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Abstract Pandemic influenza A virus (HIN1) 2009 poses a
serious public-health challenge worldwide. To characterize
the neutralizing epitopes of this virus, we generated a panel of
eight monoclonal antibodies (mAbs) against the HA of the
A/California/07/2009 virus. The antibodies were specific for
the 2009 pdm HIN1 HA, as the antibodies displayed HA-
specific ELISA, hemagglutination inhibition (HAI) and
neutralization activity. One mAb (mAb12) showed signifi-
cantly higher HAI and neutralizing titers than the other mAbs.
We mapped the antigenic epitopes of the HA by character-
izing escape mutants of a 2009 HIN1 vaccine strain (NYMC
X-179A). The amino acid changes suggested that these eight
mAbsrecognized HA antigenic epitopes located in the Sa, Sb,
Cal and Ca2 sites. Passive immunization with mAbs showed
that mAb12 displayed more efficient neutralizing activity
in vivo than the other mAbs. mAb12 was also found to be
protective, both prophylactically and therapeutically, against
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a lethal viral challenge in mice. In addition, a single injection
of 10 mg/kg mAb12 outperformed a 5-day course of treat-
ment with oseltamivir (10 mg/kg/day by gavage) with
respect to both prophylaxis and treatment of lethal viral
infection. Taken together, our results showed that mouse-
origin mAbs displayed neutralizing effectiveness in vitro and
in vivo. One mAb in particular (mAb12) recognized an epi-
tope within the Sb site and demonstrated outstanding neu-
tralizing effectiveness.

Introduction

The 2009 flu pandemic, which began in Mexico and was
caused by anew variant of HIN1 swine influenza virus, was a
global threat to public health [1]. A(HIN1)pdm09 virus
spread rapidly around the world after the initial outbreak.
When the World Health Organization (WHO) declared a
pandemic, a total of 74 countries and territories had reported
laboratory-confirmed infections. A(HIN1)pdmO9 caused
more than 18,000 deaths worldwide between April 2009 and
August 2010 [2]. A(HIN1)pdmO09 virus is a novel influenza
virus, and its genome originates from a combination of North
American and Eurasian swine influenza virus lineages [3-5].
A(HIN1)pdm09 viruses can evolve in humans, and genetic
analysis has demonstrated that A(HIN1)pdmQ9 virus has
diversified into seven discrete global clades [6]. Furthermore,
co-circulation of multiple strains belonging to different
clades has been reported [7—-10]. Mutations that are associ-
ated with antigenic changes can occur in the A(HIN1)pdm09
hemagglutinin (HA). Recently, Igarashi et al. reported that
amino acid substitutions in an antigenic epitope have already
been found in variants of the A(HIN1)pdmO09 virus [11].
Thus, we can speculate that further antigenic mutations will
appear in the future, following the seasonal circulation of the
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A(HIN1)pdmO9 virus in humans. Therefore, mapping
monoclonal antibody (mAb) epitopes is a necessary step
towards understanding antigenic drift in humans.

The influenza A virus genome is composed of eight seg-
ments of negative-sense RNA that encode up to 12 proteins.
The HA protein is one of two major surface glycoproteins
present in the envelope of influenza A virus. Influenza A
viruses of 16 (HI-H16) HA subtypes have been identified in
wild birds, and a possibly H17-like subtype was found in bats
[12, 13]. Only three subtypes (H1, H2 and H3) have been
recognized to establish pandemics in the human population.
The HA protein is responsible for binding to host-cell
receptors and for viral entry and is therefore a primary target
of neutralizing antibodies [14]. Thus, HA-specific neutraliz-
ing mAbs can bind antigenic epitopes and prevent binding of
virions to host cells. This characteristic of mAbs enables the
identification of antigenic sites in HA, through the selection
of escape mutants. Classical studies using mAbs have iden-
tified antigenic epitopes of multiple subtypes of HA, such as
H1,H2, H3 and H5 [15-18]. The H1 HA molecules have five
distinct antigenic sites: Sa, Sb, Cal, Ca2 and Cb [15, 19, 20].
Identification of antigenic regions in A(HIN1)pdmQ9 virus
that are capable of eliciting neutralizing antibodies is crucial
for the understanding of the epidemiology of this disease.

Antibody immunotherapy is an effective therapeutic
strategy and is increasingly used to treat numerous human
infectious diseases [21, 22]. Treatment with convalescent-
phase blood and serum products resulted in the distinct
improvement of clinical outcomes in severely ill influenza
patients during the 1918 influenza pandemic, as well as in
H5N1 and A(HIN1)pdmQ9 virus infection in humans [23—
25]. In animal models, specific mAbs can confer prophy-
lactic and therapeutic protection against influenza virus
infection [26-29]. These observations indicate that the
passive administration of antibodies could be a potentially
useful treatment and prophylactic option for severe courses
of disease.

In the present study, we generated a panel of eight mAbs
that specifically recognized the HA of A(HIN1)pdm09.
We performed epitope mapping and determined the neu-
tralizing properties and protective efficacy of these mAbs.
We also compared the prophylactic and therapeutic effi-
cacies of the mAb12 with an antiviral drug, oseltamivir, in
a mouse model of viral infection.

Material and methods
Virus preparation
Strain NYMC X-179A [A/reassortant/NYMC X-179A

(California/07/2009 x NYMC X-157) (HIN1)] was gen-
erated by New York Medical College and supplied by the
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Centers for Disease Control and Prevention (USA). This
strain is a pandemic vaccine strain recommended for use in
vaccine development [30]. Other influenza virus strains,
A/PR/8/34 (HIN1) and A/New Caledonia/20/1999
(HIN1), were propagated in the allantoic cavities of
10-day-old embryonated chicken eggs at 37 °C for 48 h
and stored at —80 °C until use. The seed virus was grown
in embryonated eggs, and the 50 % tissue culture infectious
dose (TCIDsy) was determined in Madin-Darby canine
kidney (MDCK) cells according to Reed-Muench method
[31]. The recombinant virus rgH1N12009/PRS8, which
possesses the HA and NA of A/California/04/2009 and the
six remaining gene segments from a mouse-adapted A/PR/
8/34, was generated as described previously [32]. The
50 % mouse lethal dose (MLDs) of rgH1N12009/PR8 was
determined, and the result was calculated by the Reed-
Muench method.

Generation of mAbs

In vivo electroporation was carried out according to a method
described previously [33]. Briefly, adult female BALB/c
mice (6-8 weeks old) were immunized intramuscularly with
two doses of 50 pg plasmid DNA encoding the full-length
HA gene of the 2009 HINI strain A/California/04/2009.
After injection in the right quadriceps muscle, electric pulses
were delivered using an electric pulse generator (ECMS830;
BTX, San Diego, CA). Three pulses of 100 V each, followed
by three pulses of the opposite polarity, were delivered to
each injection site at a rate of one pulse per second [33]. Each
pulse lasted for 50 ms. After the second immunization of
DNA vaccine, mice were immunized intraperitoneally one
time with 2 pg inactivated NYMC X-179A vaccine (manu-
factured by Shanghai Institute of Biological Products).
Hybridization of splenocytes from these mice with Sp2/0
myeloma cells was then performed. Hybridoma supernatants
were used for screening of mAbs for reactivity by enzyme-
linked immunosorbent assay (ELISA). Fourteen hybridomas
were used to obtain mAb-containing mouse ascites fluids.
RDE-treated ascites fluids containing antiviral antibodies
were selected and used for measurement of microneutral-
ization. The mAbs were then purified from ascites by affinity
chromatography using an IgG purification kit (Pierce) before
use. The isotypes of the mAbs were determined with mouse
monoclonal antibody isotyping reagents by indirect ELISA
according to the manufacturer’s procedure (Iso-
Quick™ Strips for Mouse Monoclonal Isotyping, Sigma-
Aldrich, St. Louis, MO, USA).

ELISA

ELISA was performed using a 96-well plate (EIA plate,
Costar, Cambridge, MA, USA) with reagents consisting of,
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first, inactivated vaccine of NYMC X-179A, A/PR/8/34 or
A/New Caledonia/20/1999(diluted in 10 pg/ml), manufac-
tured by Shanghai Institute of Biological Products (SIBP);
second, serial dilutions of monoclonal antibodies; third, goat
anti-mouse IgG Ab (y-chain specific) (Southern Biotech-
nology Associates, Inc., USA) conjugated with biotin; fourth,
streptavidin conjugated with alkaline phosphatase (Southern
Biotechnology Associates, Inc., USA); and finally, p-nitro-
phenyl phosphate. The amount of chromogen produced was
measured based on absorbance at 410 nm and 630 nm using
an ELISA reader (Genios, Tecan).

HAI and MN assays

Hemagglutination inhibition (HAI) was performed to screen
for H1-specific mAbs as described elsewhere with some
modifications [34]. Purified mAbs were serially diluted
(twofold) in V-bottom 96-well plates. Four HA units of viral
antigen was incubated with the mAbs at room temperature for
1 h, followed by the addition of 0.5 % chicken red blood cells
and incubation at room temperature for 30 minutes. The HAI
titres were determined as the reciprocals of the highest dilu-
tions that completely inhibited hemagglutination.

Cell-based microneutralization (MN) assays were per-
formed as described previously [35]. Viruses were incu-
bated with mAb at room temperature for one hour, with
rocking. The mixture containing virus and mAb was then
transferred to the wells of a 96-well plate containing a
confluent layer of MDCK cells and incubated for 48 hours
at 37 °C. Individual determinations were performed in
triplicate. Endpoints were determined by hemagglutination
assay. The microneutralizing titer was defined as the
highest dilution of antibody at which all of the culture wells
were negative for infection.

Selection of escape mutants

Escape mutants were selected by culturing NYMC X-179A
in embryonated chicken eggs in the presence of mAb as
described previously [36]. Briefly, viruses (10 HAU/ml)
were incubated with purified mAb (1000 HAIU/ml) for 1
h, and the mixtures were then inoculated into the allantoic
cavities of 9-day-old specific-pathogen-free (SPF) embry-
onated chicken eggs. The virus yield was used for limiting-
dilution cloning in embryonated chicken eggs.

Viral RNA was extracted by lysing the viruses with
TRIzol LS Reagent (Life Technologies, Inc.). The RNA
was reverse transcribed into single-stranded DNA with
M-MuLV reverse transcriptase (New England Biolabs).
The HA gene was amplified using a Phusion High-
Fidelity PCR Kit (New England Biolabs), with segment-
specific primers [37]. The PCR products were purified
using a Cycle-Pure Kit and a Gel Extraction Kit (Omega

Bio-Tek, USA), and the fragments were cloned into
pGEM-T Easy Vector. The fragments were sequenced and
edited using DNASTAR sequence analysis software
(DNASTAR Inc.).

RDE avidity assay

As described previously [38], a 10 % (vol/vol) chicken
erythrocyte solution was treated with various concentra-
tions (1 U, 100 mU, 50 mU, 25 mU, 10 mU, 5 mU, and
0 U) of receptor-destroying enzyme (RDE, Denka Seiken,
Japan) for 1 h at 37 °C. The cells were washed, diluted to
2 % (vol/vol) in PBS, and added to 96-well V-bottomed
plates containing 4 HA units of the mutant and wt viruses.
The plates were gently shaken, and the results were
recorded after incubation for 30 min at room temperature.

In vivo protection experiments

All animal experiments were conducted in accordance with
ethical procedures and policies approved by the Wuhan
Institute of Virology’s Institutional Animal Care and Use
Committee. Six- to eight-week-old female BALB/c mice
were used for the challenge studies. Mice were anesthe-
tized by intraperitoneal administration of chloroform and
challenged with rgHIN12009/PR8. To evaluate the pro-
phylactic efficacy of the mAbs, mice were injected intra-
peritoneally with specific mAbs. At various times after
passive administration (24, 48 or 72 h), mice were chal-
lenged with a lethal dose of rgH1N12009/PR8. Animals
were observed daily for mortality and morbidity, and body
weight was measured for up to 14 days after infection. To
determine the therapeutic efficacy of the mAbs, mice were
challenged with a lethal dose of rgHIN12009/PRS. At
various times after infection (24, 48 or 72 h), mice were
treated intraperitoneally with specific mAbs. Animals were
observed daily for mortality and morbidity, and body
weight was measured for up to 14 days after infection.

Statistical analysis

For survival, probability was calculated using Fisher’s
exact test, comparing the rate of survival of mice treated
with specific mAbs with those of the control groups.

Results

Generation and characterization of A(HIN1)pdm09
HA-specific mAbs

A panel of eight hybridoma clones secreting mAbs to
A(HIN1)pdmO9 HA was screened. As shown in Table 1,
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Table 1 Characterization of monoclonal antibodies that specifically recognize HA of A/HIN1 2009
mAb HALI titer® MN titer® ELISA®(2") 1gG
isotype®
NYMC Seasonal PR8 NYMC Seasonal PRS NYMC Seasonal PRS P
X-179A HIN1 X-179A HIN1 X-179A HIN1
mAbl 32 0 0 512 0 0 19 £ 04 ND ND IgG2a
mADb2 128 0 0 1024 0 0 17 £ 0.2 ND ND IgGl
mADb3 128 0 0 512 0 0 14 £ 0.3 ND ND IgGl
mAb7 64 0 0 32 0 0 13 £ 0.1 ND ND IgGl
mADbS8 32 0 0 64 0 0 16 £ 0.2 ND ND I1gG2b
mAb10 32 0 0 1024 0 0 17 £ 0.1 ND ND IgG2a
mAbl1 512 0 0 2048 0 0 18 £0.2 ND ND IgG1
mAbl12 2048 0 0 32768 0 0 19+£02 ND ND IgG1

? Hemagglutinin inhibition and micro-neutralizing titers of mAbs (at initial concentration of 0.5 pg/pl) were tested against pandemic influenza
2009 HIN1 vaccine strain (NYMC X-179A), seasonal HIN1 (A/New Caledonia/20/1999) and A/PR/8/34 virus

" ELISA was performed using plates coated with each of the indicated viruses in triplicate. Serial dilutions of mAbs were added to the wells.

Values represent mean == SD. ND, not detected

¢ The isotypes of the mAbs were determined with mouse monoclonal antibody isotyping reagents by means of indirect ELISA according to the
manufacturer’s procedure (IsoQuick™ Strips for Mouse Monoclonal Isotyping, Sigma-Aldrich, St. Louis, MO)

these clones showed strong ELISA binding activity to
NYMC X-179A inactivated vaccine, but not to seasonal flu
virus A/New Caledonia/20/1999 or A/PR/8/34. HA inhi-
bition (HAI) studies showed that the mAbs were capable of
inhibiting HA reactions by NYMC X-179A virus and
erythrocytes and that the HAI titer was within the range of
1:32 to 1:2048. The HAI titer of mAb12 was significantly
higher than those of the other mAbs. None of the mAbs
could inhibit hemagglutination of A/New Caledonia/20/
1999 or A/PR/8/34. A microneutralization (MN) test gave a
result similar to that obtained using the HAI test, in which
the eight mAbs could specifically inhibit the proliferation
of NYMC X-179A virus in MDCK cells, and the mAb12
MN titer was significantly higher those of the other mAbs
(MN titer 1:32,768). None of the mAbs could neutralize
A/New Caledonia/20/1999 or A/PR/8/34. All eight mAbs
had potency in HAI and MN, and thus could recognize the
HA globular head epitope. Antigen classification results
showed that there were five strains with the IgG1 subtype,
two strains with IgG2a and one strain with IgG2b. Our
results showed that the eight mAbs were A(HIN1)pdm09
HA specific antibodies, and the in vitro virus-neutralizing
capability of mAb12 was significantly higher than those of
other mAbs.

Epitope mapping of mAbs

Co-culture mixture of virus and an antibody in the allantoic
cavity of chick embryos, which can produce escape strains,
was used to analyze amino acid mutations to determine the
antigenic sites that were recognized by the mAbs [16, 36].
We used this method to obtain mAb escape strains and to
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map the epitopes of the mAbs. As shown in Table 2 and
Fig. 1, the mAb3 escape strain had a G158E mutation
located in the Sa antigenic site. MAbl and mAbl0 rec-
ognized the same epitope, and both of their escape mutants
had an S188N mutation. The escape strain of mAb12 had a
QI192E mutation. These mutations were located in the Sb
antigenic site. The G173E mutation of the mAb8 escape
mutant was located in the Cal antigenic site. The K145E
and A144E mutations in the site recognized by mAb7 and
mAbI1 were located in the Ca2 antigenic site. The mAb2
escape strain had a K242E mutation, which was located
adjacent to Sa and Cal and could represent a unique epi-
tope not identified previously. We then performed an
ELISA binding assay to distinguish antigenic mutations
and adsorptive mutations. It has been demonstrated that
antigenic mutants show significantly lower optical density
(OD) values than do the wt parental viruses, while
adsorptive mutants show a binding pattern and OD values
similar to those of the wt parental viruses [38, 39]. Fig. S1
shows the results from an antibody binding ELISA in
which eight viruses with mutations at A144E (mAbl1-mt),
K145E (mAb7-mt), GI158E (mAb3-mt), G173E (mAbS-
mt), S188 N (mAbl-mt), Q192E (mAbl2-mt) and K242E
(mAb2-mt), respectively, demonstrated significantly
reduced binding to the corresponding mAb compared to the
wt parental virus. This indicated that these escape mutants
are antigenic mutants and not adsorptive mutants. This was
confirmed by measuring RDE avidity, which showed that
all of the mutants had titers similar to that of wt virus (data
not shown).

We also analyzed the HAI activity of the eight mAbs
with the escape mutant strains. As shown in Table 3, the
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Table 2 Amino acid substitutions in HA of escape mutants selected by mAbs
Escape Sa Sb Ca2 Cal Cb Other
mutant sites
128- 156-160 162-167 187-198 140-145 224- 169- 206- 238- 79-84 241-242
129 225 173 208 240
NYMC PN KKGNS PKLSKS TSADQQSLYQNA PHAGAK RD INDKG SSR EPG LSTASS DK
X-179A
mAbl-mt* PN KKGNS PKLSKS TNADQQSLYQNA PHAGAK RD INDKG SSR EPG LSTASS DK
mAb2-mt PN KKGNS PKLSKS TSADQQSLYQNA PHAGAK RD INDKG SSR EPG LSTASS DE
mAb3-mt PN KKENS PKLSKS TSADQQSLYQNA PHAGAK RD INDKG SSR EPG LSTASS DK
mAb7-mt PN KKGNS PKLSKS TSADQQSLYQNA PHAGAE RD INDKG SSR EPG LSTASS DK
mAb8-mt PN KKGNS PKLSKS TSADQQSLYQNA PHAGAK RD INDKE SSR EPG LSTASS DK
mAb10-mt PN KKGNS PKLSKS TNADQQSLYQNA PHAGAK RD INDKG SSR EPG LSTASS DK
mAb11-mt PN KKGNS PKLSKS TSADQQSLYQNA PHAGEK RD INDKG SSR EPG LSTASS DK
mAb12-mt PN KKGNS PKLSKS TSADQESLYQNA PHAGAK RD INDKG SSR EPG LSTASS DK

The substituted amino acids are labeled in bold and underlined. Numbering is according to Protein Data Bank (PDB) ID code 3lzg (amino acid

positions are designated according to mature H3 numbering)
a

Q192E G158E

S188N

Fig. 1 Positions of amino acid changes in the antigenic sites of HA
of A/California/07/2009 (HIN1) influenza virus. The HA structure
was obtained from the Protein Data Bank (accession number 3LZG),
and images were created using PyMOL 0.99. Amino acid positions
are designated according to mature H3 numbering. Antigenic sites are
indicated as colored surfaces as follows: Sa, red; Sb, green; Cal,
yellow; Ca2, magenta; and Cb, cyan

mAbl-mt, escape mutant selected with mAbl. Other mutant strains have similar naming

inhibition titer of the mAbs for mAb3-mt was significantly
lower than that of the parental strain, which indicated the
mAb3-mt mutation significantly affected the recognition of
HA by the mAbs. The inhibition titer of mAb11 with other
escape strains (excluding mAb3-mt) was comparable to
that of the parent strain, which indicated that there was
little impact of the Sa and Sb antigenic site mutations on
the binding of mAbll to Al44 of Ca2. Similarly, the
inhibition titer of mAb12 with mAb7-mt, mAb8-mt and
mAbl1-mt was unaffected, which indicated that the
mutation of Cal- and Ca2-related sites of the virus had
little impact on the binding of mAb12 to the Sb antigenic
site Q192. In addition, the titers of mAbl, mAb2, mAbl10
and mAbl2 were significantly decreased for three other
strains of mAb-mt, which indicated that mutations in the Sa
or Sb antigenic sites had a significant mutual impact.

Incidence of amino acid substitutions among recent
HINT isolates

To determine whether the same mAb escape strain muta-
tion had emerged in field strains, we selected nucleotide
sequences of 1631 virus strains (946 in 2009, 347 in 2010
and 338 in 2011) from the GenBank database and analyzed
the mutations of the corresponding sites. As shown in
Table 4, mutations of K145E, G173E, Q192E and K242E
were not observed in field strains. Both the G158E and
S188 N mutations appeared in 2009 and disappeared in
2011, which indicated that these mutations occurred in
quasispecies of A(HIN1)pdm09. Only the A144E mutation
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Table 3 HAI testing of mAbs with escape mutants
mAbI-mt mADb2-mt mAb3-mt mAb7-mt mAb8-mt mAb10-mt mAbl1-mt mAbI12-mt NYMC X-179A
mAb? <2 <2 <2 2 32 <2 32 <2 32
mAb2 32 <2 ) ) 8 32 32 32 128
mAb3 16 8 <2 16 32 16 32 2 128
mAb7 16 16 4 2 32 16 <2 32 64
mADbS8 <2 <2 <2 <2 <2 <2 2 16 32
mAb10 <2 <2 <2 2 32 <2 32 <2 32
mAbl1 512 128 8 128 512 512 <2 256 512
mAbl12 32 16 <2 512 1024 32 1024 <2 2048

The data shown are titres of mAbs (at an initial concentration of 0.5 pg/pl) that yielded final complete inhibition of 4 HAU of virus

* MAbIl-mt, escape mutant selected with mAbl. Other mutant strains have similar naming

screened by mAbl1 occurred once every year. This sug-
gests that although several mAb escape mutants were
found in field strains, the incidence of the mAb-selected
mutations in field strains was relatively low.

Therapeutic protection of mAbs against challenge
in mice

The in vitro study results demonstrated that the eight mAbs
displayed neutralizing efficacy against the virus, so we
further analyzed their neutralizing capability in vivo. Mice
were infected with 5 MLDsq of rgH1N12009/PRS8 virus,
followed by intraperitoneal injection with 10 mg/kg or
2 mg/kg of mAbs 24 hours after infection. The weight loss
and survival rate of the mice were monitored over 2 weeks.
As shown in Fig. 2, the therapeutic effect of the mAbs was
dose dependent, with higher doses resulting in a higher
survival rate. A high dose of mAb2 or mAbl12 could pro-
vide 100 % protection, and except for mAb7, the other
mAbs could provide a partial protective effect, while all
mice in the control group died within 11 days of infection.
The neutralizing capability of mAbl12 in vitro was signif-
icantly greater than that of the other mAbs, and

Table 4 Amino acid changes in the HA of 2009 pdmHINI1 field
strains identical to the changes encountered in the HA of escape
mutants

Mutant Amino acid change Year
2009 2010 2011

mAb1-mt S188N 8/946 0/347 0/338
mAb2-mt K242E 0/946 0/347 0/347
mAb3-mt G158E 12/946 2/347 0/338
mAb7-mt K145E 0/946 0/347 0/338
mAb8-mt G173E 0/946 0/347 0/338
mAb11-mt A144E 1/946 1/347 1/338
mAb12-mt QI192E 0/946 0/347 0/338
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correspondingly, the in vivo therapeutic effect of mAbl12
was greater than the other mAbs. In the 10 mg/kg treatment
group, the infected mice experienced only a 6 % weight
loss. Even at a low dose of 2 mg/kg, mAb12 could provide
100 % protection of mice. These results showed that
mAb12, which recognized the Sb antigenic site, exerted an
outstanding neutralizing effect in vivo.

Prophylactic and therapeutic efficacy of mAb12 against
viral infection

In this study, we further analyzed the prophylactic and
therapeutic effects of mAbl2 against viral infection in
mice. In the prophylactic experiment, each group of mice
(n = 5) received an intraperitoneal injection of 10 mg/kg
mAbl12 at 72, 48 and 24 hours before infection, respec-
tively. Mice injected with PBS were used as a control
group. Mice were then infected with 10 MLDs(, of lethal
virus, and survival and weight loss were observed for
2 weeks. As shown in Fig. 3, all mAbl2-treated mice
survived and displayed a gradual increase in weight over
the two-week observation period. In contrast, all of the
control mice died following infection and experienced a
40 % weight loss before death. In the therapeutic experi-
ment, each group of mice (n = 5) was infected with 10
MLDs( of virus and received intraperitoneal injection of
10 mg/kg mAb12 at 24, 48 and 72 hours after infection.
Mice injected with PBS were used as a control group. As
shown in Fig. 3, all mAbl2-treated mice survived but
experienced weight loss to varying degrees. Mice treated
after 24 hours of infection experienced 20 % weight loss
after 6 days but gradually recovered, and their weight
returned to pre-infection levels 2 weeks after infection.
Mice receiving mAbl2 48 hours and 72 hours after
infection lost up to 35 % of their weight nine days after
infection, which they then gradually recovered. Mice
receiving mAb12 after 48 hours had a relatively faster
weight recovery rate than mice receiving mAb12 treatment
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 mAD12 —— control

Fig. 2 Survival rate and weight loss of mice infected with
rgHIN12009/PR8. Mice were challenged intranasally with 5
MLDs; of rgHIN12009/PR8 and then received 10 mg or 2 mg per

after 72 hours. The weight loss of mice in the control group
reached 40 % before death. These results demonstrated that
mAbI2 has prophylactic and therapeutic activity on lethal
viral infections in vivo, and the prophylactic efficacy was
greater than its therapeutic efficacy.

Comparison of prophylactic and therapeutic efficacy
of mAb12 with oseltamivir

Oseltamivir is an important drug for the clinical prevention
and treatment of influenza virus infection, and in this
experiment, we compared the in vivo effectiveness of
mAbI12 with oseltamivir to prevent or treat against infec-
tion with rgHIN12009/PR8 virus. To compare the pro-
phylactic efficacy, one group of mice (n = 6) received a
single intraperitoneal injection of 10 mg/kg mAbl2 one
day before viral challenge, and a second group (n = 6)

kg body weight of mAbs intraperitoneally 24 h after challenge. Mice
were monitored daily for 14 days for survival and body weight loss.
The control group was injected with PBS after infection

received a daily gavage of 10 mg/kg oseltamivir for 5
consecutive days, starting one day before infection. The
control group was injected with PBS before infection. All
mice were then infected with 10 MLDs5 of lethal virus, and
survival and weight loss were monitored daily for 2 weeks.
As shown in Fig. 4, all mAbl2-treated mice survived
(100 %, 6/6), almost no weight loss was observed after
infection, and the body weight of treated mice increased
gradually over the two-week observation period. Osel-
tamivir-treated mice had a survival rate of 33 % (2/6), and
the mice suffered continuous weight loss after infection,
which reached a maximum at day 12 (about 40 %), after
which they gradually recovered. In the control group, all
mice died after 9 days of infection, and the weight loss
reached 40 % before death. In the therapeutic experiments,
mice were infected with 10 MLDsq of lethal virus. Three
days after infection, the mice developed clinical symptoms
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Prophylactic efficacy

Percent Survival

Therapeutic efficacy
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Fig. 3 Prophylactic and therapeutic protection against rgHIN12009/
PR8 by mAb12. To test for prophylactic efficacy, mice were passively
immunized with mAb12 (10 mg/kg) or with PBS and were subjected
to viral challenge with rgHIN12009/PR8 (10 MLDs) 24,48 and 72 h

such as piloerection, shortness of breath, and slow move-
ment. At this time, one group of mice (n = 6) received a
single intraperitoneal injection of 10 mg/kg mAbl12, and a
second group received a once daily gavage with 10 mg/kg
of oseltamivir for 5 consecutive days. The control group
was injected with PBS. As shown in Fig. 4, although
mADbl2-treated mice suffered progressive weight loss after
infection, which reached a maximum (about 30 %) at day
8, all mice survived, and their body weight gradually
recovered after day 8. Oseltamivir-treated mice suffered
progressive weight loss after infection, from which they did
not recover even after drug administration, and the mice all
died within 12 days when the weight loss reached its
maximum of 40 %. Mice in the control group all died
within 9 days after infection and suffered a continuing loss
of weight after infection. This result showed that mAb12 is
more effective in the prevention and treatment of viral
infections in vivo than oseltamivir.
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later. Mice were monitored daily for 14 days for survival and body
weight loss. To test for therapeutic efficacy, mAb12 was administered
24, 48 and 72 h after viral challenge, and the mice were monitored as
described above

Discussion

The use of mAbs for the screening of mutant escape strains
can be employed to locate antigenic sites on influenza virus
HA [15, 16, 19, 20, 36]. Since the A(HIN1)pdmO9 virus
pandemic, studies have used mAbs to determine HA anti-
genic epitopes, and analysis of results using mouse mAbs
has demonstrated that most antibodies could recognize
antigenic epitopes in Sa and Sb. A study by Krause [40]
and Manicassamy [41] confirmed that three amino acids,
K157, G158 and K166, in the Sa antigenic site were related
to HA antigenicity. In a recent study, Rudneva et al. pre-
pared five mAbs and identified the recognition sites, amino
acids N129, K156, G158, and N159, present in the Sa
antigenic site, and D190 in the Sb antigenic site [42]. In
human studies carried out to identify binding epitopes,
human mAbs demonstrated that Sa was an immunodomi-
nant antigenic site of A(HIN1)pdm09 virus [40, 41]. In
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Fig. 4 Prophylactic and therapeutic efficacy of mAb12 and oseltam-
ivir against lethal challenge with rgHIN12009/PRS. To test for
prophylactic efficacy, mice received either a single intraperitoneal
injection of 10 mg/kg mAb12 one day before challenge or 10 mg/kg
oseltamivir orally by gavage for 5 days starting 1 day before the virus
challenge. The control group was injected with PBS after infection.
Mice were monitored daily for 14 days for survival and body weight

comparison, the eight mAbs prepared in this study recognized
a greater diversity of epitopes, which were located within Sa,
Sb, Cal and Ca2, probably due to the use of a prime-boost
strategy, (two DNA immunizations with one boost of inac-
tivated vaccine). The prime-boost immunization program in
animals can improve the immune response levels to antigen
[43-45], or even induce neutralizing antibodies to the HA2
stalk region [46], so we speculated that a prime-boost pro-
tocol may provide a greater stimulus opportunity for the less
exposed regions of HA. In addition, the majority of mAbs
recognized the Sb and Ca2 antigenic sites (5/8), and only one
mAbrecognized the Sa antigenic site. The results of this study
were slightly different from those of previous studies, indi-
cating that further studies on the A(HINI1)pdm09 HA
immunodominant antigenic sites are required.

loss. To test for therapeutic efficacy, mice received either a single
intraperitoneal injection of 10 mg/kg mAb12 on day 3 after infection
or 10 mg/kg oseltamivir orally by gavage for 5 days from day 3 after
infection onward. The control group was injected with PBS after
infection. Mice were monitored daily for 14 days for survival and
body weight loss

Virus mutations in the antigenic sites may result in
decreasing neutralizing antibody titers, or even antigenic
drift. In previous studies, Strengell et al. found that muta-
tions of N125D and/or N156K (N129D or N159K num-
bering according to Protein Data Bank (PDB) ID code
3l1zg) in the A(HIN1)pdm09 HA antigenic site could
reduce the virus-neutralizing capability of antiserum [47].
Here, we analyzed the HAI activity of the mAbs with the
mutant escape strains and found that the titers of all eight
mAbs that inhibited the mAb3 escape mutant (G158E)
decreased significantly. Thus, we speculated that the mAb3
escape mutation might lead to antigenic drift of the virus.
In addition, the binding of mAbs to Cal and Ca2 antigenic
epitopes was less likely to be affected by mutation of the Sa
and Sb antigenic epitopes, although mutations of Sa or Sb
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had a significant mutual influence, similar to what has been
reported previously for Cal or Ca2 sites [16, 42]. An
explanation for this could be that the antigenic mutations
resulted in conformational changes that not only affected
the binding of mAbs to their recognized antigenic epitopes
but also influenced the interaction of the adjacent antigenic
epitopes and their antibodies.

We analyzed the mutations present in mAbs-induced
escape mutants in a field strain and found that the incidence
of mAb-selected mutations in field strains is relatively low.
The G158E mutation, which was recognized by mAb3, was
previously reported to be present in the viral RNA quasi-
species extracted from lung tissue of an A(HIN1)pdm09
virus-infected patient [48] and was observed in a human
mAb escape mutant [38]. However, after 2011, the G158E
mutation was not found in field strains. Similar observa-
tions were noted for the S188 N mutation (escape mutation
selected by mAbl or mAb10) [49]. Why the majority of
mAb-selected mutations did not spread through the popu-
lations could be that the mutation in HA had a negative
impact on the virus. Indeed, previous studies have shown
that an HA mutation in an H5 or H9 mouse-adapted mAb
escape strain could reduce the virulence of the virus in
mice [50-52]. In addition, Rudneva et al. analyzed the
binding capacity of A(HIN1)pdm09 mAb escape strains to
the receptor and found that most of the mutations that
occurred in HA caused a reduction in receptor-binding
capacity (both alpha-2-3- and alpha 2-6-sialic receptors)
[42]. Thus, we can conclude that mutations occurring in
antigenic sites of A(HIN1)pdmO09 virus affected the prev-
alence of the mutated virus.

Passive immunization may provide an alternative for the
treatment of acute infectious diseases. In this study, we
prepared eight mAbs that recognized Sa, Sb, Cal and Ca2
antigenic sites. Animal experiments showed that the ther-
apeutic effects of mAb treatment in mice may differ, as
treatment with mAb12, which recognizes Q192 within the
Sb antigenic site, showed the most prominent effects.
MADI2 treatment provided complete protection of mice
against infection and reduced weight loss after infection.
Even low doses could provide full protection of mice.
MAD2, which recognizes K242 (adjacent to Sa and Cal, an
unique epitope not identified previously), completely pro-
tected infected mice at high doses, although its effects on
weight loss were not as potent as mAb12 treatment. MAbs
that recognized the other antigenic sites, including Sb, Cal
and Ca2, only provided partial protection, while mAb7,
which recognizes K145 of Ca2, was unable to provide any
protection for infected mice. Our results may be helpful in
the design of effective vaccines such as epitope-based
peptide vaccines. In addition, we compared the in vivo
ability of mAbl2 to prevent or treat viral infections in
mice and found that it had greater efficacy for prophylaxis
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compared with treatment, demonstrating reduced clinical
symptoms and weight loss in treated mice. These results
suggest the importance of passive immunization before a
virus epidemic, especially in high-risk groups such as
children, the elderly, people who are immune deficient, or
those with occupational exposure. Since the use of mAbs
against influenza virus is in the process of receiving
approval for commercial use [53], it still needs to be
determined through clinical trials whether passive immu-
nization should be widely applied in high-risk groups or
rather as an individual approach. However, another clini-
cally used mAb can provide a reference for us: pali-
vizumab. Palivizumab is a humanized mAb that is used for
prevention of respiratory syncytial virus (RSV) infection in
children at high risk for severe disease [54]. Clinical
investigation has revealed that children who received
palivizumab at monthly intervals had 55 % fewer RSV-
related hospitalizations than those who did not [54].
Although the mAb against RSV is the only commercial
mAb approved for prevention of a viral disease, combining
the course of prophylactic administration of palivizumab in
clinical use, our results in the animal model strengthen the
concept of prevention of viral infection through passive
immunization.

The neuraminidase inhibitor oseltamivir is a clinical
anti-flu drug, which is effective for both influenza virus
type A and B. However, oseltamivir-resistant virus strains
have been observed in clinical situations that affect the
antiviral effects of the drug [55]. Therefore, it is necessary
to develop new antiviral drugs, and as such, mAbs may be
considered an ideal alternative. A previous study compar-
ing the effects of oseltamivir with human mAb CR6261 in
mice for the prevention and treatment of HSN1 or HIN1
infections showed that CR6261 was more potent than
oseltamivir [56]. In the current study, one single injection
of mAb12 was more effective in the prevention and treat-
ment of viral infections in mice when compared with a
continuous administration of oseltamivir over 5 days,
confirming the previous study. Although no clinical com-
parisons have been made between mAbs and drugs in
controlling influenza virus infections, passive immuniza-
tion with convalescent serum could control viral infection
better than oseltamivir treatment. Passive immune conva-
lescent serum treatment for patients with severe infection
rapidly reduced the viral load and eventually helped the
patients recover, in contrast to the continuous administra-
tion of oseltamivir, which did not reduce the viral load
[24]. This may be due to delayed oseltamivir treatment,
since it has been reported that oseltamivir suppresses viral
load more effectively when given early [57, 58]. In con-
clusion, these findings suggest that antibodies may provide
better prevention and treatment against viral infections than
anti-flu drugs.
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Although mouse mAbs have demonstrated good antivi-
ral effects in animal models, they should be humanized to
prevent immunity to the mouse mAbs and the production
of human anti-mouse antibodies in patients. One major
disadvantage of mAb treatment is that influenza virus can
produce escape strains through mutation, resulting in the
loss of recognition of antigenic sites and thus the antiviral
effect of antibodies. Therefore, it will be important to
develop a humanized mAb with broad-spectrum recogni-
tion of antigenic sites for the treatment of the 2009
pdmHIN1 flu virus.
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