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The HA2 glycopolypeptide (gp) is highly conserved in all influenza A virus strains, and it is known to
play a major role in the fusion of the virus with the endosomal membrane in host cells during the course
of viral infection. Vaccines and therapeutics targeting this HA2 gp could induce efficient broad-spectrum
immunity against influenza A virus infections. So far, there have been no studies on the possible
therapeutic effects of monoclonal antibodies (MAbs), specifically against the fusion peptide of hemagglu-
tinin (HA), upon lethal infections with highly pathogenic avian influenza (HPAI) H5N1 virus. We have
identified MAb 1C9, which binds to GLFGAIAGF, a part of the fusion peptide of the HA2 gp. We evaluated
the efficacy of MAb 1C9 as a therapy for influenza A virus infections. This MAb, which inhibited cell fusion
in vitro when administered passively, protected 100% of mice from challenge with five 50% mouse lethal
doses of HPAI H5N1 influenza A viruses from two different clades. Furthermore, it caused earlier
clearance of the virus from the lung. The influenza virus load was assessed in lung samples from mice
challenged after pretreatment with MAb 1C9 (24 h prior to challenge) and from mice receiving early
treatment (24 h after challenge). The study shows that MAb 1C9, which is specific to the antigenically
conserved fusion peptide of HA2, can contribute to the cross-clade protection of mice infected with HSN1

virus and mediate more effective recovery from infection.

Highly pathogenic avian influenza (HPAI) virus H5N1
strains are currently causing major morbidity and mortality in
poultry populations across Asia, Europe, and Africa and have
caused 385 confirmed human infections, with a fatality rate of
63.11% (37, 39). Preventive and therapeutic measures against
circulating H5N1 strains have received a lot of interest and
effort globally to prevent another pandemic outbreak. Influ-
enza A virus poses a challenge because it rapidly alters its
appearance to the immune system by antigenic drift (mutating)
and antigenic shift (exchanging its components) (5). The cur-
rent strategies to combat influenza include vaccination and
antiviral drug treatment, with vaccination being the preferred
option. The annual influenza vaccine aims to stimulate the
generation of anti-hemagglutinin (anti-HA) neutralizing anti-
bodies, which confer protection against homologous strains.
Current vaccines have met with various degrees of success (31).
The facts that these strategies target the highly variable HA
determinant and that predicting the major HA types that pose
the next epidemic threat is difficult are significant limitations to
the current antiviral strategy. In the absence of an effective
vaccine, therapy is the mainstay of control of influenza virus
infection.

Therefore, therapeutic measures against influenza will play a
major role in case a pandemic arises due to H5NT1 strains.
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Currently licensed antiviral drugs include the M2 ion-channel
inhibitors (rimantidine and amantidine) and the neuramini-
dase inhibitors (oseltamivir and zanamivir). The H5N1 viruses
are known to be resistant to the M2 ion-channel inhibitors (2,
3). Newer strains of H5N1 viruses are being isolated which are
also resistant to the neuraminidase inhibitors (oseltamivir and
zanamivir) (5, 17). The neuraminidase inhibitors also require
high doses and prolonged treatment (5, 40), increasing the
likelihood of unwanted side effects. Hence, alternative strate-
gies for treatment of influenza are warranted.

Recently, passive immunotherapy using monoclonal anti-
bodies (MADs) has been viewed as a viable option for treat-
ment (26). The HA gene is the most variable gene of the
influenza virus and also the most promising target for gen-
erating antibodies. It is synthesized as a precursor polypep-
tide, HAO, which is posttranslationally cleaved to two
polypeptides, HA1 and HAZ2, linked by a disulfide bond.
MADbs against the HA1 glycopolypeptide (gp) are known to
neutralize the infectivity of the virus and hence provide
good protection against infection (12). However, they are
less efficient against heterologous or mutant strains, which
are continuously arising due to antigenic shift and, to an
extent, drift. Recent strategies for alternative therapy ex-
plore the more conserved epitopes of the influenza virus
antigens (18, 33), which not only have the potential to stim-
ulate a protective immune response but are also conserved
among different subtypes, so as to offer protection against a
broader range of viruses.

The HAZ2 polypeptide represents a highly conserved region
of HA across influenza A virus strains. The HA2 gp is respon-
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sible for the fusion of the virus and the host endosomal mem-
brane during the entry of the virus into the cell (16). Previ-
ously, anti-HA MAbs that lacked HA inhibition activity were
studied and were found to reduce the infectivity of non-H5
influenza virus subtypes by inhibition of fusion during viral
replication (14). They are known to block fusion of the virus to
the cell membrane at the postbinding and prefusion stage,
thereby inhibiting viral replication. Furthermore, in vivo stud-
ies show that anti-HA2 MADs that exhibit fusion inhibition
activity contribute to protection and recovery from H3N2 in-
fluenza A virus infection (8). It is interesting that although the
HAZ2 gp is generally conserved, the fusion peptide represents
the most conserved region of the HA protein. So far, there
have been no studies on the possible therapeutic effects of
MADs, specifically against the fusion peptide of HA, on lethal
HPAI H5N1 infections.

Previous studies have suggested that HA2 could contain a
potential epitope responsible for the induction of antibody-
mediated protective immunity (9). In the present study, a panel
of MAbs against HA2 gp was characterized for their respective
epitopes by epitope mapping. The therapeutic and prophylac-
tic efficacies of these MAbs were evaluated in mice challenged
with HPAI H5N1 virus infection.

MATERIALS AND METHODS

Cells and viruses. Chinese hamster ovary (CHO-K1) cells and Madin-Darby
canine kidney (MDCK) cells were obtained from American Type Culture Col-
lection. They were cultured in Ham’s F12-K medium and Dulbecco’s minimal
essential medium, respectively, both supplemented with 10% fetal bovine serum,
100 mg/ml streptomycin, and 100 units penicillin, and were maintained at 37°C in
5% CO,. Avian influenza virus H5N1 (A/goose/Guangdong/97) was inactivated
with betapropiolactone (11) and used for RNA extraction to amplify the HAO
gene. The human HPAT H5N1 virus A/Indonesia/TLL013/06 was obtained from
the Ministry of Health, Indonesia. The clade 1.0 virus A/Vietnam/1203/2004
(HS5NT1) was rescued by reverse genetics (36). Briefly, the HA and NA genes were
synthesized by GenScript, based on the sequences from the NCBI influenza virus
database. The synthetic HA and NA genes were cloned into a dual-promoter
plasmid for influenza A virus reverse genetics. Dual-promoter plasmids were
obtained from the Centers for Disease Control and Prevention, Atlanta, GA.
The reassortant virus was rescued by transfecting plasmids containing HA and
NA together with the remaining six gene plasmids derived from A/Puerto Rico/
8/34 (HINL1) into a coculture of 293T and MDCK cells, using Lipofectamine
2000 (Invitrogen Corp). At 72 h posttransfection, culture medium from the
transfected cells was inoculated into 11-day-old embryonated chicken eggs or
MDCK cells. The HA and NA genes of reassortant viruses were sequenced to
confirm the presence of the introduced HA and NA genes and the absence of
mutations.

The viruses were propagated in the allantoic cavities of 11-day-old chicken
embryos, and the allantoic fluid was harvested from the eggs after 48 h. Virus
titers were determined using standard hemagglutination assays (38). The virus
was then clarified by centrifugation at 20,000 X g for 20 min at 4°C and stored at
—80°C. All experiments with live viruses were performed in a biosafety level 3
containment laboratory, and all animal experiments were carried out in an
animal biosafety level 3 containment laboratory in compliance with CDC/NIH
and WHO recommendations (20, 35).

Production of recombinant HA proteins. The total RNA was extracted from
H5N1 (A/goose/Guangdong/97) by using a commercial guanidium-phenol solu-
tion (Trizol; Invitrogen). The HA gene and the HA2 gene were amplified from
the cDNA and cloned into pQE-30 vector (Qiagen, Germany), using standard
cloning techniques for expression in bacteria. The clones were transformed into
Escherichia coli M15/pREP4 competent cells for protein expression. The trans-
formed E. coli M15 cells were grown at 37°C to an optical density at 600 nm
(ODgqp) of 0.5 to 0.6 in Luria-Bertani (LB) medium containing ampicillin (100
wg/ml), and protein expression was induced by the addition of 1 mmol/liter IPTG
(isopropyl-B-p-thiogalactopyranoside) for 3 h with shaking. The histidine-tagged
protein was purified on a Ni-nitrilotriacetic acid column (Qiagen, Germany),
using standard protocols.
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MAD production. BALB/c mice were immunized twice subcutaneously at reg-
ular intervals of 2 weeks with 25 pg of recombinant HSN1 HAO antigen in 0.1 ml
of phosphate-buffered saline (PBS), which was emulsified with an equal volume
of adjuvant (SEPPIC, France). Thereafter, mice were boosted intravenously with
25 pg of recombinant antigen 3 days before the fusion of splenocytes with SP2/0
cells (41). Hybridoma culture supernatants were screened by immunofluores-
cence assays (IFA) as described below. Hybridomas that produced specific an-
tibody were cloned by limiting dilution, expanded, and further subcultured. The
hybridoma cultures were harvested, and cell debris was removed by centrifuga-
tion at 400 X g for 10 min. The supernatant was collected and stored at —20°C.
Positive clones were checked for isotype by using a 1-minute isotyping kit (Am-
ersham Bioscience, England) as described in the manufacturer’s protocol. The
MABbs were purified using protein A Sepharose beads (Millipore). The purity of
the antibodies was confirmed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis analysis. The MAbs were then tested by neutralization assay and
standard HI assay as described below.

IFA. Sf-9 and MDCK cells cultured in 96-well plates were infected with
recombinant baculovirus harboring the truncated HSN1 HA1 and HAO genes or
with avian influenza virus H5N1 Indonesian strains, namely, HSN2 and H5N3
strains, respectively. At 36 h (for Sf-9 cells) and 24 to 48 h (for MDCK cells)
postinfection, the cells were fixed with 4% paraformaldehyde for 30 min at room
temperature and washed thrice with PBS, pH 7.4. The fixed cells were incubated
with hybridoma culture fluid at 37°C for 1 h. Cells were rinsed thrice with PBS
and incubated with a 1:40 dilution of fluorescein isothiocyanate-conjugated rab-
bit anti-mouse immunoglobulin (Dako, Denmark). Cells were rinsed again in
PBS prior to scoring of results with an epifluorescence microscope (Olympus,
Japan) with appropriate barrier and excitation filters for optimized fluorescein
isothiocyanate visualization (32).

Western blotting. MAbs were evaluated by immunoblotting assays. The re-
combinant HSN1 HAZ2 protein and whole purified Indonesian H5SN1 virus were
fractionated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under reducing conditions. The separated proteins were electrotransferred and
immobilized on a nitrocellulose membrane. The membrane was blocked with 5%
nonfat milk in PBS containing 0.1% Tween 20 (PBST) at 37°C for 1 h. The
membrane was subsequently incubated with hybridoma supernatant containing
the MAD, rinsed in PBST, and incubated with horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse immunoglobulin followed by incubation with ECL
reagents (Amersham Biosciences) to detect bound MAD (6).

Epitope mapping of MAbs. The MAbs were first confirmed to bind to the
recombinant HA2 protein by Western blotting analysis. A series of 14 fragments
of the HA2 polypeptide were designed so as to detect the exact region of the
HAZ2 molecule (epitope) to which the MAbs bound. Fourteen overlapping frag-
ments encoding the HA2 protein of the A/goose/Guangdong/1997 strain (Fig.
1a) were amplified by PCR and cloned into the pQE-30 expression vector. The
fusion peptides were expressed in E. coli as described above and analyzed by
Western blotting (6). After a 15- to 20-amino-acid stretch was identified as the
epitope region, a panel of 15 mutants of the appropriate fragment was generated,
with substitutions at amino acid residues 331 to 345 and 346 to 360. Each
construct included an amino acid mutation to alanine. The point mutants were
generated using a PCR-based site-directed mutagenesis protocol and verified by
sequence analysis. These mutants were also expressed as His fusion peptides as
described above.

Cell-cell fusion inhibition assay. CHO-K1 cells expressing the HAO precursor
were used for the cell-cell fusion assay (10). Cells were grown to confluence in
24-well culture plates. When appropriate, cells were treated with tosylsulfonyl
phenylalanyl chloromethyl ketone-trypsin (2.5 pg/ml) for 10 min at 37°C to
cleave HAO into HA1 and HA2. The cell monolayer was washed with 1X PBS,
pH 7.0, and then incubated for 30 min at 37°C with the MAbs at the concentra-
tions indicated. The pH was decreased to 5 for 1 min, and then the cells were
incubated with complete medium until syncytium formation was observed in the
control well. The cells were then fixed with 4% (wt/vol) paraformaldehyde and
stained with 1% (wt/vol) toluidine blue in PBS.

Challenge studies against influenza H5N1 virus infection. To determine the
therapeutic efficacy of MAbs, inbred specific-pathogen-free BALB/c mice aged 4
to 6 weeks were used. Six mice (n = 6) per group were anesthetized with
ketamine-xylazine and intranasally infected with five 50% mouse lethal doses
(MLDsy) of two different HSN1 strains (A/Vietnam/1203/2004 from clade 1 and
A/Indonesia/TLL013/06 from clade 2.1). The MLDs, was determined by the
method of Reed and Muench (24).

(i) Prophylactic efficacy. To determine the prophylactic efficacy of the MAbs,
groups of mice were pretreated intraperitoneally with 5 mg/kg of body weight, 10
mg/kg, or 0 mg/kg (PBS) of MAD prior to the viral challenge. After 24 h, mice
were challenged with 5 MLDs, of the two different HSN1 strains. Mice were
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FIG. 1. (a) Plan for epitope mapping of anti-HA2 MAbs. The gene
segments coding for fragments 1 to 14 above were PCR amplified and
cloned into pQE-30 vector, and the peptides were expressed as histidine-
tagged proteins. The cell lysates of bacteria expressing the 14 fragments
were used for Western blotting analysis of the MAbs to map their respec-
tive epitopes (the numbers indicate the amino acid number on mature
HAO). (b) Western blot analysis of the 14 fragments. MAb 1C9 was used
as the primary antibody, followed by HRP-conjugated anti-mouse immu-
noglobulin, and the membrane was developed using ECL reagents. Lane
1, protein molecular weight marker; lanes 2 and 18, recombinant HA2 gp;
lane 3, HA2 from whole virus; lanes 4 to 17, 14 fragments. Only fragments
1 to 6 show positive results, while fragments 7 to 14 show negative results.
The samples were run in three different gels but processed identically. (c)
Results of Western blot analysis of point mutants also expressed as histi-
dine fusion peptides. The membrane was developed using ECL reagents.
The analysis was carried out to deduce the amino acid sequence required
for MAb 1C9 binding. Lanes 1 and 16, protein marker; lanes 2 and 17,
wild-type fragment 1; lanes 3 to 15, 18, and 19, overexpressed point
mutants. Positive results were seen only in lanes with wild-type fragment
1 and the 1340A (lane 12), E341A (lane 13), G342A (lane 14), G343A
(lane 15), W344A (lane 18), and Q345A (lane 19) point mutants, indi-
cating the absence of the role of the respective amino acids in binding to
the HA2 gp. Negative results were seen in lanes with the G331A (lane 3),
L332A (lane 4), F333A (lane 5), G334A (lane 6), A335A (lane 7), 1336A
(lane 8), A337G (lane 9), G338A (lane 10), and F339A (lane 11) point
mutants, indicating the role of these amino acids in forming the epitope of
MADb 1C9. Lane numbers of the respective point mutants are indicated in
brackets. The samples were run in two different gels but processed iden-
tically. (d) Western blot analysis of the 14 fragments. MAb 1B12 was used
as the primary antibody, followed by HRP-conjugated anti-mouse immu-
noglobulin, and the membrane was developed using ECL reagents. Lane
1, protein molecular weight marker; lane 2, recombinant HA2 gp; lane 3,
HA2 from whole virus; lanes 4 to 17, 14 fragments. Only fragments 2 to
10 show positive results, while fragments land 11 to 14 show negative
results. (e) Results of Western blot analysis of point mutants also ex-
pressed as histidine fusion peptides. The membrane was developed using
ECL reagents. The analysis was carried out to determine the amino acid
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observed daily to monitor body weight and mortality. Monitoring continued until
all animals died or until day 14 after challenge. Serum samples were collected on
days 7, 10, and 14 from the mice surviving the viral challenge for evaluation of the
humoral immune response to the viral infection by determining the HI titers.

(ii) Therapeutic efficacy. To determine the therapeutic efficacy of the MAbs,
each group of mice was treated via the intraperitoneal route with 5 mg/kg, 10
mg/kg, or 0 mg/kg (PBS) of each anti-HA2 MADb 1 or 3 days after viral challenge.
Mice were observed daily to monitor body weight and mortality. Sampling was
done as mentioned above.

Another set of mice was maintained (n = 10) for each experimental group with
animals infected with clade 2.1 for quantitative PCR and histopathology exper-
iments. On days 3, 6, and 9 postchallenge, mice were euthanized by a lethal dose
of sodium pentobarbital. Viral infectivity titers were determined for the group of
animals treated with MAb 1C9 1 day after challenge with clade 2.1 virus. To
determine the viral titers following challenge, the lungs of the mice were ho-
mogenized in 2 ml of sterile PBS. The homogenized suspensions were titrated on
monolayers of MDCK cells in quadruplicate (27). The viral titers were calculated
by the Reed and Muench method (24) and expressed as log;, 50% tissue culture
infective doses (TCIDs)/ml.

For histopathology, a lung sample was collected in 10% (wt/vol) buffered
formalin solution, embedded in paraffin, and sectioned. Sections were stained
with hematoxylin and eosin and were analyzed for pathology.

Determination of viral load by real-time PCR. About 200 ! of lung homog-
enate was treated with 1 ml Trizol reagent to extract RNA. Total RNA (500
ng/sample) was used for cDNA synthesis, using 20 U of avian myeloblastosis
virus reverse transcriptase (Roche). The cDNA suspension was used for ampli-
fication in a quantitative real-time PCR. A DyNAmo Capillary SYBR green
qPCR kit (Finnzymes) was used for the PCR assay. Briefly, the cDNA was
amplified in 20 pl containing 0.25 pmol of forward primer (5'-GAAATCAAA
CAGATTAGTCCTTGC-3"), 0.25 pmol of reverse primer (5'-CCTGCCATCC
TCCCTCTATAAA-3'), and 1X DyNAmo master mix. Reactions were per-
formed in a Light Cycler instrument (Roche) under the following conditions: 10
min at 95°C, followed by 50 cycles of 95°C for 10's, 57°C for 5 s, and 72°C for 9 s.
Fluorescence signals from these reactions were captured at the end of the
extension step in each cycle. To determine the specificity of the assay, PCR
products were subjected to melting curve analysis at the end of the assay (65 to
95°C at 0.1°C/s). The murine glyceraldehyde-3-phosphate dehydrogenase gene
was used as an internal positive control to check for the presence of PCR-
inhibitory substances. To determine the dynamic range of real-time quantitative
PCR, serial dilutions of in vitro-transcribed RNA containing the target sequence
were made, subjected to the real-time quantitative PCR assay, and used to
construct a standard curve. The assay was able to distinguish 10-fold differences
in concentration over a range of 1,000 to 10° copies, and no signal was observed
in the water control. Relative quantification was obtained in triplicate for each
experimental sample by using the standard curve method. The viral titers were
expressed as a measure of the number of copies of viral RNA in the lungs of
infected mice.

HI assay. HI assays were performed as described previously (23). Briefly,
purified hybridoma supernatant was treated with receptor-destroying enzyme
(RDE) and subsequently serially diluted (twofold) in V-bottomed 96-well plates
and mixed with H5N1 virus (A/Indonesia/TLLO013/06). Plates were incubated for
30 min at room temperature, and 1% chicken red blood cells were added to each
well. The HI end point was the highest serum dilution in which agglutination was
not observed.

Neutralization assay. Neutralization assays were performed as described pre-
viously (27). A dose of 100 TCIDs, of viruses was used in each of the virus

sequence of the minimal epitope for MAb 1B12. Lane 1 and lane 16,
protein marker; lanes 2 and 17, wild-type fragment 2; lanes 3 to 15, 18,
and 19, overexpressed point mutants. Positive results were seen only in
lanes with the G346A (lane 3), M347A (lane 4), V348A (lane 5),
D349A (lane 6), G350A (lane 7), E359A (lane 18), and Q360A (lane
19) point mutants, indicating the absence of the role of the respective
amino acids in binding to the MAb. Negative results were seen in lanes
with the W351A (lane 8), Y352A (lane 9), G353A (lane 10), Y354A
(lane 11), H355A (lane 12), H356A (lane 13), S357A (lane 14), and
N358A (lane 15) point mutants, indicating the role of these amino
acids in binding to MAb 1B12. Lane numbers of the respective point
mutants are indicated in brackets. The samples were run in two dif-
ferent gels but processed identically.
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neutralization assays. Supernatants were tested at a starting dilution of 1:10.
Briefly, twofold dilutions of hybridoma supernatants were mixed with virus sus-
pension containing 100 TCIDs, of purified HSN1 virus and incubated at 37°C for
1 h. The virus-antibody mix was then transferred onto MDCK cell monolayers in
96-well plates at 37°C for 1 h. One hundred microliters of serum-free Dulbecco’s
modified Eagle’s medium was added to each well, and the cells were subse-
quently incubated at 37°C in a 5% CO, incubator. Cytopathic effect was observed
every 24 h for 48 to 72 h.

RESULTS

Characterization of MAbs. A panel of nine hybridoma
clones secreting MAbs to HS HAO antigen was screened by
IFA against Indonesian H5N1 influenza virus strains and other
non-HS5 subtypes. The results showed that MAb 1C9 and MAb
1B12 strongly reacted with MDCK cells infected with H5 sub-
types and yielded positive cytoplasmic immunofluorescence
patterns (data not shown). IFA with SF9 cells infected with
baculovirus expressing the HAO gene on the surface yielded
positive results. However, negative results were observed for
IFA with SF9 cells infected with baculovirus harboring the
HAL1 gene (data not shown). By these results, we concluded
that the epitope recognized by the antibodies was specific to
the HA2 region. Immunoblotting with the whole virus lysates
showed a positive signal at 27 kDa, which we believe to be
HAZ2. This was also further confirmed by a positive Western
blot using recombinant HA2 protein (Fig. 1b). With this result,
we concluded that the MADbs were indeed against the HA2
region of the virus, and since they showed positive results on
the Western blot, we concluded that the antibodies were
against linear epitopes on the HA2 gp. The HI assay showed
that the antibodies had no HI titers. The neutralization titers
of these MADs, recorded against 100 TCIDs, of virus, were
found to be <10. The isotype of both MAbs was determined to
be immunoglobulin G1.

Epitope mapping of MAbs. MAbs 1C9 and 1B12 recognized
the HA2 domain of HS in Western blot assays, suggesting that
the epitope is linear or readily refolded through short-range
interactions. This property was exploited to map the HA
epitope targeted by MAbs 1C9 and 1B12. To this end, partially
overlapping expressed HA fragments were probed by Western
blot analysis (Fig. 1a). MAb 1C9 reacted with fragments 1 to 6
and did not react with the other fragments (Fig. 1b). MADb
1B12 was found to be positive with fragments 2 to 10 but
negative with fragments 1 and 11 to 14 (Fig. 1c). These data
indicated that the epitope of 1C9 comprised amino acids 331 to
345 of HAO (amino acids 1 to 15 of HA2). Similarly, the
epitope of MAb 1B12 comprised amino acids 346 to 360 of
HAO (amino acids 15 to 30 of HA2). Subsequent analysis of a
panel of expression constructs with single amino acid changes
by Western blotting indicated that MAb 1C9 bound to 1340A,
E341A, G342A, G343A, W344A, and Q345A mutants. In con-
trast, 1C9 failed to bind to G331A, L332A, F333A, G334A,
A335G, I336A, A337G, G338A and F339A mutants (Fig. 1c).
These data indicate that amino acids 331 to 339 (GLFGA-
IAGF) participate in formation of the antigenic site for MAb
1C9. Similar analysis of MAb 1B12 revealed the involvement
of WYGYHHSN (amino acids 351 to 358) in the formation of
its antigenic site (Fig. le).

Cell-cell fusion of CHO-K1 cells expressing HA0. The HAO
precursor of influenza A virus HA was expressed on the sur-
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FIG. 2. Inhibition of cell-cell fusion of CHO cells expressing the
HAO precursor. (a) Cells without trypsin treatment following pH 5
treatment. (b) Cells after trypsin treatment and following pH 5
treatment. Cells are also shown after trypsin treatment and follow-
ing pH 5 treatment in the presence of 10 pg/ml of MAb 1C9 (c), in
the presence of 50 pg/ml of MAb 1C9 (d), in the presence of 100
wng/ml of MADb 1C9 (e), and in the presence of 100 pg/ml of non-
specific MAb 3H5 (f).

faces of CHO-KI1 cells. Upon treatment with trypsin and low
pH, HAO undergoes a conformational change from the native
to the fusion-active form, resulting in polykaryon formation.
We studied the influence of the anti-HA2 MAbs 1C9 and 1B12
on this fusion process. Normal polykaryon formation was ob-
served in the control well (Fig. 2b). Polykaryon formation was
completely inhibited by MADb 1C9 at a concentration of 100
pg/ml (Fig. 2e) and partially inhibited at a concentration of 50
pg/ml (Fig. 2d). MAb 1B12, however, did not show any fusion
inhibition, even at high concentrations (data not shown). The
irrelevant MAb 3HS5 did not show any inhibition of polykaryon
formation (Fig. 2f).

Prophylactic efficacy of anti-HA2 MAbs against HSN1 infec-
tion. To evaluate the prophylactic efficacy of the MAbs, differ-
ent groups of experimental mice (n = 6/group) were treated
with the indicated dosages of MAbs 1 day prior to challenge
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FIG. 3. Protection of mice from lethal H5N1 viral challenge after pretreatment with MAbs. Each group of mice was pretreated intraperitoneally
with 10 mg/kg, 5 mg/kg, or 0 mg/kg (PBS) of MADb 1C9 or 1B12 1 day before challenge with mouse-adapted Indonesian HPAI H5N1 strains, either
A/Vietnam/1203/04 clade 1.0 virus (a) or A/TLL013/06 clade 2.1 virus (b and c). Mice were monitored for survival (a and b) throughout a 14-day
observation period. The results are expressed in terms of percent survival. (c) Mice were monitored for weight loss throughout the 14-day
observation period. The results are expressed in terms of percent body weight (at the beginning of the trial).

with 5 MLDs,, of HPAI H5N1 strains from clade 1.0 or clade
2.1. Untreated mice challenged with the HSN1 viruses (PBS
control group) showed the most rapid decline in body weight,
culminating in 100% mortality within 6 days after viral chal-
lenge. Pretreatment with 10 mg/kg of MAb 1C9 provided
100% protection against 5 MLDs, of two HS5N1 strains, from
clade 1.0 (Fig. 3a) and clade 2.1 (Fig. 3b), while pretreatment
with 5 mg/kg provided 50% protection against 5 MLDy, of
HS5NI1 viruses of both clades. The group of mice pretreated
with 10 mg/kg of 1C9 showed only a 15% loss in body weight
on day 5 and had regained their body weight by day 14 after
lethal challenge (Fig. 3c). However, MAb 1B12 provided only
33% protection against the same dose of virus, even at 10
mg/kg. MADb 1B12 at 5 mg/kg provided inadequate protection
(<16%) against both H5SN1 strains (Fig. 3a and b). Mice in this
group lost up to 25% of their body weight and did not regain
it completely even at 14 days postchallenge.

Therapeutic efficacy of anti-HA2 MAbs against HSN1 infec-
tion. Different groups of experimental mice (n = 6/group) were
treated with the indicated doses of MAbs 1 or 3 days after
challenge with 5 MLDs, of HPAI H5N1 strains from clade 1.0
or clade 2.1. The progress of infection was indicated by various
trends of decreases in body weight in the different groups. For
mice challenged with the HS5NI1 viruses, untreated mice
showed the most rapid decline in body weight, culminating in
100% mortality within 6 days after viral challenge. On day 3,
the body weight of mice who succumbed from this group was
below 75% of the original body weight (Fig. 4c). Upon treat-
ment 1 day after infection with MAb 1C9, mice showed up to
a 15% loss of body weight. However, after 5 days, they steadily
regained their body weight (Fig. 4c). At the higher concentra-

tion of 10 mg/kg body weight, MAb 1C9 completely protected
mice from disease upon challenge with clade 2.1 (Fig. 4b) and
clade 1 viruses (Fig. 4a). The same concentrations of MAb
1B12, however, could provide only 50% and 33% protection
against lethal infection with clade 2.1 and clade 1 viruses,
respectively. The mice showed about a 23% loss of body
weight, and from 5 days after challenge, the mice gradually
regained only about 8 to 10% of the lost body weight (Fig. 4c).
The groups of mice treated with 5 mg/kg of 1C9 showed a loss
of body weight of up to 22%. The mortality studies showed that
this concentration provided 50% protection against 5 MLDs,,
of both clades of virus. MAb 1B12 at 5 mg/kg provided inad-
equate protection (<20.0%) against both H5N1 strains (Fig.
4a and b). The groups of mice (n = 6/group) were also treated
with the indicated doses of MADs 3 days after challenge with
the two H5N1 strains. Three days after the challenge (before
treatment), 16.6 to 33.3% (one or two mice of six mice/group)
of the mice in each group died, and the therapeutic efficacy of
the MADs was tested only in the surviving mice. The 10-mg/kg
dose of MAb 1C9 provided 75% (three of four mice survived)
protection against H5N1 strains (Fig. 4d and e). Five milli-
grams of 1C9 and 10 mg of 1B12 provided 50% (two of four
mice survived) and 25% (one of four mice survived) protec-
tion, respectively, against 5 MLDs, of HSN1 strains (Fig. 4d
and e).

Histopathology. Histopathology studies were performed only
for the lungs of mice treated with MAb 1C9 at 24 h pre- or
post-viral challenge with clade 2.1 virus. On day 6 postinfection,
lungs of untreated mice had pulmonary lesions consisting of mod-
erate to severe necrotizing bronchitis and moderate to severe
histiocytic alveolitis with associated pulmonary edema (Fig. 5b).
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FIG. 4. Protection of mice from lethal H5N1 viral challenge. Each group of mice was treated intraperitoneally with 10 mg/kg, 5 mg/kg, or 0
mg/kg (PBS) of MAb 1C9 or 1B12 at 1 day post-viral challenge (a) and 3 days post-viral challenge (d) with clade 1 virus A/Vietnam/1203/04 or
at 1 day post-viral challenge (b) and 3 days post-viral challenge (e) with clade 2 virus A/Indonesia/TLL013/06. Mice were monitored for survival
throughout a 14-day observation period. The results are expressed in terms of percent survival. Mice were also monitored for weight loss at 1 day
post-viral challenge (c) and 3 days post-viral challenge (f) with clade 2 virus A/Indonesia/TLL013/06 throughout a 14-day observation period. The
results are expressed in terms of percent body weight (at the beginning of the trial).

The uninfected mice lacked lesions in the lungs (Fig. 5a). Mice
treated (24 h pre- or postchallenge) with 5 mg/kg of 1C9 had
minimal to moderate bronchitis (Fig. 5S¢ and e), and mice treated
(24 h pre- or postchallenge) with 10 mg/kg of 1C9 had minimal
bronchitis.

Determination of viral loads. Real-time PCR was used to
evaluate the kinetics of the influenza A virus load in the lung
samples of the animals infected with clade 2.1 virus. The viral
titers were expressed as a measure of the number of copies of
viral RNA. Titers of viruses in the lungs of mice treated with
MADs 1C9 and 1B12 at 24 h pre- or postchallenge were com-
pared with those for the untreated mice. Mice receiving 10
mg/kg of 1C9 before or after viral challenge showed signifi-
cantly lower viral loads on all days, and viral titers were below
the detection limit (<1,000 copies) on day 9 after viral chal-
lenge. Mice receiving 5 mg/kg of the same MADb showed lesser
viral clearance than did mice receiving 10 mg/kg of 1C9, in a
dose-dependent manner. However, mice receiving 5 mg/kg or
10 mg/kg of 1B12 showed insignificant viral clearance (Fig. 6a
and b). Viral infectivity titers were measured only for the mice

challenged with clade 2.1 virus and treated 1 day after chal-
lenge. Similar results were observed even when the viral infec-
tivity titers were measured (Fig. 6¢). Mice receiving 10 mg/kg
of MADb 1C9 1 day after viral challenge showed significantly
lower viral loads which were below the detection limit on day
9 after viral challenge.

Humoral immune response to influenza virus infection. On
days 7, 10, and 14 postchallenge, the HI titers of the serum
samples were measured for the treated mice who survived the
infection. The HI titers for both the prophylactic group (Fig.
7a) and the therapeutic group (Fig. 7b) were measured. The
antibody response in the mice started on day 10 and reached a
titer of >27 log irrespective of the dose of MAb treatment. The
mice who survived the infection mounted an effective immune
response by day 14.

DISCUSSION

The HA2 N-terminal fusion peptide is the most highly con-
served region in HA among all influenza A virus subtypes (7).
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FIG. 5. Photomicrographs of hematoxylin- and eosin-stained lung
sections of mice infected with clade 2.1 H5N1 virus at 6 days postchal-
lenge. (a) Infected and untreated mice. Normal morphology was seen
in uninfected mice (b), infected mice treated with 5 mg/kg of 1C9 at
24 h postchallenge (c), infected mice treated with 10 mg/kg of 1C9 at
24 h postchallenge (d), infected mice treated with 5 mg/kg of 1C9 24 h
prior to viral challenge (), and infected mice treated with 10 mg/kg of
1C9 24 h prior to viral challenge (f).

Part of this region is exposed as a surface loop in the precursor
molecule (4, 34). Since most HA subtypes are cleaved by ex-
tracellular enzymes, this surface loop is accessible to antibody
on HAO expressed in the plasma membranes of infected host
cells (1). Previous studies found that mice vaccinated with a
peptide spanning the HA1-HA?2 joining region exhibited less
illness and fewer deaths upon virus challenge (13). Hence, the
HA1-HA2 joining region seems to be a promising candidate
for a universal vaccine and therapeutic agent against influenza
A viruses. MAbs against the HA?2 fusion peptide have attracted
some interest in the recent past, as they are known to neutral-
ize the infectivity of the influenza virus by interfering with the
low-pH-induced conformational change in the HA molecule,
resulting in the inhibition of fusion during viral replication (28,
29). These MAbs can also block fusion at the cell membrane at
the postbinding/prefusion stage (19). It has been known that
anti-HA2 MAbs lack HI activity. However, a lack of in vitro HI
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activity does not rule out protective activity in vivo, because the
binding of antibody to native HA expressed on infected cells
and infectious virus could mediate protective activity by tar-
geting Fc receptor-expressing cells or complement deposition
to these structures (7).

We describe here the cross-clade protection of mice against
lethal infection, mediated by a MAb against the fusion peptide
of the HA2 glycoprotein. The epitope of MAb 1C9 was against
the more significant HA1-HA2 joining region, specifically
against a part of the highly conserved fusion peptide. MAb 1C9
was analyzed for its fusion inhibition activity by an in vitro
cell-cell fusion assay. It was observed that MAb 1C9 could
completely inhibit fusion at a concentration of 100 pwg/ml, and
even at 50 pg/ml, moderate fusion inhibition activity was ob-
served. Although fusion inhibition characteristics are not syn-
onymous with virus neutralization, the fact that the MAD in-
hibits fusion indicates that it can prevent replication of the
virus. Previous studies reported inhibition of fusion activity of
influenza virus HA by 100 wg/ml HA2-specific MAbs recog-
nizing amino acids 1 to 35 of HA2 (30). These MAbs were
found to contribute to the protection of infected mice and to
mediate more effective recovery from influenza virus H3N2
infection (9).

In our studies, we observed that the anti-fusion peptide
MAD 1C9 provided 100% protection against two different
clades, clades 1.0 and 2.1, at 10 mg/kg body weight when it was
administered as a prophylactic as well as a therapeutic agent at
1 day pre- or postchallenge. Delayed treatment, at 3 days
postchallenge, with 10 mg of MAb 1C9 afforded partial pro-
tection (75%) against 5 MLDs, of HSN1 virus infection. This
lesser protection was due to the advanced stage of the viral
infection at 3 days postchallenge.

MAD 1C9 conferred more protection than MAb 1B12. This
may be attributable to the different epitopes recognized by the
antibodies. MAb 1C9 recognizes the epitope GLFGAIAGF
and hence targets and binds to the fusion peptide of HA. Due
to this, it could block the pH-dependent conformational
change and/or the requisite interactions between the viral and
endosomal membrane proteins, which would delay or prevent
the penetration of the viral core into the target cell cytoplasm
(14, 21). As a result, it could prevent further replication of the
virus and hence mediate more protection against influenza A
virus infection. On the other hand, 1B12 was found to be
against the epitope WYGYHHSN, which is also at the N
terminus of HA2, but away from the region of the fusion
peptide. Hence, it may bind to the respective epitope and block
the necessary interactions between the viral and endosomal
membranes. Also, mere binding of antibody to native HA
expressed on infected cells and infectious virus could mediate
protective activity by targeting Fc receptor-expressing cells or
complement deposition to these structures (7, 25). Therefore,
even MAD 1B12 could mediate at least some protection at
higher concentrations.

In our study, therapy with MAb 1C9 probably helped to
control the initial course of infection, thus allowing the animal
to mount an effective immune response. It is possible that
passive antibody could act at the level of the infected cell, as
well as with free virus particles, to help control infection-
related tissue damage (22). Development of peak virus titers in
the lung within 4 days of infection probably restricts the time
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frame for successful therapy. We observed that some mice
succumbed to the infection even before the commencement of
treatment 3 days after viral challenge. However, we were able
to demonstrate that passive antibody therapy with MAb 1C9
protected mice from lethal viral infection even at 5 mg/kg. A
single dose of the MAb was sufficient to protect the mice for a
few days at the onset of the viral infection, giving the animal
enough time to mount an effective immune response to the
infection. This was evident by the HI titers in sera 14 days after
viral challenge.

MAD 1C9 in a single dose offered good protection against
infection, but the animals showed reductions in body weight,
and some symptoms of the disease were seen in the early
stages. Multiple doses of MAb 1C9 could be more effective.
Inclusion of another neutralizing antibody in combination with
this antibody could prove to be efficient treatment, as the
neutralizing antibody would effect an even earlier clearance of
the virus and hence a lesser reduction in body weight and the
animal would have a chance at a much earlier recovery from
the infection.

Currently available MAbs for therapy against influenza
include the neutralizing anti-HA1 MAbs and MAbs against
the conserved ectodomain of the matrix protein (M2e).
Neutralizing MAbs against HA1 confer effective protection
against influenza virus infections, but the risk of escape
mutants arising from this approach is currently an issue (15).

Furthermore, the fact that HA1 is not conserved indicates
that any MAb against HA1 will not be effective against all
H5NI1 strains, let alone all subtypes. Although M2e is a
more conserved protein than HAI, recent studies have
shown the formation of escape mutants against the anti-M2e
MADbs (42). This can be a significant drawback in the long
run. Though the HA2 gp is relatively conserved, the fusion
peptide of HA2 is comparatively more conserved than any
other antigen of influenza A virus. We describe the protec-
tive efficacy of MAbs against the highly conserved fusion
peptide of HA. We believe that since the fusion peptide is
almost invariant in all strains of influenza A viruses, these
MADbs could confer protection against all influenza virus
infections, irrespective of the subtype. The inclusion of
these MADbs against the conserved fusion peptide, in com-
bination with virus-neutralizing MAbs, could be an effective
approach to block the further replication of any escape
mutants formed from anti-HA1 MAbs.

In conclusion, our results suggest a prospective universal
passive immunotherapy for cross-protection against HSN1 hu-
man virus infection. The clinical application of this approach
can be ascertained by humanization of this antibody and its
evaluation as a therapeutic agent in nonhuman primates chal-
lenged with influenza A viruses. We hope that the inclusion of
this MAb along with other neutralizing MADbs in a cocktail
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could be employed as an effective treatment of HSN1 influenza
in the future.
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