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ABSTRACT Human metapneumovirus (hMPV) is a leading cause of viral lower respira-
tory tract infection in children. The sole target of neutralizing antibodies targeting hMPV
is the fusion (F) protein, a class I viral fusion protein mediating virus-cell membrane fu-
sion. There have been several monoclonal antibodies (mAbs) isolated that neutralize
hMPV; however, determining the antigenic sites on the hMPV F protein mediating such
neutralizing antibody generation would assist efforts for effective vaccine design. In this
report, the isolation and characterization of four new human mAbs, termed MPV196,
MPV201, MPV314, and MPV364, are described. Among the four mAbs, MPV364 was
found to be the most potent neutralizing mAb in vitro. Binding studies with monomeric
and trimeric hMPV F revealed that MPV364 had the weakest binding affinity for mono-
meric hMPV F compared to the other three mAbs, yet binding experiments with trimeric
hMPV F showed limited differences in binding affinity, suggesting that MPV364 targets
an antigenic site incorporating two protomers. Epitope binning studies showed that
MPV364 targets antigenic site III on the hMPV F protein and competes for binding with
previously discovered mAbs MPE8 and 25P13, both of which cross-react with the respi-
ratory syncytial virus (RSV) F protein. However, MPV364 does not cross-react with the
RSV F protein, and the competition profile suggests that it binds to the hMPV F protein
in a binding pose slightly shifted from mAbs MPE8 and 25P13. MPV364 was further as-
sessed in vivo and was shown to substantially reduce viral replication in the lungs of
BALB/c mice. Overall, these data reveal a new binding region near antigenic site III of
the hMPV F protein that elicits potent neutralizing hMPV F-specific mAbs and provide a
new panel of neutralizing mAbs that are candidates for therapeutic development.

IMPORTANCE Recent progress in understanding the human immune response to respi-
ratory syncytial virus has paved the way for new vaccine antigens and therapeutics to
prevent and treat disease. Progress toward understanding the immune response to hu-
man metapneumovirus (hMPV) has lagged behind, although hMPV is a leading cause of
lower respiratory tract infection in children. In this report, we advanced the field by iso-
lating a panel of human mAbs to the hMPV F protein. One potent neutralizing mAb,
MPV364, targets antigenic site III on the hMPV F protein and incorporates two protom-
ers into its epitope yet is unique from previously discovered site III mAbs, as it does not
cross-react with the RSV F protein. We further examined MPV364 in vivo and found that
it limits viral replication in BALB/c mice. Altogether, these data provide new mAb candi-
dates for therapeutic development and provide insights into hMPV vaccine develop-
ment.
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Human metapneumovirus (hMPV) is a significant respiratory pathogen and is a
member of the order Mononegavirales and the Pneumoviridae family of viruses,

which also includes respiratory syncytial virus (RSV). The members of this family are
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single-stranded, nonsegmented, negative-sense RNA viruses and have similar life cycles
(1). Infants and the elderly are the major groups for which hMPV infection may require
hospitalization (2–6). In addition, hMPV infection is frequent in immunocompromised
patients, including lung transplant (7) and hematopoietic stem cell transplant (8–11)
recipients, with several deaths associated with viral infection (8–10). hMPV is a signif-
icant cause of febrile respiratory illness in HIV-infected patients (12) and has an
increased incidence in several HIV-infected age groups (13). hMPV has also been linked
to exacerbations of chronic obstructive pulmonary disease (14). hMPV was initially
identified in 2001 (15), and the clinical features of hMPV infection display as mid- to
upper respiratory tract infection and can be severe enough to cause life-threatening
bronchiolitis and pneumonia. A nursing home outbreak of hMPV demonstrates the
need for effective vaccines and therapeutics in the elderly (16). There are no licensed
vaccines to protect against hMPV, but several candidates have been examined in
animal models, including live-attenuated viruses, recombinant viruses, vectored vac-
cines, and recombinant surface proteins (17). Currently, only one vaccine has been
tested in clinical trials (ClinicalTrials.gov identifier NCT01255410); however, results of
the trial are not yet available.

The hMPV genome consists of approximately 13,000 nucleotides, with eight genes
encoding nine proteins, three of which are surface glycoproteins: the small hydropho-
bic (SH), attachment (G), and fusion (F) proteins. The hMPV F protein is the sole target
of the neutralizing antibody response to hMPV (18). This is in contrast to RSV, where
both the RSV G and RSV F proteins elicit neutralizing antibodies (19). The RSV/hMPV F
proteins also demonstrate a high degree of conservation between the A and B virus
genotypes, a key advantage for developing broadly reactive vaccines and therapeutics
(20). The RSV and hMPV F proteins mediate membrane fusion between the virus and
host cell membranes; however, the exact mechanism of membrane fusion for RSV and
hMPV has yet to be determined. Similar to RSV, hMPV can mediate infection in the
absence of the hMPV G protein in vitro, although such viruses are attenuated in vivo
(21). The hMPV F protein has an RGD motif hypothesized to interact with �5�1 integrins
(22), and heparan sulfate has also been shown to play a potential role in hMPV F
protein-mediated attachment (23).

The hMPV F protein is a trimeric, class I viral fusion protein that is initially synthe-
sized as a precursor monomer (F0) that homotrimerizes after proteolytic cleavage into
a metastable prefusion conformation. Crystal structures of both conformations of the
hMPV F protein have been determined by protein expression in CV-1 cells (24, 25). The
hMPV prefusion and postfusion F proteins have been shown to elicit similar antibody
responses (24), unlike the RSV F protein (26) and the related parainfluenza virus F
proteins (27), where prefusion-elicited antibodies are more abundant and potently
neutralizing. Importantly, the hMPV F protein is cleaved by different intracellular
enzymes than RSV F (28), and in some strains, low pH is required to activate the fusion
mechanism (28). hMPV can fuse with host cells at either the cell membrane or the
endosomal membrane (29).

Neutralizing regions in the hMPV F protein have been determined via monoclonal
antibody (mAb)-resistant mutant selection using mAbs derived from immunization of
Armenian hamsters (18) and BALB/c mice (30). A human mAb, DS7, derived from a
phage display library has been discovered (31) and was cocrystallized with a fragment
of prefusion hMPV F (32). As RSV F and hMPV F proteins share approximately 30%
sequence homology, it is not surprising that mAbs that neutralize both viruses have
been isolated (33–36). mAb 54G10 binds near antigenic site IV on the RSV F protein and
reduces lung titers of hMPV and RSV in vivo (34). The crystal structure of MPE8 (33) in
complex with the RSV F protein has been determined and has a similar binding profile
as mAb 25P13 (35). Another human mAb isolated is 17E10, which targets antigenic site
IV with a binding pose facilitating cross-reactivity between RSV and hMPV F proteins
(36). While several mouse and a few human mAbs that target the hMPV F protein have
been isolated, the major antigenic sites on the hMPV F protein and the antibodies
elicited in response to hMPV infection are unclear. To advance the field, four new
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neutralizing human mAbs to the hMPV F protein were isolated in an effort to inform the
human antibody response to natural hMPV infection.

RESULTS
Analysis of recombinant hMPV F protein in HEK293F cells. Similar to the RSV F

protein, the hMPV F protein is translated as a single-chain protein (F0) that is cleaved
into two fragments (F1 and F2), which are joined at disulfide bridges before transport
to the cellular membrane. While the RSV F protein is cleaved at two positions by furin
to release a small protein fragment, the hMPV F protein contains one cleavage site that
is cleaved by a yet-to-be-determined intracellular protease (28). The hMPV F protein can
be cleaved by trypsin in vitro, which has been utilized for virus growth and neutraliza-
tion assays. Three constructs of recombinant hMPV F protein have been previously
reported for use in crystallization studies (24, 25, 32). These include (i) hMPV B2 F (strain
TN/99-419) linked to a GCN4 trimerization domain (hMPV B2 F-GCN4), where a partial
fragment of monomeric hMPV B2 F-GCN4 protein in the prefusion conformation bound
to the neutralizing mAb DS7 has been determined (32); (ii) hMPV A1 F (strain NL/1/00)
linked to a foldon trimerization domain with a modified cleavage site (hMPV F furin
ΔFP), which led to structural determination of hMPV F in the postfusion conformation
(25); and (iii) hMPV A1 F (strain NL/1/00) linked to a foldon trimerization domain and
containing a modified cleavage site and an A185P mutation in the �4-�5 hinge region
(hMPV 115-BV), which facilitated determination of hMPV F in the prefusion conforma-
tion (24). hMPV B2 F-GCN4 was expressed in HEK293F cells and was reported to be
trimeric and stable enough in the prefusion conformation for Fab-F protein complex
formation visible by negative-stain electron microscopy (EM), size exclusion chroma-
tography, and X-ray crystallography. Furthermore, heating of hMPV B2 F-GCN4 led to a
transition from the prefusion to the postfusion conformation (32). hMPV F furin ΔFP and
hMPV 115-BV were expressed in CV-1 cells using a vaccinia virus expression system. The
hMPV F protein cleavage site in hMPV F furin ΔFP and hMPV 115-BV was replaced with
the furin cleavage site of the RSV F protein. For these constructs, the addition of a
trimerization domain facilitated protein trimerization, and coexpression with furin
further enhanced the homogeneity of the protein in the postfusion conformation. In
the studies presented here, we utilized several recombinant hMPV F proteins, described
in Table 1, based on previously reported constructs. For antibody isolation, four
subgroups of the hMPV F protein were expressed in HEK293F cells (hMPV A1, A2, B1,
and B2 F), the constructs contained a trimerization domain, and the cleavage site was
replaced by the furin cleavage site from the RSV F protein as previously described for
the postfusion hMPV F protein (25). All four proteins were expressed well in HEK293F
cells, at quantities of at least 1 mg protein/liter of culture volume. Although the proteins
contained a trimerization domain and a furin cleavage site that is suitable for cleavage
and trimerization of the RSV F protein in HEK293F cells (37), monomeric protein was
observed after purification and analysis by size exclusion chromatography (Fig. 1A). This
is in contrast to expression in CV-1 cells, where expression of the hMPV F protein with
a trimerization domain in the absence of coexpressed furin facilitated protein trim-
erization (25). As the majority of antigenic sites likely reside on each monomer of the
hMPV F protein, this protein was utilized for subsequent antibody isolation and binding
studies. To obtain trimeric postfusion hMPV F protein, a previously described method-

TABLE 1 Properties of hMPV F recombinant protein constructs

Construct Subgroup Strain Size
Trimerization
domain

hMPV A1 F A1 NL/1/00 Monomer Foldon
hMPV A2 F A2 NL/17/00 Monomer Foldon
hMPV B1 F B1 NL/1/99 Monomer Foldon
hMPV B2 F B2 NL/1/94 Monomer Foldon
hMPV A1 F (trypsin) A1 NL/1/00 Trimer Foldon
hMPV B2 F-GCN4 B2 TN/99-419 Trimer GCN4
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ology was utilized whereby the protein is incubated with trypsin to induce cleavage
and subsequent trimerization (25). Indeed, upon trypsin cleavage of hMPV A1 F and
hMPV B2 F proteins, a shift in the size exclusion chromatography profile was observed
for both proteins, indicating that the proteins had trimerized (Fig. 1A). Further analysis
of hMPV A1 F (trypsin) protein by negative-stain electron microscopy revealed a
homogeneous population resembling the postfusion conformation of the hMPV F
protein (Fig. 1B and C). Recombinant expression of hMPV B2 F-GCN4 produced trimeric
hMPV F (Fig. 1A), which resembled the prefusion conformation (Fig. 1B and D) by
negative-stain EM analysis, as previously described (32). Upon heating the hMPV B2
F-GCN4 protein, a transition to the postfusion conformation was observed (Fig. 1B and
E) based on negative-stain EM analysis as previously described (32). Several rosettes
were observed in the heated sample, likely due to aggregation of postfusion hMPV F
around the hydrophobic fusion peptide (Fig. 1E).

Isolation of human mAbs. Previous reports have described that the majority of
antibodies found in human serum bind both prefusion and postfusion hMPV F proteins
(24). This is in contrast to those antibodies binding the RSV F protein, whereby the
preponderance of antibodies in sera are prefusion specific (38). In order to expand the
knowledge on the human antibody response to the hMPV F protein, four new human
mAbs targeting the hMPV F protein were isolated. The majority of individuals are
seropositive for hMPV by 5 years of age (39); therefore, healthy donors were recruited
for blood draws and subsequent mAb isolation. A high frequency of hMPV F-specific B
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cells against hMPV B2 F protein was observed from a 19-year-old female (Fig. 1F), and
cells from this donor were used in subsequent mAb isolation experiments. B cells from
cultures producing antibodies reactive to the hMPV B2 F protein were used to generate
stable hybridoma cell lines (40). Hybridoma populations were biologically cloned by
single-cell flow cytometric sorting and expanded stepwise before being grown in
serum-free medium for antibody purification. Four new mAbs were isolated, MPV196,
MPV201, MPV314, and MPV364, and isotyping analysis was completed for each mAb. All
four antibodies were of the IgG1 isotype. mAbs MPV201 and MPV314 contain kappa
light chains, while mAbs MPV364 and MPV196 utilize lambda light chains.

Binding and neutralization characteristics of hMPV F-specific human mAbs.
Previously isolated mouse mAbs to the hMPV F protein were shown to neutralize the
virus and protect against viral replication in vivo; however, the majority of the mAbs did
not neutralize across subgroups (30). In contrast, the limited number of human mAbs
isolated that were shown to neutralize both RSV and hMPV show broad activity across
hMPV subgroups (33–36). To determine the breadth of binding of the isolated human
mAbs, binding was examined by an enzyme-linked immunosorbent assay (ELISA) for
monomeric hMPV F protein from each of the four subgroups of hMPV F as well as the
trimeric hMPV A1 F protein isolated following trypsin cleavage and trimeric hMPV B2
F-GCN4 (Fig. 2). Two control mAbs previously discovered to cross-react between RSV F
and hMPV F proteins were included, the humanized mouse mAb 101F (41) and the
human mAb MPE8 (33). The epitope for 101F is known to include a conserved GIIK
motif on both the RSV F and hMPV F proteins (25) and is shared by the site IV
cross-reactive mAb 17E10 (36). Notably, MPE8 is prefusion F protein specific and binds
to an antigenic site across two protomers of RSV F (and likely hMPV F) (24, 33). As
expected, MPE8 showed no binding to the monomeric hMPV F protein constructs or to
trimeric hMPV A1 F (trypsin), which is in the postfusion conformation (Fig. 1B and C).
MPE8 showed binding to RSV F SC-TM, as expected, yet showed limited binding to
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hMPV B2 F-GCN4, suggesting that the protein does not completely recapitulate the
antigenic sites on prefusion hMPV F, although it resembles prefusion hMPV F by
negative-stain EM. mAb 101F showed binding to all constructs of hMPV F and to RSV
F single-chain triple mutants (SC-TMs), as the epitope for 101F at antigenic site IV
completely resides on a single protomer of hMPV F and RSV F (36).

All four newly discovered mAbs bound to monomeric hMPV F proteins from each of
the four hMPV F protein subgroups, and none of the four mAbs showed cross-reactivity
with the prefusion RSV F protein A2 SC-TM (42). mAbs MPV196, MPV314, and MPV201
showed equivalent binding to monomeric hMPV F proteins, while MPV364 binding was
lower based on the 50% effective concentration (EC50) determined by an ELISA,
suggesting that the affinity for MPV364 is lower for monomeric hMPV F protein
(Fig. 2A). The lower binding of MPV364 was abrogated when binding to the trimeric
hMPV F constructs hMPV A1 F (trypsin) and hMPV B2 F-GCN4, suggesting that the full
epitope for MPV364 incorporates two protomers of the hMPV F protein. To confirm
these results, we performed affinity studies via biolayer interferometry incorporating
monomeric hMPV B2 F and trimeric hMPV B2 F-GCN4 (Fig. 3). First, MPV364, MPV196,
and MPV314 were cleaved to Fab fragments by papain digestion, and affinity studies
were performed against hMPV B2 F (Fig. 3A). MPV364 has a 10-fold-higher KD (equi-
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librium dissociation constant) than MPV196 and MPV314 for hMPV B2 F, which is
primarily due to a slower on rate of the MPV364 Fab for the hMPV F protein. Next,
binding of the three Fabs to trimeric hMPV B2 F-GCN4 was assessed (Fig. 3B). Limited
dissociation was observed when incorporating trimeric hMPV B2 F-GCN4, so a KD could
not be determined. However, the differences between the Kon (second-order rate
constant of the binding reaction) rates of MPV364 and those of MPV196 and MPV314
were much less pronounced, with MPV364 and MPV314 having nearly identical Kon

rates, further supporting our hypothesis that the full epitope for MPV364 incorporates
an antigenic site incorporating two protomers. The Kon rates of full-length IgG mole-
cules of MPV364, MPV196, and MPV314 binding to trimeric hMPV B2 F-GCN4 were also
assessed, and similar results were obtained as for binding of Fabs to hMPV B2 F-GCN4
(Fig. 3C).

To determine if the isolated mAbs neutralize hMPV infection, plaque neutralization
assays were performed using immunostaining for plaque visualization (Fig. 4). mAbs
were tested for neutralization against hMPV CAN/97-83 and hMPV TN/93-32, which are
representative of the A and B genotypes, respectively. All four mAbs neutralized both
genotypes of hMPV and overall neutralized MPV CAN/87-83 slightly better. MPV364 was
the most potent neutralizing mAb, with 50% inhibitory concentration (IC50) values of 8
and 18 ng/ml for MPV CAN/97-83 and MPV TN/93-32, respectively. The IC50 is at least
1 log lower than those of the other three mAbs for the MPV TN/93-32 strain, suggesting
that MPV364 better inhibits the fusogenic activity of hMPV F or blocks hMPV F attachment
more efficiently. These data led to experiments to probe the antigenic regions targeted by
each mAb to determine if the epitope was important for neutralization potency. This
has been previously shown for the RSV F protein, whereby prefusion F protein-specific
mAbs D25 (26) and hRSV90 (43) exhibit greater neutralizing activity than mAbs that
bind both prefusion and postfusion F protein conformations.

Epitope determination of the newly isolated mAbs. To determine the antigenic
site targeted by each isolated human mAb, epitope binning was performed, where
antibodies are tested in a pairwise combinatorial manner for those that compete for the
same binding region, which are then grouped together into bins using the Octe-
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tRED384 system. Previously discovered human mAbs were utilized to identify the
general antigenic regions on the hMPV F protein. The hMPV/RSV cross-reactive human-
ized mouse mAb 101F (41, 44) was used to identify antigenic site IV, and the cross-
reactive human mAbs MPE8 (33) and 25P13 (35) were used to identify antigenic site III.
The previously discovered mAb DS7 (32) was also incorporated, which was derived
from a human phage display library. Each mAb was competed for binding against itself
and other mAbs in the group. Anti-penta-His biosensors were loaded with the hMPV F
protein, after which mAbs were loaded as either the first or second mAb in different
experiments. Although MPE8 did not show substantial binding to the hMPV F protein
by an ELISA, significant binding was observed via biolayer interferometry at a concen-
tration of 100 �g/ml, suggesting that the MPE8 epitope is at least partially conserved
in the postfusion conformation of the hMPV F protein. The mAbs were observed to fall
into three groups (Fig. 5A). mAbs MPV201, MPV314, and MPV196 all competed primarily
with mAb DS7 and partially with MPE8 and 25P13 at antigenic site III. Antigenic site III
lies in close proximity to the DS7 antigenic site, and mAbs 25P13 and DS7 show partial
competition. mAb MPV364 instead competes primarily with mAbs MPE8 and 25P13 at
antigenic site III. While mAbs MPE8 and 25P13 partially compete with mAbs MPV196,
MPV201, and MPV314, MPV364 shows no competition with these mAbs except one-
directionally on the hMPV A1 F protein. The crystal structure of MPE8 in complex with
the RSV F protein was recently determined (35). Based on a structural overlay of the
prefusion RSV and hMPV F proteins, MPV364 likely binds in a slightly altered angle
compared to MPE8, shifting away from the DS7 site (Fig. 5B). Both MPE8 and 25P13 are
cross-reactive between hMPV and RSV F proteins; however, no such cross-reactivity was
observed for MPV364. It is therefore surmised that the altered binding pose of MPV364
reduces the cross-reactivity with RSV F, instead binding at a nearby antigenic site, which
is termed here antigenic site IIIa.

Sequence determinants of the hMPV F-specific mAbs. To identify the sequence
determinants of the newly isolated mAbs, we performed hybridoma RNA isolation
followed by reverse transcription-PCR (RT-PCR) of the variable regions. IMGT/V-Quest
predictions for each mAb compared to previously discovered mAbs are shown in Table
2. All four of the mAbs utilize newly discovered hMPV F-specific V genes, and MPV201
and MPV314 are closely related due to their shared VH and VL gene usage. MPV196,
MPV201, and MPV314 bind near DS7 yet utilize a unique V gene compared to DS7,
which suggests that the DS7 epitope can stimulate B cell receptors from at least three
V genes. MPV364 utilizes VH1-3, JH5, and DH2-8 genes for the heavy chain and VL3-21
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and JL1 genes for the light chain. Both heavy and light chain V regions are heavily
mutated, with percent identity to the respective VH genes being 91.67% and to VL
being 90.32%, which is generally consistent with the hypothesis that a higher somatic
mutation rate leads to higher neutralizing activity, as MPV364 exhibits the most potent
neutralizing activity. These data suggest that MPV364 is the result of multiple hMPV
infections in this particular donor. Previously discovered antigenic site III-targeting
human mAbs isolated against RSV, which also cross-react with hMPV, utilize VH3-21,
VH1-46, VH3-11, and VH1-69 (33, 35, 45). The sequence of MPV364 provides a new V
gene in an antibody sequence that can recognize antigenic site III of the hMPV F
protein and does not provide cross-reactivity with the RSV F protein.

mAb MPV364 reduces viral replication hMPV in vivo. As MPV364 exhibits potent
neutralizing activity in vitro, mAb efficacy was determined in vivo when administered
before hMPV infection. Prophylactic administration of palivizumab is recommended for
infants at high risk of RSV infection (46), and a similar therapeutic strategy could be
utilized for hMPV. MPV364 is a fully human antibody and would likely not require
extensive optimization to reduce immunogenicity in human patients. For these studies,
BALB/c mice were utilized, as these animals were previously shown to be susceptible to
hMPV replication (47–49). One day before hMPV infection, mice were treated with
10 mg/kg of body weight of MPV364, and three additional groups were included as
controls: an uninfected group, a phosphate-buffered saline (PBS)-treated group, and a
group treated with an IgG1 isotype control non-hMPV-specific mAb, P19F80. After
treatment, mice were infected the next day and sacrificed on day 5. Protection from
hMPV infection is likely mediated by the Fab region of MPV364, which would inhibit the
attachment and/or fusogenic activity of the hMPV F protein. Therefore, we maintained
the human Fc region of MPV364 in the mouse model, which would not stimulate
mouse Fc receptor activity, instead of isotype switching MPV364 to the corresponding
mouse Fc. Intramuscular delivery of MPV364 was tracked by an ELISA against MPV B2
F in each mouse, and as expected, a robust signal correlating to an average 50%
endpoint serum titer of 1/1,318 was determined in terminal samples, indicating that
intramuscular delivery of MPV364 was sufficient to allow transfer to the circulatory
system (Fig. 6A). To determine if MPV364 exhibited efficacy in reducing viral replication
in the lungs of infected mice, lungs were harvested and homogenized in PBS 5 days
after viral infection. Viral titers were determined using an immunostaining plaque assay.
A substantial reduction in lung viral titers was observed for the MPV364-treated group
compared to the PBS-treated or negative-control antibody-treated groups (Fig. 6B). A
minimal nonspecific decrease in lung viral titers was also observed for the control
antibody P19F80. No substantial difference was observed between the MPV364-treated
and the uninfected mice. Overall, these data indicate that administration of MPV364
before viral infection limits virus replication in the lungs of BALB/c mice.

DISCUSSION

While hundreds of human mAbs to the RSV F protein have been isolated, and the
antigenic sites have been well characterized, the major neutralizing and nonneutraliz-
ing epitopes on the hMPV F protein targeted by the human immune system have not
been determined. The isolation of human mAbs to the RSV F protein has led to the

TABLE 2 Sequence determinants of the isolated human mAbs and previously discovered mAbsa

mAb VH (% mutation) DH JH VL (% mutation) JL HC CDR3 sequence LC CDR3 sequence

MPV364 1-3 (91.7) J5 D2-8 V3-21 (90.3) J1 ARVDQYCIGGVCYGGKNWFDP QVWDRDSDHPYV
MPV196 4-34 (96.5) J4 D2-21 V3-1 (95.0) J2 ARGVRGGYNLWHFDV QAWDGRTAVV
MPV201 3-30 (96.5) J4 D3-22 V3-15 (95.3) J1 AKDQGRRYYYSSGYLDY QQYNRWPPWT
MPV314 3-30 (96.2) J1 D3-10 V3-15 (96.4) J2 AKDESRRYYYSSGIHSH HQYNYWPPGT
MPE8 3-21 (94.8) J4 D5-24 V1-40 (96.5) J1 ARARATGYSSITPYFDI QSYDRNLSGV
25P13 3-21 (90.6) J5 D1-26 V1-40 (94.1) J2 ARDENTGISHYWFDP QSYDRSLNWV
DS7 3-66 J3 D1-26 V3-01 J2/3 VLSRASGMPDAFDI QAWDSSTAV
aAnalysis was performed using IMGT/V-Quest. The nucleotide sequence of DS7 is not publicly available, so no percent mutation could be calculated. HC, heavy chain;
LC, light chain.
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design of new vaccine constructs currently being examined in preclinical and clinical
trials. Research on the epitopes targeted by human mAbs on the hMPV F protein has
lagged behind. In this report, four new human mAbs were isolated, which bind to the
hMPV F protein and neutralize both genotypes of hMPV in vitro. The mAbs were
mapped to two distinct antigenic sites, antigenic site III, targeted by MPV364, while the
remaining mAbs competed with the previously discovered phage display-derived
human mAb DS7. Previously discovered mAbs that neutralize hMPV via binding at
antigenic site III have been identified by mAb isolation against the RSV F protein and
were subsequently found to neutralize hMPV as well. MPV364 is an hMPV F protein-
specific human mAb that binds near antigenic site III and exhibits potent neutralizing
activity. Furthermore, MPV364 limits virus replication in a mouse model of infection
when administered prophylactically. The antigenic site for MPV364 likely incorporates
amino acid residues from across two protomers, similar to the site III-targeting mAb
MPE8. However, MPV364 binds quite well overall to monomeric hMPV F, which sug-
gests that the majority of the antigenic-site residues are on one protomer. Also
supporting this idea is the fact that we isolated MPV364 using monomeric hMPV F. The
ability of MPV364 to neutralize hMPV more effectively than the other three mAbs in
vitro, despite weaker binding to monomeric hMPV F, further supports the idea that the
MPV364 antigenic site incorporates residues across two protomers, as the majority of
hMPV F on the surface of the virus is likely in the trimeric form. Binding to antigenic site
III may also be more effective at mediating virus neutralization through prevention of
hMPV F fusogenic activity; however, the isolation of additional site III mAbs and further
experimentation will be required to address this idea.

Future experiments to crystallize MPV364 in complex with the hMPV F protein,
coupled with escape mutant experiments, will further elucidate the mechanism of
MPV364 binding and neutralization. Structural characterization of MPV364 would pro-
vide the conformational epitope required for elicitation of MPV364-like mAbs, which
would inform the development of structure-based vaccines for hMPV. For example,
designing an epitope-focused vaccine incorporating only the MPV364 epitope could
elicit MPV364-like mAbs while bypassing elicitation of other mAbs with less efficacy.
Additionally, experiments in higher species, such as nonhuman primates, will be critical
to advancing MPV364 as a therapeutic to prevent hMPV infection.

The isolation of human mAbs that neutralize hMPV has great potential for use in
humans. The humanized mouse mAb palivizumab is administered to infants at high risk
of RSV infection (46). MPV364 and the additional mAbs described here are fully human
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and should be examined in additional preclinical models of infection. Both RSV and
hMPV remain problematic viruses for vaccine design, and chemical inactivation of the
viruses has been linked to the induction of Th2-skewed immune responses and, for RSV,
sensitization to vaccine-induced enhanced disease upon RSV challenge (50, 51). These
pathogens are a concern for the very young, the elderly, and the immunocompromised,
so while an effective vaccine would certainly be a breakthrough for human health, human
mAbs could serve as a means to control infection and disease in these populations.
Currently, the generation of mAbs for clinical use remains costly; however, as new meth-
odologies for gene delivery are refined, human mAbs for the treatment and prevention of
infectious diseases may gain more widespread use.

MATERIALS AND METHODS
Blood draws and informed consent. This study was approved by the University of Georgia

Institutional Review Board as STUDY00005127. Healthy human donors were recruited to the University
of Georgia Clinical and Translational Research Unit. After obtaining informed consent, 90 ml of blood was
drawn by venipuncture into 9 heparin-coated tubes, and 10 ml of blood was collected into a serum
separator tube. Peripheral blood mononuclear cells (PBMCs) were isolated from human donor blood
samples using Ficoll-Histopaque density gradient centrifugation, and PBMCs were frozen in the liquid
nitrogen vapor phase until further use.

Production and purification of recombinant hMPV F proteins. Plasmids encoding cDNAs for
hMPV A1, A2, B1, and B2 F proteins and the hMPV B2 F-GCN4 protein were synthesized (GenScript) and
cloned into the pcDNA3.1� vector. The plasmids were expanded by transformation in Escherichia coli
DH5� cells using 100 �g/ml of ampicillin (Thermo Fisher Scientific) for selection. Plasmids were purified
using either the ZymoPure II maxiprep kit (Zymo Research) or the E.Z.N.A. plasmid maxi kit (Omega
BioTek), both according the manufacturers’ protocols. For each liter of protein expressed, 1 mg of
plasmid DNA was mixed with 4 mg of 25,000-molecular-weight polyethylenimine (PEI; PolySciences Inc.)
in Opti-MEM I cell culture medium (Thermo Fisher Scientific). After 30 min, the DNA-PEI mixture was
added to Freestyle HEK293F cells (Thermo Fisher Scientific) at 1 � 106 cells/ml in Freestyle 293 expression
medium (Thermo Fisher Scientific). After 4 to 6 days, the cultures were centrifuged to pellet the cells, and
the supernatants were filtered through a 0.45-�m sterile filter. Recombinant proteins were purified
directly from the filtered culture supernatants using HisTrap Excel columns (GE Healthcare Life Sciences).
Each column was stored in 20% ethanol and washed with 5 column volumes (CV) of 20 mM Tris (pH
7.5)–500 mM NaCl before loading samples onto the column. After sample application, columns were
washed with 10 CV of a solution containing 20 mM Tris (pH 7.5), 500 mM NaCl, and 20 mM imidazole.
Proteins were eluted from the column with 5 CV of a solution containing 20 mM Tris (pH 7.5), 500 mM
NaCl, and 250 mM imidazole. Proteins were concentrated and buffer exchanged using Amicon Ultra-15
centrifugal filter units with a 30-kDa cutoff (Millipore Sigma) and buffer exchanged into phosphate-
buffered saline (PBS).

Production of trimeric postfusion hMPV F. In order to generate homogeneous trimeric postfusion
hMPV F, trypsin-tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK) (Thermo Scientific) was dissolved
in double-distilled water (ddH2O) at 2 mg/ml. hMPV A1 F and B2 F proteins were incubated with 5 TAME
(p-toluene-sulfonyl-L-arginine methyl ester) units/mg of trypsin-TPCK (L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone) for 2 h at 37°C. Trimeric postfusion hMPV A1 and B2 F proteins were purified from the
digestion reaction mixture by size exclusion chromatography on a Superdex S200, 16/600 column (GE
Healthcare Life Sciences) in 50 mM Tris (pH 7.5)–100 mM NaCl. The trimer was identified by a shift in the
elution profile from monomeric hMPV A1 and B2 F proteins. The fractions containing the trimers were
concentrated using 30-kDa Spin-X UF concentrators (Corning) before subjecting them to negative-stain
electron microscopy and binding ELISAs.

Human hybridoma generation. For antibody generation experiments, 8 million previously frozen
and irradiated NIH 3T3 cells modified to express human CD40L, human interleukin-21 (IL-21), and human
BAFF (gift from Deepta Bhattacharya, Washington University) were mixed with 10 million PBMCs in 80 ml
StemCell medium A (StemCell Technologies) containing 6.3 �g/ml of CpG (phosphorothioate-modified
oligodeoxynucleotide ZOEZOEZZZZZOEEZOEZZZT; Invitrogen) and 1 �g/ml of cyclosporine (Sigma), and
cells were plated in four 96-well plates at 200 �l per well in StemCell medium A. After 6 days, culture
supernatants were screened by an ELISA for binding to recombinant hMPV B2 F protein, and cells from
positive wells were electrofused with a nonsecreting myeloma cell line as previously described (40). Cells
from each cuvette were resuspended in 20 ml StemCell medium A containing 1� HAT (hypoxanthine-
aminopterin-thymidine; Sigma-Aldrich), 0.2� HT (hypoxanthine-thymidine; Corning), and 0.3 �g/ml
ouabain (Thermo Fisher Scientific) and plated at 50 �l per well in a 384-well plate. After 7 days, cells were
fed with 25 �l of StemCell medium A. Hybridomas were screened after 2 weeks for antibody production
by an ELISA, and cells from wells with reactive supernatants were expanded to 48-well plates for 1 week
in 0.5 ml of StemCell medium E (StemCell Technologies), before being screened again by an ELISA and
then subjected to single-cell fluorescence-activated sorting. After cell sorting into 384-well plates
containing StemCell medium A, hybridomas were screened by an ELISA before further expansion.

Human mAb and Fab production and purification. Plasmids encoding cDNAs for the protein
sequences of mAbs 101F, MPE8, 25P13, and DS7 were synthesized (GenScript), and heavy and light chain
sequences were cloned into vectors encoding human IgG1 and lambda or kappa light chain constant regions,
respectively. Large-scale DNA was isolated, and mAbs were obtained by transfection into Freestyle HEK293F
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cells as described above. For hybridoma-derived mAbs, hybridoma cell lines were expanded in StemCell
medium A until 80% confluent in 75-cm2 flasks. For antibody production, cells from one 75-cm2 cell culture
flask were collected with a cell scraper and expanded to four 225-cm2 cell culture flasks in serum-free medium
(Hybridoma-SFM; Thermo Fisher Scientific). Recombinant cultures were stopped after 4 to 6 days, hybridoma
cultures were stopped after 30 days, and culture supernatants were sterile filtered using 0.45-�m-pore-size
filter devices. mAbs were purified directly from culture supernatants using HiTrap protein G columns (GE
Healthcare Life Sciences) according to the manufacturer’s protocol. To obtain Fab fragments, papain digestion
was performed using the Pierce Fab preparation kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol. Fab fragments were purified by removing IgG and Fc contaminants using a HiTrap MabSelectSure
column according to the manufacturer’s protocol.

Negative-stain electron microscopy analysis. All samples were purified by size exclusion chroma-
tography on a Superdex S200, 16/600 column (GE Healthcare Life Sciences) in 50 mM Tris (pH 7.5)–
100 mM NaCl before applying samples to grids. The hMPV B2 F-GCN4 protein was heated at 55°C for 20
min before application to grids to induce hMPV F transition from the prefusion to the postfusion
conformation. Carbon-coated copper grids were overlaid with proteins at 100 �g/ml for 3 min. The grid
was washed in water twice and then stained with 0.75% uranyl formate for 1 min. Negative-stain electron
micrographs were acquired using a JEOL JEM1011 transmission electron microscope equipped with a
high-contrast 2K-by-2K AMT midmount digital camera at a 50,000� magnification.

Enzyme-linked immunosorbent assay for binding to hMPV F proteins. For recombinant protein
capture ELISAs, 384-well plates (catalog number 781162; Greiner Bio-One) were treated with 2 �g/ml of
antigen in PBS for 1 h at 37°C or overnight at 4°C. Following this, plates were washed once with water
before blocking for 1 h with 2% milk supplemented with 2% goat serum in PBS with 0.05% Tween 20
(PBS-T). Primary mAbs or culture supernatants were applied to wells for 1 h following three washes with
water. Plates were washed with water three times before applying 25 �l secondary antibody (goat
anti-human IgG Fc; Meridian Life Science) at a dilution of 1:4,000 in blocking solution. After incubation
for 1 h, the plates were washed five times with PBS-T, and 25 �l of a PNPP (p-nitrophenyl phosphate)
solution (1 mg/ml PNPP in 1 M Tris base) was added to each well. The plates were incubated at room
temperature for 1 h before reading the optical density at 405 nm on a BioTek plate reader. Binding assay
data were analyzed in GraphPad Prism using a nonlinear regression curve fit and the log(agonist)-versus-
response function to calculate the binding EC50 values.

Isotype determination for human mAbs. For determination of mAb isotypes, 96-well Immulon HB
4� ELISA plates (Thermo Fisher Scientific) were coated with 2 �g/ml of each mAb in PBS. The plates were
incubated at 37°C for 1 h or overnight at 4°C and then washed with 1� water. Plates were blocked with
2% nonfat milk block with 2% goat serum in PBS-T and then left to incubate for 1 h at room temperature.
After incubation, the plates were washed three times with PBS-T. Isotype-specific antibodies obtained
from Southern Biotech (goat anti-human kappa-alkaline phosphatase [AP] [catalog number 100244-340], goat
anti-human lambda-AP [catalog number 100244-376], mouse anti-human IgG1 [Fc]-AP [catalog number
100245714], mouse anti-human IgG2 [Fc]-AP [catalog number 100245-734], mouse anti-human IgG3
[hinge]-AP [catalog number 100245-824], and mouse anti-human IgG4 [Fc]-AP [catalog number 100245-812])
were diluted 1:1,000 in blocking solution, and 50 �l of each solution was added to the respective wells. Plates
were incubated for 1 h at room temperature and then washed five times with PBS-T. The PNPP substrate was
prepared in a 1-mg/ml solution in 1 M Tris base, and 100 �l of this solution was added to each well. Plates
were incubated for 1 h and read at 405 nm on a BioTek plate reader.

RT-PCR for hybridoma mAb variable gamma chain and variable light chain. RNA was isolated
from expanded hybridoma antibodies by using the Zymo Research quick RNA miniprep kit according to
the manufacturer’s protocol. A Qiagen OneStep RT-PCR kit was used for cDNA synthesis and PCR
amplification. For RT-PCRs, 50-�l reaction mixtures were designed with the following final concentra-
tions: 1� Qiagen OneStep RT-PCR buffer, 400 �M deoxynucleoside triphosphate (dNTP) mix, 0.6 �M
primer mix, 2 �l of Qiagen OneStep RT-PCR enzyme mix, 600 ng total of the template RNA, and
RNase-free water. Three separate sets of primer mixes were used: gamma and kappa forward and reverse
primers as previously described (52) and lambda chain primers as previously described (53). After mixing,
the RT-PCR mixtures were placed in a thermocycler with the following program: 30 min at 50°C, 15 min
at 95°C, and then a 3-step cycle with 30 repeats of denaturation for 30 s at 94°C, annealing for 30 s at
50°C, and extension for 1 min at 72°C, followed by 10 min of final extension at 72°C. Samples were
analyzed by agarose gel electrophoresis and submitted directly for sequencing to Genewiz or cloned into
the pCR2.1 vector using the Original TA cloning kit (Thermo Fisher Scientific) according to the manu-
facturer’s protocol before submitting the samples to Genewiz for sequencing. Sequences were analyzed
using IMGT/V-Quest (54).

Growth of hMPV. hMPV B2 strain TN/93-32 was obtained from BEI Resources (catalog number
NR-22240), and hMPV A2 strain CAN/97-83 was a kind gift from Ralph Tripp. Viruses were grown in
LLC-MK2-7.1 cells (ATCC CCL-7.1). Cells were grown to 80% confluence in 185-cm2 flasks in Opti-MEM I
supplemented with 2% fetal bovine serum (FBS). For virus infection, cells were washed twice with
Dulbecco’s phosphate-buffered saline (DPBS) and then coated with 6 ml of diluted virus. The flasks were
rocked for 1 h at room temperature to allow adsorption of virus. Following this, 10 ml of Opti-MEM I
supplemented with 5 �g/ml trypsin-EDTA and 100 �g/ml CaCl2 was added to the flask. Cells were
incubated for 4 to 5 days before harvesting virus. For virus harvest, the medium was removed from the
flask, and 5 ml of cold 25% (wt/vol) sterile-filtered sucrose was added to the flask. The flask was
transferred to �80°C until the solution was frozen. The flask was then moved to thaw at room
temperature, followed by another freeze-thaw cycle. Cell lysates were scraped down, and all cells and
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the sucrose solution were transferred to a sterile tube and centrifuged at 1,100 rpm for 5 min. The
clarified supernatant containing hMPV was aliquoted and flash frozen for later use.

hMPV plaque neutralization experiments. LLC-MK2-7.1 cells were maintained in Opti-MEM I
(Thermo Fisher Scientific) supplemented with 2% fetal bovine serum and grown in 24-well plates at 37°C
in a CO2 incubator. Two days prior to neutralization assays, 40,000 cells/well were seeded into 24-well
plates. On the day of the experiment, serially diluted mAbs isolated from hybridoma supernatants were
incubated 1:1 with a suspension of infectious hMPV B2 strain TN/93-32 or hMPV A2 strain CAN/97-83 for
1 h. Following this, cells were inoculated with 50 �l of the antibody-virus mixture for 1 h with rocking at
room temperature. Cells were then overlaid with 1 ml of 0.75% methylcellulose dissolved in Opti-MEM
I supplemented with 5 �g/ml trypsin-EDTA and 100 �g/ml CaCl2. Cells were incubated for 4 to 5 days,
after which the cells were fixed with 10% neutral buffered formalin. The cell monolayers were blocked
with 2% nonfat milk supplemented with 2% goat serum for 1 h. The plates were washed with water, 200
�l of mouse anti-hMPV N primary antibody (catalog number C01851M; Meridian Biosciences) diluted
1:1,000 in blocking solution was added to each well, and the plates were incubated for 1 h. The plates
were then washed three times with water, after which 200 �l of goat anti-mouse IgG-horseradish
peroxidase (HRP) secondary antibody (catalog number 5220-0286; SeraCare) diluted 1:1,000 in blocking
solution was added to each well for 1 h. Plates were then washed five times with water, and 200 �l of
TrueBlue peroxidase substrate (SeraCare) was added to each well. Plates were incubated until plaques
were clearly visible. Plaques were counted by hand under a stereomicroscope and compared to a
virus-only control, and the data were analyzed in GraphPad Prism using a nonlinear regression curve fit
and the log(inhibitor)-versus-response function to calculate the IC50 values.

Experimental setup for biolayer interferometry. After obtaining an initial baseline in running buffer
(PBS, 0.5% bovine serum albumin [BSA], 0.05% Tween 20, 0.04% thimerosal), 10 �g/ml of His-tagged hMPV
F protein was immobilized on anti-penta-His biosensor tips (FortéBio) for 120 s. The baseline signal was
measured again for 60 s before biosensor tips were immersed into wells containing 100 �g/ml primary
antibody for 300 s. Following this, biosensors were immersed into wells containing 100 �g/ml of a second
mAb for 300 s. Percent binding of the second mAb in the presence of the first mAb was determined by
comparing the maximal signal of the second mAb after the first mAb was added to the maximum signal of
the second mAb alone. mAbs were considered noncompeting if maximum binding of the second mAb was
�66% of its uncompeted binding. A level of between 33% and 66% of its uncompeted binding was
considered intermediate competition, and �33% was considered competition. For affinity studies, hMPV B2
F or hMPV B2 F-GCN4 proteins were loaded as described above, and decreasing concentrations of Fabs or
IgGs were analyzed for binding by association for 120 s and dissociation for 600 s. Octet data analysis software
was used to analyze the data. Values for reference wells containing no antibody were subtracted from the
data, and affinity values were calculating using the local and partial fit curves function. Binding curves were
independently graphed in GraphPad Prism for data visualization.

Mouse experiments. All animal experiments were approved by the University of Georgia Institu-
tional Animal Care and Use Committee. To examine the efficacy of hMPV364, a BALB/c mice model of
hMPV infection was utilized. One day prior to virus infection, mice were bled via tail nick for baseline
serum collection. Mice were then prophylactically treated with 10 mg/kg of MPV364, 10 mg/kg of the
isotype control antibody P19F80, or PBS, and one group was untreated. The next day, the MPV364,
P19F80, and PBS groups were intranasally inoculated with 100 �l of 105 PFU of hMPV CAN/97-83.
Five days following infection, mice were euthanized via 2,2,2-tribromoethanol (Avertin), followed by
cervical dislocation, and serum and lungs were collected. Lungs were harvested, homogenized using a
gentleMACS dissociator, flash frozen in liquid nitrogen, and stored at �80°C until use. Lung viral titers
were determined by plaque immunostaining as previously described (49). ELISAs for mouse serum were
conducted using hMPV B2 F, using the protocol described above. Data were analyzed in GraphPad Prism
using the ordinary one-way analysis of variance (ANOVA) function to calculate P values.
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