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Background. Human metapneumovirus (HMPV) is a leading cause of acute respiratory tract infection, with
significant morbidity and mortality. No licensed vaccines or therapeutic agents exist. Monoclonal antibodies
(mAbs) are effective at preventing other infectious diseases and could be used against HMPV in high-risk hosts.

Methods. In vitro assays were performed to assess the neutralizing activity and affinity kinetics of human mAb
54G10. A new mouse model was developed to assess prophylactic and therapeutic efficacy in vivo. The epitope of
54G10 was identified by generating mAb-resistant mutants (MARMs).

Results. At low concentrations, 54G10 neutralized all 4 subgroups of HMPV in vitro and had subnanomolar
affinity for the fusion protein. DBA/2 mice were permissive for all 4 HMPV subgroups, and 54G10 was effective
both prophylactically and therapeutically against HMPV in vivo. Sequencing of HMPV MARMs identified the
54G10 epitope, which was similar to an antigenic site on respiratory syncytial virus (RSV). 54G10 also exhibited
in vitro neutralizing activity and in vivo protective and therapeutic efficacy against RSV.

Conclusions. Human mAb 54G10 has broad neutralizing activity against HMPV and could have prophylactic
and therapeutic utility clinically. The conserved epitope could represent a structural vaccine target for HMPV and
RSV.

Keywords. human metapneumovirus; monoclonal antibody; paramyxovirus; respiratory syncytial virus; DBA/2
mouse.

Human metapneumovirus (HMPV), a paramyxovirus
identified in 2001, is a leading cause of acute respiratory
disease worldwide [1, 2]. In high-risk populations,
HMPV causes significant morbidity and mortality

[3, 4]. No vaccines or therapeutics specifically target
HMPV, and nonspecific therapies such as ribavirin
and intravenous immunoglobulin have limited efficacy
[5]. HMPV has 4 subgroups, which vary in prevalence
but cause similar disease [6, 7]. Although the subgroups
are relatively conserved, recurrent infection occurs
throughout life [8]. Reinfection likely occurs because
of limited cross-protective antibodies [9] and T-cell
exhaustion causing a poor memory response [10].

All paramyxoviruses have class I viral fusion (F) pro-
teins, which exist in a pre- and postfusion state and are
required for entry [11]. HMPV vaccine studies have fo-
cused on the F protein, which is immunogenic and pro-
tective in animal models [12, 13].The F protein is highly
conserved among HMPV subgroups, with >95% amino
acid similarity between A and B groups and >97%
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similarity within a single group, suggesting that a broadly neu-
tralizing antibody response could be evoked if a shared epitope
were targeted [14].

Monoclonal antibodies (mAbs) are effective at preventing in-
fectious diseases in high-risk populations [15].However, the use
of humanized or chimeric mAbs, both partly murine, is associ-
ated with the development of host antibodies to foreign antigens
and adverse events [16, 17]. Fully human mAbs are less immu-
nogenic [18]. Researchers have described mAbs effective at neu-
tralizing all 4 subgroups of HMPV in vitro [19, 20], but these
had limited therapeutic efficacy in rodents [21].

We hypothesized that a human mAb directed at HMPV F
protein could be used to abate infection. Here, we describe a
fully human mAb, 54G10, which potently neutralized all 4 sub-
groups of HMPV in vitro and exhibited subnanomolar affinity
for the F protein. To test in vivo efficacy, we established a new
mouse model permissive for all 4 HMPV subgroups in the
upper and lower airways. 54G10 decreased peak HMPV titer
below the limit of detection (LOD) in both prophylactic and
therapeutic experiments. Sequencing of mAb-resistant mutants
(MARMs) identified that 54G10’s epitope is a conserved region
among paramyxoviruses [22]. Confirming this, 54G10 neutral-
ized respiratory syncytial virus (RSV), another leading cause of
respiratory infections. Thus, 54G10 is a highly effective human
mAb, which recognizes a similar epitope on HMPV and RSV.

METHODS

Cells and Viruses
LLC-MK2 cells (ATCC CCL-7) were maintained in either Op-
tiMEM (Life Technologies) with 2% fetal bovine serum (FBS) or
Dulbecco’s modified Eagle’s medium (Corning) with 10% FBS,
both with amphotericin B, L-glutamine, and gentamicin. HEp-2
cells (kindly provided by Dr Stokes Peebles) were maintained in
Eagle’s minimal essential medium (EMEM; Corning) with 10%
FBS, amphotericin B, and gentamicin (10% EMEM). Suspen-
sion 293-F cells were maintained in 293 Freestyle media (Life
Technologies). A representative strain of each HMPV subgroup
was selected from clinical isolates: TN/96-12 (subgroup A1),
TN/94-49 (subgroup A2), TN/98-242 (subgroup B1), and
TN/89-515 (subgroup B2) [6]. Stock virus was propagated on
LLC-MK2 cells [23]. The A1, B1, and B2 isolates were sucrose
purified [24]. RSV A2 (kindly provided by Dr Stokes Peebles)
was propagated on HEp-2 cells [25].

Monoclonal and Polyclonal Antibodies
CD22+ B cells were isolated by immunomagnetic positive selec-
tion (Miltenyi) from donor peripheral blood mononuclear cells
and stimulated for 5 days with CpG and recombinant human
interleukin 2 (IL-2). Cells were negatively immunomagnetically
selected with antibodies against immunoglobulin M (IgM), im-
munoglobulin D, and immunoglobulin A, Epstein-Barr virus

transformed, and seeded at 20 cells/well onto irradiated, IL-2–
supplemented feeder cells. Two weeks later, supernatants were
tested by enzyme-linked immunosorbent assay (ELISA) against
recombinant HMPV B2FΔTM protein. Variable-heavy and
variable-light chain genes were cloned from oligoclonal B-cell
cultures corresponding to antigen-reactive wells, and specificity
of the cloned antibodies was confirmed by ELISA [12]. Palivizu-
mab (MedImmune) was obtained from the Monroe Carell Jr.
Children’s Hospital at Vanderbilt pharmacy. DS7 is a human
mAb against HMPV F [20]. Expression plasmids encoding
54G10 or DS7 were transfected as described previously [12].

Neutralization Assays
Virus was incubated at room temperature (HMPV) or on ice
(RSV) with 100 µL of antibody diluted in OptiMEM (HMPV)
or EMEM (RSV) for 1 hour. Assays were performed using
2-fold (for HMPV) or 4-fold (for RSV) dilutions of mAb.
Virus-antibody complexes and an untreated control (virus
plus medium) were inoculated onto LLC-MK2 cells (HMPV)
or HEp-2 cells (RSV), adsorbed for 1 hour at room temperature,
overlaid with 0.75% methylcellulose in either OptiMEM with 5
µg/mL trypsin–ethylenediaminetetraacetic acid (HMPV) or
10% EMEM (RSV), incubated at 37°C with 5% CO2 for 4
days (HMPV) or 5 days (RSV), and titered [20, 25]. Serum neu-
tralization assays were similarly performed using 4-fold
dilutions.

Immunofluorescent Assay (IFA)
LLC-MK2 or Hep-2 cells were infected with HMPVA2 or RSV
A2, respectively, at a multiplicity of infection of 1. After 24
hours, cells were fixed and blocked [20]. Cells were incubated
with 54G10 and secondary AlexaFluor 546-conjugated goat
anti-human IgG, both diluted 1:1000 in 5% powdered milk in
PBS-0.05% Tween (PBS-T-milk) for 1 hour at 37°C. Images
were captured using an Axiovert 200 fluorescence microscope
and converted to black and white in Adobe Illustrator CS4.

ELISA
Immulon II-HB plates were coated with 100 ng/well of
B2FΔTM in PBS. Wells were blocked with PBS-T-milk and
then incubated with sera in 2-fold dilutions in PBS-T-milk fol-
lowed by horseradish peroxidase–conjugated goat anti-human
immunoglobulin diluted 1:1000 in PBS-T-milk. All incubations
were performed at room temperature for 1 hour and washed
with PBS-T between steps. Pierce Ultra-TMB was added for
15 minutes, the reaction was stopped with 2 M sulfuric acid,
and absorbance was measured at 450 nm. Two-fold dilutions
of 54G10 were used to create a linear regression formula by
which the 54G10 concentration in animal sera was determined.

Kinetic Analysis
Equilibrium dissociation constant (KD) values were measured
with bio-layer interferometry, using an Octet Red96 instrument
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(ForteBio). Streptavidin biosensors were loaded with biotiny-
lated B2FΔTM at a concentration of 20 ng/µL in PBS for 5 min-
utes. Coated biosensors were blocked for 5 minutes in a 25-ng/
µL solution of biocytin and washed for 5 minutes in PBS. Bio-
sensors were incubated with varying concentrations of 54G10
(0.12 nM–500 nM) for 5 minutes to measure association
(Kon) and were subsequently moved to a buffer-only well for
5 minutes to measure dissociation (Koff ). The KD was calculated
by the ForteBio software.

Animal Experiments
Six-week-old female DBA/2 and BALB/c mice were purchased
from Jackson Laboratories and fed a standard diet and water
ad libitum. Animals were housed in specific-pathogen-free con-
ditions. The Vanderbilt Animal Care Committee approved the
protocol. Animals were anesthetized intraperitoneally with keta-
mine/xylazine before any intranasal administration. Virus (105

plaque-forming units [PFU] for all animal experiments),
drugs, and controls were given in 100-µL volumes [23]. Sera
were collected by submandibular venipuncture before and 24
hours after 54G10 administration. Animals were euthanized
with CO2, and nasal turbinates (NTs) and lungs were harvested
[23]. The LOD was determined by the following formula: mini-
mum detectable PFU/mL × [1/(average weight of processed
specimens/2)]. For histopathologic analysis, the left lower lobe
of the lung was removed and inflated with 10% formalin. Spec-
imens were fixed, paraffin embedded, stained, and analyzed [10].

Generation of MARMs
TN/94-49 was adsorbed onto LLC-MK2 cells in the presence of
5 times the 50% inhibitory concentration (IC50) of 54G10. After
1 hour, fresh medium containing 10 times the IC50 of 54G10
was added. Cells were harvested when syncytia appeared (4–7
days). The supernatant was passed to a fresh monolayer, and
the process was repeated with increasing concentrations of
54G10 (maximum, 15 times the IC50). An in vitro neutraliza-
tion assay was performed to confirm 54G10 resistance, and
the MARM was thrice plaque purified. Last, plaque picks
were placed on a monolayer to grow a stock of purified
MARM. Plaque pick resistance was confirmed.

Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Amplification and Sequencing of MARMs
The F genes of 4 MARMs plaque purified from different parent
wells were amplified by RT-PCR as described elsewhere [24].
PCR reactions were run on a 1% agarose gel, purified using
the Qiaquick Gel Extraction Kit (Qiagen), and sequenced di-
rectly, as well as cloned into pGEM (Promega) and sequenced.
Sequences were analyzed in MacVector12.0.6 (MacVector).

Generation of Mutant F Protein
Soluble B2F protein lacking the transmembrane region and
cytoplasmic domain (B2FΔTM) was generated [12, 20, 26].

Site-directed mutagenesis using the QuikChange II Kit (Agilent
Technologies) was performed to create 3 mutated B2FΔTM pro-
teins containing either a valine to glycine substitution at amino
acid 397, a glutamine to histidine substitution at amino acid
434, or both mutations. Mutations were confirmed by sequenc-
ing. Mutant F proteins were generated and purified from 293-F
cells [12, 20, 26].

Statistical Analysis
For in vitro neutralization assays, the percentage neutralization
for each antibody dilution was calculated with respect to find-
ings for the untreated control. Dilutions were log10 transformed
and analyzed by nonlinear regression with a sigmoidal dose-
response curve to determine the IC50. Virus titer from animal
experiments was log10 transformed. If no virus was detected
by plaque assay, the number representing the LOD was used.
Mean values from each group were analyzed by 1-way analysis
of variance (ANOVA) with post-hoc analysis. P values of <.05
were considered statistically significant. All statistics were per-
formed using Prism 6 (GraphPad).

RESULTS

54G10 Neutralizes HMPV In Vitro
ELISA revealed that human mAb 54G10 bound to the HMPV
B2FΔTM protein (data not shown). To assess neutralization, the
IC50 of 54G10 against HMPV was calculated. 54G10 neutralized
all 4 subgroups of HMPV, with an IC50 of 90 ng/mL for A1, 400
ng/mL for A2, 210 ng/mL for B1, and 60 ng/mL for B2.

54G10 Binds to HMPV F Protein With High Affinity
The affinity of 54G10 to HMPV F protein was determined (Sup-
plementary Figure 1A). 54G10 had a Kon of 1.3 × 106 M−1 s−1

and a Koff of 3.6 × 10−4 s−1, for a KD of 2.7 × 10−10 M. The sub-
nanomolar KD indicates high-affinity binding. Palivizumab, an
RSV F protein–specific mAb, did not bind (Supplementary
Figure 1B).

DBA/2 Mice Are Permissive for HMPV
To establish the kinetics of HMPV infection in DBA/2 mice, an-
imals were infected intranasally with HMPVA2 and euthanized
on multiple days after infection. The titer of HMPV in the NTs
and lungs was determined. In the NTs, replication peaked on
day 2, with a mean titer of 1.8 × 104 PFU/g, and most mice
cleared the virus by day 10 (Figure 1A). In the lungs, virus
titer peaked on day 5, at a mean of 5 × 104 PFU/g (Figure 1B),
and was cleared by day 10. No significant weight change was
noted (data not shown).

To assess the replication of all HMPV subgroups, mice were
infected with each HMPV subgroup and euthanized on day
5. For all subgroups, virus titer was at least 10-fold above the
LOD in the NTs (Figure 1C) and >100-fold higher than the

218 • JID 2015:211 (15 January) • Schuster et al

http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu307/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu307/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu307/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu307/-/DC1


LOD in the lungs (Figure 1D), demonstrating that DBA/2 mice
are permissive for all 4 HMPV subgroups. Increasing virus in-
oculum did not increase virus titer or cause weight loss (data not
shown). Histopathologic analysis of lungs obtained from
HMPV-infected mice at multiple time points revealed a mono-
nuclear infiltrate with peribronchiolitis and perivasculitis,
compared with PBS-inoculated mice (Figure 2A). T-cell
infiltrates peaked on day 7, with a perivascular distribution
(Figure 2B).

54G10 Is Effective Prophylactically Against HMPV
DBA/2 mice were inoculated intraperitoneally with 54G10, PBS,
or palivizumab, an RSV F protein–specific isotype control mAb.
Twenty-four hours later, mice were infected with HMPV A2
and euthanized on day 5 to measure peak virus titer. The
NTs of mice that received prophylaxis with 54G10 had no sig-
nificant decrease in titer, compared with mice that received PBS
or palivizumab (Figure 3A). The lungs of mice that received
54G10 prophylaxis had a significant reduction in titer, com-
pared with control mice. Mice that received 0.2 mg/kg of
54G10 had >2-log10 decrease in virus, and at doses of 0.6 mg/
kg 54G10 decreased the lung titer >1000-fold (P < .001; Fig-
ure 3B). This dose yielded a mean serum 54G10 concentration
(±standard error of the mean) of 12.2 ± 0.1 µg/mL at the time of

infection. Sera from treated mice also neutralized HMPVA2 in
vitro at a similar IC50 (550 ng/mL) to purified 54G10. In mice
infected with HMPV 1 week after receiving prophylaxis, a
54G10 dose of 0.6 mg/kg retained protective efficacy (Supple-
mentary Figure 2A and 2B).

To test the efficacy of 54G10 against the remaining HMPV
subgroups, mice were inoculated intraperitoneally with either
0.6 mg/kg of 54G10 or isotype control mAb and infected with
HMPVA1, B1, or B2 1 day later. Mice that received 54G10 pro-
phylaxis had a 1-log10 decrease in B2 virus titer in the NTs,
compared with control mice (P = .01). Mice infected with A1
and B1 did not have a significant change in the NT virus titer
(Figure 3C). In the lungs, virus was at or below the LOD in mice
that received 54G10 prophylaxis, a significant decrease from
findings for control mice (P < .001; Figure 3D). 54G10 also di-
minished lung inflammation. Mice that received 54G10 pro-
phylaxis had decreased airway disease with preservation of the
airway spaces on day 7, compared with control mice (Figure 3E ).
CD3+ staining demonstrated no significant difference in T-cell
infiltrates (data not shown).

54G10 Is Effective Therapeutically Against HMPV
Mice were infected with HMPVA2 and treated intranasally with
PBS, palivizumab, or 54G10 on day 3 after infection. Animals

Figure 1. Replication kinetics of human metapneumovirus (HMPV) in the DBA/2 mouse. HMPVA2 virus titer peaks on day 2 in the nasal turbinates (NTs;
A) and on day 5 in the lungs (B). DBA/2 mice are permissive for all 4 HMPV subgroups in the NTs (C) and lungs (D). Dashed lower lines represent the limit of
detection. Solid lines within groups represent mean values. Abbreviation: PFU, plaque-forming unit.
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were euthanized on day 5 to determine the therapeutic efficacy
of 54G10 on peak virus titer. Mice treated with a high concen-
tration of 54G10 or palivizumab had a minimal nonspecific de-
crease in virus titer in NTs (Figure 4A). The lungs of mice that
received 0.01 mg/kg of 54G10 had a modest decrease in virus
titer, and at doses of ≥0.5 mg/kg, virus was below the LOD
(P < .001; Figure 4B). Since mAbs are administered to humans
parenterally rather than via the respiratory tract, we determined
the therapeutic efficacy of intraperitoneally administered
54G10. When 54G10 was administered intraperitoneally in
the therapeutic model, NT virus titer was unchanged (Fig-
ure 4C), but lung virus titer was significantly decreased
(P < .001; Figure 4D).

MARMs Identify the Epitope of 54G10
MARMs were generated by passage of HMPVA2 in increasing
54G10 concentrations. The MARM was not neutralized by 10
times the IC50 of 54G10 for the parent strain; the IC50 of
54G10 for the MARM was >100 µg/mL (Figure 5A). The F pro-
teins of 4 plaque-purified clones were sequenced and compared
to that of the parent virus. All 4 MARMs contained 2 mutations:
a valine to glycine substitution at amino acid 397 and a gluta-
mine to histidine substitution at amino acid 434 (Figure 5B).
These mutations were not present in the HMPV subgroups
used in these experiments.

We generated F proteins containing V397G, Q434H, and
V397G/Q434H mutations and assessed the binding affinity of
54G10 to these mutated proteins (Supplementary Table 1).
The Koff of 54G10 to B2FΔTM-V397G was decreased, com-
pared with wild type, yielding a 1-log10 decrease in the KD

(4.1 × 10−9 M). B2FΔTM-V397G/Q434H had similar charac-
teristics to B2FΔTM-V397G, while B2FΔTM-Q434H had
rates that closely approximated that of the wild-type protein.
These data suggest that the primary binding epitope of 54G10
is near amino acid 397.

54G10 Exhibits Neutralizing Activity Against RSV
The putative 54G10 epitope on HMPV F is similar to antigenic
site IV on RSV F protein [22], suggesting that 54G10 may also
neutralize RSV. IFA revealed that 54G10 bound to RSV A2
(Figure 6A). DS7, a human mAb against HMPV F, did not
bind to RSVA2 (data not shown). We performed in vitro neu-
tralization assays to determine the IC50 of 54G10 for RSV A2
and compared the efficacy with palivizumab, a potent RSV
mAb, and DS7 (Figure 6B). 54G10 neutralized RSV A2, with
an IC50 of 14.2 µg/mL. The IC50 of palivizumab was 2.4 µg/mL,
and DS7 did not neutralize RSVA2.

To assess the in vivo efficacy of 54G10 against RSV, BALB/c
mice received intraperitoneal prophylaxis with PBS, 5 mg/kg
DS7, or 1 mg/kg 54G10. Mice were infected with RSV A2 24
hours later and were euthanized on day 5, when the virus
titer in BALB/c mice peaked [25].Virus titer in the NTs was un-
changed (data not shown). Lung virus titer was significantly
decreased in mice that received 54G10 prophylaxis, compared
with control mice (P < .001; Figure 6C). 54G10 also demonstrat-
ed therapeutic efficacy against RSV. When administered intra-
peritoneally 2 days after RSV infection, 54G10 demonstrated
therapeutic efficacy in the lungs, reducing the RSV titer on
day 5 >100-fold (Figure 6D).

We tested whether 54G10’s efficacy could be due to ex vivo
neutralization during tissue processing by combining equal
amounts of lung homogenate from 54G10-treated and mock-
treated mice in both HMPV and RSV models. Plaque assay
demonstrated a dilutional effect without evidence of further
neutralization.

Figure 2. Pulmonary histopathologic findings from DBA/2 mice infected
with human metapneumovirus. A, Hematoxylin-eosin–stained specimens
depict a mononuclear infiltrate with bronchiolitis and perivascular inflam-
mation. B, CD3+ stained specimens demonstrate peak T-cell infiltrates 7
days after infection (arrow). Images are 40× the original magnification.
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DISCUSSION

We describe a highly efficacious HMPV mAb, with activity
against RSV, in a new mouse model. HMPV A subgroups are
used in established murine models [10, 21, 23, 27], while the B
subgroups replicate poorly in both murine and larger animal
models [28, 29]. Thus, the capacity to test prophylactic or

therapeutic interventions against B subgroup viruses has been
lacking, even though B subgroup human infections are com-
mon [6]. A limitation of our model is that mice did not demon-
strate overt signs of illness, but this is common in other HMPV
rodent models [23, 30]. Pulmonary histopathologic findings ap-
proximate those in animal models [10, 31] and humans [32].
The DBA/2 mouse is a cost-effective, permissive small animal

Figure 3. Prophylactic efficacy of 54G10 in mice. A, Prophylactic 54G10 does not decrease virus titer in the nasal turbinates (NTs) of human metapneu-
movirus (HMPV) A2–infected mice, compared with control. B, Prophylactic 54G10 decreases peak virus titer in the lungs of HMPV A2–infected mice
(***P < .001). C, 54G10 prophylaxis decreases virus titer in the NTs of mice infected with HMPV B2 (**P = .01). D, All mice that received 54G10 prophylaxis
had a decrease in lung titer, regardless of the HMPV subgroup (***P < .001). Virus titer was log10 transformed and analyzed by the Student t test, with 3–5
mice per group. E, Pulmonary histopathologic findings by hematoxylin-eosin staining on day 7 of mice that received 54G10 prophylaxis and were infected
with HMPVA2 demonstrate preservation of airway spaces. Images are 100× the original magnification. Abbreviations: PBS, phosphate-buffered saline; PFU,
plaque-forming unit.
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model for all HMPV subgroups and has significant utility in
vaccine and therapeutic studies.

54G10 exhibited potent neutralization, with an IC50 in the
nanograms/milliliter range against all 4 HMPV subgroups.
The IC50 is lower than that of previously reported human
mAbs against HMPV F protein and comparable to that of mu-
rine mAbs [19, 20]. Although the F protein is highly conserved,
mAbs targeting HMPV F protein do not always neutralize all
subgroups [19, 20]. Given the variability in subgroup circula-
tion, an effective mAb must have broad neutralizing properties
[6, 33, 34]. 54G10’s efficacy is likely related to its high affinity to
HMPV F protein.

Prophylactic 54G10 was highly effective at decreasing viral
replication at doses of 0.6 mg/kg, a dose lower than other pro-
phylactic models [21, 35, 36]. Although 54G10 prophylaxis led
to preservation of the alveolar spaces, CD3+ cells were observed,

indicating that a T-cell response and, likely, development of
memory CD8+ cells occurred. Previous studies have demon-
strated that T-cell immunity develops in the presence of neu-
tralizing antibodies [37, 38]. Therefore, passive immunization
would not be expected to prevent the development of immune
memory, which is also important for protection.

The utility of mAbs for the treatment of infectious diseases
has been less successful than prophylaxis. Palivizumab was in-
effective at treating RSV in a mouse model, although motavizu-
mab, an RSV F protein mAb, reduced virus titer at high doses
[36]. Similarly, high doses of HMPV mAb have been used in
mice, with limited success [21]. Smaller doses were effective
when administered intranasally; however, intranasal adminis-
tration is not practical in humans [20]. Our data demonstrates
that 54G10 has therapeutic efficacy both intranasally and
systemically.

Figure 4. Therapeutic efficacy of 54G10 in mice. A, Mice treated with inhaled 54G10 on day 3 after infection with human metapneumovirus (HMPV) A2
did not have a significant decrease in virus titer, compared with those that received isotype control antibody. A nonspecific decrease in virus titer was noted
after treatment using any monoclonal antibody (*P < .05). Virus titer was log10 transformed and analyzed by analysis of variance with the post-hoc Tukey
multiple comparisons test. B, In the lungs, virus titer decreases below the limit of detection in mice treated with 54G10 (***P < .001 for all 54G10 groups,
compared with the group that received phosphate-buffered saline [PBS]). Intraperitoneal 54G10 yields a similar reduction in viral titer in the nasal turbinates
(C) and lungs (D; *P < .05 and ***P < .001). Virus titer was log10 transformed and analyzed by analysis of variance with the post-hoc Dunnett multiple
comparisons test. Abbreviations: NS, not significant; PFU, plaque-forming unit.
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Development of MARMs identified 2 mutations. Although
mutation Q434H did not significantly change 54G10 affinity,
mutation V397G resulted in a 1-log10 decrease in the KD, sug-
gesting that this is the primary epitope. This mutation maps to
HMPV antigenic site 5-6 [39]. Previous mAbs binding in this
region had limited efficacy in vitro, including the inability to
neutralize all 4 subgroups [19]. Therefore, 54G10 binds to
HMPV F protein at a unique epitope. Neither mutation was
present in 81 other HMPV isolates worldwide, suggesting that
the epitope is conserved among HMPV strains [40]. 54G10 did
not inhibit HMPV binding or hemi-fusion (data not shown).

The F proteins of HMPV and RSV are immunogenic [12, 41],
and broadly neutralizing antibodies specific for each virus have
been identified [19, 42]. Despite 33% amino acid similarity be-
tween proteins [43], cross-neutralization of both viruses was
thought to not occur [44]. Recently, human mAb MPE8, with
in vitro efficacy against all subgroups of RSV and HMPV, was
identified from screening 114 000 B cells [45]. The putative epi-
tope of MPE8 is accessible only on the prefusion RSV F protein.
This region is not near the mutations in 54G10 MARMs, sug-
gesting multiple conserved epitopes among pneumoviruses. We
postulate that the 54G10 epitope is present in both the pre- and

Figure 5. Human metapneumovirus (HMPV) 54G10 monoclonal anti-
body–resistant mutant (MARM). A, The 50% inhibitory concentration of
54G10 for the HMPV MARM is >100 µg/mL. Bars represent the standard
error of the mean from 2 independent experiments performed in triplicate.
B, The escape mutant sequence has a valine to glycine mutation at amino
acid 397 and a glutamine to histidine mutation at amino acid 434. Muta-
tions are not present in other HMPV sequences.

Figure 6. 54G10 neutralization of respiratory syncytial virus (RSV).A, 54G10 binds to RSV, as revealed by immunofluorescent assay. B, 54G10 neutralizes RSV in
vitro. Brackets represent the standard error of the mean. Palivizumab neutralizes RSV, but DS7 does not. C, Prophylactic 54G10 decreases virus titer in the lungs,
compared with control (***P < .001). D, Therapeutic 54G10 decreases lung virus titer, compared with control (***P < .001). Virus titer was log10 transformed and
analyzed by analysis of variance with the post-hoc Dunnett multiple comparisons test. Abbreviations: mAb, monoclonal antibody; PFU, plaque-forming unit.
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postfusion states, based on the analogous RSV epitope [46].
Analysis of 63 RSV strains demonstrate that the epitope is a
conserved region.

Monoclonal antibodies have great potential for clinical use in
infectious diseases. Palivizumab decreases hospitalization rates
from RSV in high-risk infants [15]; however, few data support
its therapeutic use [35, 47]. Our data suggest that 54G10 may
have therapeutic utility. One concern in using chimeric and
humanized mAbs is immunogenicity and development of side
effects [16, 48]. 54G10 is a fully human mAb, which likely
would induce less host immunogenicity than mAbs with
murine regions.

In addition to passive immunity and therapy, mAbs have
other medical implications. Structural vaccine design based
on a potent epitope has been used to elicit broadly neutralizing
antibodies for other viruses [49, 50]. Structural characterization
of 54G10’s epitope could guide HMPV vaccine development.
Moreover, a structurally conserved epitope between HMPV
and RSV would be a highly effective vaccine target against lead-
ing causes of pediatric and adult respiratory disease.

In summary, 54G10 is a human mAb with subnanomolar af-
finity for the HMPV F protein, broad neutralizing capacity, and
in vivo prophylactic and therapeutic efficacy against HMPV and
RSV. Further studies are needed in other animal models and to
define this conserved epitope among pneumoviruses, which
should be considered as a target for both passive immunity,
as well as vaccine design.
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