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ABSTRACT
Newly emerging highly pathogenic avian influenza (HPAI) H5N2, H5N3, H5N5, H5N6, H5N8 and H5N9 viruses
have been spreading in poultry and wild birds. The H5N6 viruses have also caused 10 human infections with 4
fatal cases in China. Here, we assessed the cross-neutralization and cross-protection of human and mouse
monoclonal antibodies against 2 viruses: a HPAI H5N8 virus, A/chicken/Netherlands/14015526/2014 (NE14) and
a HPAI H5N6 virus, A/Sichuan/26221/2014 (SC14). The former was isolated from an infected chicken in
Netherlands in 2014 and the latter was isolated from an infected human patient in Sichuan, China. We show that
antibodies FLA5.10, FLD21.140, 100F4 and 65C6, but not AVFluIgG01, AVFluIgG03, S139/1 and the VRC01 control,
potently cross-neutralize the H5N8 NE14 and H5N6 SC14 viruses. Furthermore, we show that a single injection
of>1mg/kg of antibody 100F4 at 4 hours before, or 20 mg/kg antibody 100F4 at 72 hours after, a lethal dose of
H5N8 NE14 enables mice to withstand the infection. Finally, we show that a single injection of 0.5 or 1 mg/kg
antibody 100F4 prophylactically or 10mg/kg 100F4 therapeutically outperforms a 5-day course of 10 mg/kg/day
oseltamivir treatment against lethal H5N8 NE14 or H5N6 SC14 infection in mice. Our results suggest that further
preclinical evaluation of humanmonoclonal antibodies against newly emerging H5 viruses is warranted.

Abbreivations: HPAI, highly pathogenic avian influenza; NE14, A/chicken/Netherlands/14015526/2014; SC14, A/
Sichuan/26221/2014; SZ06, A/Shenzhen/406H/06; AH05, A/Anhui/1/2005; VN04, A/Vietnam/CL26/2004; VN05, A/
Vietnam/CL115/2005; HA, Hemagglutinin; NA, Neuraminidase; mAbs, Monoclonal antibodies; HAU, Hemagglutinin
unit; PFU, Plaque formation unit; TCID50, 50% tissue culture infective dose; MLD50, 50% mouse lethal dose; MN,
Microneutralization; PN, HA and NA pseudotype-based neutralization; RLA, relative luciferase activity; i.p., Intraperi-
toneally; i.n., Intranasally
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Introduction

Since 1996, the highly pathogenic avian influenza (HPAI)
H5N1 virus has spread in a variety of domestic and wild birds,
and was sporadically transmitted to humans in Asia, Europe
and Africa. As of February 2016, the World Organization for
Animal Health had highlighted thousands of HPAI H5N1 out-
breaks in poultry and wild birds in various countries.1 As of
February 25, 2016, 846 human H5N1 infections had been con-
firmed, resulting in 449 deaths.2

During the initial circulation and spread before 2008, the
hemagglutinin (HA) genes of the HPAI H5N1 viruses evolved
into 10 phylogenetically distinctive clades (clades 0 to 9), and
clades 2 and 7 have further evolved into many subclades, but
with no evidence of gene exchange between influenza viruses.
Since 2008, HA genes from HPAI H5N1 viruses were found to
be re-assorted with neuraminidase (NA) and various other genes
of low pathogenic avian influenza viruses. As a result, newly
emerging HPAI H5N2, H5N3, H5N5, H5N6, H5N8 and H5N9
viruses have been spreading in poultry and wild birds in various

countries of Asia, Europe and North America.1-5 The H5N6
viruses have also caused 10 human infections with 4 fatal cases
in China.2,6 Thus, the incursions of the newly emerging HPAI
H5 viruses constitute a substantial threat to animals and humans.

The newly emerging HPAI H5 viruses isolated from domes-
tic and wild birds contain the HA gene from an ancestral HPAI
H5N1 A/Goose/Guangdong/1/1996 lineage,5 which raises the
possibility that currently available anti-H5N1 vaccine candi-
dates7-13 and monoclonal antibodies (mAbs)14-22 may provide
sufficient cross-protection against the newly emerging HPAI
H5 viruses. Indeed a recent study showed that human immune
sera elicited with H5N1 vaccines exhibit considerable cross-
reactivity against a newly emerging H5N8 virus.23 In the study
reported here, we assessed the cross-neutralization of a HPAI
H5N8 virus, A/chicken/Netherlands/14015526/2014 (NE14)
and a HPAI H5N6 virus, A/Sichuan/26221/2014 (SC14), by 7
anti-HA mAbs (100F4, 65C6, AVFluIgG01, AVFluIgG03,
FLA5.10, FLD21.140 and S139/1) along with a control antibody
VRC01. We and others had previously isolated the antibodies
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Figure 1. The selection of A/chicken/Netherlands/14015526/2014 H5N8 (NE14) and A/Sichuan/26221/2014 H5N6 (SC14) challenge strains. (A) Phylogenetic tree of HA
among 37 HPAI H5 strains using the neighbor-joining method. Newly emerging HPAI H5N2, H5N6 and H5N8 strains covered all 3 subgroups of group A and group B
from various countries in Asia, Europe and North America and from various species.30 The representative strains (circled in orange) were selected for the amino acid
sequence comparison. (B) Amino acid sequence alignment among selected H5 strains compared with the sequence of H5N1 A/Shenzhen/406H/2006 (SZ06) virus. The
NE14 H5N8 and SC14 H5N6 strains are shown in red and blue bold font, respectively. (C) The summary of hemagglutination units (HAU), plaque forming unit (PFU), the
50% tissue culture infective dose (TCID50), and the 50% mouse lethal dose (MLD50) of the NE14 and SC14 viruses.
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from memory B cells of HPAI H5N1-infected individuals or
from vaccinated animals. 16-18,24,25

100F4 and 65C6, which were isolated from an individual
infected with HPAI H5N1 A/Shenzhen/406H/06 H5N1 strain
(SZ06, subclade 2.3.4), potently neutralized all clades and sub-
clades of HPAI H5N1 viruses except for subclade 7.2.18,26

AVFluIgG01 and AVFluIgG03 were isolated from an individual
infected with HPAI H5N1 A/Anhui/1/2005 strain (AH05, sub-
clade 2.3.4). AVFluIgG01 neutralizes most H5N1 strains tested,
but with potency much lower than 65C6 and 100F4, whereas
AVFluIgG03 only neutralizes 11 of 17 viruses tested with com-
parable potency to 65C6 and 100F4.17,27 FLA5.10 was isolated
from donor CL26 infected with HPAI H5N1 A/Vietnam/CL26/
2004 strain (VN04, clade 1), and FLD21.140 was isolated from
donor CL115 infected with HPAI H5N1 A/Vietnam/CL115/
2005 strain (VN05, clade 1). Both neutralize HPAI H5N1 viruses
from clade 1; FLD21.140 also neutralizes strains from clade
2.16,28 S139/1 isolated from H3 HA-immunized BALB/c mice
binds HA from strains of subtypes 1, 2, 3, 5, 9 and 13 and neu-
tralizes viruses from subtypes 1, 2, 3 and 13.24 Antibody VRC01
recognizes the CD4-binding site of HIV-1 gp120, and was used
here as a negative control.25 In addition, we tested the cross-pro-
tection of antibody 100F4 against the H5N8 NE14 virus in mice
prophylactically and therapeutically. Finally, oseltamivir, a neur-
aminidase (NA) inhibitor, is an antiviral medication used to treat
flu caused by influenza A and influenza B viruses and to prevent
flu after exposure.29 However, no studies on its treatment against
the newly emerging H5 viruses have been reported. Therefore, in
this study we compared the in vivo efficacy against the H5N8
NE14 and H5N6 SC14 between antibody 100F4 and oseltamivir.

Results

Generation of recombinant HPAI H5N8 and H5N6 viruses
for in vitro and in vivo testing

To select representative challenge viruses, we downloaded HA
sequences of 37 HPAI H5 strains including H5N1, H5N2,
H5N3, H5N5, H5N6 and H5N8 strains from GISAID (http://
platform.gisaid.org) or NCBI (http://www.ncbi.nlm.nih.gov).
Using the neighbor-joining method (MEGA5.1), we then con-
structed a phylogenetic tree (Fig. 1A). These newly emerging
H5 strains cover all 3 subgroups of group A and group B from
various countries in Asia, Europe and North America and from
various species.30 The representative strains (circled in orange)
were selected for the amino acid sequence comparison. Fig. 1B
shows that H5 HA (subclade 2.3.4.4) in H5N8 NE14 strain
(highlighted in red bold font) and in H5N6 SC14 strain
(highlighted in blue bold font) contain mutations shared by the
majority of newly emerging H5 strains.

We next generated recombinant H5N8NE14 andH5N6 SC14
virus by co-transfecting 293 T and the Madin-Darby canine kid-
ney (MDCK) cell mixture with gene segments encoding HA and
NA proteins from H5N8 NE14 or H5N6 SC14 strain, and the
remaining 6 gene segments encoding NP, PA, PB1, PB2, M and
NS from A/WSN/1933 strain. The resulting H5N8 NE14 and
H5N6 viruses were propagated in MDCK cells. Fig. 1C summa-
rizes hemagglutination units (HAU), plaque forming unit (PFU),
50% tissue culture infective dose (TCID50), and 50%mouse lethal

dose (MLD50) of the H5N8 NE14 and H5N6 SC14 viruses to be
used for in vitro and in vivo testing (see below).

Assessment of cross-neutralization of mAbs against the
H5N8 NE14 and H5N6 SC14 viruses

We then tested the cross-neutralization of H5N8 NE14 and
H5N6 SC14 viruses by mAbs 100F4, 65C6, AVFluIgG01,
AVFluIgG03, FLA5.10, FLD21.140, S139/1 and a control anti-
body VRC0116-18,24,25 measured by microneutralization (MN)
and plaque reduction assays. As measured by the MN assay,
FLD21.140 at concentrations of 0.3125 mg/ml or higher or
FLA5.10, 100F4 and 65C6 at concentrations of 1.25 mg/ml or
higher completely neutralize the H5N8 NE14 virus infection
(Table 1). In contrast, AVFluIgG01, AVFluIgG03, S139/1 or
VRC01 control antibody even at concentrations 20 mg/ml do
not have any neutralization activity. Similar cross-neutraliza-
tion results with the same panel of antibodies were observed
against H5N6 SC14 virus (Table 1B).

Similar results were also obtained from the plaque reduction
assay. FLA5.10 and FLD21.140 at concentrations of 0.625 mg/
ml or higher or antibodies 100F4 and 65C6 at concentrations
of 1.25 mg/ml or higher completely neutralize the H5N8 NE14
virus infection, whereas AVFluIgG01, AVFluIgG03, S139/1 or
VRC01 control antibody even at 20 mg/ml do not have any
neutralization activity (Table 2A). FLA5.10, FLD21.140, 100F4
and 65C6 at concentrations of 2.5 mg/ml or higher completely
neutralize the H5N6 SC14 virus infection, whereas
AVFluIgG01, AVFluIgG03, S139/1 or VRC01 control antibody
even at 20 mg/ml do not have any neutralization activity
(Table 2B). Thus, we conclude that antibodies FLA5.1,
FLD21.140, 100F4 and 65C6 potently cross-neutralize both
H5N8 NE14 and H5N6 SC14 viruses.

Since the PN assay is considered amore sensitive and quantita-
tive assay than the plaque reduction andMNassays, we also tested
cross-neutralization of antibodies 100F4, 65C6, AVFluIgG01,
AVFluIgG03, FLA5.10, FLD21.140 and S139/1 against H5N8
NE14 (subclade 2.3.4.4) and H5N1 SZ06 (subclade 2.3.4) pseudo-
types using the PN assay. Fig. 2 shows that while S139/1 does not
have any neutralization activity against H5N8 NE14 and H5N1
SZ06 pseudotypes, 100F4 and 65C6 neutralize both H5N8 NE14
and H5N1 SZ06 pseudotypes extremely well (IC50 ranging from
0.014 to 0.019mg/ml). AVFluIgG01 and AVFluIgG03, while neu-
tralizing H5N1 SZ06 pseudotype well (IC50 0.057 and 0.008 mg/
ml, respectively), have no or very little neutralization activity
against H5N8 NE14 pseudotype. In contrast, while FLA5.10 and
FLD21.140 neutralize H5N1 SZ06 pseudotype relatively poorly
(IC50 4.6 and 1.9 mg/ml, respectively), they neutralize H5N8
NE14 pseudotype well (IC50 0.03 and 0.014 mg/ml, respectively).
Thus, we conclude that AVFluIgG01, AVFluIgG03 and S139/1
have no or very little cross-neutralization activity against H5N8
NE14 and H5N6 SC14 viruses, even though AVFluIgG01 and
AVFluIgG03 neutralize H5N1 SZ06 virus well.

Comparison of amino acid conservation of neutralization
epitopes among newly emerging H5 strains

The total antibody-contact residues of 100F4, 65C6 and
AVFluIgG03 neutralization epitopes have been recently solved
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by analyzing co-crystals of HA1-Fab complexes of these
antibodies.27 The key residues of these neutralization epitopes, as
well as the AVFluIgG01 neutralization epitope, were mapped by
various mutagenesis assays, such as indirect immunofluores-
cence assay, yeast surface display and PN assay.17,27 FLA5.10 and
FLD21.140 epitopes have only been mapped by the whole
genome phage display library and random peptide phage display
library, but not by co-crystallization.28 Therefore, it is likely that
the amino acid sequences defined by these mapping technologies
only consist of the portion of the neutralization epitopes.

To determine the amino acid conservation of these neutrali-
zation epitopes among newly emerging HPAI H5 strains,
including H5N8 NE14 and H5N6 SC14 strains, we aligned the
total and the key residues of these epitopes among representa-
tive newly emerging HPAI H5 strains, along with the parental

HPAI H5N1 SZ06, AH05, VN04 or VN05 strain (Fig. 3A). The
total and key residues, as well as mutations in the total and key
residues, among these H5 strains are summarized in Fig. 3B. Of
note, although along the course of time mutations accumulate
in these epitopes, no mutations were found in 2 key residues of
100F4 epitope in all H5 strains compared. Because of this, we
chose antibody 100F4 for the following in vivo studies.

Potent cross-protection of antibody 100F4 against HPAI
H5N8 virus

Figs. 4A and B show the prophylactic efficacy of antibody
100F4. Mice inoculated with 15 mg/kg control antibody
VRC01 exhibited severe sickness on day 6 post challenge and
all mice died. In contrast, all mice inoculated with 1 mg/kg

Table 2. Cross-neutralization of the H5N8 NE14 (A) or H5N6 SC14 (B) virus by monoclonal antibodies measured by plaque reduction assay.
A

Antibody concentration (mg/ml)

Antibody 20 10 5 2.5 1.25 0.625 0.3125 0.15625 0

100F4 0 0 0 0 0 2.7 § 0.6� 19.3§ 2.5 59.3§ 3.5 59.0§ 7.5
65C6 0 0 0 0 0 8.0 § 2.0 42.7§ 5.0 59.3§ 5.5 59.0§ 7.5
AVFluIgG01 59.3 § 4.0 54.3 § 3.2 53.3 § 4.2 57.0 § 4.6 62.3 § 4.0 56.3 § 7.4 57.0 § 3.6 59.3§ 6.7 59 § 7.5
AVFluIgG03 54.0 § 6.1 54.3 § 4.0 56.7 § 4.2 58.0 § 6.2 59.0 § 6.6 58.3 § 3.8 57.7 § 2.5 61.0§ 2.6 59.0§ 7.5
FLA5.10 0 0 0 0 0 0 1.0 § 1.0 4.7 § 2.5 59.0 § 7.5
FLD21.140 0 0 0 0 0 0 0.7 § 0.6 1.0 § 1.0 59.0 § 7.5
S139/1 63.7 § 6.0 56.0 § 5.3 55.7 § 4.0 60.7 § 2.1 59.7 § 5.7 60.3 § 1.2 64.3 § 1.5 60.7§ 5.1 59.0§ 7.5
VRC01 55.0 § 4.0 56.7 § 1.5 58.7 § 1.5 62.0 § 6.2 61.3 § 3.1 61.7 § 6.4 61.0 § 4.6 63 § 5.6 59.0§ 7.5

B

100F4 0 0 0 0 1.0 § 1.7� 11.0 § 4.6 55.0 § 4.6 60.0§ 7.9 62.0§ 3.5
65C6 0 0 0 0 16.0 § 3.6 15.0 § 4.4 27.0 § 5.2 53.0§ 3.6 62.0§ 3.5
AVFluIgG01 65.0 § 3.6 64.3 § 6.1 61.7 § 4.2 66.0 § 6.0 61.0 § 6.2 59.0 § 6.2 63.0 § 8.5 60.0§ 9.0 62.0§ 3.5
AVFluIgG03 63.0 § 4.4 61.7 § 3.1 60.0 § 5.2 60.0 § 5.3 60.7 § 5.5 64.0 § 7.5 62.0 § 6.9 62.7§ 3.5 62.0§ 3.5
FLA5.10 0 0 0 0 9.0 § 5.2 6.0 § 5.2 57.0§ 3.0 54.7§ 4.9 62.0§ 3.5
FLD21.140 0 0 0 0 10.0 § 9.6 19.0 § 6.9 26.0 § 8.7 58.3§ 2.1 62.0§ 3.5
S139/1 64.7 § 4.0 65.3 § 5.5 62.3 § 2.5 67.3 § 4.2 59.7 § 3.8 60.7 § 3.8 64.0 § 6.6 63.0§ 3.6 62.0§ 3.5
VRC01 59.7 § 3.1 63.7 § 2.1 61.0 § 7.5 63.3 § 3.2 62.0 § 2.6 61.3 § 4.2 63.7 § 2.1 64.3§ 5.5 62.0§ 3.5

�Mean § SD of the number of plaques in triplicates.

Table 1. Cross-neutralization of the H5N8 NE14 (A) or H5N6 SC14 (B) virus by monoclonal antibodies measured by microneutralization assay.
A

Antibody concentration (mg/ml)

Antibody 20 10 5 2.5 1.25 0.625 0.3125 0.15625 0

100F4 ¡ ¡ ¡ ¡ ¡ C CCCC CCCC CCCC
65C6 ¡ ¡ ¡ ¡ ¡ CCCC CCCC CCCC CCCC
AVFluIgG01 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
AVFluIgG03 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
FLA5.10 ¡ ¡ ¡ ¡ ¡ C CCC CCCC CCCC
FLD21.140 ¡ ¡ ¡ ¡ ¡ ¡ ¡ CC CCCC
S139/1 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
VRC01 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
B

100F4 ¡ ¡ ¡ ¡ ¡ C/¡ CCCC CCCC CCCC
65C6 ¡ ¡ ¡ ¡ ¡ CC CCC CCCC CCCC
AVFluIgG01 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
AVFluIgG03 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
FLA5.10 ¡ ¡ ¡ ¡ ¡ ¡ CC CCCC CCCC
FLD21.140 ¡ ¡ ¡ ¡ ¡ ¡ CCC CCC CCCC
S139/1 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC
VRC01 CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC CCCC

“-” To “CCCC” represent CPE scores from no to full-blown.
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antibody 100F4 were sick at 7 to 8 d post challenge and one
mouse died, while the remaining 4 mice survived. Mice
inoculated with 5 or 15 mg/kg antibody 100F4 exhibited no
signs of sickness and weight loss, and all survived.

Figs. 4C and D show the therapeutic efficacy of antibody
100F4. Mice injected with 20 mg/kg control antibody VRC01 at
24 hours post infection exhibited severe sickness and weight loss,
and all died. In contrast, all mice injected with 20 mg/kg antibody
100F4 at 24 and 48 hours post infection survived with no weight
loss. After injection with 20 mg/kg antibody 100F4 at 72 hours
post infection, all 5 mice were sick at 7 to 8 d post challenge and
one mouse died, while the remaining 4 mice survived. Taken
together, our in vivo challenge results demonstrated that antibody
100F4 can efficiently cross-protect against HPAI H5N8 infection
prophylactically and therapeutically.

Comparison of in vivo efficacy between antibody 100F4
and oseltamivir against H5N8 NE14 and H5N6 SC14 strains

Oseltamivir, marketed under the brand name Tamiflu®, is an
antiviral medication used to treat flu caused by influenza A and
influenza B viruses, and to prevent the development of flu after
exposure.29,31 As a NA inhibitor, oseltamivir mimics the natural
substrate of NA, sialic acid, and binds to the NA active site. By

so doing, it prevents NA from cleaving the sialic acid residues
on host cell receptors, and thereby prevents the release of newly
synthesized viruses. Clinically, oseltamivir is effective against all
NA subtypes and associated with little toxicity.29,31 Therefore,
we first compared prophylactic efficacy between antibody
100F4 and oseltamivir against H5N8 NE14 or H5N6 SC14
strains. Figs. 5A and B show that when challenged with H5N8
NE14 strain, mice injected with 0.5 mg/kg VRC01 control anti-
body exhibited severe sickness and all mice died, whereas all
mice injected with 0.5 mg/kg antibody 100F4 exhibited no signs
of sickness and all survived. In contrast, mice administered a 5-
day course of 10 mg/kg/day oseltamivir lost significant weight,
and only 2 of 5 mice survived. Figs. 5C and D show that, when
challenged with H5N6 SC14 strain, mice injected with 1 mg/kg
VRC01 control antibody exhibited severe sickness and all mice
died, whereas all mice injected with 1 mg/kg antibody 100F4
exhibited slight weight loss and all survived. In contrast, mice
administered a 5-day course of 10 mg/kg/day oseltamivir lost
significant weight and all died.

We then compared the therapeutic efficacy between
antibody 100F4 and oseltamivir against H5N8 NE14 or H5N6
SC14 strain. Figs. 6A and B show that, when infected with
H5N8 NE14 strain, all mice injected with VRC01 at 24 hours
post infection died, whereas all mice injected with antibody

Figure 2. Neutralization activity of 7 monoclonal antibodies against H5N1 SZ06 and H5N8 NE14 pseudotypes using PN assay. (A to G) The titration of neutralization activ-
ity of antibodies 100F4, 65C6, AVFluIgG01, AVFluIgG03, FLA5.10, FLD21.140 and S139/1 against H5N1 SZ06 (green color line) and H5N8 NE14 (red color line) pseudotypes,
respectively. (H) The summary of IC50 values of antibodies 100F4, 65C6, AVFluIgG01, AVFluIgG03, FLA5.10, FLD21.140 and S139/1 against H5N1 SZ06 (green line) and
H5N8 NE14 (red line) pseudotypes.
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Figure 3. The comparison of the total and the key residues of 100F4, 65C6, AVFluIgG01, AVFluIgG03, FLA5.10 and FLD21.140 epitopes. (A) The amino acid sequence align-
ment of the total and the key residues of 100F4, 65C6, AVFluIgG01, AVFluIgG03, FLA5.10 and FLD21.140 epitopes among selected HPAI H5 strains compared to parental
HPAI H5N1 virus. The key residues of these epitopes were defined as a single amino acid mutation that results in a 3-fold or more decrease in neutralization or binding
activity of a given antibody. Key residues of each epitope are highlighted in red bold font. (B) The summary of the total and the key residues, as well as the mutations in
the total and the key residues of 100F4, 65C6, AVFluIgG01, AVFluIgG03, FLA5.10 and FLD21.140 epitopes among selected HPAI H5 strains. n.d. stands for not determined.
Co-cry: co-crystallization. GFPDL: Gene-Fragmented Phage Display Libraries. RPL: Random Peptide phage display Library.
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100F4 at 24 hours post infection survived with no weight loss.
In contrast, 4 of 5 mice administered a 5-day course of oselta-
mivir starting at 24 hours post infection survived with no sig-
nificant weight loss. Figs. 6C and D show that 4 of 5 mice

survived when injected with antibody 100F4 at 72 hours post
infection, but no mice that were injected with VRC01 or
administered a 5-day course of oseltamivir starting at 72 hours
post infection survived.

Figure 4. In vivo efficacy of antibody 100F4 against the H5N8 NE14 virus. (A and B) Prophylactic efficacy of antibody 100F4. Time course of body weight changes (A). Sur-
vival rate of each group, which was calculated as percent survival within each experimental group (n D 5 mice per group) (B). (C and D) Therapeutic efficacy of antibody
100F4. Time course of body weight changes (C). Survival rate of each group, which was calculated as percent survival within each experimental group (n D 5 mice per
group) (D).

Figure 5. Prophylactic efficacy of antibody 100F4 against the H5N8 NE14 or H5N6 SC14 virus in mice compared to oseltamivir treatment. (A) The time course of body
weight changes. (B) The survival rate of different antibody and oseltamivir treatment groups when challenged with H5N8 NE14 strain. Survival rate was calculated as per-
cent survival within each experimental group (n D 5 mice per group). (C) The time course of body weight changes. (D) The survival rate of different antibody and oselta-
mivir treatment groups when challenged with H5N6 SC14 strain. Survival rate was calculated as percent survival within each experimental group (n D 6 mice per group).
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When infected with H5N6 SC14 strain, all mice injected
with VRC01 at 24 hours post infection died, whereas 5 of 6
mice injected with antibody 100F4 at 24 hours post infection
survived with less than 15% weight loss (Fig. 6E, F). In contrast,
all mice administered a 5-day course of oseltamivir starting at
24 hours post infection died. Figs. 6G and H show that when
injected with antibody 100F4 at 72 hours post infection, 4 of 6
mice survived with less than 23% weight loss, but no mice
injected with VRC01 or administered a 5-day course of oselta-
mivir starting at 72 hours post infection survived. Taken
together, these results demonstrated that a single injection of
antibody 100F4 outperforms a 5-day course of oseltamivir
treatment both prophylactically and therapeutically.

Discussion

The continuous spread among poultry and wild birds, and the
potential zoonotic transmission of newly emerging HPAI H5
viruses to humans, pose a major public health threat because
few specific treatment options exist. In this study, we assessed
the cross-neutralization by mAbs 100F4, 65C6, AVFluIgG01,
AVFluIgG03, FLA5.10, FLD21.140 and S139/1, tested the
cross-protection of antibody 100F4, and compared the in vivo
efficacy between antibody 100F4 and oseltamivir against the
newly emerging H5N8 NE14 and H5N6 SC14 viruses.

One important finding of this study is that antibodies 100F4,
65C6, FLA5.10 and FLD21.140, but not antibodies
AVFluIgG01, AVFluIgG03, and S139/1, potently cross-neutral-
ize newly emerging H5N8 NE14 and H5N6 SC14 viruses
(Table 1 and 2, Fig. 2). Because it was previously shown that
antibodies 100F4 and 65C6 neutralize all clades and subclades
of HPAI H5N1 viruses except for subclade 7.218,26 and
FLD21.140 neutralizes strains from both clades 1 and 2,16,28

potent cross-neutralization of the H5N8 NE14 or H5N6 SC14

virus by these antibodies was expected. However, potent cross-
neutralization by antibody FLA5.10, as well as the failure of
antibodies AVFluIgG01, AVFluIgG03 to neutralize the H5N8
NE14 or H5N6 SC14 virus (subclade 2.3.4.4) is somewhat
unexpected. Previous studies showed that the antibody
FLA5.10, which was isolated from an individual infected with
HPAI VN04 (clade 1), only neutralized HPAI H5N1 strains
from clade 1, but not clade 2.16,28 In contrast, antibodies
AVFluIgG01 and AVFluIgG03, which were isolated from an
individual infected with HPAI H5N1 AH05 virus (subclade
2.3.4), neutralized many H5N1 clades including subclade
2.3.417,27 (Fig. 3 in this study). Here, however, we show that it
is antibodies FLA5.10 and FLD 21.140, but not antibodies
AVFluIgG01 and AVFluIgG03, that cross-neutralize the H5N8
NE14 and H5N6 SC14 viruses (subclade 2.3.4.4), strongly
suggesting that it can be difficult to predict which antibodies
will cross-neutralize these newly emerging HPAI H5 viruses.

Another important finding of this study is that antibody
100F4 exhibits potent prophylactic and therapeutic efficacy in
vivo. A single intraperitoneal injection of antibody 100F4 at
1 mg/kg or higher cross-protected mice from infection with
lethal H5N8 NE14 virus challenge (Fig. 4), and its in vivo pro-
phylactic and therapeutic efficacy outperforms a 5-day course of
10 mg/kg/day treatment of oseltamivir against H5N8 NE14 or
H5N6 SC14 virus (Figs. 5 and 6). Thus, antibody 100F4 could
have potential as a treatment of human pandemic or zoonotic
HPAI H5 cases. Although antibodies can be more costly to pro-
duce compared to small molecule drugs such as oseltamivir,
given the high degrees of mortality associated with HPAI H5
infection, the higher cost of antibody therapy may be justified if
it is more efficacious and saves lives. In addition, the demonstra-
tion of prophylactic efficacy of antibody 100F4 against both
HPAI H5N8 NE14 and H5N6 SC14 strains provides informa-
tion that may be useful in 100F4 epitope-based vaccine design.

Figure 6. Therapeutic efficacy of antibody 100F4 against H5N8 NE14 or H5N6 SC14 virus compared to oseltamivir treatment in mice. (A) The time course of body weight
changes. (B) The survival rate of different antibody and oseltamivir treatment groups delivered at 24 hours after the H5N8 NE14 infection. (C) The time course of body
weight changes. (D) The survival rate of different antibody and oseltamivir treatment groups delivered at 72 hours after the H5N8 NE14 virus infection. Survival rate was
calculated as percent survival within each experimental group (n D 5 mice per group). (E) The time course of body weight changes. (F) The survival rate of different anti-
body and oseltamivir treatment groups delivered at 24 hours after the H5N6 SC14 infection. (G) The time course of body weight changes. (H) The survival rate of different
antibody and oseltamivir treatment groups delivered at 72 hours after the H5N6 SC14 virus infection. Survival rate was calculated as percent survival within each experi-
mental group (n D 6 mice per group).
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Although no antibody-based therapies for influenza have
been approved to date, the approach represents a plausible inter-
vention for cases of severe influenza. For example, transfusion of
human blood products from patients who recovered from the
1918 “Spanish flu” resulted in a 50% reduction in influenza mor-
tality (from 37% to 16%) during the pandemic.32 Passive immu-
nization by vertical acquisition of specific antibodies was found
to be associated with influenza immunity in early infancy in
humans.16,33-35 Transfusion of convalescent-phase plasma from
a patient who recovered from HPAI H5N1 infection resulted in
a dramatic reduction of viral load and complete recovery.36

Compared to convalescent-phase plasma samples and plasma
samples from other species, human mAbs offer better therapeu-
tic options because large quantities of antibody products that are
free of adventitious agents associated with preparations of
human plasma samples can be manufactured, and human mAbs
should have no or minimal immunogenicity.

In conclusion, our findings that antibodies 100F4, 65C6,
FLA5.10 and FLD21.140 potently cross-neutralize the HPAI
H5N8 NE14 and H5N6 viruses, and that a single injection of
antibody 100F4 outperforms a 5-day course of oseltamivir
treatment against the lethal H5N8 NE14 or H5N6 SC14 virus
infection in mice, indicate further evaluation of mAbs 100F4,
65C6, FLA5.10 and FLD21.140 against newly emerging HPAI
H5 infection is warranted.

Materials and methods

Ethics statement

The experimental protocol (CULATR-3064-13) was approved
by the Animal Use Committee and the Safety Committee on
BSL-3 Facility and Infectious Agents Li Ka Shing Faculty of
Medicine, the University of Hong Kong. All infection experi-
ments were conducted at the biosafety level 3 (BSL-3) facilities
complying with the Ethics Committee regulations of University
of Hong Kong in accordance with EC directive 86/609/CEE.

Cell lines and oseltamivir

The packaging cell line 293 T was purchased from Invitrogen
(Waltham, MA USA) and maintained in complete Dulbecco’s
Modified Eagle Medium [i.e. high-glucose DMEM supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
1 mM sodium pyruvate, penicillin (100 U/ml), and streptomy-
cin (100 mg/ml); Invitrogen Life Technologies]. The MDCK
cell line was maintained in complete DMEM. Oseltamivir
(Tamiflu®, Hoffman-La Roche, Catalog number, B3017) was
purchased from a local hospital.

Production and purification of human mAbs by 293T cells

The gene segments encoding the variable regions of the heavy and
light chains of human mAbs 100F4, 65C6, AVFluIgG01,
AVFluIgG03, FLA5.10, FLD21.140 and VRC01 were cloned into
the human antibody expression vector containing the constant
region of human IgG1 and human k or λ chain. The gene segments
encoding the variable regions of the heavy and light chains of
mouse mAb S139/1 were cloned into mouse antibody expression

vector containing the constant region of mouse IgG2a and mouse
k chain. Full-length human IgG1 or mouse IgG2a were expressed
by transient transfection of 293 T cells, purified by affinity chro-
matography using Protein A agarose (Pierce, Thermo), and titered
by BCA Protein Assay Kit (Thermo Scientific).27

Generation of recombinant H5N8 NE14 and H5N6 viruses

Recombinant H5N8 and H5N6 viruses were generated by co-
transfecting 293 T and MDCK cell mixture with gene segments
encoding HA and NA proteins from NE14 or SC14 virus (sub-
clade 2.3.4.4) and the remaining 6 gene segments encoding NP,
PA, PB1, PB2, M and NS from A/WSN/1933 strain as described
by Hoffmann et al.37 The resulting H5N8 NE14 or H5N6 SC14
virus was propagated in MDCK cells. The TCID50 and the
MLD50 were determined by serial titration of viruses in MDCK
cells and in BALB/c mice as previously described.38

Generation of H5N1 and H5N8 pseudotypes

The method to generate the codon optimized H5 HA from
SZ06 (subclade 2.3.4) and NE14 (subclade 2.3.4.4) and N1 NA
from A/Thailand/(KAN-1)/04 and N8 NA from NE14 and the
method to produce influenza HA and NA pseudotypes were
the same as described previously.39 Briefly, 4.5 £ 106 293T cells
were co-transfected with 14 mg of pHR’CMV-luc, 14 mg of
pCMVD8.2, 2 mg of pCMV/R-HA, and 0.5 mg of pCMV/R-NA
using a calcium phosphate precipitation method. After over-
night incubation, the cells were washed once with phosphate-
buffered saline (PBS) and cultured in 10 ml of complete
DMEM. The HA and NA pseudotype-containing supernatants
were harvested after 48 hours and stored in ¡800C in aliquots
until use. The relative luciferase activity (RLA) of these pseudo-
type stocks was determined as described previously.39

HA and NA pseudotype-based neutralization (PN) assay

PN assay was performed as previously described.39 Briefly,
MDCK cells (3£103 cells per well) were seeded onto 96-well
culture plate in complete DMEM overnight. Serially diluted
human or mouse mAbs were incubated with H5N1 SZ06 and
H5N8 NE14 pseudotypes (ranging from 200,000 to 400,000
RLA) at the final volume of 100 ml at 370C for 1 hour. The mix-
ture was added onto MDCK cells. After overnight incubation,
cells were washed with PBS and cultured in complete DMEM
medium. RLA was measured in 48 hours by a BrightGlo Lucif-
erase assay according to the manufacturer’s instruction
(Promega).

Microneutralization assay

Neutralization activity of mAbs against the recombinant H5N8
NE14 or H5N6 SC14 virus was analyzed in an MN assay based
on the methods of the WHO Global Influenza Program.40

Briefly, the antibodies were serially 2-folded diluted (starting at
20 mg/ml) prior to mixing with 100 TCID50 of virus for 1 hour
at 37�C and the mixture were added to monolayers of MDCK
cells. The results were recorded after 72 hours and scored as
previously described.39
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Plaque reduction assay

MDCK cells (5£105 cells per well) in complete DMEM were
seeded into 6-well plates. When the cells grew into monolayer,
medium was removed and replaced with 700 ml serum-free
DMEM. The recombinant H5N8 NE14 or H5N6 SC14 virus
(60 PFU virus per well) was incubated with 2-fold diluted
mAbs (starting at 20 mg/ml) with a final volume of 100 ml at
37�C for 1 hour. The mixture was then added onto the MDCK
monolayer. After the incubation, 0.8% low-melting point aga-
rose in MEM (3 ml per well) was added. After 72 hours’ incu-
bation, the agarose overlay was discarded and the cells were
stained with 0.5% (w/v) crystal violet for 1 hour. Crystal violet
was then removed, cells were washed with H2O, and the num-
ber of plaques was counted. The assay was performed in
triplicate.

Animal experiments

To test prophylactic efficacy of antibody 100F4, female BALB/c
mice at age of 8 weeks were randomly divided into 4 groups (5
mice per group). Mice in groups 1, 2 and 3 were intraperitone-
ally (i.p.) injected with 1, 5, 15 mg/kg antibody 100F4, respec-
tively. Mice in group 4 were i.p. injected with a control
antibody VRC01 (15 mg/kg). Four hours later mice were intra-
nasally (i.n.) challenged with 10 MLD50 of the NE14 H5N8
virus. After the challenge, mice were monitored and recorded
daily for signs of illness for 14 d. Mice that lost 30% or more of
their initial body weight were euthanized and counted as dead.

To test therapeutic efficacy, 20 female BALB/c mice were i.n.
infected with 10 MLD50 of the NE14 H5N8 virus. At 24, 48 and
72 hours post infection, 5 mice per group were i.p. injected
with 20 mg/kg antibody 100F4 or control antibody VRC01 at
24 hours post infection. Mice were monitored and recorded
daily for signs of illness for 14 d. Mice that lost 30% or more of
their initial body weight were euthanized and counted as dead.

To compare prophylactic efficacy between antibody 100F4
and oseltamivir, 8 week old female BALB/c mice (5 or 6 mice
per group) were i.p. injected with 0.5 or 1 mg/kg antibody
100F4 or 0.5 or 1 mg/kg VRC01 control 4 hours before being
challenged with 5 MLD50 of the H5N8 NE14 or H5N6 SC14
virus or with 10 mg/kg oseltamivir orally administered daily for
5 d starting 4 hours before the same challenge. After the chal-
lenge survival, weight loss and clinical signs of sickness were
monitored daily for 14 d. Mice that lost 30% or more of their
initial body weight were euthanized.

To compare their therapeutic efficacy, 30 female BALB/c
mice were i.n. infected with 5 MLD50 of the H5N8 NE14 virus.
Another 36 female BALB/c mice were i.n. infected with
5 MLD50 of the H5N6 SC14 virus. At 24 and 72 hours post
infection, 5 or 6 mice per group were i.p. injected with 10 mg/
kg antibody 100F4 or VRC01 or orally administered daily with
10 mg/kg oseltamivir for 5 d. The survival, weight loss and clin-
ical signs of sickness were monitored for 14 d.

Statistical analysis

The PN assay data were collected from 3 independent experi-
ments. Titration curves were generated using sigmoid dose-

response of nonlinear fit from GraphPad. The IC50 and 95%
confidence intervals were determined by the best-fit values.
The data of the plaque reduction assay were analyzed by mean
§ SD using Microsoft Excel. The response of each mouse was
counted as an individual data point for statistical analysis. The
data obtained from animal studies were examined using one-
way analysis of variance from GraphPad.
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