.1) 6.3 (2.2-19.5) 1.7 (1.2-2.4) 43 (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). Before and after denote before and after treatment, respectively.

*P<20.05,

¥P<0.01, versus before treatment for the same parameter (Wilcoxon signed-ranks test).
$p<c0.05, 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

Table 3. Changes in anti-lAV-specific IgG production in untreated patients and patients treated with OSV and ZNV for 5 days, with or without CAM.

1gG concentration

Percentage of patients with 21-fold and =4-fold increases in anti-
IAV-specific 1gG concentration during treatment

Treatment n
Anti-lAV-specific 1gG (U/mL) Total 1gG (mg/mL)
H1N1 H3N2 HIN1 H3N2
=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) 0.8 (0.3-1.4)" 19.3 (10.9-48.3) 17.7 {10.2-28.1)* 735 306 735 347
osv 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 (8.1-17.6) 11.8 (8.6-17.4) 63.5 . 212 75.0 32.7
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) 78.6 214 85.7 14.3
ZNV 22 0.6 {0.3-1.1) 0.6 (0.4-1.1) 0.3 (0.2~-0.5) 0.5 (0.4-0.9)" 11.9 (8.3-31.4) 153 (9.4-28.4) 40.9% 13.6 68.2 18.2
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)* 15.4 (10.2-22.0) 12.0 {8.9-14.9) 100.0° 250 100.07 50.0

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

*P<0.05,

¥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).
Tp<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 weatment groups.
Table 4 compares the prevalence of disease manifestations at
day 5 after treatment. Significant improvements were noted in the
prevalence of cough in the OSV+CAM group, compared with the
OSV group (P<0.05), and nasal discharge in the ZNV+CAM
group; compared with the ZNV group (<0.05). However, there
were 1o 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-IA V-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 mdividuals according
to the treatment received in the preceding year. The AV
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 200972010, 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 (£<0.01), than those of
the no-weatment group. The combination treatment of CAM plus
OSV'and CAM plus ZNV tended to reduce the re-infection rate
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-IAV-specific IgG in pediatric -

patients with influenza. (ii) The combination treatment of CAM
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 immuunity observed with antiviral inhibitor
agents. (iii} The rates of TAV re-infection in the subsequent year
were significantly higher for the OSV and ZNV groups than the
control group, whereas the combination of CAM plus OSV or
ZNV tended to recluce 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

ZNV+CAM.

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-JAV IgG levels varied widely, probably
reflecting the history of infection and vaccination in these
individuals {13,17]. Treatment of pediatric influenza with OSV
or ZINV for 5 days significantly suppressed acquired anti-IAV S-
IgA levels in nasal washes (Table 2) and these changes may also
explain the higher 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 S-IgA is
primarily involved in cross-protection of the mucosal surtace
against variant IAV infection, and the mechanism of broad-
spectrum cross-protection could be explained by the wide-range
cross-reactivity of S-IgA [22-25].

The suppressive effects of OSV and ZNV on mucosal anti-IAV
S-IgA  levels, probably due to diminution of viral antgen
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 sérum in the OSV-
and ZNV-treated patients (L'ables 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 ZINV 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-comumitted B cells
undergo class switching. Subsequently, IgA-committed B cells
migrate to mucosal effector tissues including the nasal passages
[26]. We reported recently that CAM 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 OSY, OSV+CAM, ZNV and

Improvement (%} Fever Sore throat

Cough

Nasal discharge Headache Body aches

No treatment (n=68) 94.1 (64/68) 920 (23/25)

354 (23/65)

41.5 (27/65) 96.0 (24/25) 100 (16/16)

OSY (n=70) 94.3 (66/70) 68.2 (15/22) 31.3 (20/64) 39.4 (26/66) 100 (21/21) 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)
INV (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) 778" (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:10.1371/journal.pone.0070060.t004
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Data are percentage of patients who reported disappearance of symptoms per patients with 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

hyperpermeability. In the regulation of energy homeostasis, the pyruvate dehydrogenase (PDH) complex plays an important
role by catalyzing oxidative decarboxylation of pyruvate, linking glycolysis to the tricarboxylic acid cycle and fatty acid
synthesis, and thus its activity is linked to energy homeostasis. The present study tested the effects of diisopropylamine
dichloroacetate (DADA), a new PDH kinase 4 (PDK4) inhibitor, in mice with severe influenza. Infection of mice with influenza

PDK4 in the skeletal muscles, heart, liver and lungs. Oral administration of DADA at 12-h intervals for 14 days starting

glucose and lipid metabolism in the blood, together with marked improvement of survival and suppression of cytokine
storm, trypsin up-regulation and viral replication. These results indicate that through PDK4 inhibition, DADA effectively
suppresses the host metabolic disorder-cytokine cycle, which is closely linked to the influenza virus-cytokine-trypsin cycle,
resulting in prevention of multiorgan failure in severe influenza.
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Severe influenza is characterized by cytokine storm and multiorgan failure with metabolic energy disorders and vascular

A PR/8/34(H1N1) virus resulted in marked down-regulation of PDH activity and ATP level, with selective up-regulation of

immediately after infection significantly restored PDH activity and ATP level in various organs, and ameliorated disorders of

by the University of Tokushima and Daiichi Sankyo Healthcare Co., Ltd. The publication of the data reported here is at the discretion of the University of

Introduction

. ) ) of MOF by IAV remain poorly understood.
Influenza A virus (IAV) is the most common infectious pathogen

ability. To date, the pathogenesis and treatment target molecules

in humans and causes significant morbidity and mortality,
particularly in infants and elderly population [1,2]. Multiorgan
failure (MOF) with severe edema is reported in the progressive
stage of seasonal influenza virus pneumonia and influenza-
associated encephalopathy, particularly in patients with underlying
risk factors [3-5] and is common in the highly pathogenic avian
TAV infection [6]. The antiviral neuraminidase inhibitors are used
for treatment in the initial stage of IAV infection and a 5-day
course of these compounds is recommended for individuals with
flu symptoms of not more than 2 days. A proportion of individuals
with progressive symptoms after the initial stage of infection
develop MOF with metabolic disorders and vascular hyperperme-
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We reported previously that the influenza virus-cytokine—
trypsin cycle is one of the main underlying mechanisms of vascular
hyperpermeability and MOF in severe influenza [7]. Severe
influenza causes marked increases in the levels of proinflammatory
cytokines, such as tumor necrosis factor (TINF)-o, interleukin (IL)-
6, and IL-1B, coined the cytokine storm. These cytokines alter the
cellular redox state through their receptors and reduce the
expression of four complex I subunits, oxygen consumption [8,9]
and ATP synthesis in mitochondria, as well as increase mitochon-
drial Oo- production and intracellular calcium concentration
[Ca?]; [10]. ATP depletion dissociates zonula occludens-1,
intracellular tight junction component, from the actin cytoskeleton
and increases junctional permeability [11]. These cytokines also
upregulate trypsin, which mediates the post-translational proteo-
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lytic cleavage of viral envelope hemagglutinin and is crucial for
viral entry and replication cycle [12], in various organs and
endothelial cells. Trypsin also increases [Ca®*); and enhances loss
of zonula occludens-1 in cells via the protease-activated receptor
(PAR)-2 (7,13,14}. In addition, we reported recently that
metabolic disorders and energy crisis in brain endothelial cells
by IAV infection are the main mechanisms of influenza-associated
encephalopathy, which is characterized in infancy and early
childhood in East Asian countries by persistently high fever and
severe brain edema [5,15,16]. Patients with influenza-associated
encephalopathy exhibit thermal instability of compound variants
for [1055T>G/F352C] and [1102G>A/V368I] of carnitine
palmitoyltransferase II (CPT 1I), resulting in secondary CPT II
deficiency and mitochondrial energy crisis through disorders of
long-chain fatty acid metabolism during hyperpyrexia. These
findings indicate that MOF is the final outcome of metabolic and
mitochondrial fuel disorders in severe influenza, although the
precise signaling pathways involved in these disorders are still
unknown. )

The mitochondrial pyruvate dehydrogenase (PDH) complex
(PDC) catalyzes the oxidative decarboxylation of pyruvate, linking
glycolysis to the energetic and anabolic functions of the
tricarboxylic acid cycle and fatty acid synthesis via acetyl-CoA.
Therefore, PDC is a key enzyme for regulation of whole body
glucose, lipid, lactate and ATP homeostasis. PDC is a structurally
complex enzyme of three components [PDH (1), dihydrolipoa-
mide acetyltransferase (E2), and dihydrolipoamide dehydrogenase
(E3)] with two specific regulatory enzymes, pyruvate dehydroge-
nase kinases (PDKs) 1-4 for phosphorylation (inactivation) of the
a-subunit of PDH and pyruvate dehydrogenase phosphate
phosphatases (PDPs) 1 and 2, for dephosphorylation (activation,
‘reactivation) of the c-subunit of PDH [17,18]. Expression of PDKs
is linked to homeostasis of glucose, lipid, lactate, ATP, cytokines,
and hormone levels in various diseases and suppressively regulates
PDH activity [17-20].

In the present study, we describe selective and marked up-
regulation of PDK4, an isoform of PDK, together with down-
regulation of PDH activity and ATP levels in the skeletal muscles,
heart, liver and lungs, but not the brain, in mice with the
progressive stage of severe influenza and cytokine storm condi-
tions. The results also showed that diisopropylamine dichloroace-
tate (DADA), which is the active component of pangamic acid [21]
and commercially available as a Liverall {Daiichi Sankyo Co.,
Tokyo, Japan) for over 50 years for the treatment of chronic liver
diseases, is a safe inhibitor of PDK4. DADA selectively and
effectively inhibited PDK4, resulting in significant restoration of
PDH activity as well as various metabolic disorders, such as ATP
levels in various organs, and improved glucose, lactate and B-
hydroxybutyric acid levels in the blood. Amelioration of PDH
suppression in the infected mice by DADA was associated with
significant vital improvements, such as restoration of energy
metabolism, suppression of cytokine storm and viral proliferation,
with marked improvement of survival.

Methods

Reagents

DADA was obtained from Daiichi Sankyo Healthcare Co.
(Tokyo). Sodium DCA was purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Animals and virus
All animals were treated according to the Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23,

PLOS ONE | www.plosone.org

e .

PDK4 Inhibitor for Treatment of Severe Influenza

1996), and the study was approved by the Animals Care
Committee of the University of Tokushima. Specified pathogen-
free 4-week-old weanling C57BL/6CrSlc (B6) female mice were
obtained from Japan SLC and maintained at 12-h light/dark cycle
in a temperature-controlled room with free access to food and
water. IAV/PR/8/34(HINI1) was kindly provided by The
Research Foundation for Microbial Diseases of Osaka University
(Kagawa, Japan). Under ketamine and xylazine anesthesia, 60,
120 and 200 plaque-forming units (pfu) of IAV/PR/8/34(HIN1)
in 15 pl. of saline or saline alone as non-infected control was
instilled intranasally in mice. Mice were treated orally with
DADA, a PDK inhibitor, starting immediately after infection at
50 mg/kg at 12-h intervals for 14 days in 100 pL sterilized 0.5%
methylcellulose 400 (MC) solution mixed with calcium gluconate,
a food additive, in commercially available medicine format at
4.68 mg/mL. The dose of DADA was adjusted to yield daily
molar doses similar to the range of DCA used clinically (clinical
doses, 25-100 mg/kg/day [22,23]). Positive control mice were
treated with intraperitoneal injection of 100 wL of DCA at 28 mg/
kg, an equivalent molar dose to DADA, at 12-h intervals daily.
Mice were monitored daily for body weight and food and water
intake and assessed visually for signs of clinical diseases including
inactivity, ruffled fur, labored respiration and huddling behavior.
Mice that lost =30% of their original body weight and/or
displayed evidence of pneumonia were euthanized by overdose of
intraperitoneal injection of ketamine and xylazine.

Blood glucose, lactate, free fatty acids and B-
hydroxybutyric acid assays

Whole blood levels of glucose, lactate, and B-hydroxybutyric
acid were measured according to the protocols recommended by
Medisafe-Mini GR-102 (Terumo, Japan), Lactate-Pro LT-1710
(Arkray, Japan) and Precision Xceed (Abbot, Japan) hand-held
meter, respectively. Serum levels of free fatty acids were measured
according to the protocols provided with the Free Fatty Acid
Quantification Kit (Abcam, Japan).

Blood and tissues ATP assays

Tissue ATP levels were measured by the firefly bioluminescencé
assay kit with an improved phenol-based ATP extraction reagent
[24] (AMERIC-ATP (T) kit; Wako Pure Chemical Industries)
according to the protocol supplied by the manufacturer. Freshly
prepared brain, heart, lungs, liver and skeletal muscle (gastrocne-
mius muscle) tissues were homogenized immediately with 3.0 mL
of ice-cold phenol-based ATP extraction reagent by Ultra-Turrax
(Ika Japan, Nara, Japan). The tissue ATP levels were normalized
against wet-tissue weight. Blood ATP levels were also measured by
AMERIC-ATP kit for blood and cells using the procedure
described previously [25].

ICsp analysis

The half maximal inhibitory concentrations (/Csq) of DADA
and DCA against human PDK?2 and PDK4 recombinant proteins
expressed baculovirus system were measured by the method of of-
chip mobility shift assay using a panel of human recombinant
active kinases [26] from Carna Biosciences, Inc. (Kobe, Japan).

PDH activity

PDH activity was measured in the brain, heart, lungs, skeletal
muscles, and liver by the PDH Enzyme Activity Microplate Assay
Kit (MSP18) (MitoSciences, Eugene, OR). The PDH was
immunocaptured within the microplate and activity was deter-
mined by following the reduction of NAD™ to NADH, coupled to
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the reduction in a reporter dye color. Tissues homogenates in
PBS(-) were prepared by Dounce Tissue Grinder to avoid
mitochondrial damage. Tissue samples were then solubilized and
diluted with detergent in the assay kit at the optimal protein
concentrations for each organ to immunocapture PDH on the
microplate; brain (1 mg/well), heart (200 pg/well), lungs (1 mg/
well), liver (800 pg/well) and muscles (I mg/well). After adding
the reaction mixture, absorbance was monitored at 450 nm for
15 min. The activity was expressed as the initial rate of reaction.

Western immunoblotting

Anti-mouse PDK4 antibody (provided generously by Dr. M.
Horiuchi, Kagoshima University, Japan), was used for detection of
PDK4 in the heart, lungs, skeletal muscles and liver tissues [27].
Freshly isolated tissues were homogenized with 7 volumes of RIPA
lysis buffer containing 50 mM Tris-HCI, pH 8.0, and 150 mM
NaCl, 10% glycerol, 1% NP 40, 0.5% deoxycholate, -0.4 mM
EDTA, and 0.5 mM sodium orthovanadate (Thermo Scientific,
Yokchama, Japan) and centrifuged at 12,000 xg for 20 min. The
extracts (with protein concentration of 16.7 pug) were used for
immunoblotting, as described previously [13]. Immunoreactive
bands were visualized by enhanced chemiluminescence detection
system (GE Healthcare, Tokyo) and the detected bands were
quantified by Image] software.

Real-time PCR

Total RNA was extracted from mice tissues with RINeasy Mini
kit (Qiagen, Hilden, Germany) and reverse transcribed using oligo
primers and universal primers in SuperScript IIT RT kit (Gibco
BRL, Grand Istand, NY) for ¢cDNA synthesis. RT-PCR and
quantification of gene expression by real-time PCR were
performed using a Fast Start Universal SYBR Green Master
(Roche Diagnostics, Mannheim, Germany) on an ABI Prism 7300
system. The primer pairs used to amplify influenza A virus NS1,
PDK1-4, PDP 1-2, trypsin and mouse glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH) are listed in Table 1. PCR was .

initiated at 95°C for 10 min to activate HotStartTag DNA
polymerase, followed by 40 cycles of 30-s denaturation at 95°C,
30-s annealing at 52°C and 50-s extension at 72°C.

Enzyme-linked immunosorbent assay (ELISA)

The lung samples were crushed with 3 mL PBS and IL-6, IL-2,
TNF-a, IL-1B, and IFN-y levels in the homogenates were
measured using Quantikine ELISA kit (R&D systems, Minneap-
olis, MN). IFN-¢ and IFN-B levels were measured using VeriKine
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ELISA kits (R&D systems) according to the respective protocols
provided by the manufacturer.

Histological evaluation

After euthanasia, the lungs were isolated then fixed with 4%
paraformaldehyde, dehydrated, infiltrated, and cut into 5-pm
paraffin-embedded tissue sections for histological evaluation, as
described previously [13]. Tissue sections were stained with
hematoxylin—eosin.

Statistical analysis

Results are presented as mean * SD. Differences between
groups were analyzed by one-way analysis of variance (ANOVA)
with Tukey post hoc test. Survival rate was analyzed by the
Kaplan-Meier and log-rank tests. Changes in body weight among
groups were analyzed by two-way ANOVA. All statistical tests
were performed using the Microsoft Excel software (Microsoft
Corp, Redmond, WA) add-in Ekuseru-Toukei 2010 version 1.10
(Social Survey Research Information Co.). All P values are two-
sided, and those less than 0.05 were considered statistically
significant.

Results

Low PDH activity and ATP levels in various organs of
mice infected with sub-lethal doses of |AV infection

Intranasal administration of 60 pfu of IAV PR/8/34(HIN1) in
15 pL of saline in 4-week-old B6 mice was semi-lethal by day 14
post-infection; the animals began to die after day 7 post-infection.
Furthermore, 120 pfu was sub-lethal with 3-5% survival rate.
Animals administered 200 pfu began to die after day 7 post-
infection and all were dead (100% mortality rate) by day 10 (lethal
dose). At day 4 post-infection and thereafter, the majority of
animals infected with these doses of IAV developed clinical signs of
infection (e.g., inactivity, loss of body weight, ruffled fur, labored
respiration and huddling behavior). MOF starts at day 4 post-IAV-
infection, and is characterized by marked increase in the levels of
proinflammatory cytokines and a rapid increase in viral prolifer-
ation via the influenza virus—cytokine—trypsin cycle [7,12]. After
peak viral proliferation in the lung at days 4 to 5 post-infection,
various metabolic disorders associated with cellular dystunction
become obvious in various organs, together with the initiation of
host protective immunity [12].

Mice infected with 120 pfu of IAV had significantly low PDH
activity in the lungs at day 3 post-infection (to about 50-60% of
the non-infected control) and also in the skeletal muscles, liver and
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Table 1. Sequences of primers used in real-time PCR.

Gene Forward primer {5'-3) Reverse primer (5'-3')

PDP1 - CGGGCACTGCTACCTATAATT ACAATTTGGACGCCTCCTTACT
PDP2 GGCTGAGCATTGAAGAAGCATT GCCTGGATTTCTAGCGAGATGT
PDK1 - . CCGGGCCAGGTGGACTTC - GCAATCTTGTCGCAGAAACATAAA
PDK2 GCTTCCCCTGACCTGGAGAT AGGCTGGACTCGGCTTT :
PDK3 CGGTCCCCAAGCAGATCGA * GTTAGCCAGTCGCACAGGAG
PDK4 CACATGCTCTTCGAACTCTTCAAG TGATTGTAAGGTCTTCTTTCCCAAG
Trypsin AGTGGGTGGTGTCTGCAGCTCA GATTCCTGCCAGGGTGACTC

NS-1 TACCTGCGTCGCGTTACCTAA TGCTTCTCCAAGCGAATCTCT
GAPDH  CATCACCATCTTCCAGGA GAGGGGGCCATCCACAGTCTTC
doi:10.1371/journal.pone.0098032.t001
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heart at day 7 post-infection (Figure.1A). On the other hand, PDH
activity in the brain remained unchanged at days 3 and 7 post-
infection. ATP levels in the heart, lungs, skeletal muscles and liver,
but not in the brain, showed similar reduction patterns (both time
course and tendency, Figure 1B). These findings indicate that sub-
lethal doses of IAV induce significant disorder of glucose
oxidation, reduction of energy metabolism, and poor ATP
generation in the skeletal muscles, liver, lungs and heart, through
reduction of PDH activity in the mitochondria.

|AV infection induces marked and selective up-regulation
of PDK4 in the skeletal muscles, heart, lungs and liver

Oxidative decarboxylation of pyruvate involves three structur-
ally complex enzymes, including PDH (E1), E2, and E3, that
catalyze the conversion of pyruvate to acetyl-CoA [17,18]. The
complex also contains two specific phosphorylation-dephosphor-
ylation enzymes; PDK and PDP. Table 2 shows changes in
relative mRINA expression levels of these regulatory compounds in
the liver, heart, lungs, skeletal muscles and brain at days 0, 3 and 7
post-infection. Although a sub-lethal dose of IAV infection was
associated with variable changes in the expression of these
phosphorylation-dephosphorylation enzymes, marked and pre-
dominant up-regulation of PDK4 was evident in the skeletal
muscles, liver, lungs and heart. However, up-regulation of PDK4
in the brain was very mild even at day 7 post-infection. Western
immunoblotting analysis (Figure 2) confirmed predominant up-
regulation of PDK4 protein with a peak at day 3 post-infection in
the lungs, and peaks at day 7 post-infection in the skeletal muscles,
heart and liver. Changes in protein levels in these organs were
almost identical to those in mRNA levels.

Brain

>

Lung

1.5 1.5 = 1.5
1.0 b =

0.5

Relative PDH activity
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DADA as a novel PDK4 inhibitor

A sub-lethal dose of TAV up-regulates PDKs, particularly
PDK4, resulting in the suppression of PDH activity in the
mitochondria (Table 2, Iigures 1 and 2). Among the known
synthetic inhibitors of PDK [28], such as dichloroacetate (DCA),
AZD7545 and radicicol, the pyruvate analog DCA is the most
common classic inhibitor for PDK isoforms [29]. In the present
study, we analyzed the inhibitory activity of DADA, a DCA
derivative and commercially-available safe compound, against
PDK4 and PDK2, which are the main PDK isoforms in the
skeletal muscles, heart, lungs and liver {20], and used DCA as a
positive control in these experiments (Table 3). Kinetic studies
showed that the /G5 values, 1.e., DADA concentrations at which
the reaction rates are suppressed by 50%, were 50.9 UM against
PDK4 and 636.0 uM against PDK2. These values were almost
identical to those of DCA against PDK4 and PDK2, respectively.
These results indicate that DADA is a novel PDK4 inhibitor with
about 12.5-fold higher affinity than that against PDK2.

DADA significantly increases PDH activity and ATP levels
in the skeletal muscles, heart, lungs and liver

To analyze the effects of DADA as a PDK4 inhibitor on PDH
activity and ATP levels in different tissues, mice infected with a
sub-lethal dose of IAV PR/8/34(H1N1) were treated orally with
DADA immediately after the infection, at 50 mg/kg twice daily.
As described above, the infection resulted in marked suppression
of PDH activities and ATP levels at day 7 post-infection, the time
point before animal death, in the skeletal muscles, liver, lungs and
heart to about 25-52% and 48-63% of the non-infected control,
respectively (Figure 3). DADA significantly prevented the effects of

Heart Liver Skeletal muscle
2.0 r 20 -
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Figure 1. Time course of changes in PDH activity and ATP levels in the skeletal muscles, heart, lungs, liver and brain of IAV-infected
mice. Mice were infected with IAV/PR/8/34(H1N1) at 120 pfu intranasally and the levels of PDH activity (A) and ATP (B) in the skeletal muscles, heart,
lungs, liver and brain were analyzed at days 0 (d0), 3 (d3) and 7 (d7) post-infection. PDH activity levels after AV infection relative to the values at day

)

0. Data are mean = SD of 5 mice per group. "P<0.05,
doi:10.1371/journal.pone.0098032.g001
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#P<0.01 vs. day 0, by one-way analysis of variance (ANOVA) with Tukey post hoc test.
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