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a b s t r a c t

A novel influenza (H1N1) virus caused an influenza pandemic in 2009, while highly pathogenic H5N1
avian influenza viruses have continued to infect humans since 1997. Influenza, therefore, remains a
serious health threat. Currently, neuraminidase (NA) inhibitors are the mainstay for influenza therapy;
however, drug-resistant mutants of seasonal H1N1 and H5N1 viruses have emerged highlighting the need
eywords:
onoclonal antibody Immunotherapy
5N1
andemic (H1N1) 2009

for alternative therapeutic approaches. One such approach is antibody immunotherapy. Here, we show
that the monoclonal antibody C179, which recognizes a neutralizing epitope common among H1, H2, H5,
and H6 hemagglutinins (HAs), protected mice from a lethal challenge with various H5N1 and pandemic
(H1N1) 2009 viruses when administered either intraperitoneally or intranasally. The protective efficacy
of intranasally inoculated C179 was comparable to that of intraperitoneal administration. Our results
suggest that direct administration of this anti-influenza antibody to viral replication sites is an effective

nd th
strategy for prophylaxis a

. Introduction

The first fatal case of highly pathogenic avian H5N1 influenza
irus infection of a human was reported in Hong Kong in 1997 (Claas
t al., 1998; Subbarao et al., 1998). Since then, over 470 people have
een infected with H5N1 viruses, with a mortality rate of about
0% (http://www.who.int/csr/disease/avian influenza/en/). As out-

reaks of H5N1 virus infection of poultry have spread worldwide,
he virus’ glycoprotein, hemagglutinin (HA), has evolved into mul-
iple phylogenetically distinct clades and subclades (Chen et al.,
006; Webster and Govorkova, 2006; WHO, 2008). Meanwhile, in
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2009, a novel influenza virus, pandemic (H1N1) 2009 virus, caused
a pandemic with serious public health issues (Khan et al., 2009).

Vaccines offer effective prophylaxis for influenza, whereas, for
therapy, two classes of drugs are available: M2 ion channel blockers
(amantadine and rimantadine) (Dolin et al., 1982; Hay et al., 1985)
and neuraminidase (NA) inhibitors (oseltamivir and zanamivir)
(Zambon and Hayden, 2001). However, viruses resistant to M2 ion
channel blockers have emerged (Belshe et al., 1989; Bright et al.,
2006; He et al., 2008; Shiraishi et al., 2003) and spread worldwide.
In fact, currently circulating seasonal H1N1 and H3N2 viruses, as
well as some H5N1 viruses, are resistant to M2 ion channel blockers
(Bright et al., 2006; He et al., 2008). M2 ion channel blockers, there-
fore, are no longer the first choice for influenza therapy. The NA
inhibitors are effective against seasonal influenza viruses, including

those resistant to M2 ion channel blockers; however, oseltamivir-
resistant viruses have appeared sporadically (Kiso et al., 2004).
Indeed, during the 2007–2008 season, oseltamivir-resistant sea-
sonal H1N1 viruses emerged and spread worldwide (Cheng et al.,
2010; Meijer et al., 2009). Moreover, oseltamivir-resistant pan-

dx.doi.org/10.1016/j.antiviral.2010.09.007
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
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emic (H1N1) 2009 and H5N1 viruses have also been reported
Le et al., 2005; Wang et al., 2010), raising concerns regarding the

anagement of influenza virus infections. Taken together, these
esistance patterns underscore the need for novel antiviral thera-
eutic options.

Antibody immunotherapy is an effective therapeutic strategy
ith high potency. In fact, human monoclonal antibody (mAb)-

ased immunotherapy has been used to treat numerous human
iseases, including respiratory tract infections (Desjardin and
nydman, 1998; Frogel et al., 2010; Groothuis and Simoes, 1993).
onoclonal antibody-based immunotherapy may, therefore, be

f value in the management of influenza outbreaks, including
hose caused by highly pathogenic avian H5N1 and pandemic
H1N1) 2009 viruses. Influenza A viruses are sub-classified accord-
ng to the antigenicity of their two major surface proteins: HA
H1–H16), which mediates cell entry and membrane fusion, and
A (N1–N9), which facilitates virion release. However, antigenic
rift occurs in human influenza viruses, necessitating modification
nd re-administration of the vaccine to ensure protection. There-
ore, the ideal antibodies for influenza immunotherapy would be
ross-reactive among the HAs of different subtypes and their drift
ariants. Recently, several monoclonal antibodies cross-reactive
ith influenza A viruses of different HA subtypes, including H5,
ave been shown to be highly protective in mouse and ferret mod-
ls (Chen et al., 2009, 2010; Friesen et al., 2010; Khurana et al.,
009; Sui et al., 2009; Throsby et al., 2008; Yoshida et al., 2009).
179, which was raised against H2 HA more than 15 years ago,
as the first anti-HA monoclonal antibody shown to be subtype

ross-reactive, neutralizing viruses of the H1, H2, and H5 subtypes
Okuno et al., 1993). C179 recognizes a common epitope among
1, H2, H5, and H6 (Smirnov Iu et al., 1999), and neutralizes virus
y inhibiting the fusion process (Okuno et al., 1993). It has been
hown to protect mice from a mouse-adapted seasonal H1N1 virus
train (Okuno et al., 1994), but its efficacy against highly pathogenic
5N1 avian and pandemic (H1N1) 2009 influenza viruses has not
een demonstrated in animal models.

Although the studies to date with anti-HA monoclonal antibod-
es have shown these antibodies to be highly protective in animal

odels, these studies all used intraperitoneal or intravenous inoc-
lation. Other inoculation routes (e.g., intranasal inoculation) have
ot been evaluated (Friesen et al., 2010; Throsby et al., 2008;
oshida et al., 2009). Here, to bridge this gap, we evaluated the
rophylactic and therapeutic efficacy of C179 against various H5N1
iruses and a pandemic (H1N1) 2009 virus, comparing its efficacy
ia intraperitoneal and intranasal administration in a mouse model.

. Materials and methods

.1. Antibodies

The monoclonal antibody C179 was produced from BALB/c
ouse immunized with A/Okuda/57 (H2N2) (Okuno et al., 1993). It

ecognizes a common epitope on H1, H2, H5, and H6 HAs (Smirnov
u et al., 1999).

The mouse monoclonal antibody (mAb) H3-32.1 recognizes only
3 HA and was used as a control.

The mAbs C179 and H3-32.1 were purified from ascites by affin-
ty chromatography using an IgG purification kit (Pierce) or HiTrap
rotein G Columns (GE Healthcare) before use.
.2. Viruses and cells

The following virus strains were used in this study:
/Vietnam/UT3040/04 (H5N1, clade 1; VN3040), A/Vietnam/
T31312III/07 (H5N1, clade 2.3.4; VN31312III), A/swine/Indonesia/
arch 88 (2010) 249–255

UT2071/05 (H5N1, clade 2.1.1; SwIDN2071), A/Indonesia/UT3006/
05 (H5N1, clade 2.1.3; IDN3006), A/chicken/Miyazaki/K11/07
(H5N1, clade 2.2; CkMiyazaki), A/California/04/09 (pandemic
(H1N1) 2009; CA04), mouse-adapted A/California/04/09 (pan-
demic (H1N1) 2009; MA-CA04), and A/WSN/33 (H1N1; WSN).
These viruses were propagated in Madin–Darby canine kidney
(MDCK) cells, which were maintained in Eagle’s minimal essential
medium (MEM) supplemented with 5% newborn calf serum
(SIGMA) and cultured at 37 ◦C in 5% CO2.

2.3. Neutralizing activity of C179 against H5N1 and pandemic
(H1N1) 2009 viruses

Viruses were serially diluted by ten-fold in MEM and mixed with
C179 (100 �g) or phosphate-buffered saline (PBS). The virus–C179
or –PBS mixture was then added to MDCK cells in 12-well tissue cul-
ture plates. After a 72 h inoculation, cytopathic effects (CPEs) were
assessed. The ratio of the 50% tissue culture infectious dose (TCID50)
of the virus–PBS mixture and virus–C179 mixture was determined
and used as the neutralizing activity. TCID50 was calculated by the
methods of Reed and Muench (1938).

2.4. Prophylactic and therapeutic efficacy studies in mice

We used 4- to 5-week-old female BALB/c mice (Japan SLC) for
all animal experiments. For the prophylactic efficacy study, C179
or the control antibody H3-32.1 was inoculated into four mice per
group via the intraperitoneal (15 mg/kg) or intranasal (2.5 mg/kg)
route in 0.5 ml or 50 �l, respectively. One or 24 h after admin-
istration, mice were infected with H5N1 viruses, WSN, CA04, or
MA-CA04 via the intranasal route in 50 �l volumes per mouse
with 50 MLD50 (dose required to kill 50% of mice), 50 MLD50, 105

plaque-forming units (PFU), or 10 MLD50, respectively. Mice were
monitored daily for mortality (for H5N1 viruses, WSN, and MA-
CA04) or body weight changes (for CA04) for 14 days after virus
challenge.

For the therapeutic efficacy study, the experimental design
duplicated that of the prophylaxis study, with the following excep-
tions. We first inoculated mice intranasally with 50 MLD50, 50
MLD50, 105 PFU, or 10 MLD50 of H5N1 viruses, WSN, CA04, or
MA-CA04, respectively. At 24, 48, or 72 h post-challenge, the virus-
infected mice received C179 or the control mAb H3-32.1 via the
intraperitoneal or intranasal route.

Three mice per group challenged with CA04 were euthanized
on day 3 or 6 post-challenge. Their lungs were collected in a 9-fold
volume of MEM supplemented with 0.3% bovine serum albumin
(BSA: SIGMA). The amount of virus in the lung homogenates was
then determined by plaque assays in MDCK cells.

2.5. Statistical analysis

Statistically significant differences in survival between mouse
groups treated with C179 and the untreated group were deter-
mined by the log-rank and generalized Wilcoxon (Gehan) tests by
use of R software ver. 2.11.1.

Dunnett’s multiple comparison method was used to evaluate
statistically significant differences between virus titers in the lungs
of mice treated with C179 and the untreated groups.

3. Results
3.1. Amino acid conservation of the proposed epitope recognized
by C179 in H5N1 and pandemic (H1N1) 2009 viruses

The epitope of C179 is believed to consist of two regions, the
A region (amino acids 318–322 in HA1) and the B region (amino
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Table 1
Amino acid sequences of the C179 epitope.

Virus strains A region (HA1 318–322a) B region (HA2 47–58)

Okuda57 (H2N2) TGLRN GITNKVNSVIEK
GITNKVNSIIEK

GVTNKVNSIIDK
GVTNKVNSIIDK
GVTNKVNSIIDK
GVTNKVNSIIDK
GVTNKVNSIIDK

WSN (H1N1) TGLRN
H5N1 viruses
VN3040 (clade 1) TGLRN
SwIDN20712071/05 (clade 2.1.1) TGLRN
IDN3006 (clade 2.1.3) TGLRN
CkMiyazaki (clade 2.2) TGLRN
VN31312III (clade 2.3.4) TGLRN
Pandemic (H1N1) 2009 virus
CA04 TGLRN
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he epitope recognized by C179 is proposed to consist of an A region (HA1 318–32
kuda57 or WSN are shown in bold. The rectangle shows the amino acid difference
a H2 numbering.

cids 47–58 in HA2) (H2 numbering) (Okuno et al., 1993). An amino
cid change at position 318 in HA1 or position 52 in HA2 abolishes
179 recognition (Okuno et al., 1993). Comparison of the amino
cid sequence of the A region showed complete conservation of the
equence among A/Okuda/57 (H2N2; Okuda57), A/WSN/33 (H1N1;

SN), all H5N1 viruses examined, and A/California/04/09 (H1N1;
A04). For the B region, the H5N1 and CA04 virus sequences differed

rom those of Okuda57 or WSN at two or one positions, respectively
Table 1). In addition, the amino acid at position 55 in HA2 dif-
ered among Okuda57, WSN, H5N1, and CA04 viruses. However,
al or Ile at this position did not appear to affect C179 bind-

ng to the viruses since the antibody efficiently neutralized WSN
see below).

.2. C179 neutralizes various H5N1 and pandemic (H1N1) 2009
iruses in vitro

To examine the efficacy of C179 against H5N1 and pandemic
H1N1) 2009 viruses in vitro, the neutralizing activity of the anti-
ody was measured. Neutralization assays, in which the mAb
oncentration that neutralizes a given infectious dose of virus
s determined, are commonly used to evaluate the neutralizing
ctivity of antibodies against influenza viruses. However, complete
eutralization of H5N1 viruses was observed only at the highest
oncentration of the C179 antibody tested (i.e., 100 �g/�l) and
irus growth was observed at the next dilution (i.e., 50 �g/�l). We,
herefore, evaluated the neutralizing activity of C179 by comparing
irus titers in the absence (PBS served as a control) or presence of
his antibody (Table 2). C179 neutralized WSN most efficiently, fol-
owed by pandemic (H1N1) 2009 virus, and to a much lesser extent,
5N1 viruses.

.3. Intraperitoneal treatment of C179 protects mice from lethal
hallenge with H5N1 or pandemic (H1N1) 2009 viruses

To examine the prophylactic and therapeutic efficacy of
179 against H5N1 viruses in vivo, mice were inoculated intraperi-
oneally with a single dose of C179 (15 mg/kg) at the following time
oints (prophylaxis, 24 h or 1 h pre-virus challenge; and therapy,
4 h, 48 h, or 72 h post-virus challenge). Mice were then chal-

enged by intranasal inoculation of 50 MLD50 (dose required to kill
0% of mice) of various H5N1 viruses (A/Vietnam/UT3040/04
clade 1; VN3040), A/Vietnam/UT31312III/07 (clade 2.3.4;
N31312III), A/swine/Indonesia/UT2071/05 (clade 2.1.1;
wIDN2071), A/Indonesia/UT3006/05 (clade 2.1.3; IDN3006),

/chicken/Miyazaki/K11/07 (clade 2.2; CkMiyazaki)) or WSN
irus. Survival of infected mice was monitored daily for 14 days
Fig. 1). While all of the control mice, who received a control

Ab H3-32.1 instead of C179 (see Supplementary Fig. S1), and
he untreated control mice died by day 9 post-challenge, most
EITNKVNSVIEK

nd a B region (HA2 47–58aa) (Okuno et al., 1993). The amino acid differences from
een Okuda57 and WSN.

(74%) of the C179-inoculated mice survived during the moni-
toring period. Furthermore, the groups with 100% survival did
not show any clinical signs. The prophylactic and therapeutic
efficacies of C179 were high for VN3040 and CkMiyazaki, as
well as for WSN, and relatively high for SwIDN2071; they were,
however, low for IDN3006 and VN31312III (Fig. 1). These results
indicate that C179 can protect mice from lethal challenge of
various clades and subclades of H5N1 viruses, albeit to differing
degrees.

Next, we examined the efficacy of C179 against CA04, a repre-
sentative pandemic (H1N1) 2009 virus. Because a high dose of CA04
is required for lethality in mice (MLD50: 6.3 × 105 PFU) (Itoh et al.,
2009; Maines et al., 2009), we evaluated changes in body weight of
mice intranasally challenged with 105 PFU of CA04 (Fig. 2A). Mice
inoculated with C179 before virus challenge exhibited little to no
weight loss, whereas all of the control mice that received H3-32.1
instead of C179 lost a substantial amount of body weight. For ther-
apy, recovery of body weight loss was improved by C179 when
administrated for 24 h.

To further evaluate the efficacy of C179 against CA04, three mice
per group were euthanized on days 3 and 6 post-challenge and virus
titers in the lungs were determined by plaque assays in MDCK cells
(Fig. 2B). On day 3 post-challenge, the virus titers in the lungs of the
C179-inoculated mice were significantly lower than those of the
untreated control mice when C179 was administered 24 h, but not
1 h, before challenge or after challenge. However, on day 6 post-
challenge, a significant reduction in lung virus titer as a result of
C179 inoculation was more prominent in most treatment regimens,
with the exception of the animals treated with the antibody 1 h after
challenge.

We also examined the efficacy of C179 against a mouse-
adapted CA04, MA-CA04 (MLD50: 3.7 × 104 PFU) (Sakabe et al.,
unpublished data) in a murine lethal infection model (Fig. 3).
When mice were inoculated with C179 prior to challenge with
this virus, C179 effectively protected them (≥75%) from a lethal
dose (10 MLD50) of MA-CA04, which killed all of H3-32.1-treated
control mice (see Supplementary Fig. S2) and the untreated
mice by 7 days post-challenge. The prophylactic efficacy of
C179 against MA-CA04 (Fig. 3) was significant. By contrast,
therapeutic treatment with C179 afforded limited protection
against lethal challenge with MA-CA04. These results indicate
that C179 protects mice from pandemic (H1N1) 2009 virus infec-
tion prophylactically, but not therapeutically when administered
intraperitoneally.
3.4. Intranasal C179 treatment provided protective efficacy
against H5N1 and pandemic (H1N1) 2009 viruses

For intraperitoneal treatment, we used 15 mg/kg of C179. To
examine whether we could reduce the amount of antibody for
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Table 2
Neutralizing activity index of C179.a

Virus strains Virus titer (log10 TCID50/ml) in the presence of Neutralizing activityb

PBS C179

WSN (H1N1) 7.8 2.8 5.0
H5N1 viruses
VN3040 (clade 1) 8.3 7.3 1.0
SwIDN2071 (clade 2.1.1) 8.3 7.3 1.0
IDN3006 (clade 2.1.3) 8.5 7.3 1.2
CkMiyazaki (clade 2.2) 7.3 6.5 0.8
VN31312III (clade 2.3.4) 8.5 7.5 1.0
Pandemic (H1N1) 2009 virus
CA04 7.5 3.5 4.0

mixtu
e pre

t
t
v
2
c

F
(
(

MA-CA04 6.8

a Virus was mixed with C179 or PBS and incubated for 1 h, then the TCID50 of the
b The neutralizing activity index was determined by dividing the virus titers in th
reatment, we next examined the protective efficacy of intranasal
reatment with C179 against H5N1 and pandemic (H1N1) 2009
iruses. Mice were inoculated with C179 (2.5 mg/kg) intranasally
4 or 1 h before or 24, 48 or 72 h after virus challenge. Mice were
hallenged with WSN, SwIDN2071, IDN3006 (50 MLD50, respec-

ig. 1. Prophylactic and therapeutic efficacy of C179 against WSN (H1N1) and H5N1 virus
prophylactic) or 24, 48, or 72 h post- (therapeutic) challenge (chal) with a lethal dose of
F). Survival was monitored daily for 14 days. *p < 0.05: significant difference compared to
3.8 3.0

re was determined in MDCK cells.
sence of PBS by those in the presence of C179.
tively), or MA-CA04 (10 MLD50; we could not use a higher dose
because of the lower titer of the virus stock compared with that
of the other test viruses) and monitored daily for survival for
14 days (Fig. 4). While all of H3-32.1-treated control mice (see
Supplementary Fig. S3) and untreated control mice died by day 12

es. Four mice per group were intraperitoneally inoculated with C179, 24 or 1 h pre-
WSN (A), VN3040 (B), SwIDN2071 (C), IDN3006 (D), CkMiyazaki (E), or VN31312III

the untreated control (log-rank and generalized Wilcoxon (Gehan) tests).
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Fig. 2. Body weight changes in mice infected with CA04 (A). Four mice per group were intraperitoneally inoculated with C179 (green) or H3-32.1 (red) at the indicated
time points, and then challenged with CA04. Body weights were monitored daily. The values are means ± SD. All of the control mice that received H3-32.1 at the 24 h or 1 h
p ody w
o ulated
a e mea
* ple co

p
i
n
c
W
C
i
a
a
o

re-challenge and the 24 h post-challenge time points lost a significant amount of b
f mice inoculated with C179 (B). Three mice per group were intraperitoneally inoc
nd 6 post-challenge (chal), mice were euthanized and virus titers in the lungs wer
p < 0.05: significant difference compared to the untreated control (Dunnett’s multi

ost-challenge. Some (68%) of C179-inoculated mice survived dur-
ng the monitoring period. Mice in groups with 100% survival did
ot show any clinical signs. The prophylactic and therapeutic effi-
acies of intranasally inoculated C179 were significantly high for

SN, relatively high for SwIDN2071, but low for IDN3006 and MA-

A04 (Fig. 4). Interestingly, the protective efficacy of intranasally

noculated C179 at a dose of 2.5 mg/kg was comparable to that
chieved via the intraperitoneal route with a 15 mg/kg dose for
ll of the viruses tested, suggesting that direct administration
f this anti-influenza antibody to the viral replication site may
eight compared to those treated with C179 (t test, p < 0.05). Virus titers in the lungs
with C179 at the indicated time points and then challenged with CA04. On days 3

sured by plaque assays in MDCK cells. The results are expressed as the mean ± SD.
mparison method).

reduce the amount of antibody needed for prophylaxis and ther-
apy.

4. Discussion
Here, we show that the subtype cross-reactive monoclonal anti-
body C179 protects mice from H5N1 and pandemic (H1N1) 2009
viruses, despite its low neutralizing activity in vitro. Furthermore,
we found that C179 provides protective efficacy via two different
routes of administration. In particular, a substantially lower dose
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f intranasally administered antibody was as effective as intraperi-
oneal administration. Recently, multiple cross-reactive anti-HA
ntibodies with high potency have been reported (Chen et al., 2009,
010; Friesen et al., 2010; Kashyap et al., 2008; Sui et al., 2009;
oshida et al., 2009). Our results suggest that intranasal adminis-
ration of anti-influenza virus antibodies should be considered as a
oute of inoculation for these antibodies.

The epitope recognized by C179 is highly conserved among
1N1, H5N1, and H2N2 viruses (Table 2). However, the in vitro
eutralizing activity of C179 varied among these viruses, suggest-

ng that regions other than the proposed C179 epitope (Okuno et
l., 1993) affect C179 recognition.

C179 protected mice from H5N1 and pandemic (H1N1) 2009
iruses effectively, although it showed low neutralizing activity in

itro. It may be that this antibody exhibits its protective efficacy
y not only inhibiting HA fusion (Okuno et al., 1993), but also by

nducing other mechanisms, such as opsonization. Further studies
re needed to gain more insights into the protective mechanism of
his antibody.
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Prophylactic administration of C179 to mice was effective for all
of the virus strains examined in this study. In addition, C179 thera-
peutic use was also effective for some H5N1 viruses. Although the
therapeutic efficacy for pandemic (H1N1) 2009 virus was limited,
C179 did extend the lives of the test mice (Figs. 3 and 4). These
results suggest that daily administration of C179 after challenge
may be more effective for pandemic (H1N1) 2009 virus.

In this study, we found that intranasal administration required
a lower dose of antibody for protection against influenza virus
infection compared to intraperitoneal administration. Thus, the
intranasal administration of antibody for influenza treatment may
offer cost-effective benefits.

It is difficult to predict both when an influenza pandemic will
occur and what kind of virus will cause a pandemic, as exem-
plified by the pandemic of 2009. Due to the limitations with
existing vaccines and currently licensed anti-influenza drugs, it
is prudent to develop new prophylactic and therapeutic mea-
sures. Intranasal administration of an antibody as immunotherapy
may be a promising option for controlling future pandemics and
epidemics.
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