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Human metapneumovirus (hMPV) is a recently described member of the Paramyxoviridae family/Pneumo-
virinae subfamily and shares many common features with respiratory syncytial virus (RSV), another member
of the same subfamily. hMPV causes respiratory tract illnesses that, similar to human RSV, occur predomi-
nantly during the winter months and have symptoms that range from mild to severe cough, bronchiolitis, and
pneumonia. Like RSV, the hMPV virus can be subdivided into two genetic subgroups, A and B. With RSV, a
single monoclonal antibody directed at the fusion (F) protein can prevent severe lower respiratory tract RSV
infection. Because of the high level of sequence conservation of the F protein across all the hMPV subgroups,
this protein is likely to be the preferred antigenic target for the generation of cross-subgroup neutralizing
antibodies. Here we describe the generation of a panel of neutralizing monoclonal antibodies that bind to the
hMPV F protein. A subset of these antibodies has the ability to neutralize prototypic strains of both the A and
B hMPYV subgroups in vitro. Two of these antibodies exhibited high-affinity binding to the F protein and were
shown to protect hamsters against infection with hMPV. The data suggest that a monoclonal antibody could

be used prophylactically to prevent lower respiratory tract disease caused by hMPV.

Respiratory viruses account for a large proportion of upper
and lower respiratory tract illness in humans. In the past few
decades, many etiological agents of respiratory tract illness
have been identified. Of these, respiratory syncytial virus
(RSV) is the single most important cause of respiratory infec-
tions during infancy and early childhood (29). However, only
60% of clinically attended respiratory infections of infants
and children are of a known etiology (21). Recently, van den
Hoogen et al. (26) discovered and described human metap-
neumovirus (hMPV) and revealed that it may account for a
portion of these previously unclassified infections. Prospective
and retrospective studies suggest that hMPV infections ac-
count for between 3% and 15% of respiratory tract infections
(5, 6, 8). h(MPV has been found to be associated with respira-
tory tract illness that ranges from mild respiratory problems to
severe cough, bronchiolitis, and pneumonia, a pattern similar
to that seen for RSV (6, 19). Additionally, the seasonality of
the infection is similar to that of RSV, peaking in the winter
months (20, 30). Recent studies on lung transplant recipients,
bone marrow recipients, and preterm infants have shown that
hMPYV can be isolated from patients with respiratory infections
in this immunocompromised population, suggesting that some
of the risk factors associated with RSV infection may be sim-
ilarly associated with hMPV infection (8, 10, 14, 18, 25, 29).

hMPYV is an RNA virus in the Pneumovirinae subfamily of
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the Paramyxoviridae family (26). h(MPV shares a similar genetic
structure with RSV but lacks the nonstructural genes NS1 and
NS2 (27). Both viruses code for similar surface proteins that
are defined as the surface glycoprotein (G) and the fusion (F)
protein. Based upon differences between the amino acid se-
quences of the G and F proteins, both RSV and hMPV have
been subdivided into A and B groups. However, in hMPV,
there is a further bifurcation of A and B subgroups into Al,
A2, B1, and B2 groupings (4, 28). For both viruses, the se-
quences of the G proteins display a wide variance between
subgroups; with hMPV, the G protein has only 30% identity
between the A and B subgroups. For both RSV and hMPV, the
F protein is more conserved; across the known hMPV isolates,
the F protein amino acid sequence is 94% conserved (3, 4, 28).
Despite the similarities in structure of the viruses, the F pro-
teins of hMPV and RSV share only a 33% amino acid se-
quence identity, and antisera generated against either RSV or
hMPV do not neutralize across the Pneumoviridae group (32).
Recently, it has been shown that a potent neutralizing response
could be evoked in animals using virally vectored hMPV F
protein; importantly, this neutralizing response could protect
against challenge with heterologous virus (22, 24).

The presence of serum antibodies to hMPV in archival sam-
ples indicates that the human population has been exposed to
this virus since at least 50 years ago (26). Currently, it is
estimated that, by the age of 5, every person in the world has
been exposed to this virus and has generated a serum antibody
response to it (26, 30). Recent studies (15) that focused on the
presence of antibodies that were specifically directed against
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the F protein of hMPV showed that there was a similar trend
toward 90% seropositivity by age 5. These studies also dem-
onstrated that there is significant anti-F protein reactivity
against both the A and B subgroups of hMPV.

Our previous work with RSV established the effectiveness of
prophylaxis both in animals and in at-risk populations with
either polyclonal or monoclonal antibodies directed against
RSV (1, 9, 11, 23). Moreover, palivizumab, a potent monoclo-
nal antibody that shows high capacity for neutralization of
RSV, protects against serious lower respiratory disease in at-
risk populations (9, 23). In the work reported here, we extend
this concept to hMPV and have generated high-affinity mono-
clonal antibodies specific to the F protein of hMPV that neu-
tralize in both in vitro and in vivo models of viral infection.

MATERIALS AND METHODS

Cells and virus. Vero, WI-38, and LLC-MK2 cells that were used for the
propagation of hMPV and parainfluenza virus 3 (PIV3)-derived viruses were
maintained in Eagle’s minimal essential medium (EMEM) supplemented with
10% fetal bovine serum (FBS). Adenovirus vectors were propagated in HEK-293
cells grown in Dulbecco’s modified Eagle medium plus 10% FBS. The mouse
myeloma cell line, NSO, was maintained in Dulbecco’s modified Eagle medium
plus 20% FBS; myeloma fusion cell lines were maintained in Excell 610 (JRH
Biosciences, Lenexa, KS) plus 10% FBS. Titers of viral stocks were determined
by 50% tissue culture infectious dose (TCID5,) measurement (13) on Vero cells.
Viral infection was determined by reactivity with antibodies directed against
hMPV, as described in subsequent sections.

For the propagation of h(MPV, semiconfluent cell monolayers were infected at
a multiplicity of infection of 0.1 TCIDsy/cell in EMEM plus 2.5 wg/ml trypsin
without FBS; at 5 to 9 days postinfection, the virions were harvested by freeze-
thaw disruption of the cells. Viral samples were stabilized by the addition of 10X
SPG (2.18 M sucrose, 0.038 M KH,PO,, 0.054 M L-glutamate) and stored at
—80°C. The prototype hMPV strains studied were A1 NL\1\00, A2 NL\17\00, B1
NIL\1\99, and B2 NL\1\94, which have a 98% amino acid identity among the A
and B groups and a 94% amino acid identity between the A and B groups.

PIV3-vectored hMPV F protein virus (b/hPIV3/hMPV F) has been reported
previously and was propagated in Vero cells as described previously (24). The
viral concentration of PIV3 constructs was estimated by determining PFU per
milliliter of viral stock on Vero cells. Adenovirus constructs expressing the F
protein sequences from strains NL\1\00 and NL\1\99 were produced using the
AdEasy adenoviral system with the transfer vector pShuttle-CMV (AdEasy;
Stratagene, La Jolla, CA). The resultant adenovirus was propagated in HEK-293
cells according to the manufacturer’s instructions. Viral titers for adenovirus
were determined using a TCIDs, assay with cytopathic effect as the readout.

Production of hybridoma cell lines. Armenian hamsters (Cytogen Research
and Development, Inc., Boston, MA) and BALB/c mice (Jackson Laboratory,
Bar Harbor, ME) were immunized using a combination of some or all of the
following: intranasal infection with hMPV at 10° TCIDs, per animal of either
NL\1\7\00, NL\1\00, or NL\1\99; intranasal infection with 10° PFU b/hPIV3/
hMPV  Fypo: intraperitoneal injection with adenovirus-vectored hMPV
Faroo of hMPV Fyyp 00 at a dose of 9 X 107 TCIDsy; purified soluble hMPV
F protein derived from NL\1\00 and NL\1\99 sequences injected intraperitone-
ally with either GERBU MM adjuvant (CC Biotech, Valley Center, CA) or in an
adjuvant-free solution. Four days after the final immunization, splenic lympho-
cytes were isolated and fused to NSO cells using polyethylene glycol as described
previously (7). Fusions were plated either in semisolid medium (ClonaCell; Stem
Cell Technologies, Vancouver, BC) or in liquid medium in 96-well plates. Hy-
bridoma supernatants that produced hMPV-specific antibodies were identified
by enzyme-linked immunosorbent assay (ELISA) on hMPV-infected cells.

Identification and sequencing of monoclonal antibodies (MAbs). RNA was
isolated from hybridoma cells expressing the antibodies of interest using the
RNeasy system (QIAGEN, Germantown, MD). The complementarity-determin-
ing region (CDR) sequences were amplified by PCR using commercially avail-
able probes (EMD Biosciences, La Jolla, CA) and were cloned into topoisomer-
ase-bound TA overhang plasmid vectors (Invitrogen, Carlsbad, CA). Multiple
clones of the CDR-containing plasmid vectors were isolated and sequenced using
BigDye Terminator v3 (ABI, Foster City, CA) reactions and run on either an
ABI 3100 or ABI 3730 sequencer to derive a consensus sequence of the hyper-
variable regions.
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MAD purification. Hamster monoclonal antibodies were purified on MEP
Hypercel (Pall Corp., East Hills, NY) columns using 50 mM citrate at pH 4.0 to
elute the MAb; eluates were immediately neutralized with a 1:10 volume of 1 M
Tris-HCI, pH 8.0. Mouse monoclonal antibodies were purified on protein A-
Sepharose; mouse immunoglobulin G1 (IgG1) was loaded in hybridoma medium
containing 50 mM Tris, pH 8.5, and 1 M Na,SO, while all other mouse subtypes
were loaded directly from hybridoma medium. The protein A columns were
eluted with 0.1 M glycine, pH 2.8, and the eluates were neutralized immediately
with a 1:10 volume of 1 M Tris-HCI, pH 8.0.

hMPV F protein construct generation. Full-length and truncates of F protein
that lacked the transmembrane domain were made using plasmids containing
full-length sequences of the fusion protein from isolates NL\1\00 and NL\1\99,
respectively, as the template for PCRs. To obtain a soluble histidine-tagged form
of the hMPV F protein, the following oligonucleotides were used to generate
clones: from the NL\1\00 sequence, 5'-AACCAAAAGCTTCACCATGTCTTG
GAAAGTGGTGATC-3" and 5'-TTAATTGAATTCTTAGTGATGGTGATG
GTGATGGCCAGTGTTTCCTTTCTCTGC-3'; from the NL\1\99 sequence, 5'-
TTCCTTAAGCTTCACCATGTCTTGGAAAGTGATGATCATC-3' and 5 '-T
TAATTGGATCCTTAGTGATGGTGATGGTGATGACCAGTGTTTCCTTT
TTCTGCACT-3'. The PCR products were cleaved using the restriction
endonucleases EcoRI and HindIII for the NL\I\00 sequence and BamHI and
HindIII for the NL\1\99 sequence and then ligated to the vector pcDNA3.1(+)
cleaved with the same endonucleases. HEK-293 cells were transiently transfected
with the pcDNA clones, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) to
introduce the DNA into the cells. To make stable hMPV F protein-expressing
constructs, the same plasmid source of DNA was used to generate PCR products;
however, alternate primers were used for both the NL/1/00 and NL/1/99
sequences: 5'-AATCAACGGTCCGCCACCATGTCTTGGAAAGTG-3" and
5'-TTAATTGAATTCTTAGTGATGGTGATGGTGATGGCCAGTGTTTCC
TTTCTCTGC-3'. The PCR products were cleaved with Rsrll and EcoRI and
ligated to the pEE15.1 (Lonza, Allendale, NJ) vector cleaved with the same
restriction endonucleases. Stable NSO cell lines were made as described by
Bebbington et al. (2). Full-length F protein constructs were made using the
following oligonucleotides: for NL\1\00, 5'-AACCAAAAGCTTCACCATGTC
TTGGAAAGTGGTGATC-3" and 5'-AATTAAGGATCCTAATTATGTGGT
ATGAAGCCATT-3'; for NL\1\99, 5'-TTCCTTAAGCTTCACCATGTCTTGG
AAAGTGATGATCATC-3' and 5'-AATTAAGGATCCTAATTATGTGGTA
TGAAACCGCC. PCR products were cleaved with BamHI and HindIII
endonucleases and were ligated to pcDNA3.1(+) cleaved with the same endo-
nucleases. These vectors were used as the source of DNA for the construction of
the adenovirus transfer vector pShuttle-CMV. The full-length F protein-contain-
ing fragments were obtained by cleavage of the pcDNA3.1 clones with the
restriction endonucleases HindIII and EcoRV and were ligated to the pShuttle-
CMV vector cleaved with the same endonucleases.

hMPV F protein purification. Histidine-tagged soluble F protein was initially
purified by Ni-nitrilotriacetic acid (QIAGEN, Germantown, MD) chromatogra-
phy, which yielded protein that was 60% pure, as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Subsequently, after isolation of the F
protein-specific monoclonal antibody (MAD 1017), the F protein was purified by
affinity chromatography on MAb 1017 coupled to cyanogen bromide-activated
Sepharose and eluted with 0.1 M glycine, pH 2.8; the eluate was neutralized with
a 1:10 volume of 1 M Tris-HCI, pH 8.0, and was dialyzed into phosphate-buffered
saline (PBS). Affinity-purified F protein was >90% pure as judged by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.

ELISAs. An ELISA was developed to detect anti-hMPV antibodies in hybrid-
oma supernatants or animal sera using hMPV-infected WI-38 cell monolayers.
Cell monolayers in 96-well plates were infected with hMPV at a multiplicity of
infection of 1.0 and were incubated subsequently for 3 to 5 days postinfection.
The supernatants were removed, and the cells were desiccated at 37°C and stored
at 4°C until use. For ELISA, the plates were blocked with PBS containing 0.1%
(vol/vol) Tween 20 and 0.5% (wt/vol) bovine serum albumin (BSA). This and all
subsequent steps were performed at room temperature. Diluted serum samples
or hybridoma supernatants were incubated on the plates for 1 h, and the plates
were then washed with PBS-Tween. Horseradish peroxidase (HRP)-conjugated
anti-mouse or anti-Armenian hamster biotinylated antibody (Jackson Immu-
noReasearch, West Grove, PA) was added, and the plates were incubated for an
additional hour and then washed. For the hamster samples, streptavidin-HRP
(Amersham Biosciences, Piscataway, NJ) was added and incubated for 1 h. Plates
were developed with SureBlue TMB substrate (KPL, Gaithersburg, MD). End
point titers of serum samples were defined as the last dilution that achieved a
minimal twofold increase in absorbance over the control absorbance.

Competition ELISA experiments were performed using biotinylated MADb
242, MAb 338, MADb 659, MAb 757, MAb 836, MAb 1017, and MAb 1025.
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TABLE 1. Immunizations producing serum titers and monoclonal antibodies

End point infected cell titer for strain (subgroup) determined by”:

Immunization route

Animal I o ELISA Microneutralization MADb obtained
and immunogen'
NL\\00 (A1) NL\1\99 (B1) NL\\00 (A1) NL\1\99 (B1)

Hamster in. NL\17\00 1:781,250 1:781,250 1:1,250 <1:50 1017
in./i.p. PIV3/Fxpp00 757

Hamster in. NL\1\99 1:25,600 1:25,600 1:100 1:800 836
i.n. NL\1\00 659
i~P~ adeno Fypo0/Fxineo 967
i.p. soluble Fyp,p00/Fn

Mouse in. NL\1\99 1:312,500 1:312,500 1:100 1:200 338
in. PIV3/Fxp00 234
i~P~ adeno Fypo0/Fxineo 224
Lp. soluble Fyyy1y00/Fnianoo

Mouse in. NL\1\99 1:312,500 1:312,500 1:50 1:1,600 710
i.n. NL\1\00 344
i.p. adeno Fyp,poo/Fainoo 628

i.p. soluble Fyp\100/Fnioo

¢ Immunization routes were intranasal (i.n.) and intraperitoneal (i.p.).
® End point titers were determined as described in Materials and Methods.

Antibodies were biotinylated using either biotin-XX-SSE (Invitrogen, Carlsbad,
CA) or biotin-XX-SE (Vector Laboratories, Burlingame, CA) according to the
manufacturers’ instructions. A standard binding curve for each of the biotinyl-
ated antibodies was generated on hMPV-infected WI-38 cells using streptavidin-
HRP as the detection reagent. The concentration of the biotinylated antibodies
that gave a half maximal signal on the standard curve was used in the competition
ELISA. The competing monoclonal antibodies were used at concentrations rang-
ing from 50 to 0.03 pg/ml. Unlabeled competitive MAb that gave a >50%
reduction in signal at a concentration less than or equal to 100 times the biotin-
ylated antibody concentration were scored as competing.

To determine the serum concentration of injected antibodies, capture ELISAs
were performed as follows. Soluble hMPV F protein (50 ng/well) from NL\1\00
was coated onto Nunc Maxisorp (Nalge Nunc, Rochester, NY) microtiter plates
overnight at 4°C in PBS buffer (Pierce, Rockford, IL). The following day, the
plates were blocked using 1% casein in PBS. Serum samples were diluted into
PBS and applied to the plate. A standard curve generated using matched anti-
body in the same concentration of normal hamster serum was used to calculate
the serum concentration of antibody. Anti-mouse HRP conjugate was used for
detection with SureBlue TMB reagent.

Neutralization assays. Serial twofold dilutions of sera, hybridoma superna-
tants, or purified antibodies were incubated with 50 to 1,000 TCIDs, of virus at
37°C for 1 h. After incubation, the virus-antibody mixtures were added to mono-
layers of Vero cells in 96-well plates; the plates were then centrifuged at 2,000 X
g for 15 min at 25°C. The medium was removed from the cells, and the cells were
washed in fresh medium without FBS and finally overlaid with EMEM without
FBS and supplemented with trypsin at 2.5 wg/ml. The cells were grown for 5 to
7 days at 37°C, after which the medium was removed, and the cells were then
fixed by the addition of 80% acetone at 4°C for 20 min. After this, the plates were
air dried. Prior to development, the plates were blocked with 1% (wt/vol) casein
and then probed with either polyclonal sera obtained from animals immunized
with virus or biotinylated MAb 1017. A streptavidin-horseradish peroxidase
conjugate was used to detect the biotinylated antibody. Alternatively, an anti-
species-specific secondary antibody conjugated to horseradish peroxidase was
used for detection of polyclonal sera. The plates were developed using SureBlue
reagent. For hybridoma supernatants or polyclonal sera, the neutralization titer
was defined as the last dilution that gave an absorbance that was less than twofold
over the uninfected control cell absorbance. ICsys (50% inhibitory concentra-
tions) for purified MAb were determined using GraphPad Prism software with
curve fitting for a nonlinear sigmoid dose response.

Biacore analysis. Kinetic analysis was performed to determine the binding
constants for antibodies MAb 338 and MAb 234 to immobilized soluble hMPV
F protein. Soluble Fyy ;0o and soluble Fy;,j99 proteins were immobilized on
CMS5 sensor chips (Biacore, Uppsala, Sweden) using an amine coupling kit as
described previously (12) at an immobilization density between 80 and 300
resonance units (RU). Excess reactive esters were quenched with 70 ul of a 1 M
ethanolamine hydrochloride, pH 8.5, solution. The surfaces were connected to a
BiaCore 3000 in series. Two hundred fifty microliters of each MAb solution was

injected at concentrations ranging from either 0.39 nM to 400 nM or from 3.13
nM to 100 nM at a flow rate of 75 wl/min, and 15 min of dissociation data was
collected. Between injections, the surfaces were regenerated with a 1-min pulse
of 1 M NaCl-50 mM NaOH. Data were analyzed using the BIAevaluation
software supplied by Biacore, Inc.

In vivo assessment of protection. Six- to eight-week-old Golden Syrian ham-
sters (6 to 7 animals/group) were injected intramuscularly with various concen-
trations of purified monoclonal antibody or bovine serum albumin in a volume of
100 ! the day prior to challenge. The following day, the animals were anesthe-
tized with isoflurane and bled, and 100 to 200 pl of virus (1 X 107 TCIDs/ml)
was instilled intranasally. At 4 days postinfection, the animals were euthanized by
CO, asphyxiation, and the lungs were removed and homogenized in Hank’s
balanced salt solution using a Dounce homogenizer. Nasal turbinates were iso-
lated and ground using a mortar and pestle in Hank’s balanced salt solution.
TCIDs, determinations from lung and nasal turbinate homogenates were per-
formed as follows: homogenates and sequential 10-fold dilutions of the homog-
enates were applied to washed LLC-MK?2 cells and incubated for 1 h at room
temperature. The supernatants were removed, and cells were overlaid with
Opti-MEM (Invitrogen, Carlsbad, CA) medium containing 5 pwg/ml of porcine-
derived trypsin (Biowhittaker, Walkersville, MD). The cells were incubated at
37°C for 6 to 7 days. The medium was removed, and the cells were fixed using
80% methanol. Plates were blocked in 5% nonfat dried milk for 30 min. Poly-
clonal sera raised from animals infected with hMPV were used to stain the cells.
Species-specific secondary antibody conjugated to HRP was used for detection
using the 4CN peroxidase substrate (KPL, Gaithersburg, MD). Infection was
assessed by visual inspection of individual wells and presented as log,, TCIDs,/
gram tissue as previously described (19). Statistical analysis of the data was
carried out using the GraphPad Prism software.

RESULTS

We set out to generate a panel of monoclonal antibodies
that was both specific for hMPV F protein and which, at low
concentration, neutralized hMPV. Numerous immunization
strategies were employed to elicit robust F protein-specific
immune responses in both Armenian hamsters and BALB/c
mice. In all cases, the first immunization was an intranasal
infection with a wild-type hMPV virus to prime the animals;
this was followed by immunizations employing either recom-
binant adenovirus or recombinant bovine parainfluenza virus
expressing hMPV F protein. In some cases, subsequent immu-
nization with soluble recombinant hMPV F protein was carried
out (Table 1). In this manner, we were able to generate high-



7802 ULBRANDT ET AL.

TABLE 2. ICs, determination of purified monoclonals”

1Cs, (pg/ml) for strain (subgroup):

MAb”

NL\I\00 (A1)  NL\17\00 (A2)  NL\I\99 (B1)  NL\1\9%4 (B2)
338 0.38 0.8 0.03 0.17
234 0.59 1.2 0.01 0.18
628 0.39 1.7 0.15 0.15
242 10.4 23.6 0.2 1.0
757 11.9 10.4 1.4 5.1
659 17.0 2.0 2.4 19.0
836 36.2 7.20 3.0 39.6
1017 16.7 38.4 12.8 29.6
967 0.15 0.15 >100 4.8
710 33.8 >100 2.4 16.4
344 >100 >100 0.8 24.0
1025 1.80 48.6 >100 >100

“ 1Cs,, determinations were calculated as described in Materials and Methods.
> MAbs in boldface type were isolated from more than one clone.

titer anti-F protein-specific responses in the animals. In addi-
tion, to generate antibody responses that were reactive to both
subgroups of hMPV, we employed immunizations containing
both prototype A (NL\1\00) and prototype B (NL\1\99) F pro-
tein sequences. As shown in Table 1, this immunization strat-
egy resulted in the production of high-titered antibodies in
both mice and hamsters that neutralized one or both types of
hMPV.

Following the immunizations, the spleens of the mice and
hamsters were fused with myeloma cells to generate hybrid-
oma cells, and the hybridoma supernatants were screened for
reactivity toward cells infected with the hMPV (NL\1\00) or
uninfected cells. A minimal fivefold differential in absorbance
between infected and uninfected cells was used as the criterion
to select antibodies for the next stage of analysis. Hybridoma
supernatants which were reactive with infected cells were ex-
panded and tested as unfractionated supernatants in viral neu-
tralization assays. The hybridoma supernatants varied greatly
in the quantity of antibody they contained but were tested for
hMPV neutralization without concentration adjustment.
Therefore, this screening method selected for hybridomas that
either produced high levels of antibody or produced antibody
at low concentrations but with high neutralization activity. Hy-
bridoma supernatants that exhibited neutralization activity at

TABLE 3. Competition ELISA using biotinylated MAb*

Competition with biotinylated MAb
MAb

[\ ]
=
[§)
O8]
o)
[}

659 757 836 1017 1025

234
242
338
344
628
659
710
757
836
967
1017
1025 - - - - - -

I+ 1+ 1+

L+ 1+ 1+ +++
\

L+ L+ 1+ +++
|
|

I+ 1 ++ 1+ 1 + 1
|

+ I+

¢ +, competition (as described in Materials and Methods); —, no competition.
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F protein

FIG. 1. Depiction of the epitopes recognized by the hMPV F pro-
tein-specific monoclonal antibodies. Each circle represents an individ-
ual epitope on hMPV F, with the MAb binding to that epitope shown
inside the circle. MAb numbers inside the intersection of circles are
those monoclonal antibodies that have recognition sites comprised of
a portion of two epitopes.

dilutions greater than 1:2 against at least one hMPV type were
cloned by limited dilution and were then expanded to generate
antibody for purification and further analysis. Not all hybrid-
omas that had neutralizing activity in their supernatants could
be cloned by limited dilution. Table 2 shows the ICs, titers of
all of the antibodies that could be isolated by limited dilution
and that produced sufficient antibody to assess their potency.
In four cases, the same monoclonal antibodies were isolated
from multiple cell lines, as determined by reverse transcrip-
tion-PCR and sequencing of the heavy and light chains. A
single isolate of each sequence was carried forward for full
evaluation of neutralization potency. A wide range of neutral-
ization potencies was seen, and many of the isolated antibodies
did not neutralize all of the four prototype viruses tested. For
the top three antibodies, MADb 338, MAb 234, and MAD 628,
the neutralization capacity against all 4 prototype stains was
lower than 2 pg/ml IC,, demonstrating a strong broadly neu-
tralizing capacity. MAb 1017 showed neutralization across all 4
prototypes but was 25- to 100-fold less potent than the top 3
antibodies described above. Some antibodies showed en-
hanced neutralization (10- to 100-fold lower ICs,) against B
type viruses, as seen for MAb 242, MAb 757, MADb 710, and
MAD 344. MAD 1025 and MADb 967 are more potent at neu-
tralizing A type viruses. However, they differ in the following
ways: MAb 1025 has essentially no neutralizing capacity
against both B1 and B2 prototypes, whereas MAb 967 has the
capacity to neutralize the B2 prototype but not the B1 proto-

TABLE 4. Biacore determinations of binding constants®

. Immobilized Kon Kot K,
MAb  Antigen RU 10Ms)  (10%%) (109 My
234 SFaine 80 1.92 4.63 241
234 SFainoo 134 7.83 352 4.49
338 SFaimo 80 1.92 2.72 1.42
338 SFaiunoo 134 1.58 2.76 1.74

“ Binding constants were determined and calculated as described in Materials
and Methods using the Biaevaluation software.
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FIG. 2. In vivo protection against NL\1\00 challenge. Golden Syr-
ian hamsters were injected 24 h prior to intranasal challenge with
NL\\0O with different does of MAb 234 (solid circles), MAD 338 (solid
triangles), or with BSA (solid squares). Animals were bled prior to
challenge to determine the levels of serum antibodies present at time
of challenge. At 4 days postinfection, lungs (panel A) and nasal tur-
binates (panel B) were harvested, and virus titers were determined as
described in Materials and Methods. The limit of detection (LOD) for
the viral titers was 1.2 log/g tissue. For MAb quantification, animal
serum samples were diluted 1:100 and 1:500 (panel C). The limit of the
quantitation (LOQ) for this assay as performed was 0.1 ug MAb/ml
serum. P values for MAb 234 were <(0.0001, 0.0004, 0.0013, and 0.0042
for doses of 3 mg/kg, 1 mg/kg, 0.3 mg/kg, and 0.1 mg/kg, respectively.
P values for MADb 338 were <0.0001, <0.0001, 0.0014, and 0.0145 for
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type. Two antibodies, MAb 659 and MAD 836, show a differ-
ence in neutralizing capacity that does not split along the A
and B subgroups. These antibodies neutralize the A2 and B1
subgroups better than the Al and B2 subgroups, suggesting
that amino acid changes that are not subgroup specific are
playing a role in the binding of these antibodies to their
epitopes.

To determine the number of antigenic sites that these anti-
bodies recognize, competition ELISA matrices were set up.
Seven of the 12 isolates were biotinylated, and the ability of
unlabeled monoclonal antibodies to compete for their binding
to hMPV-infected cells was determined. The results of these
experiments are shown in Table 3. In all, there are 6 distinct
patterns of competition. Two of the antibodies (MAb 1017 and
MADb 757) are only competed by matched antibody. MAb 967
and MADb 1025 compete for the same or overlapping sites. The
remainder of the monoclonal antibodies have a more complex
order of competition. These data suggest the epitope map
shown in Fig. 1. This map is not intended to indicate actual
sites on the F protein but rather to illustrate the overlapping
nature of the epitopes.

Of all the hMPV F protein-specific monoclonal antibodies
that were selected, antibodies 234 and 338 had the most potent
virus-neutralizing activity across all four hMPV subgroups
(Table 2). To determine their binding characteristics, Biacore
analysis using immobilized soluble hMPV NL\1\00 or NL\1\99
F proteins (sFyp 00 and sFypio9, respectively) was per-
formed. The k,, k.4 and K, values derived from the Biacore
analysis are shown in Table 4; antibodies 234 and 338 showed
comparable on and off rates and nanomolar affinities for the F
protein of both hMPV types.

To examine further the ability of the antibodies to neutralize
hMPV, MADbs 234 and 338 were tested in vivo in a prophylactic
viral infection model using Golden Syrian hamsters as de-
scribed previously (17). The MAbs were administered to the
hamsters (7 animals/group) by intramuscular injection, 24 h
prior to intranasal challenge with hMPV NL\1\00 at a dose of
1 X 10° to 2 X 10° TCIDs,. Control animals received BSA
instead of antibody. Animals were euthanized 4 days postchal-
lenge, and the quantities of hMPV in the lungs and nasal
turbinates of the animals were measured. Animals that had
received either MAD 234 or 338 at doses greater than or equal
to 3 mg/kg showed no detectable levels of virus in their lungs.
To determine the minimum effective dose of the antibodies, a
dose titration of each antibody between 0.1 and 3.0 mg/kg is
shown in Fig. 2. At 3.0 mg/kg, both MAbs 338 and 234 gave rise
to a minimum 3-log reduction (relative to the BSA control) in
lung virus titer (Fig. 2, panel A). At 1 mg/kg, MAb 338 still
caused a minimum 3-log reduction in lung virus titer, whereas
MAD 234 caused an average 2-log reduction. Doses of 0.3 and
0.1 mg/kg resulted in higher levels of virus in the lungs; how-
ever, for these dose groups, the reductions in lung virus titers
relative to the control were still statistically significant. Thus,
antibodies 338 and 234 were able to decrease the viral burden

doses of 3.0 mg/kg, 1.0 mg/kg, 0.3 mg/kg, and 0.1 mg/kg, respectively.
The nasal turbinate P value, indicated by an asterisk, was 0.008. IgG,
immunoglobulin G.
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FIG. 3. In vivo protection against NL\1\99 challenge. Golden
Syrian hamsters were injected 24 h prior to intranasal challenge
with NL\1\99 with different doses of MAb 234 (solid circles), MAb
338 (solid triangles), or with BSA (solid squares). Animals were
bled prior to challenge to determine the levels of serum antibodies
present at time of challenge. At 4 days postinfection, lungs (panel
A) and nasal turbinates (panel B) were harvested, and virus titers
were determined as described in Materials and Methods. Limit of
detection (LOD) for the viral titers was 1.2 log/g tissue. For MAb
quantification, animal serum samples were diluted 1:100 and 1:500
(panel C). The limit of quantitation (LOQ) for this assay as per-
formed was 0.1 pg MAb/ml serum. P values for MAb 234 were
<0.0001, <0.0001, 0.0016, and 0.325 for doses of 3 mg/kg, 1 mg/kg,
0.3 mg/kg, and 0.1 mg/kg, respectively. P values for MAb 338 were
<0.0001, <0.0001, <0.0001, and 0.0064 for doses of 3.0 mg/kg, 1.0
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in the lungs of animals at doses as low as 0.1 mg/kg. Prevention
of viral replication in the upper airways was much less marked
and only seen with higher doses of antibody. The log,, TCIDs,/
gram of hMPV recovered from nasal turbinates of animals
receiving intramuscular injection with MAbs 338 and 234 at
doses between 3 and 0.1 mg/kg is shown in Fig. 2B. A reduction
in viral titers relative to the controls was observed at doses of
either antibody of 3.0 and 1.0 mg/kg but was statistically sig-
nificant only for the 3-mg/kg dose of MAb 338.

Serum concentrations of the antibodies were determined
24 h following intramuscular administration (Fig. 2C). Serum
samples were collected just prior to intranasal challenge with
hMPV. As expected, higher doses of administered antibody
resulted in higher concentrations of antibody measured in the
serum of the animals. These data suggest that a serum con-
centration of MAb 338 between 5 and 10 pg/ml correlates with
a minimum 3-log reduction in viral titer in the lungs of infected
animals. MAD 234 appears to be slightly less potent at reducing
virus in both the upper and lower airways, and a circulating
concentration of >10 pg/ml of this antibody is required to
decrease the lung viral titers to undetectable levels.

A similar set of experiments were performed using the Bl
subgroup prototype virus. In separate experiments, Syrian
hamsters received an intramuscular injection with either MAb
338 or MADb 234 24 h prior to nasal challenge with NL\1\99. As
in the previous experiment, control animals received BSA. The
results of both experiments are plotted on the same axes in Fig.
3. The maximum level of hMPV NL\1\99 recovered from the
lungs of the control animals was lower than that obtained with
NL\\00. Because of this, we were unable to observe a 3-log
reduction with either MAb 234 or MAD 338 due to the limit of
detection of the assay. Nevertheless, similar to what was seen
with the NL\1\0O virus, at doses of 3 mg/kg and 1 mg/kg, both
antibodies reduced the lung viral titers by greater than 2 logs
(Fig. 3A). Again, at a dose of 0.3 mg/kg, there was a statistically
significant reduction in lung viral titer with both MAb 338 and
MAD 234; however, at the 0.1-mg/kg dose, only MADb 338
showed a statistically significant reduction in lung viral titers.
We noted a difference in the calculated serum concentrations
of MADb 234 and MAD 338 in this experiment, with the con-
centration of MAb 338 being higher than that of MAb 234 at
the same dose (Fig. 3C). However, taking these concentrations
into consideration, there was a 2-log reduction in lung titers at
a serum concentration of both MAbs similar to what was seen
in the experiment with the NL\1\00 virus.

The protection of the upper airway against the NL\1\99 virus
was more marked than that which was observed with the
NL\I\0O virus. Administration of MAb 338 and MAD 234 at the
3-mg/kg dose resulted in statistically significant decreases in
the viral titers obtained from the nasal turbinates of mice
challenged with NL\1\99 (Fig. 3B); MADb 234 caused a 2-log
reduction and MADb 338 gave a 2.5-log reduction. These data
suggest that the antibodies present in the upper airways were
more effective against the B type virus than the A type virus.

mg/kg, 0.3 mg/kg, and 0.1 mg/kg, respectively. Nasal turbinate P values
of statistical significance were 0.0006 (*) and <0.0001 (#). IgG, im-
munoglobulin G.
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TABLE 5. Comparison of anti-hMPV and anti-RSV monoclonals

In vitro data

In vivo 2-log reduction data

Antibody . ko (10° ko (1074 ICs, neutralization Dose Concn of IgG in
Virus type M Ve Ka (o)  (ng/m) (mgke) Serum (ugimi)
MADb 234 A 7.83 3.52 4.49 1.2-0.6 1.0 8
B 1.92 4.63 2.41 0.2-0.01 1.0 6
MADb 338 A 1.58 2.76 1.74 0.8-0.4 1.0 5
B 1.92 2.72 1.42 0.2-0.03 0.3 4
Palivizumab A 1.27 4.3 3.39 0.453 2.5 ~30
B ND? ND ND 0.06 2.5 ~30

¢ Data for the MAbs were derived from this publication. Data for palivizumab are from references 10 and 28 and personal communication from N. K. Patel.

» ND, not determined.

This difference could possibly be correlated to the differences
seen in vitro in ICsys for these antibodies (Table 2). The ICs4s
for MAD 338 are 10-fold lower with the B1 virus than with the
Al virus, and the values for MADb 234 differ by 50-fold when
comparing Al neutralization and Bl neutralization.

DISCUSSION

It has been established that immunization with a viral vector
containing hMPV F protein can induce a potent neutralizing
immune response that can protect against hMPV challenge
(22, 24). These earlier studies demonstrate that an immune
response, specific to the F protein alone, can neutralize virus in
vivo in the absence of cellular or humoral immunity to other
hMPV-specific antigens. However, neither of these papers
demonstrated that the protection was solely due to the pres-
ence of neutralizing antibody. A recent paper has described the
isolation of neutralizing monoclonal antibodies to hMPV that
were obtained by immunization with hMPV-infected cells (16).
These antibodies were reactive with the F protein of hMPV
and neutralized virus in a PCR-based assay. However, purified
antibody was not used in these experiments, so the potency of
the MAD neutralization was not determined. In addition, this
study did not look for in vivo protection. Thus, the studies so
far have not shown that MAbs to F protein alone can protect
animals from virus challenge.

In this report, we show that neutralizing monoclonal anti-
bodies can be obtained from animals immunized with human
metapneumovirus F protein and that these antibodies can pro-
tect cells from infection in vitro and protect animals from
infection in vivo. We found that only a small number of anti-
bodies cross-neutralized all 4 hMPV prototypic subgroups,
even though the conservation of F protein sequence (94%)
might have suggested that the majority of antibodies would be
pan-neutralizing. Many of the antibodies that were isolated
were not able to neutralize at least one of the 4 virus types with
comparable potency, which suggests that the neutralizing
epitopes may be in the regions of highest variability, presum-
ably as a result of selective pressures.

A comparison of the differential abilities of the antibodies to
neutralize the viral subgroups and the ability of the MAbs to
cross-compete with each other for binding to the F protein, led
us to identify 6 epitopes. Of these, we found 3 distinct non-
overlapping epitopes that are recognized by MAb 1017, MAb
757, and the MADb 967/MAb 1025 pair. The remaining 3
epitopes have antibodies that recognize one of two indepen-

dent epitopes or recognize the overlap between these two
epitopes (Fig. 1). We are generating monoclonal antibody-
resistant mutants of the hMPV virus that will allow the deter-
mination of the precise location on the F protein sequence to
which the MADs bind.

Although we isolated only 3 MADs that neutralized all 4
subgroup prototypes at an ICs, of <5 pg/ml, two of these
antibodies, MAb 234 and MADb 338, have characteristics that
make them appealing for further study. Both of these antibod-
ies have properties that are similar to the properties of palivi-
zumab, which is currently used for the prophylaxis of RSV
infection in at risk infants (11, 31). A comparison of the neu-
tralization and binding properties of the hMPV antibodies with
the neutralization and binding properties of palivizumab to its
RSV target are shown in Table 5. Both hMPV-specific anti-
bodies, MAb 234 and MADb 338, show high-affinity binding to
soluble F protein from both an A group and a B group se-
quence. Both MADb 234 and MADb 338 have k,,, rates of 2 X 10°
to 8 X 10° M~ ' s~ ! against both types (A and B) of soluble F
protein. These k,, rates are comparable to the k, rate of
palivizumab for soluble RSV F protein (1.2 X 10° M~ s7')
(31). The kg rates of MADb 234 and MAD 338 are comparable
to the k.4 of palivizumab against RSV F protein (7 X 10~*
s 1. The K, values of the two anti-hMPV MAbs and palivi-
zumab are less than 10 nM.

The in vitro neutralization capacity of MAb 234 and MAb
338 against the A subgroup viruses (ICs, between 1.2 and 0.4
wg/ml) was comparable to the ICs, of palivizumab against its A
group virus (0.5 pg/ml). The neutralization seen with MAb 234
and MAD 338 against the B subgroup viruses is somewhat more
potent, with an ICs, between 0.2 and 0.01 wg/ml for the neu-
tralization of the B2 and B1 subgroups, respectively. The in-
creased potency against B group isolates has also been seen
with palivizumab. Remarkably, the in vivo potency of the
hMPV monoclonal antibodies was comparable to that of
palivizumab in reducing the viral load in the lungs of rodents.
Further testing of the ability of MAb 234 and MAb 338 to
neutralize a broader range of viral isolates and prevent virus-
induced pathology is under way. Thus, humanization and op-
timization of MAbs 338 and 234 may result in viable clinical
candidates with the ability to prevent lower respiratory tract
disease that results from hMPV infection. Ultimately, this
could extend our ability to protect those individuals at greatest
risk from serious lung infections.
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