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ABSTRACT

Highly pathogenic H5N1 avian influenza viruses are associated with severe disease in humans and continue to be a pandemic
threat. While vaccines are available, other approaches are required for patients that typically respond poorly to vaccination, such
as the elderly and the immunocompromised. To produce a therapeutic agent that is highly efficacious at low doses and is broadly
specific against antigenically drifted H5N1 influenza viruses, we developed two neutralizing monoclonal antibodies and com-
bined them into a single bispecific Fc fusion protein (the Fc dual-affinity retargeting [FCDART] molecule). In mice, a single ther-
apeutic or prophylactic dose of either monoclonal antibody at 2.5 mg/kg of body weight provided 100% protection against chal-
lenge with A/Vietnam/1203/04 (H5N1) or the antigenically drifted strain A/Whooper swan/Mongolia/244/05 (H5N1). In ferrets,
a single 1-mg/kg prophylactic dose provided 100% protection against A/Vietnam/1203/04 challenge. FcDART was also effective,
as a single 2.5-mg/kg therapeutic or prophylactic dose in mice provided 100% protection against A/Vietnam/1203/04 challenge.
Antibodies bound to conformational epitopes in antigenic sites on the globular head of the hemagglutinin protein, on the basis
of analysis of mutants with antibody escape mutations. While it was possible to generate escape mutants in vitro, they were neu-
tralized by the antibodies in vivo, as mice infected with escape mutants were 100% protected after only a single therapeutic dose
of the antibody used to generate the escape mutant in vitro. In summary, we have combined the antigen specificities of two
highly efficacious anti-H5N1 influenza virus antibodies into a bispecific FCDART molecule, which represents a strategy to pro-
duce broadly neutralizing antibodies that are effective against antigenically diverse influenza viruses.

IMPORTANCE

Highly pathogenic H5N1 avian influenza viruses are associated with severe disease in humans and are a pandemic threat. A vac-
cine is available, but other approaches are required for patients that typically respond poorly to vaccination, such as the elderly
and the immunocompromised. The variability of the virus means that such an approach must be broad spectrum. To achieve
this, we developed two antibodies that neutralize H5N1 influenza viruses. In mice, these antibodies provided complete protec-
tion against a spectrum of H5N1 influenza viruses at a single low dose. We then combined the two antibodies into a single mole-
cule, FcDART, which combined the broad-spectrum activity and protective efficacy of both antibodies. This treatment provides a
novel and effective therapeutic agent or prophylactic with activity against highly pathogenic H5N1 avian influenza viruses.

ince 2003, a series of events that many believe to be the har-

binger of an incipient influenza pandemic has occurred in
Asia. The virus responsible for these events, an H5N1 influenza
virus, has infected and killed millions of chickens and ducks and
infected in excess of 650 people (www.who.int; reviewed in refer-
ence 1). Fortunately, this virus has yet to gain the ability to trans-
mit from human to human; however, mammalian transmissibility
can be conferred experimentally with relatively few mutations (2,
3). The virulence of this virus (4, 5), its wide geographic distribu-
tion (6), and the potential for human aerosol transmission (2, 3)
urge the development of targeted therapeutic and prophylactic
measures. Currently, two H5N1 vaccines, one of which is available
worldwide, have been licensed, and these offer the best means of
mass protection (reviewed in reference 7). However, it is likely
that the first line of defense against an emerging pandemic will
require additional options, including antivirals. Currently, the
two options for treating influenza are the M2 ion channel blockers
(e.g., amantadine) and the neuraminidase inhibitors (e.g., oselta-
mivir). Unfortunately, many of the current H5N1 viruses are re-
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sistant to amantadine (6), and for oseltamivir a dose higher than
that used previously and a treatment schedule longer than that
used previously are needed for protection in murine models (8),
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providing proof that new therapeutic options are very much
needed.

Monoclonal antibodies (MAbs) against the influenza virus
hemagglutinin (HA) protein have shown efficacy as therapeutic
agents and prophylactics against H5N1 influenza virus infection
in murine challenge models (9-13), and in mice, other antibodies
have also shown efficacy against other strains of influenza viruses,
including HIN1, H2N2, and H3N2 (14-19). The dosages at which
these antibodies provided 100% protection against challenge in
mice ranged from 5 to 50 mg/kg of body weight when delivered
therapeutically and 1 to 30 mg/kg when delivered prophylacti-
cally. In ferrets, an anti-H5 antibody provided 100% protection
against challenge with an H5N1 influenza virus when it was deliv-
ered at 10 mg/kg prophylactically and at 30 mg/kg therapeutically
(20).

The variability of the HA protein, which contains the main
antigenic sites of the virus, necessitates that any broadly utilized
antibody be effective against antigenically diverse influenza vi-
ruses. The most conserved regions of HA are the stalk and the
receptor-binding pocket, and antibodies directed at these sites are
efficacious against antigenically diverse strains of influenza virus
(14, 21, 22). However, the most exposed and antibody-accessible
epitopes on HA are located on the globular head, although these
regions are highly variable. Due to the variability of HA, it is likely
that more than one neutralizing antibody will be required to pro-
vide broad protection against different lineages of H5N1 and to
protect against antibody escape mutants. However, this presents
certain problems for clinical testing and product development, as
cocktails of antibodies are difficult and expensive to produce and
test. Therefore, in this study we have developed a bispecific Fc
fusion protein, the Fc dual-affinity retargeting (FCDART) mole-
cule, that combines the neutralizing capacity and specificities of
two different neutralizing monoclonal antibodies from human
and murine sources that target the globular head of HA. Individ-
ually, the two monoclonal antibodies provided 100% protection
against A/Vietnam/1203/04 (H5N1) (VN1203) challenge in mice
and ferrets when they were used as therapeutic agents and prophy-
lactics at low doses (2.5 mg/kg in mice and 1 mg/kg in ferrets).
They also provided in mice 100% protection against challenge
with A/Whooper swan/Mongolia/244/05 (H5N1) (Mon244),
which is an antigenically drifted strain. Further, antibody escape
mutants generated in vitro were not lethal in mice treated with a
single therapeutic dose of antibody. The FcDART molecule that
combines the antigen specificities of these two antibodies also pro-
vided 100% protection against challenge in mice when it was used
as a therapeutic agent or prophylactic, and the strategy used to
produce the FEDART molecule may be used to produce antibody-
based therapeutic agents that are effective against antigenically
diverse influenza viruses.

MATERIALS AND METHODS

Cell lines and culture conditions. 293T, Chinese hamster ovary (CHO),
and Madin-Darby canine kidney (MDCK) cell lines were obtained from
ATCC. 293T cells were grown in Opti-MEM medium (Invitrogen, CA)
supplemented with 5% fetal calf serum (FCS; Gemini Bioproducts Inc.,
CA), CHO cells were grown in F12K medium (Invitrogen, CA) supple-
mented with 10% FCS, and MDCK cells were grown in Dulbecco’s mod-
ified minimal essential medium (DMEM,; Invitrogen, CA) supplemented
with 10% FCS and 2 mM glutamine. For MDCK cell infections, viruses
were diluted in infection medium (minimal essential medium supple-
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mented with 5% (vol/vol) bovine serum albumin (BSA) and 2 mM glu-
tamine (Sigma, MO).

Immunofluorescence assay (IFA). MDCK cells were infected with
VN1203 or Mon244 overnight. The cells were harvested by trypsinization
and resuspended in phosphate-buffered saline (PBS) with 2% FCS. Ali-
quots containing 3 X 10* cells were spotted onto HTC Super Cured 24-
spot slides (Erie Scientific Company, NH), dried, and fixed with 100%
acetone for 10 min at room temperature. Fixed cells were incubated with
hybridoma supernatants for 30 min at 37°C and washed for 5 min with
PBS. The slides were then incubated for 30 min at 37°C with 50 ng/ml
propidium iodide and fluorescein isothiocyanate (FITC)-conjugated goat
anti-human IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA). Bound antibody was revealed by fluorescence microscopy.

HI assays. Hemagglutination inhibition (HI) assays were conducted
using standard methodologies. In brief, 25 pl of diluted antigen at four
agglutination doses in PBS was added to wells of 96-well plates containing
a 2-fold dilution series of the test antibody. After 30 min incubation at
room temperature, 50 wl of 0.5% (vol/vol) chicken or horse red blood
cells was added to each well and the plates were incubated at room tem-
perature for another 30 min. Titers were recorded as the lowest dilution of
antibody able to inhibit hemagglutination.

MN assays. Microneutralization (MN) assays were conducted using
MDCK cells according to standard methodologies. In brief, a 2-fold dilu-
tion series of each antibody was incubated with virus at 100 50% tissue
culture infective doses (TCIDs,s)/50 wl for 1 h at 37°C. The antibody-
virus solutions were then added to MDCK cells for an additional hour at
37°C and were then washed off, and the cells were incubated at 37°C for 72
h with 200 pl infection medium containing 1 pg/ml tosylsulfonyl phe-
nylalanyl chloromethyl ketone (TPCK) trypsin. Neutralizing titers were
read by incubating 50 pl of cell culture medium with 0.5% (vol/vol)
chicken or horse red blood cells, followed by incubation at room temper-
ature for another 30 min, and were expressed as the reciprocal of the
serum dilution that inhibited 50% of the growth of 100 TCID4s of virus.

HMAD generation. Plasma samples were obtained from individuals
immunized with a recombinant, baculovirus-expressed HA protein from
the A/Hong Kong/156/97 (H5N1) (HK156) virus (23), followed by the
inactivated, subvirion vaccine against VN 1203 (24). Approval for research
involving human subjects was obtained from the Institutional Review
Boards of Stanford University and St. Jude Children’s Research Hospital.
Samples were screened by HI or by IFA using H5N1 (VN1203) HA protein
or H5N1-infected MDCK cells, respectively. In this study, a donor with a
serum HI titer of 320 was used as the source of peripheral B cells for
human hybridoma production, as previously described (25). Three hy-
bridomas, designated BF1-1, BF1-10, and BF1-19, secreting neutralizing
H5N1 human monoclonal antibodies (HMAbs) were identified by an HI
assay. When they were tested against a panel of Southeast Asian H5N1
isolates, these three hybridomas showed reactivity to the antigenically
distinct H5N1 virus HK156 but not to the clade 2.3.4 virus A/Common
magpie/Hong Kong/645/06. BF1-32 was identified by IFA. Monoclonality
was confirmed by sequencing the IgG genes isolated from 10 individual
cell clones derived from each hybridoma cell line. Cloning and analysis of
the variable light (V) domain and the variable heavy (Vy;) domain of
these clones were performed as previously described (26). HMAb produc-
tion and purification were performed as described previously (25), and
biotinylation of the antibodies was carried out according to the manufac-
turer’s instructions (Pierce Biotechnology, Inc., Rockford, IL). The cell
lines produced IgG1 antibody with the \ light chain for BF1-1 and k light
chains for BF1-10, BF1-19, and BF1-32 and secreted 10 to 40 g human
IgG per ml in the spent culture supernatant.

mMAD generation. Generation of mouse monoclonal antibodies
(mMADbs) was achieved via a vaccination regimen consisting of an initial
50% mouse lethal dose (MLDs,) of 0.5 of a virus, generated by reverse
genetics, bearing the HA and neuraminidase genes of VN1203 and the six
internal genes of A/Puerto Rico/8/1934 (HIN1) (rgH5N1) delivered in-
tranasally (i.n.), followed by two booster doses delivered intraperitoneally
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(i.p.) 4 weeks apart. Booster doses consisted of 10,000 hemagglutination
units (HAU) of Mon244 delivered i.p., followed by 1,000 50% egg infec-
tious doses (EID5,s) of rgH5N1 delivered intravenously (i.v.). After vac-
cination, hybridomas were produced by Rockland Immunochemicals and
were screened by the HI assay and IFA as described above.

Humanization of mMAbs. mMAbs were humanized by first obtain-
ing cDNA of the V{; and V| segments from total RNA via 3’ rapid ampli-
fication of cDNA ends, followed by cloning into the pCR2.1-Topo vector
(Life Technologies), which was then transformed into Escherichia coli,
recovered, and sequenced. The V; and V, segments were also combined
with human Cgl and K constant region cDNA segments in the mamma-
lian expression vectors pEE13.4 (light chain [LC]) and pEE6.4 (heavy
chain [HC]) (Lonza) and then combined into a single expression vector,
and the resulting chimeric HC and LC were then transfected into CHO-S
cells (Life Technologies). Conditioned medium from transfected cells was
assayed by enzyme-linked immunosorbent assay (ELISA) for human IgG
production and anti-H5N1 activity. Human germ line genes with the
highest homology to the V;; and V| segments were identified using the Ig
BLAST program, and humanized V,; and V| segments were then designed
using complementarity-determining region (CDR) grafting; VH1-18/
VH1-69 was used for V; segment frameworks and VK-O12 was used for
V. segment frameworks for the humanization of 10C3. Humanized V;
and V; segments were then synthesized by gene synthesis (GenScript).
The resulting fragments were then cloned into the mammalian expression
vector pClneo (Promega) with the appropriate C region, and clones were
sequenced.

Generation of FCDART. The antigen specificities of BF1-19 and hu-
manized 10C3 (h10C3) were combined into a bispecific Fc fusion protein,
termed FCDART. This was achieved by joining the two antibody chains
such that each chain of FcDART comprised the V| segment from one
antibody and the V; segment of the second antibody and vice versa, with
a short linker (GGGSGGG) being placed between the V; and V,; seg-
ments. One of the two chains was then fused to a human IgG1 hinge-Fc
region (Fig. 1A). The two chains were transfected into CHO cells, and a
stable pool of producing cells was selected. The material was purified over
a protein A column, followed by size exclusion chromatography (Fig. 1B).

Affinity measurement. The affinity of binding of each MAb to H5N1
HA was characterized by surface plasmon resonance (SPR) analysis. The
experiments described below were carried out using a BIAcore 3000 sys-
tem (Biacore). Affinity-purified anti-human IgG Fcy (Jackson Immu-
noResearch) was amine coupled (10,000 relative units [RU]) to all four
flow cells of a CM5 sensor chip (Biacore). MAb samples at 0.5 to 1 pg/ml
in running buffer were injected into flow cells 2 to 4, while flow cell 1 was
kept as a reference. Injection of MAb samples led to the capture of roughly
150 RU of MAD in each flow cell. Association kinetics were observed by
injecting purified H5N1 HA (Protein Sciences) in running buffer through
all four flow cells at a flow rate of 30 wl/min for a duration of 90 s. Disas-
sociation kinetics were then measured with running buffer flowing at a
rate of 30 pwl/min for a duration of 10 min. Flow cells were regenerated
using a 15-pl injection of 100 mM H;PO,. Kinetics were tested at HA
concentrations of 800, 400, 200, 100, 50, 25, 12.5, 6.25, 3.125, and 1.56
nM. After each binding cycle, the same protocol was run with running
buffer substituted for the analyte to serve as a double reference. Data were
analyzed using BIAevaluation software, version 4.1 (Biacore). The data
were processed by subtracting the result for the double reference and
trimming out the MAb loading and H;PO, regeneration information.
Kinetic values were obtained by applying the 1:1 (Langmuir) binding,
simultaneous k, (association rate)/k, (dissociation rate) fit method.

Antibody binding profiles. The direct ELISA format (the antigen
down format) or the capture ELISA format (the antibody down format)
was used to measure antibody binding to HA from different clades of
H5NT1 influenza viruses. In the antigen down format, HA protein was
coated on an ELISA plate at a concentration of 2 pg/ml. HA protein was
obtained from eEnzyme and Protein Sciences and was produced in 293T
cells and an insect cell line, respectively. HA was uncleaved or cleaved at
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BF1-19 x
h10C3 DART

h10C3 monoclonal
antibody

BF1-19 monoclonal
antibody

E-coil

BF1-19 x h10C3
FcDART
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FIG 1 Structure and characterization of FCDART. (A) The Vi and V| seg-
ments of monoclonal antibodies h10C3 and BF1-19 (yellow and blue, respec-
tively) were combined into a single bispecific Fc fusion protein, FCDART.
Shown in detail are the heterodimerization domains of FCDART, which were
appended to the C terminus of each chain to promote heterodimeric assembly.
These domains consisted of coiled coil-forming sequences where the hydro-
phobic core of the coiled coil interface is flanked by opposite charges (an E
negative charge on one coil [E-coil] and a K positive charge on the other
[K-coil]), which is believed to favor heterodimerization by repelling a homo-
typic association and preventing the initiation of zippering of the hydrophobic
core. An Fc domain was also added to the C terminus of the coil with an E
negative charge, causing two DART units to dimerize and form a tetravalent
bispecific structure. (B) Characterization of FCDART by denaturing, reducing
SDS-PAGE and size exclusion chromatography analysis. LD, load fraction on
the protein A column; NB, nonbound fraction on the protein A column; NaCl,
high-salt wash; Elu, material that eluted at low pH; N. Pool, material that
eluted atlow pH and that was neutralized. The size exclusion chromatography
profiles of purified material at two concentrations (red, 2 mg/ml; blue, 24.5
mg/ml) show peak elution at about 12 ml. The slight difference in the peak
elution volume is within the range of variability of manual loading and does
not indicate a significant elution volume difference between the two samples.

the furin cleavage site (Afurin HA). The concentration of antibody indi-
cated in Fig. 3 was then added to the plate, and detection was performed
using a horseradish peroxidase (HRP)-conjugated antihuman antibody,
followed by chemiluminescence detection (SuperSignal; Pierce). For the
assays performed in an MAb down format, an antibody specific for CH1
(MAD 4A11; Abcam) was used to coat an ELISA plate at 2 pg/ml. The
concentration of antibody indicated below was then captured. His-tagged

jviasm.org 4551


http://jvi.asm.org

Zanin et al.

TABLE 1 HI reactivity profiles of HMAbs

TABLE 2 MN reactivity profiles of HMAbs

HI antigen titer MN titer
A/Japanese A/Japanese
white eye/ white eye/
A/Hong Kong/ A/Vietnam/ A/Whooper swan/ Hong Kong/ A/Hong Kong/ A/Vietnam/ A/Whooper swan/ Hong Kong/
Antibody 156/97 1203/04 Mongolia/244/05  1038/06 Antibody 156/97 1203/04 Mongolia/244/05  1038/06
BF1-1 10 2,560 0 0 BF1-1 10 10,240 0 0
BF1-10 20 640 0 0 BF1-10 40 640 0 0
BF1-19 1,280 2,560 40 0 BF1-19  >20,480 2,560 0 0
h10C3 0 2,560 40 0 h10C3 0 2,560 0 0
FcDART 640 640 40 0 FcDART 10,240 1,280 80 0

antigen (100 ng/ml) was then applied to the plate, followed by application
of an HRP-conjugated anti-His antibody and chemiluminescence detec-
tion (SuperSignal; Pierce). To detect binding of h10C3, this assay was
performed in an antibody down format to maximize sensitivity using
antibody captured with polyclonal anti-human IgG, and antigen binding
was detected with streptavidin-HRP and developed colorimetrically with
3,3',5,5'-tetramethylbenzidine (TMB; Sigma).

Prevention and therapeutic treatment in animals. All animal studies
were conducted under the applicable laws and guidelines of and after
approval from the St. Jude Children’s Research Hospital Animal Care and
Use Committee. Female 6- to 8-week old BALB/c mice were housed in
cages with 5 mice per cage. Mice received the amount of antibody indi-
cated below in a total volume of 300 pl sterile PBS by i.p. injection. At
various times before and after antibody administration, the mice were
lightly anesthetized with isoflurane and inoculated intranasally with 100
MLDy,s of VN1203 (1,000 50% EIDys) or 100 MLD,s (5 X 10° EIDys)
of Mon244 in 30 wl of PBS.

Male 4- to 5-month-old ferrets were housed in cages with three ani-
mals per cage and were administered 1 mg/kg of the antibodies indicated
below in 1 ml PBS intramuscularly, and on the next day the ferrets were
lightly anesthetized with isoflurane and administered 3 X 10* EIDss of
VN1203 in 1 ml of PBS i.n. For all animals, weight change and survival
were monitored for 14 days following virus challenge.

Isolation and characterization of antibody escape mutants. Anti-
body escape mutants were selected by inoculating 10-day-old specific-
pathogen-free (SPF) embryonated chicken eggs with rgH5N1 incubated
with neutralizing antibody essentially as described previously (27, 28).
Eggs were screened for the presence of virus by hemagglutination assay of
allantoic fluid, which was harvested from infected eggs, and viral RNA was
extracted and used to generate cDNA by reverse transcription-PCR. The
HA gene was then amplified and sequenced.

Data analysis and statistics. The data collected were inputted and
graphed using GraphPad Prism (version 5.03) software. Statistical analy-
sis was performed using the log-rank (Mantel-Cox) test.

RESULTS

Characterization of HSN1 HMADbs. To determine the genetic di-
versity of the antibodies identified, we sequenced CDRs 1, 2, and 3
of the antibody heavy chains. Sequence analysis of the 11 HI-
positive hybridomas showed that they clustered into two different
groups. Two HMADs clustered into group 1, while the others clus-
tered into the second group. One antibody representing group 1
(BF1-10) and two representing group 2 (BF1-1 and BF1-19) were
chosen for further analysis. HI assays were performed with spent
supernatants from human hybridomas to assess the cross-reactiv-
ity of the generated antibodies against a panel of H5N1 viruses
isolated in Asia. All antibodies were reactive against VN1203,
showing titers of 640 to 2,560 (Table 1). BF1-19 also showed re-
activity against the antigenically drifted strain Mon244 (HI titer =
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40), while BF1-1 and BF1-10 did not (Table 1). No antibodies
showed reactivity against A/Japanese white eye/Hong Kong/
1038/06 (HK1038), which is antigenically drifted from VN1203 to
a greater degree than Mon244 (Table 1). BF1-19 showed strong
reactivity against A/Hong Kong/156/97 (HK156) (HI titer =
1,280), while BF1-1 and BF1-10 showed only weak reactivity (HI
titers = 10 and 20, respectively) (Table 1). All antibodies also
showed strong neutralization activity in a microneutralization as-
say against VN1203, with titers of 640 to 10,240; however, no
neutralization activity against Mon244 or HK1038 was observed
(Table 2). BF1-19 showed strong microneutralization activity
against HK156 (titer > 20,480), while BF1-1 and BF1-10 showed
only weak activity (titers = 10 and 40, respectively) (Table 2).

To determine the nature of the epitopes recognized by each
HI-positive HMAD, Western blot analysis was performed using
rgH5N1-infected MDCK cell lysates. None of the neutralizing
HMADs showed binding to denatured H5N1 antigens, suggesting
that they recognized conformational epitopes. The one HI-nega-
tive HMAD that was included in this study, BF1-32, was Western
blotting positive and was identified by IFA with VN1203-infected
MDCK cells. This antibody appears to target HA,, as the most
prominent bands corresponded to HA, (82 kDa) and HA, (58
kDa), with a less intense band being found at 78 kDa (Fig. 2). To
assess the affinities of each of the HMADs for the H5 HA protein,
surface plasmon resonance studies were conducted using a BIA-
core 3000 instrument. The K}, values for the binding of HMAbs
BF1-1, BF1-10,and BF1-19 to the VN1203 HA were 20.3 nM, 10.8
nM, and 48.2 nM, respectively, showing that each had similar
affinities for their antigens. Following these studies, we selected
BF1-19 for subsequent experiments.

We next assessed the breadth of reactivity of BF1-19 to a panel
of HAs from diverse H5N1 viruses via ELISA. We used antigens
obtained from two commercial sources, eEnzyme and Protein Sci-
ences, to investigate whether the antigen production system had
an effect on the ability of the antibodies to bind, as the eEnzyme
antigens were produced in 293T cells, while the Protein Sciences
antigens were produced in insect cells. Further, we used both wild-
type (wt) HA antigens and antigens from which the furin cleavage
site was deleted (Afurin antigens) to determine if cleavage had an
impact on the exposure of the epitope recognized by these anti-
bodies. All eEnzyme antigens with the exception of A/Indonesia/
5/2005 (H5N1) were engineered to remove the furin cleavage site,
resulting in a more homogeneous product (Fig. 3). The Protein
Sciences antigens and the eEnzyme A/Indonesia/5/2005 (H5N1)
antigen retained the furin cleavage site, resulting in oligomers that
consisted of both cleaved and uncleaved antigens. Antigens ob-
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BF1-19
BFI-32

BFI-1
BF1-10

82 kDa

— 64 kDa

= 49 kDa

FIG 2 Human monoclonal antibodies bind to conformational epitopes on
hemagglutinin. Antibodies were used to probe a blot of lysed Madin-Darby
canine kidney cells that were infected with A/Vietnam/03/2004 (H5N1).
BF1-1, BF1-10, and BF1-19, which showed reactivity by the HI assay, showed
no binding, indicating that they did not recognize linear epitopes of hemag-
glutinin. BF1-32, which did not show reactivity by the HI assay, recognized
linear epitopes on what appeared to be HA,, as the most prominent bands
corresponded to HA,, (82 kDa) and HA, (58 kDa), with a less intense band
being found at 78 kDa.

tained from Protein Sciences were tested in the antibody down
format, where the antibody was bound to the solid phase via a
capture antibody and the antigen was the soluble binding partner
(Fig. 3). eEnzyme antigens contained a C-terminal His tag, which
allowed them to be used as a soluble binding partner or to be
immobilized on the solid phase using a His binding partner, and
this format was termed the antigen down format (Fig. 3).

BF1-19 bound to clade 1 antigens from both suppliers in the
antigen down format (Fig. 3A) and also bound to clade 2.2.1 and
2.3.4 antigens in the antibody down format (Fig. 3B). Some bind-
ing to clade 2.1.3.2 antigen was also detected at high concentra-
tions (Fig. 3B). Given the oligomeric structure of the antigens, the
ability to detect binding in the antibody down format may be the
result of binding more avid than that in the antigen down format.
BF1-19 also bound to clade 1 antigens with or without the furin
cleavage site (Fig. 3A). While these data are not able to definitively
demonstrate a quantitative difference between cleaved and un-
cleaved HA, they do clearly demonstrate that the recognized
epitope is available on oligomers derived from both wt and Afurin
constructs.

Generation of mMAbs. We used a three-dose vaccination reg-
imen in mice, consisting of VN1203 delivered i.n. and then i.p.,
followed by the delivery of Mon244 i.v., to generate antibodies
broadly specific to different clades of H5 influenza viruses. One of
these antibodies, 10C3, bound to clade 1 and 2.2.1 antigens from
both suppliers in the antigen down format and, like BFI1-19,
bound to both the wt and Afurin constructs (Fig. 3C). Similar
results were also observed in the antibody down format (Fig. 3D).

10C3 was then humanized to reduce potential immunogenic-
ity by grafting the complementarity-determining regions of the
antibody onto the framework regions from closely related human
Vg and V| segment gene sequences. Interestingly, there were in-
dications of h10C3 binding to clade 2.1.3.2 and 2.3.4 antigens,

April 2015 Volume 89 Number 8

Journal of Virology

FcDART Is Effective against H5N1 Influenza Viruses

which was not observed for 10C3 (Fig. 3E). While these data are
not conclusive, they indicate that the humanization process
broadened the coverage of this antibody (Fig. 3D and E). By HI,
h10C3 was strongly reactive to VN1203 (HI titer = 2,560) and
showed relatively weak reactivity against Mon244 (HI titer = 40)
and no reactivity against HK1038. Unlike BF1-19, h10C3 did not
show reactivity against HK156 (Table 1). In microneutralization
assays, h10C3 showed neutralization activity only against VN1203
(titer = 2,560); no neutralization activity was observed against
HK156, Mon244, or HK1038 (Table 2).

Design and development of FcDART. The FcDART molecule
consisted of two polypeptide chains that heterodimerized to form
a bispecific molecule. Each chain contained the V; domain of one
specificity and the Vy; domain of the other, such that hetero-
dimerization of the two chains resulted in the assembly of match-
ing V| and V,; domains. In order to favor heterodimeric assembly,
a strong heterodimerization domain was appended to the C ter-
minus of each chain. These domains consisted of coiled-coil-
forming sequences, where the hydrophobic core of the coiled coil
interface was flanked by the opposite charges (an E negative
charge on one coil and a K positive charge on the other). The E/K
coiled-coil consisted of two peptides, each containing unique, re-
peating, heptad sequences. In the E coil, this sequence was E-V-S-
A-L-E-K, while in the K coil, the sequence was K-V-S-A-L-E-K.
These charges are believed to favor heterodimerization by repel-
ling homotypic association and preventing the initiation of zip-
pering of the hydrophobic core (Fig. 1A). These DART molecules
were modified further by appending an Fc domain to the C termi-
nus of the coil with the E negative charge, causing two DART units
to dimerize and form a tetravalent bispecific structure (Fig. 1A).
The addition of the Fc confers a long serum half-life on the mol-
ecules and restores the avidity associated with the bivalent paren-
tal MAbs. Further, the presence of the Fc confers protein A bind-
ing and makes these molecules amenable to platform purification
processes routinely used for MAbs in large-scale cyclic GMP pro-
duction.

Following expression in CHO cells and purification, analytical
size exclusion chromatography showed that purified material pre-
dominantly consisted of one species that eluted at a volume con-
sistent with the predicted molecular mass of FCDART. Only a
small amount of higher-order aggregate was present, as indicated
by the slight left shoulder on the peak. Increasing the concentra-
tion from 2 to 24.5 mg/ml did not cause a significant increase in
the amount of aggregated material (Fig. 1B). These characteristics
indicate that the molecule was properly assembled, homoge-
neously purified, and not prone to aggregation. We then tested the
FcDART molecule against a panel of antigens in antibody down
format and found that, with the exception of clade 2.1.3.2 anti-
gens, the FCDART molecule was able to bind to the antigens in the
panel and had a binding profile generally consistent with the bind-
ing profiles of BF1-19 and h10C3, indicating that FcDART indeed
combined the binding profiles of BF1-19 and h10C3 (Fig. 3F). By
HI, FcDART showed reactivity against VN1203 and HK156 (HI
titer = 640), relatively weak reactivity against Mon244 (HI titer =
40), and no reactivity against HK1038, findings that are, again,
consistent with a binding profile that is a combination of the bind-
ing profiles of BF1-19 and h10C3 (Table 1). The neutralization
activity of FEDART was also consistent with an antibody with the
combined specificities of h10C3 and BF1-19, as strong neutraliza-
tion activity against both VN1203 (titer = 1,280) and HK156 (ti-
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ter = 10,240) was observed (Table 2). Interestingly, FCDART also
showed neutralization activity against Mon244 (titer = 80), which
was not observed with any other antibody tested, suggesting an
increased breadth of specificity (Table 2).

Escape mutant characterization. To further characterize the
epitopes recognized by these antibodies, we inoculated embryo-
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nated chicken eggs with rgH5N1 and antibody and sequenced the
viruses present after incubation for 48 h. On the basis of the mu-
tations in these viruses, MAbs primarily bound to antigenic sites
on the globular head of HA (29). The L128S mutation in antigenic
site C and the M2651 mutation in antigenic site A were present in
mutants that escaped binding to h10C3 (h10C3 escape mutants),
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FIG 4 Monoclonal antibody escape mutant viruses have amino acid changes located primarily in the globular head of hemagglutinin. (A) Amino acid changes
shown on a cartoon of the hemagglutinin trimer of A/Vietnam/1203/04 (29). One subunit is highlighted for clarity. (B). Locations of amino acid changes. All

mutations map to known antigenic sites (27). H5 numbering is used.

the K139E mutation in antigenic site A was present in 10C3 escape
mutants, the S140Y/F mutations in antigenic site A were present in
BF1-19 escape mutants, the K188N/E mutations in antigenic site B
were present in BF1-19 and FcDART escape mutants, and the
T213A mutation in antigenic site D was present in FCcDART escape
mutants (Fig. 4). With the exception of the h10C3 escape mutants,
in which the L128S and M265I mutations were present in one
mutant, each escape mutant did not harbor more that one of the
mutations indicated in Fig. 4. Further, escape mutants harboring
the same mutation were seen in all eggs (n = 3) at the dilution of
antibody that was permissive to the generation of escape mutants.

We next performed HI assays to determine if binding of the
antibodies to these escape mutants was diminished or abrogated.
BF1-19 showed little activity against the BF1-19 escape mutants
with the K188N and S140F mutations (HI titers << 10; Table 3).
10C3 also showed little activity against the 10C3 escape mutant
with the K139E mutation (HI titer < 10; Table 3). h10C3 showed
little activity against the h10C3 escape mutant with the L1285/
M2651 mutations (HI titer < 10; Table 3). BF1-19, 10C3, and
h10C3 were all inhibitory to wt virus VN1203 and to escape mu-
tants with mutations that prevented binding to other antibodies
(HI titers = 160 to 1,280; Table 3). Therefore, these antibodies
bound to different sites on HA, and the mutant viruses could
escape the antibodies that were used to select for them, at least in
vitro. Two escape mutants with the K188E and T213A mutations,
which prevented binding to FCDART, were generated. All anti-
bodies, including FcDART, showed activity against the T213A
mutant (HI titers = 160 to 320; Table 3), indicating that this
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escape mutation is unlikely to be effective in vivo. The K188E
mutant, which could not bind to FcDART, contained a muta-
tion at the same location as a BF1-19 escape mutant, the K188N
mutant. Binding of FCDART to the K188E mutant was detected
but was relatively weak (HI titer = 20; Table 3). BF1-19 showed
little activity against the K188E mutant, which is consistent
with the little activity that BF1-19 showed against the K188N
escape mutant (HI titer < 10; Table 3). Both 10C3 and h10C3
showed activity against the K188E mutant (HI titers = 80;
Table 3). Interestingly, FCDART showed greater activity against
the BF1-19 escape mutant with the K188N mutations than
against the mutant with the K188E mutation, despite the fact

TABLE 3 Profiles of HI reactivity of antibody escape mutants to MAbs

Antibody used HI titer

to generate Virus HA

escape mutation? BF1-19 10C3 h10C3 FcDART

BF1-19 K188N <10 160 160 80

BF1-19 S140F <10 1,280 1,280 1,280

10C3 K139E 320 <10 160 160

h10C3 L128S and 320 320 <10 160
M2651

FcDART K188E <10 80 80 20

FcDART T213A 320 160 160 320

NAY NA 1,280 640 640 640

“ H5 numbering.
? NA, not applicable.
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FIG 5 Antibodies provide 100% protection against challenge when administered prophylactically. Mice received a single intraperitoneal injection of antibody
24 h prior to challenge with 100 MLDs of A/Vietnam/1203/04 (H5N1) administered intranasally, which caused 100% mortality in untreated mice within 10
days of infection (B, D, and F). BF1-19 provided 100%, 80%, and 0% protection against challenge when it was delivered at dosages of 2.5, 1, and 0.1 mg/kg,
respectively (A and B). h10C3 provided 80% protection against challenge when it was delivered as a single 2.5-mg/kg dose (C and D), while FCcDART provided
100% protection against challenge when it was delivered as a single 2.5-mg/kg dose 24 h before challenge (E and F). (A, C, and E) Data represent the mean
percentage of the starting weight = standard error of the mean for each mouse group (n = 5 mice per group). **, P < 0.01.

that the same residue was altered in both mutants (HI titers =
80 and 20, respectively). FcDART showed relatively strong ac-
tivity against all other mutants and the wt virus (HI titers = 160
to 1,280; Table 3).

In vivo protective efficacy of antibodies against homologous
challenge. To assess the potential for the isolated HMAbs to be
used as prophylactics or therapeutic agents against H5N1 infec-
tion, we employed mouse infection models. To start, the prophy-
lactic efficacy of neutralizing H5N1 MAbs was tested in conjunc-
tion with the homologous challenge virus, VN1203. Antibody was
injected intraperitoneally at 2.5, 1.0, and 0.1 mg of antibody per kg
of body weight 1 day prior to challenge with 10° EIDsys of
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VN1203. A single 2.5-mg/kg dose of BF1-19 provided complete
protection from the lethal effects of the virus, and the rate of sur-
vival was inversely proportional to the antibody dose. At 0.1 mg/
kg, BF1-19 did not protect against challenge (Fig. 5A and B). The
rates of survival of mice that received 2.5 and 1.0 mg/kg of BF1-19
were statistically significantly greater than those of mice that re-
ceived PBS (100% and 80% survival, respectively, compared to
0% in the PBS group; P < 0.01; Fig. 5B). We next assessed the
efficacy of h10C3 as a single 2.5-mg/kg prophylactic dose against
VN1203 (Fig. 5C and D). h10C3 provided 80% protection against
challenge, which was statistically significantly greater than that in
mice that received PBS, which demonstrated 100% mortality (P <
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FIG 6 Antibodies provided 100% protection against challenge when administered at 2.5 mg/kg at 24 h postchallenge. Mice received a single intraperitoneal dose
of antibody at 2.5 mg/kg 24 or 72 h after challenge with 100 MLD4s of A/Vietnam/1203/04 (H5N1) administered intranasally, which caused 100% mortality in
untreated mice within 10 days of infection (B, D, and F). BF1-19 (A and B), h10C3 (Cand D), and FcDART (E and F) provided 100% protection against challenge
when administered at 24 h postchallenge. BF1-19 and h10C3 provided 80% protection against challenge when administered at 72 h postchallenge (B and D,
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standard error of the mean for each mouse group (n = 5 mice per group). hpi, hours postinfection; **, P < 0.01.

0.01; Fig. 5D). FcDART also provided 100% protection against
challenge as a prophylactic at a 2.5-mg/kg dose, and this protec-
tion was also statistically significantly greater than that in mice
that received PBS, which demonstrated 100% mortality (P < 0.01;
Fig. 5E and F).

We next assessed the treatment efficacy of the antibodies
against VN1203 infection at a dose of 2.5 mg/kg. When given at 24
h postchallenge, BF1-19, h10C3, and FcDART all provided 100%
protection against challenge, whereas the rate of mortality was
100% in the PBS group; these differences were statistically signif-
icant (P < 0.01; Fig. 6). When administered at 2.5 mg/kg at 72 h
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postinfection, FCDART provided 100% protection against chal-
lenge, while BF1-19 and h10C3 provided 80% protection against
challenge (Fig. 6). Compared to the 100% mortality observed in
the groups treated with PBS, these differences were statistically
significant (P < 0.01; Fig. 6). We next assessed the prophylactic
efficacy of BF1-19 in ferrets, in which influenza virus infection is
widely regarded to be more representative of influenza virus in-
fection in humans than influenza virus infection in mice is. Three
ferrets received 1 mg/kg of antibody 1 day prior to infection with
3 X 10* EID4,s of VN1203, and 100% protection against challenge
was observed. In contrast, 100% mortality was observed in the 2
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FIG 7 BF1-19 provides 100% protection against challenge by A/Vietnam/
1203/04 (H5N1) in ferrets. BF1-19 was administered to ferrets as a single
1-mg/kg dose intraperitoneally at 24 h postchallenge with 3 X 10* EIDs,s of
A/Vietnam/1203/04 (H5N1), which caused 100% mortality in ferrets injected
with PBS but no mortality in ferrets that were injected with BF1-19 (A). Ferrets
that were injected with BF1-19 also exhibited less weight loss and lower tem-
peratures than ferrets injected with PBS (B and C, respectively); however, these
differences were not significant. Three ferrets were administered BF1-19, and
two ferrets were administered PBS. *, P < 0.05.

ferrets that received PBS, which was a statistically significant dif-
ference (P < 0.05; Fig. 7).

In vivo protective efficacy of antibodies against heterologous
challenge. HMADbs provided protection against challenge with
VN1203. We next determined if BF1-19 could provide protection
against Mon244, an antigenically drifted strain of H5N1. Surpris-
ingly, BF1-19 was equally as effective at reducing Mon244-in-
duced mortality in mice as it was at reducing VN1203-induced
mortality when given 24 h before or after viral challenge, provid-
ing 100% protection against challenge, whereas 100% mortality
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was observed in the PBS group; these differences were statistically
significant (P < 0.01; Fig. 8). When administered at 72 h postin-
fection, 80% survival was observed, which was also statistically
significantly different from the rate of survival for the group that
received PBS (P < 0.05; Fig. 8).

Antibody efficacy against escape mutants in vivo. To deter-
mine if mutations that facilitate antibody escape in vitro are also
effective in vivo, we used mutants that could escape binding to
BF1-19 in a murine challenge model. We inoculated mice with 10°
TCIDss of the S140F or K188N (H5 numbering) escape mutant
in an rgH5N1 background and then administered 2.5 mg/kg of
BF1-19 on the next day. All mice injected with BF1-19 were pro-
tected against challenge, while 80% of mice that did not receive
antibody died following inoculation with the S140F mutant (P <
0.01; Fig. 9). Therefore, while these mutations allowed neutraliza-
tion escape in vitro, they were not effective in vivo.

DISCUSSION

Despite a number of promising clinical trial results with adju-
vanted H5N1 vaccines, it is likely that a matched vaccine will not
be available until at least 6 months after the emergence of a pan-
demic. During this period a number of other interventions are
likely to be employed. These alternatives include stockpiled un-
matched vaccine, nonpharmaceutical interventions, and antiviral
drugs. Recent modeling studies have suggested that neuramini-
dase inhibitors, if administered soon after the initial spread of a
pandemic, can have an impact on viral spread (30). Although their
impact is promising, there are concerns over both classes of cur-
rently available antiviral drugs, including the development of
resistance and uncertain clinical efficacy. Antibody-based thera-
peutic agents can be used prophylactically to protect at-risk pop-
ulations, such as the immunocompromised and patients who do
not develop immunity from vaccination. If targeted to conserved
regions of HA, antibody-based therapeutic agents could poten-
tially reduce the issue of resistance associated with chemothera-
peutic agents; however, this remains to be seen. Antibodies have
been developed and applied as therapeutic agents against several
viral infections, including respiratory syncytial virus, hepatitis B
virus, and vaccinia virus infections (reviewed in reference 31-33).
Studies in animal models of influenza virus infection have dem-
onstrated the potential for monoclonal antibodies as therapeutic
agents and prophylactics (9-19). A phase I study (clinical trial
number NCT01390025; http://clinicaltrials.gov/) assessing the ef-
ficacy of an anti-M2 antibody is also in progress, and a subvirion
H5N1 vaccine is being used in a phase II study (clinical trial num-
ber NCT00383071; http://clinicaltrials.gov/) to generate anti-
body-based therapeutic agents. The results of these studies have
not yet been published.

Perhaps the biggest theoretical issue facing a monoclonal anti-
body approach for treating influenza virus infection is antigenic
drift. Unless well-conserved epitopes can be targeted, a cocktail
approach is needed. Another strategy is the use of monoclonal
antibodies specific for epitopes on the stem region of HA, which
contains epitopes that are more conserved than those on the glob-
ular head (reviewed in reference 34). These antibodies can bind to
the HAs of numerous influenza virus subtypes and neutralize
them; however, they are not neutralizing in the classical sense, as
they do not prevent cell binding of the viruses (14, 21, 22, 35).
Rather, their action prevents the fusion of viral and cellular mem-
branes, which is mediated by a conformational change in HA (17,
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FIG 8 BF1-19 provides 100% protection against challenge from the antigenically drifted strain A/Whooper swan/Mongolia/244/05 (H5N1). A single 2.5-mg/ml
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36). As such, the activity of these antibodies cannot be quantified
by the standard hemagglutination inhibition assay. Therefore, as-
says that measure other inhibitory activities, such as cell-cell fu-
sion assays and live-cell fluorescence microscopy, are required
(36). As they do not prevent virus-cell interactions, antibodies
directed against the HA stem are potentially not as potent as an-
tibodies directed against the globular head. The strategy that we
present here combines the specificities of two antibodies into a
single molecule, which is advantageous, as a single therapeutic
simplifies production and quality control and therefore reduces
production costs. One caveat of this approach is that the protec-
tive dose of different FEDART molecules would not necessarily be
equivalent. Therefore, individual testing of FcDART molecules is
likely to be necessary to determine the optimal protective doses
required. FEDART not only combined the specificities and effica-
cies of the monoclonal antibodies on which it was based, but also
it showed a greater breadth of activity. Therefore, a therapy con-
sisting of FCDART alone is likely to be equally as efficacious as a
cocktail containing both monoclonal antibodies and may be more
broadly efficacious against more antigenically diverse H5N1 vi-
ruses.

The antibodies described here bind to conformational epitopes
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in antigenic sites located on the globular head of HA, as shown by
escape mutant sequencing (Fig. 4). While the binding sites iden-
tified lie in antigenic sites of the HA and thus are subject to anti-
genic drift, we also show that escape mutants generated in vitro
cannot produce a lethal infection in the presence of the same an-
tibody in vivo. We demonstrated this by infecting mice with S140F
and K188N (H5 numbering) escape mutants for binding to
BF1-19 and then treating them with a protective dose of BF1-19.
Our in vitro studies identified two amino acid changes, at posi-
tions 140 and 188 (H5 numbering), that facilitated escape from
binding to BF1-19 (Fig. 4). Therefore, while a mutation at one of
these sites may be sufficient for in vitro escape, multiple mutations
may be required for escape in vivo. This may be a factor contrib-
uting to the activity of these antibodies against antigenically
drifted H5N1 strains.

We observed two mutants that escaped binding to FCDART,
the K188E and T213A mutants (Fig. 4). Residue 188 was also mu-
tated in a BF1-19 escape mutant, but a mutated residue 213 was
not observed in any other escape mutants, which was unexpected.
However, FcDART bound strongly to the T213A mutant (HI ti-
ter = 320), as did the other antibodies (HI titers = 160 to 320)
(Table 3), suggesting that this mutation is unlikely to allow effec-
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FIG 9 BF1-19 provides 100% protection against challenge from A/Vietnam/1203/04 (H5N1) in vitro escape mutants. BF1-19 escape mutants were generated
using a virus based on A/Puerto Rico/8/34, generated by reverse genetics, containing the hemagglutinin and neuraminidase genes from A/Vietnam/1203/04
(H5N1). Mice were administered 10° TCIDs,s of the S145F or K144N escape mutant (in hemagglutinin) intranasally, followed by a single 2.5-mg/ml intraper-
itoneal dose of BF1-19 administered at 24 h postchallenge. All mice that received BF1-19 survived the challenge, while 80% of mice that did not receive antibody
died (A and B). (A) Data represent the mean percentage of the starting weight = standard error of the mean for each mouse group (n = 5 mice per group). **,
P <0.01.
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tive escape in vivo. FCDART binding to the K188E mutant was not
as strong (HI titer = 20), and BF1-19 also did not bind to the
K188E mutant, as determined by the HI assay. This suggests that
this mutant escaped binding by the BF1-19 arm of FcDART, and,
possibly, the h10C3 arm was still able to bind to the escape mutant.
However, further work is required to test this hypothesis.

To enhance the probability of generating cross-reactive
HMADbs, we chose to use serum from a donor that had been vac-
cinated with vaccines derived from genetically and antigenically
distinct H5N1 isolates, HK156 (23) and VN1203. Interestingly,
vaccination with the VN1203 vaccine was able to boost the re-
sponse to the HK156 vaccine (as determined by an enhanced re-
sponse to the VN1203 vaccine in those that had received the
HK156 vaccine compared with the response in those that had
not), despite a period of 7 years between these vaccinations. Nev-
ertheless, despite a good response to a number of H5N1 variants,
serum from this individual was not able to react with the clade
2.3.4 virus A/Common magpie/Hong Kong/645/06 in the HI as-
say. The difficulty with fully extrapolating this result is that, sim-
ilar to the work of Simmons et al. in 2007, we were able to show a
substantial in vivo effect of an HMAD in the absence of supporting
in vitro activity (13). This was particularly evident in our experi-
ments with BF1-19 and the S140F escape mutant (H5 number-
ing), as the antibody showed no inhibitory activity by HI assay but
could prevent mortality caused by the mutant in vivo. While we
did not investigate the mechanism(s) behind this discrepancy in
this study, it has been shown that components of the complement
cascade, such as Clq, can enhance the in vivo activity of an anti-
body that is poorly reactive in vitro (37, 38).

Interestingly, we found that humanization of 10C3 increased
the breadth of binding of this antibody, allowing it to bind to HA
from clades 2.1.3.2 and 2.3.4. We did not investigate the possible
mechanisms of this increase in specificity, but humanization has
previously been shown to alter antibody binding specificity, pos-
sibly due to alterations in flexibility (39). This may have been a
factor in the increased breadth of binding of h10C3 observed.

In this study, we have developed monoclonal antibodies from
both human and murine sources that show activity against H5
influenza viruses of different clades and are efficacious as prophy-
lactics and therapeutic agents at low doses in both mouse and
ferret models of influenza virus infection. Further, we have devel-
oped FcDART, which combined the antigen binding domains of
the two monoclonal antibodies. This represents a promising strat-
egy by which to produce neutralizing antibodies that have the
potential to be effective against a range of antigenically diverse
influenza viruses.
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