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The growth properties and antigenic relatedness of the CAN98-75 (CAN75) and the CAN97-83 (CANS3)
human metapneumovirus (HMPV) strains, which represent the two distinct HMPV genetic lineages and
exhibit 5 and 63% amino acid divergence in the fusion (F) and attachment (G) proteins, respectively, were
investigated in vitro and in rodents and nonhuman primates. Both strains replicated to high titers (=6.0 log,,)
in the upper respiratory tract of hamsters and to moderate titers (=3.6 log,,) in the lower respiratory tract.
The two lineages exhibited 48% antigenic relatedness based on reciprocal cross-neutralization assay with
postinfection hamster sera, and infection with each strain provided a high level of resistance to reinfection with
the homologous or heterologous strain. Hamsters immunized with a recombinant human parainfluenza virus
type 1 expressing the fusion F protein of the CAN83 strain developed a serum antibody response that efficiently
neutralized virus from both lineages and were protected from challenge with either HMPYV strain. This result
indicates that the HMPV F protein is a major antigenic determinant that mediates extensive cross-lineage
neutralization and protection. Both HMPYV strains replicated to low titers in the upper and lower respiratory
tracts of rhesus macaques but induced high levels of HMPV-neutralizing antibodies in serum effective against
both lineages. The level of HMPYV replication in chimpanzees was moderately higher, and infected animals
developed mild colds. HMPYV replicated the most efficiently in the respiratory tracts of African green monkeys,
and the infected animals developed a high level of HMPV serum-neutralizing antibodies (1:500 to 1:1,000)
effective against both lineages. Reciprocal cross-neutralization assays in which postinfection sera from all three
primate species were used indicated that CAN75 and CANS3 are 64 to 99% related antigenically. HMPV-
infected chimpanzees and African green monkeys were highly protected from challenge with the heterologous
HMPYV strain. Taken together, the results from hamsters and nonhuman primates support the conclusion that
the two HMPYV genetic lineages are highly related antigenically and are not distinct antigenic subtypes or

subgroups as defined by reciprocal cross-neutralization in vitro.

Human metapneumovirus (HMPV), which was first identi-
fied several years ago in The Netherlands (39), is a member of
the Paramyxoviridae family and has been tentatively assigned to
the Metapneumovirus genus of the Pneumovirus subfamily. This
subfamily also includes the Prneumovirus genus, containing the
respiratory syncytial virus (RSV). Since its initial discovery,
HMPV has been found to infect humans worldwide (7, 29, 31).
Extensive sequence analysis of isolates from around the world
indicates that there are two major genetic lineages of HMPV
(3). It has been suggested that the different HMPV lineages
represent different HMPV serotypes (29, 40). However, the
biology and epidemiology of the newly identified HMPVs are
not well characterized. For example, the overall impact of
HMPYV disease on hospitalization for respiratory tract disease
is not well established, and it is not known if infection with one
HMPYV genetic lineage can induce protective immunity against
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reinfection with homologous or heterologous HMPV strains.
Moreover, the lack of established animal models of HMPV
replication and the reportedly poor growth characteristics of
this virus have impeded its characterization.

Like all members of the Paramyxoviridae family, HMPV is
an enveloped single-stranded negative-sense RNA virus. The
genome is approximately 13 kb in length, and the HMPV
3'-to-5' gene order is N-P-M-F-M2-1/M2-2-SH-G-L, which is
the same as that of the avian members of the Metapneumovirus
genus (5, 38). The CAN98-75 (CAN75) and CAN97-83
(CANS3) strains of HMPV were isolated in Canada from clin-
ical samples and represent members of each of the two major
genetic lineages (31). The amino acid identity of the predicted
encoded proteins between these two strains is 96% (N pro-
tein), 85% (P protein), 97% (M protein), 95% (F protein),
96% (M2-1 protein), 89% (M2-2 protein), 59% (SH protein),
37% (G protein), and 94% (L protein) (5). Thus, with the
notable exception of the SH and G proteins, the polypeptides
encoded by each of these genetic lineages are highly related at
the amino acid level.
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The major question addressed in this article is that of the
antigenic relatedness of the two strains of HMPV. The answer
to this question will have implications for HMPV epidemiology
and for the formulation of a strategy to develop vaccines ef-
fective against this important respiratory pathogen. We first
identified suitable cell culture growth conditions to generate
HMPV suspensions of sufficient titer for administration to ex-
perimental animals. It was also necessary to identify suitable
small-animal and nonhuman primate models for HMPV repli-
cation. The present study demonstrates that the twvo HMPV lin-
eages exhibited a high level of antigenic relatedness in rodents
and nonhuman primates including chimpanzees and a high lev-
el of cross-protective efficacy, indicating that these two strains
do not represent distinct antigenic subtypes. This study also
establishes hamsters and African green monkeys as suitable
animal models for HMPYV replication and immunogenicity.

MATERIALS AND METHODS

Cell lines and viruses. Rhesus monkey kidney cells (LLC-MK2; ATCC CCL
7.1) cells were maintained in OptiMEM (Invitrogen, Grand Island, N.Y.) sup-
plemented with 5% fetal bovine serum and gentamicin sulfate (50 pg/ml).
HMPYV strains CAN98-75 and CAN97-83, kindly provided by Guy Boivin (31),
are clinical isolates that were propagated in LLC-MK2 cells. The recombinant
human parainfluenza virus type 1 (PIV1) (rHPIV1) strain Washington/64,
HPIV3, and HPIV2 were grown in LLC-MK2 cells as described previously (28,
34, 36). Virus pools were generated, and virus titer was determined at 32°C in
LLC-MK2 cells grown in OptiMEM medium and supplemented with porcine-
derived trypsin (5 wg/ml; BioWhittaker, Walkersville, Md.).

Quantification of HMPV and HPIV preparations. Viral titer was quantified by
serial 10-fold dilution of virus applied to LLC-MK2 monolayer cultures on
96-well plates. Before infection, LLC-MK2 monolayers were washed twice with
OptiMEM to remove residual serum proteins that can inhibit trypsin activity.
Infected cultures were incubated for 8 days at 32°C in OptiMEM medium with
5 ng of added trypsin/ml. HMPV-infected monolayers were detected by incuba-
tion with hamster polyclonal HMPV antiserum (see below) used at a 1:500
dilution followed by a second antibody (1:500 dilution) consisting of peroxidase-
conjugated rabbit anti-Syrian hamster immunoglobulin G (Jackson Immuno-
chemicals, West Grove, Pa.). Bound antibody-antigen complexes were detected
by immunoperoxidase staining achieved with ECL chromogenic substrate (KPL,
Gaithersburg, Md.). Cultures determined to be infected with HPIV were de-
tected by hemadsorption with guinea pig erythrocytes, as described previously
(28). The virus titer is reported as log;, 50% tissue culture infectious dose per
milliliter (log;, TCIDso/ml).

Generation of rHPIV1 expressing the HMPV CAN83 fusion F protein. The
previously described full-length antigenomic HPIV1 cDNA (28) (GenBank ac-
cession number AF457102) was modified at nucleotides (nt) 113 to 118 (TTT
TAT) to contain a unique cloning site (Mlul; ACGCGT) immediately upstream
of the N protein open reading frame (ORF). The CANS3 strain F protein ORF
(GenBank accession number AY297749) was amplified from purified viral RNA
and was modified to contain the flanking HPIV1 cis-acting transcription control
elements indicated in Fig. 2. Thus, the HMPV F protein is expressed as a
supernumerary ORF in the pre-N position of the rHPIV1. This rHPIV1 express-
ing the fusion F protein of the CANS3 strain (rHPIV1-Fg;) was recovered from
transfected HEp-2 cells as described previously (28). rHPIV1-Fg; was biologi-
cally cloned and amplified in LLC-MK2 cells as described previously (28).

Generation of hamster polyclonal antibodies to HMPV. Eight-week-old
Golden Syrian hamsters (Mesocricetus auratus; Charles River Laboratories,
Stoneridge, N.Y.) were infected intranasally (IN) with 10* TCIDs, of a mixture
of HMPYV strains CAN75 and CANS83. Animals were boosted 4 weeks later by
the IN and intraperitoneal administration of 10° TCIDs, of a mixture of HMPV
strains CAN75 and CANS3. Serum that was collected at 4 weeks and again at 5
months after the first immunization was used routinely for immunostaining and
immunofluorescence. In order to determine the extent of antigenic relatedness
between the HMPV strains, immunologically naive hamsters were subjected to a
single IN inoculation of 10* TCIDs, of either HMPV strain, and sera were
collected 44 days later and analyzed in neutralization assays against each strain.

Indirect immunofluorescence of HMPV- and HPIV1-infected cells. The ex-
pression of HMPV F protein by rHPIV1-Fg; was detected by indirect immuno-
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fluorescence. LLC-MK?2 cells grown on glass slides were infected with rHPIV1-
Fgs, HPIV1, or HMPV, and 72 h postinfection, the cells were fixed with 3%
formaldehyde and permeabilized with 0.1% Triton X-100, as described previ-
ously (33). To detect HMPV antigen expression, pooled hamster polyclonal
anti-HMPV serum antibodies obtained from infected hamsters were applied to
infected cells at a dilution of 1:500. HPIV1 infection was detected by indirect
immunofluorescence by using a mixture of two mouse monoclonal antibodies to
the HPIV1 HN protein (8.2.2A and 4.5; kindly provided by Yasuhiko Ito, Mie
University School of Medicine, Tsu Shi, Japan). Fluorescein isothiocyanate-
conjugated goat anti-hamster or goat anti-mouse immunoglobulin G antibody
(Jackson Immunochemicals) was used for indirect immunofluorescence at a
dilution of 1:500. Immunofluorescence was detected and images were collected
on a TCS-SP2 laser scanning microscope (Leica Microsystems, Mannheim, Ger-
many). Images were processed with TCS-NT/SP software (version 1.6.587;
Leica), Imaris 3.1.1 (Bitplane AG, Zurich, Switzerland), and Adobe (San Jose,
Calif.) Photoshop version 7.0.

Growth kinetics of HMPYV in vitro. The kinetics of replication of the CAN75
and CAN83 HMPYV lineages was determined by inoculation of HMPV onto
LLC-MK2 monolayers on 6-well plates (Costar; Corning, N.Y.) at a multiplicity
of infection of 0.01, and the cultures were incubated at 32°C. A total of 0.5 ml of
medium from each well was harvested and replaced with 0.5 ml of fresh
OptiMEM medium supplemented with trypsin (5 wg/ml) at 0 h and at 24-h
intervals for up to 12 days postinfection. Also, HMPV was grown under similar
conditions but without any trypsin added to the medium. HPIV1, HPIV2, and
HPIV3 control viruses were grown under identical conditions. HPIV1 was grown
with trypsin, and HPIV2 and HPIV3 were grown in medium without added
trypsin. The amount of virus present in the daily harvest was quantified by
titration on LLC-MK2 monolayers in 96-well plates (Costar) as described above.

HMPV serum neutralization assays. The susceptibility of HMPV strain
CAN75 or CANS3 to neutralization by serum antibodies was determined by
using an endpoint dilution neutralization assay. A total of 75 ul of OptiMEM
containing approximately 200 TCIDs, of CAN75 or CAN83 was mixed with an
equal volume of OptiMEM containing serial twofold dilutions of hamster or
primate serum that had been heat inactivated at 56°C for 30 min. The virus-
antibody mixture was incubated at 37°C for 1 h. A portion (50 pl) of the
virus-antibody mixture was then transferred to each of 2 wells of a 96-well plate
containing LLC-MK2 cells and was incubated for approximately 1 h at 32°C. The
virus-antibody mixture was removed, and the monolayers were washed twice with
OptiMEM. OptiMEM (180 pl) supplemented with trypsin was added to the
cultures. Cultures were incubated at 32°C, supplemented with the additional
trypsin (250 ng in 50 pl) on day 6, and stained for the presence of HMPV antigen
on day 8 by using polyclonal hamster anti-HMPYV serum as described above. The
neutralization titer is the highest dilution of antibody at which half of the cultures
were negative for infection.

Determination of replication and protective efficacy of HMPV in hamsters.
Two groups of 4-week-old Golden Syrian hamsters were inoculated IN with 0.1
ml of L15 medium containing 10° TCIDs, of CAN75 or CANS83. On day 3, 4, 5,
6, or 7 postinfection, the lungs and nasal turbinates were harvested from six
animals from each group, and the virus titer of individual specimens was quan-
tified by serial dilution of tissue homogenates on LLC-MK2 monolayers, as
described above. The mean virus titer was calculated for each group of hamsters
and is expressed as log;, TCIDs, per gram of tissue (log,, TCIDsy/g). To
determine the level of protective efficacy afforded by infection with either HMPV
strain, hamsters in groups of six were infected with 10> TCIDs, of CAN75 or
CANS3 in a 0.1-ml inoculum or with L15 medium diluent. On day 42 postinfec-
tion, hamsters were challenged by IN administration of 10°-> TCIDs, of CAN75
or CANS3 in a 0.1-ml inoculum. Nasal turbinates and lungs were harvested 4
days later, and the titer of virus in each tissue homogenate was determined as
described above.

Nonhuman primate studies. Rhesus macaques (Macaca mulatta) and African
green monkeys (Cercopithecus aethiops) that were negative for serum-neutraliz-
ing antibodies to HMPV were inoculated simultaneously by the IN and intra-
tracheal (IT) routes by using a 1-ml inoculum per site containing 10> TCIDs, of
virus in L15 medium. Seronegative or seropositive chimpanzees (Pan troglodytes)
were similarly infected. The virus was administered by both the IN and IT routes
to ensure the opportunity for it to replicate at each site (13, 17). Animals were
housed and specimens were collected as previously described (15). The animals
were observed clinically for 16 days postinoculation. Nasopharyngeal (NP) swab
samples were collected on days 1 through 10 and on day 12 postinfection, and
tracheal lavage (TL) samples were collected on days 2, 4, 6, 8, 10, and 12
postinfection. NP and TL samples from infected chimpanzees were also collected
on days 14 and 16. The amount of virus present in NP and TL specimens was
quantified by titration on LLC-MK?2 cell monolayers as described above, and the
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FIG. 1. Growth kinetics of HMPV strains CAN75 and CANS3 in the presence or absence of trypsin. LLC-MK2 monolayers were infected with
the indicated HMPYV strain at a multiplicity of infection of 0.01 and were incubated at 32°C with or without added trypsin. Aliquots of the medium
supernatants were harvested at 24-h intervals until the monolayer became detached from the plate. The virus titer was quantified on LLC-MK2
monolayers at 32°C. The level of replication of a biologically derived HPIV2, or rHPIV1 or rHPIV3, was determined in separate experiments under
similar conditions (HPIV2 and HPIV3 were grown in the absence of added trypsin, and HPIV1 was grown with added trypsin). The virus titer is

expressed as log;, TCIDsy/ml.

mean peak virus titer obtained was expressed as log;, TCIDsy/ml. Chimpanzees
and African green monkeys were challenged IN and IT with 1 ml per site
containing 102 TCIDs, of the CAN75 or CANS3 strain 35 or 30 days, respec-
tively, after first infection, and NP and TL samples were collected on days 2, 4,
6, 8, and 10 postchallenge. HMPV present in the samples was quantified as
described above. Serum samples were collected to determine the titer of neu-
tralization antibodies before immunization (on day 0), postimmunization (on day
35 or 30), and 28 days postchallenge.

RESULTS

Growth properties of HMPV CAN75 and CANS83 strains in
cell culture. It was necessary to identify growth conditions for
HMPV CAN75 and CANS3 that would give the high titers of
both viruses that are needed for evaluation in vivo. The growth
characteristics of the HMPV CAN75 and CANS3 strains, each
representing one of the two identified HMPV lineages, were
compared in a permissive rhesus monkey kidney cell line
(LLC-MK?2) since this line efficiently supports replication of a
variety of paramyxoviruses (7, 28, 36). Previously, it was found
that CANS3 replicated to approximately 10%° TCIDsy/ml in
LLC-MK2 cells (6) when grown in the presence of trypsin,
indicating that this strain requires trypsin for efficient growth in
vitro, as was previously reported for the original Netherlands
00-1 strain (39). The present study extended the previous find-
ings with CANS3 to determine if CAN7S5 could also replicate
to high titer in LLC-MK2 cells. We also compared the growth
kinetics of HMPV CAN75 and CANS3 with those of HPIV1,
HPIV2, and HPIV3. HPIV1 is a member of the Respirovirus
genus that grows efficiently in LLC-MK2 cells in the presence
of added trypsin, while HPIV2 and HPIV3 do not require
added trypsin for growth in LLC-MK2 cells.

We found that CAN75 and CANS3 both require trypsin for
efficient growth in LLC-MK?2 cells (Fig. 1). CAN83 grew mod-
erately faster and to a higher peak titer than CAN75. Both
HMPV strains achieved peak titers (~107 TCIDs,/ml) by 11
days postinfection. In contrast, HPIV1 achieved a titer of 10®
TCIDs,/ml by day 3 and a peak titer of 10° TCIDs,/ml by day

5 postinfection. HPIV2 and HPIV3 achieve peak titers com-
parable to that of HPIV1 when grown in the absence of added
trypsin under otherwise similar experimental conditions (Fig.
1) (35, 36). Thus, HMPYV grows to an approximately 100-fold
lower titer than members of the Respirovirus and Rubulavirus
genera. The peak HMPV titers reported here (1072 to 1077
TCIDsy/ml) are substantially higher than previously reported
for HMPYV strains (39) grown in other tissue culture systems
(39), which likely is due to the daily addition of trypsin-con-
taining medium to the infected cell cultures in the present
experiment and to the use of LLC-MK2 cells. Trypsin was
replenished daily in LLC-MK2 cells (Fig. 1), since another
monkey kidney cell line (Vero cells) has been previously found
to rapidly inactivate trypsin added to the cell culture medium,
and therefore, the yield of slow-growing, trypsin-requiring vi-
ruses can reach suboptimal levels unless trypsin is replenished
(6, 22).

HMPYV replicates to high titers in the respiratory tract of
hamsters. The evaluation of HMPV and potential vaccine can-
didates and recombinant HMPV derivatives would be facili-
tated by the availability of a small-animal model for evaluating
replication, immunogenicity, and protective efficacy in vivo.
Recently, it was reported that the original Netherlands HMPV
isolate (strain 00-1) replicates in hamsters (37). In the present
study, Golden Syrian hamsters were infected IN with 10°
TCIDs, of HMPV strain CAN75 or CANS3, and the level of
replication in the nasal turbinates and lungs was determined on
days 3 to 7 (Table 1). Each strain replicated to a peak titer
greater than 10° TCIDs,, in the nasal turbinates and 3.6 to 4.4
log,, in the lower respiratory tract. Peak titers were achieved
on days 3 and 4. Thus, hamsters are a permissive small-animal
model for replication for members of both HMPV lineages.
IN-administered HMPV was also found to be immunogenic in
hamsters (see below).

Evaluation of the antigenic relatedness of strains CAN83
and CAN75 by reciprocal cross-neutralization with hamster
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TABLE 1. Level of replication of HMPV strains CAN75 and CANS3 in the upper and lower respiratory tracts of hamsters
Mean virus titer (log,, TCIDsy/g = SE) on day”:
Virus® Tissue
3 4 5 6 7
HMPV CANT75 Nasal turbinates 6.0 0.5 57+03 5103 37+12 1.7+ 05
Lungs 3.6 1.0 31+03 3003 =15x00 =15x0.0
HMPV CANS3 Nasal turbinates 6.6 0.4 6.4+04 6.4 = 0.6 52x05 42 0.7
Lungs 4.4+ 0.6 43+0.7 3302 =15*00 =15*0.0

“ Hamsters in groups of 30 were inoculated intranasally with 10° TCIDs, of the indicated virus.
? Six animals from each group were sacrificed per day on days 3 through 7, nasal turbinates and lung tissues were harvested, and the virus present in tissue
homogenates was quantified by serial dilution on LLC-MK2 monolayers at 32°C. The mean virus titer for each group of hamsters is expressed as log;, TCIDsy/g =

standard error (SE).

postinfection sera. Previous studies have illustrated in detail
the level of genetic diversity between the two proposed genetic
lineages (3, 5, 30, 31), but the level of antigenic relatedness had
not been described, due in part to the lack of defined animal
models for HMPV replication and immunogenicity. The extent
of antigenic diversity among circulating HMPV strains is of
considerable importance to epidemiology and vaccine devel-
opment. Hamsters that were seronegative for HMPV were
infected IN with 10* TCIDs,, of strain CAN75 or CANS83, and
postinfection sera were collected 44 days later. These individ-
ual sera were assayed for their neutralization titer to both
HMPV strains, and the degree of antigenic relatedness was
determined with the formula described by Archetti and Hors-
fall (1), which measures the percent antigenic relatedness as a
function of the effectiveness of antibodies raised against each
strain in neutralizing the homologous and heterologous strains
in vitro (Table 2). The in vitro neutralization assay showed that
hamsters infected with either strain developed a high titer of
neutralizing antibody effective against either strain. The 10
animals infected with strain CANS3 yielded sera that neutral-
ized the homologous CANS3 strain somewhat more efficiently
than the heterologous CAN75 strain, but sera from animals
infected with the CANT75 strain exhibited animal-to-animal
variability with regard to whether the homologous or heterol-
ogous strain was neutralized more efficiently. Based on these
neutralization titers, the level of antigenic relatedness between
CAN75 and CANS3 was calculated to be approximately 48%,
indicating that the two HMPV genetic lineages are highly re-
lated antigenically.

Infection of hamsters with either HMPV strain protects
against homologous and heterologous challenge. Groups of
hamsters were infected with either strain of HMPV or with L15
diluent as a negative control. After 6 weeks, the hamsters were
challenged with either strain of HMPV, and the level of pul-
monary challenge virus replication in the respiratory tract on
day 4 was determined, as described above. As shown in Table
3, previous infection by either HMPV strain induced a high
level of protection against the homologous and heterologous
HMPV strain in the upper respiratory tract. The lower respi-
ratory tract was completely protected from challenge with ei-
ther strain (data not shown). In addition, sera were collected
31 days following the first infection and assayed to determine
the neutralizing titer against each strain (Table 3). The results
were very similar to those shown in Table 2; infection with
CAN75 induced antibodies that were modestly more effective
in neutralizing the homologous strain than the heterologous

strain, but antibodies induced by infection with CANS3 neu-
tralized the homologous and heterologous strains with similar
efficiencies. These cross-protection data and reciprocal neu-
tralization assays indicated that CAN83 and CAN75 are anti-
genically highly related.

TABLE 2. Homologous and heterologous HMPV serum
neutralization titers in hamsters following primary
infection with HMPYV strain CAN75 or CANS3

Serum neutralizing antibody

Animal no. Immunizing titer? against:
and mean® virus®
CANT75 CANBS3

1 CAN75 8.9 6.9
2 CANT75 8.3 5.3
3 CAN75 7.9 5.9
4 CAN75 9.9 10.4
5 CAN75 8.4 7.3
6 CAN75 8.4 8.9
7 CANT75 8.9 9.9
8 CAN75 8.4 8.4
9 CANT75 9.9 12.7
10 CAN75 9.4 124
11 CANT75 9.9 11.9

Mean log, 8.9 0.7 8.7 +26
12 CANS3 7.3 10.7
13 CANS83 8.4 11.3
14 CANS3 10.9 11.3
15 CANS83 7.9 10.3
16 CANS3 7.9 10.3
17 CANS83 8.9 11.7
18 CANS3 7.9 10.3
19 CANS83 8.9 11.7
20 CANS3 9.9 12.3
21 CANS83 8.9 10.3

Mean log, 8.6+ 1.1 10.9 = 0.7

@ Hamsters were inoculated intranasally with 10* TCIDs, of the indicated
strain of HMPV.

b Sera were collected 44 days postimmunization. The HMPV-neutralizing titer
against each strain was determined and is expressed as the reciprocal log,. The
mean log, *+ standard deviation is indicated. All animals had preimmunization
neutralizing antibody titers of =1.0.

¢ The antigenic relatedness between HMPV strains CAN75 and CANS83 was
determined to be 48%, based on the Archetti-Horsfall formula [percent relat-
edness = (r; X 1,)"? X 100], where r, is the geometric mean neutralization titer
of antibody 1 to heterologous strain 2/geometric mean neutralization titer of
antibody 1 to homologous strain 1, and r, is the geometric mean neutralization
titer of antibody 2 to heterologous strain 1/geometric mean neutralization titer of
antibody 2 to homologous strain 2.
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TABLE 3. Hamsters infected with HMPV strain CAN83 or CAN75
are protected against challenge with the homologous
and heterologous HMPV strains

Mean virus titer (log;,

Mean serum-neutralizing TCIDsy/g) in nasal
50/

antibody titer” (reciprocal

Immunizing ) N turbinates of hamsters
agent* 0g2) against: administered*:
CANT75 CANS3 CANT75 CANS3
CANS3 92+0.2 104 =03 2002 1.7x0.2
CANT75 10.9 £ 0.2 7702 =15*+00 24=x05
L15 medium =1.0*0.0 =1.0=0.0 5301 56=x02

@ Hamsters in groups of 12 were immunized by IN infection with 10°-°> TCID5,
of the indicated virus or mock infected with L15 medium.

> Sera were collected 2 to 3 days before and 31 days following the first
infection, and the neutralizing titer against each of the two strains was deter-
mined. The preinfection anti-HMPV serum titers were =1.0 (reciprocal log,) for
all animals in the study.

©On day 42, six hamsters from each group were challenged IN with 10>
TCIDs, of CANS83, and the remaining six were challenged with CAN75. Nasal
turbinates and lungs were harvested 4 days later, and the virus titer was deter-
mined on LLC- MK2 cells. The mean virus titer for each group of hamsters is
expressed as log;, TCIDsy/g of nasal turbinate * the standard error.
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Infection of hamsters with HPIV1 expressing the CANS83
strain F protein protected hamsters from challenge with either
HMPYV strain. The level of sequence identity for the F and G
proteins of the CAN75 and CANS3 strains is 95 and 37%,
respectively (3, 5). Thus, of these two major surface proteins, F
is more likely to be the major contributor to the high level of
cross-neutralization and cross-protection described above. To
examine the ability of the HMPV F protein alone to induce
serum-neutralizing antibodies and to confer protection against
HMPYV challenge, rHPIV1-Fg; was recovered in vitro from an
HPIV1 antigenomic cDNA containing the CANS83 F protein
ORF inserted upstream of the HPIV1 N gene and flanked by
HPIV1 gene start and gene end transcription signals (Fig. 2A).
HPIV1 was selected as the vector since it and HMPV each
replicate efficiently in the respiratory tract of hamsters, and the
ability of the HMPV F expressed in the absence of other
HMPYV proteins could be readily assessed in hamsters. Expres-
sion of the F protein was confirmed by indirect immunofluo-
rescence of infected cells (Fig. 2B). Thus, rHPIV1-F¢; would

-5 taier

Gene-end

Gene-start

rHPIV1-Fgs

ACGCGTA[ATG . F,, oRF (fs20 nt) . TAG|TAATIAAGTA AGAAA AACTTIAGGGT TAAAGACGCOGT
Miu | R6

Gene-start promoter element

AGGGTTAAAGTAATACTTTAAAGIGGACAAIGTCACAIGACATTITGATCT TAGTATAAATACGCGTAATG

Miu 1

Miu |
nt113

N ORF start

B.
. . . . o

. . . . o

rHPIV1

uninfected

FIG. 2. Construction of an rHPIV1 vector expressing CAN83 F. (A) Diagram of the construction of rHPIV1-Fg;. The HPIV1 genome was
modified by the creation of an Mlul restriction site (HPIV1 nt 113 to 118) 1 nt prior to the translational start codon of the N ORF (HPIV1 nt
119 to 121). The F ORF of HMPV strain CANS3 (1,620 nt in length and encoding a 539-amino-acid polypeptide; GenBank accession number
AY297749) was engineered by PCR to be followed by the tetranucleotide TAAT (R6) and an HPIV1 gene junction consisting of a gene end signal,
a CTT intergenic region, and a gene start signal. The length of the entire cassette was 1,656 nt and was designed, upon insertion into the Mlul
site, to conform to the rule of six and to maintain the HPIV1 gene start signal sequence phasing (23). Gene start and gene end signals are indicated.
A portion of the predicted viral promoter that lies within the N gene is shown. (B) Indirect immunofluorescence of LLC-MK2 cells that were
infected with rHPIV1-Fg;, HMPV CANS3, or rHPIV1 or that were mock infected (uninfected), as indicated, incubated for 72 h, and analyzed by
indirect immunofluorescence by using anti-HMPV («HMPV) polyclonal hamster serum or a mixture of two mouse monoclonal antibodies to the

HPIV1 HN protein («HPIV1), as indicated, as the first antibody.
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TABLE 4. rHPIV1 expressing CAN83 F equally protects hamsters against challenge with HMPV subgroup
CAN75 and CANS3 as well as against HPIV1

Mean serum neutralization titer (log,)

Mean level of replication of indicated challenge virus

Virus to indicated virus? in nasal turbinates®
inoculum®
rHPIV1 CANT75 CANS3 rHPIV1 CANT75 CANS3
L15 medium =1.0*+0.0 =1.0=*0.0 =1.0+0.0 49+03 50+0.2 6.1 0.3
CANS3 =1.0+0.0 83+0.2 9.8 0.2 4.6 =0.1 1.5+0.0 1.5+0.0
rHPIV1wt 6.1 0.3 =1.0=*0.0 =1.0 = 0.0 20+0.2 4.4 +0.2¢ 5.8 +0.2¢
rHPIV1-Fg, 4702 6.0 0.3 8.6 0.2 1.9 +0.2 2.9 +0.3¢ 39 *0.1¢

“ Groups of 18 hamsters were infected IN with 10° TCIDs,, of the indicated virus or with L15 medium as a negative control. rHPIV1 wt, wild-type rHPIV1.
® Thirty-three days following the first infection, sera were collected and assayed to determine the neutralization titers against HPIV1, CAN75, and CANS3. Fifty days
following the first infection, six hamsters from each group were challenged IN with 10° TCIDs, of the indicated virus, and the nasal turbinates were harvested after

4 days.

¢ Virus present in the tissue homogenates was quantified and is expressed as the mean log,, TCIDsy/g for each group = the standard error.
“ Statistically significant difference between indicated values (P < 0.01 [unpaired ¢ test]).
¢ Statistically significant difference between indicated values (P < 0.0001 [unpaired ¢ test]).

express all of the proteins of HPIV1 as well as the F protein of
HMPV.

Groups of hamsters were immunized with CANS83, wild-type
rHPIV1, rHPIV1-Fg; or L15 medium, and 33 days later, sera
were collected and tested for the ability to neutralize the
CAN75 and CANBS3 strains. As shown in Table 4, sera from
animals immunized with CAN83 or rHPIV1-Fg; efficiently
neutralized both strains of the virus. In each case, neutraliza-
tion of the homologous CANS83 strain was somewhat more
efficient than that of the heterologous CAN7S strain, which
follows the pattern noted above for sera from CANS83-infected
animals. Fifty days following immunization, the animals were
challenged by IN infection with rHPIV1, CAN7S5, or CANS3.
As shown in Table 4, animals previously infected with rHPIV1-
Fg; had a 125- and 158-fold reduction in the upper respiratory
tract in the level of replication of the CAN75 and CANS83
challenge virus, respectively. Animals were completely pro-
tected in the lower respiratory tract (data not shown). The
rHPIV1-Fg; virus also protected against HPIV1 challenge, in-
dicating that this single recombinant virus was able to protect

against the three respiratory tract pathogens, namely CAN7S5,
CANBS3, and HPIV1. These findings indicate that the F protein
of HMPV is a major protective antigen. Furthermore, the F
protein of the CANS3 strain induced neutralizing antibodies
and protection that were effective against both CAN83 and
CANTS.

Natural HMPV infection of captive chimpanzees: preva-
lence of HMPV serum antibodies in chimpanzees. Thirty-one
captive-bred chimpanzees (Pan troglodytes), ranging in age
from 1.5 to 3 years, were screened for the presence of serum-
neutralizing antibodies to HMPYV strain CAN75 or CANS3. A
large number of animals (19 animals, or 61%) were found to be
seropositive for either one or both HMPV strains, while the
remaining 12 animals (39%) were seronegative for both strains
(Fig. 3). In the seropositive animals, serum-neutralizing anti-
body titers to CAN75 ranged from low (2.6 log,) to =9.6 log,,
and titers to CANS83 ranged from undetectable (=1.0 log,) to
8.6 log,. Four of the animals that were seropositive for strain
CANT75 and seronegative for strain CAN83 had very low neu-
tralizing antibody titers (2.6 to 4.0 log,), and it is unclear if

107 [0
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— CAN83
9 e
8 % % 8
7 * * 7
Neutralization titer
( reciprocal log,) N
57 Bl
4 M4
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1234567 8910111213 14151617 1819 20 21 22 23 24 25 26 27 28 29 30 31
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FIG. 3. Seroprevalence of HMPYV in captive chimpanzees. Sera obtained from 31 captive-bred chimpanzees were screened for the presence of
neutralizing antibodies to HMPV strains CAN75 and CANS83. The serum neutralization titer (reciprocal log,) to CAN75 or CANS3 is indicated
for each sample screened. The values obtained are arranged in order of increasing neutralization titer, and the animals are numbered accordingly.
The animals indicated with asterisks were chosen for an infection and challenge study (Table 5).
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TABLE 5. Levels of replication, immunogenicity, and cross-protection of HMPV strains CAN75 and CANS3 in chimpanzees

Preimmunization serum

Level of virus

Postimmunization Level of challenge virus

GnrggP d(}/IIllrllIl:S i?rt?;::tgﬁ neutralization titer? to: replication® for: (da}fiziégosnertirélﬁnf;tral— replication’ for:
’ tered inoculation
CANT75 CANS3 NPswab  TLsample  CAN75 CANS3 NP swab  TL sample
1 CAN75 Negative’? =1.0x00 =1.0=0.0 1.9+04 2008 87%x03 102+03 =05*x00 =05=0.0
2 CANS83  Negative” 38+15 =1.0%=00 32+05 1.8+03 89=x1.0 102+03 =05=*x00 =05=%=0.0
3 CAN75  Positive® 6.8 =02 5105 1.5+00 =05*x00 74=%=05 92 +0.2 ND ND
4 CANS83  Positive® 7.6 = 0.0 5610 =05=x00 1.5+03 84=x15 10.2 = 0.2 ND ND

@ Animals in groups of two were inoculated IN and IT with 10> TCIDs,, of the indicated virus in a 1-ml inoculum at each site.

> Chimpanzees in this group were seronegative (mean antibody titer of <1:4) for the homologous infecting HMPV strain at the start of the study.

¢ Chimpanzees in this group were seropositive (mean antibody titer of >1:20) for the homologous infecting HMPV strain at the start of the study.

4 Serum neutralization antibody titer to the indicated virus is expressed as the mean reciprocal log, * the standard error.

¢ Level of virus replication is expressed as the mean of the peak virus titers (log,, TCIDs,/ml * standard error) for the animals in each group irrespective of sampling
day. The NP titers on day 0 were =<0.5 log;, TCIDsy/ml. The lower limit of detection is 1.0 log;, TCIDs,/ml. A value of =<0.5 log,, TCIDs,/ml is assigned to samples

with no detectable virus.

/On day 35, animals were challenged IN and IT with 10°? TCIDs,, of the heterologous strain of HMPV in a 1-ml inoculum at each site. Level of virus replication
is expressed as the mean of the peak virus titers (log,, TCIDsy/ml * standard error) for the animals in each group irrespective of sampling day. The NP titers on day
0 were =0.5 log;, TCIDs,/ml. The lower limit of detection is 1.0 log;, TCID5,/ml. ND, not done.

these values represent low antibody levels, as might occur for
animals infected at an early age in the presence of maternal
antibodies (27), or if they represent nonspecific neutralizing
activity. The majority of seropositive animals had higher anti-
body titers to CAN75 than to the CANS3 strain. The signifi-
cance of this finding is not known. The prevalence of HMPV
antibodies in chimpanzees indicates that these animals readily
become infected with HMPV in captivity, most likely from
their human handlers. This also is characteristic of RSV (14)
and HPIV3.

Experimentally administered HMPYV replicates and is im-
munogenic in chimpanzees. We next evaluated the ability of
strains CAN75 and CANS3 to infect chimpanzees that were
seropositive for both strains or seronegative for the infecting
strain (Table 5). Eight animals (indicated with asterisks in Fig.
4) were organized into four groups (two animals per group).
Group 1 was seronegative for strain CAN75 and CANS83 and
was administered CAN75. Group 2 was seronegative for
CANBS3, had low or no detectable neutralization titers to strain
CAN75, and was administered CANS3. Group 3 and group 4
were seropositive for both strains and were administered
CAN75 and CANS3, respectively. Each of the four seronega-
tive animals (groups 1 and 2) had nasal discharge on days 7, 8,
9, and 10 postinfection. One of the animals in group 1 had
thick mucus in the TL sample on day 8 and had decreased
appetite. The seropositive animals (groups 3 and 4) showed no
signs of illness throughout the course of the study. Thus, each
of the HMPV seronegative chimpanzees developed illness fol-
lowing infection with the CAN75 or CAN83 HMPYV strain,
demonstrating that these viruses are infectious and virulent in
chimpanzees. Furthermore, these findings from experimental
infection and the findings that 61% of the chimpanzees were
seropositive to HMPV indicate that chimpanzees are suscep-
tible to natural infection and that this infection induces resis-
tance to disease upon reinfection.

Since the seronegative chimpanzees developed illness upon
challenge with HMPV, we had expected virus to be shed in
moderate to high titer from the upper and lower respiratory
tract, as is the case with chimpanzees infected with RSV (4).
Surprisingly, however, the HMPV-infected chimpanzees shed
relatively low levels of virus. Even though all of the animals in

the seronegative groups exhibited clinical disease signs in re-
sponse to infection, the mean peak titer of virus recovered
from the NP swabs ranged from 1.9 to 3.2 log,,, and the titer
from the TL ranged from 1.8 to 2.0 log,,. The swabs and lavage
samples from animals in groups 3 and 4, which were seropos-
itive to HMPV at the start of the study, either lacked detect-
able HMPV or had a very low titer (1.5 log,,). Thus, the lack
of disease signs correlated with a reduced or undetectable level
of virus shedding.

A -

Mean virus titer
(log10 TCID50/ml)

Day post-infection

B

Mean virus titer
(log10 TCID50/ml) ]

11 /

Day post-infection

FIG. 4. Level of replication of HMPV strains CAN75 and CANS3
in the upper and lower respiratory tract of African green monkeys.
Four animals per group were infected IN and IT with 102 TCIDs, of
the indicated virus, CAN75 (@) or CANS3 (m), and NP swab (A) and
TL (B) specimens were taken on the indicated days, and the titer of
shed virus was quantified.
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TABLE 6. Level of replication, immunogenicity, and cross-protection of HMPV strains CAN75 and CANS3 in two species of monkeys

Level of virus

Postimmunization (day 28)

Level of challenge virus

Primate No. of Virus replication” for: serum peu{tral.ization Ant;%enic replication® for:
species animals inoculum? titer” to: relate%ncss“
NP swab TL sample CANT75 CANS3 NP swab TL sample
Rhesus 4 CANT75 1.3+0.1 09=0.2 6.4 = 0.6 72=*03 64 ND ND
Rhesus 4 CANS3 1.6 = 0.1 2.6 £0.3 63 *+0.1 8.4 +0.3 ND ND
African green 4 CANT75 2.6 £0.5 32+04 94+03 10.8 = 0.4 99 14 0.1 0.8 +0.1
African green 4 CANS3 22%02 49 +0.1 95*+0.5 109 £ 0.4 0.6 £0.1 09 x0.2

@ Animals were inoculated IN and IT with 10°2 TCIDs, of the indicated virus in a 1-ml inoculum at each site.
> The level of virus replication is expressed as the mean of the peak virus titers (log;, TCIDs,/ml *+ standard error) for the animals in each group irrespective of
sampling day. Virus titrations were performed on LLC-MK?2 cells. The lower limit of detection is 1.0 log;, TCIDsy/ml. A value of 0.5 log;, TCIDs,/ml is assigned

to samples with no detectable virus.

¢ Mean serum neutralization antibody titer to the indicated HMPYV strain is expressed as the mean reciprocal log, * the standard error. All animals were seronegative
for both strains of HMPV at the start of the study (i.e., day 0 reciprocal neutralization titer of =1.0 log,).

@ Percent antigenic relatedness was calculated with the formula of Archetti and Horsfall (see Table 2, footnote c).

¢ On day 30, animals were challenged IN and IT with 1052 TCIDs, of the heterologous virus in a 1-ml inoculum at each site. Level of virus replication is expressed
as the mean of the peak virus titers (log,, TCIDsy/ml =+ standard error) for the animals in each group irrespective of sampling day. The lower limit of detection is 1.0

log;o TCIDsy/ml. ND, not done.

In this small sample, there was no evidence of antigenic
differences between strains CAN75 and CANS3. Specifically,
seronegative animals that were immunized with either strain
(groups 1 and 2) developed antibodies with titers that were
somewhat higher against strain CANS83 than against strain
CANT7S5, irrespective of the immunizing virus.

The animals that were seronegative for the strain used in the
primary infection were next challenged with the heterologous
HMPV strain. As shown in Table 5, both groups of animals
were completely protected from cross-challenge, indicating
that previous infection by one HMPV lineage protects chim-
panzees from subsequent infection by the heterologous
lineage.

Replication of HMPV in monkeys. The levels of replication
and immunogenicity of HMPV CAN75 and CANS3 strains
were determined in two species of monkeys. Twenty-two rhe-
sus macaques and 20 African green monkeys were screened for
serum-neutralizing antibodies to HMPV, and each animal was
seronegative for HMPV (=1.0 log,). Four animals of each
species were infected IT with 10°2 TCIDs, of either HMPV
strain CAN75 or strain CANS3. Illness did not develop in any
of the 16 monkeys. Samples from rhesus monkeys had very low
titers of virus, ranging from 0.9 to 2.6 log,, TCIDs, (Table 6).
Furthermore, the postimmunization titers of serum-neutraliz-
ing antibodies were also relatively low, ranging from 6.3 to 8.4
log,. Thus, rhesus monkeys support the replication of HMPV,
but the level of replication is low.

The highest level of HMPV replication and immunogenicity
was found to occur in infected African green monkeys (Table
6), which shed titers of HMPYV ranging from 2.2 to 4.9 log,,
TCIDs,, and which developed serum-neutralizing antibody ti-
ters that ranged from 9.4 to 10.9 log,. The time course of
HMPYV replication in samples collected from the nasopharynx
and the trachea of the African green monkeys is shown in Fig.
4 and indicates that virus shedding occurred over a broad
window of more than 6 days.

Thirty days following the first infection, the African green
monkeys were challenged with the heterologous HMPYV strain
(Table 6). Both groups of animals were highly protected from
cross-challenge, indicating that previous infection by one
HMPYV lineage confers resistance to subsequent infection by

the heterologous strain. These data indicate that African green
monkeys are permissive for HMPV replication and, in partic-
ular, represent a suitable primate host with which to evaluate
the replication and immunogenicity of HMPV.

We next evaluated the ability of the antibodies induced by
the primary infection in the two species of monkeys to neu-
tralize the homologous versus heterologous subgroup virus to
determine if the high level of antigenic relatedness seen in
hamsters was also seen in nonhuman primates. Each species
was calculated separately, showing that the percent relatedness
of the two HMPV lineages was 64 and 99%, based on the data
from rhesus macaques and African green monkeys, respec-
tively (Table 6).

DISCUSSION

Characterization of HMPV has been hampered by its rela-
tively poor growth in vitro (39) and by the lack of established
animal models of infection, immunogenicity, and protective
efficacy. Although two strains of HMPV representing each of
the major genetic lineages grew less well in vitro than HPIV1,
which shares a requirement for added trypsin, it was found that
moderately high titers could be achieved in vitro by the regular
replenishment of the trypsin in the growth medium. It was also
found that hamsters are relatively permissive for replication of
members of both HMPV lineages and that the infected ani-
mals developed a strong immune response that protected the
animals from challenge. While this paper was in preparation,
another group showed that the original HMPV Netherlands
isolate (00-1), which belongs to the same lineage as the CANS3
strain, was immunogenic and replicated in the respiratory tract
of hamsters (37). HMPV infection in other small animal mod-
els such as ferrets and rabbits has been reported to induce a
strong immune response (39), but the level of virus replication
in these animals has not been reported. The present study
extended these observations to show that members of both
HMPV lineages replicated efficiently in hamsters and that in-
fection induced a high level of neutralizing antibodies and
resistance to challenge that was effective against both homol-
ogous and heterologous strains. In addition to identifying the
hamster as a useful rodent model for HMPV infection and
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vaccine development, two species of nonhuman primates were
also identified as useful models for the development of respi-
ratory tract disease (chimpanzees) and for replication (African
green monkeys).

Chimpanzees, but not rhesus macaques or African green
monkeys, had a high seroprevalence for HMPYV, indicating that
chimpanzees can readily become infected by their human han-
dlers and possibly by animal-to-animal transmission. Chimpan-
zees that were experimentally infected with either strain de-
veloped mild upper respiratory tract disease symptoms and
cough, but HMPV was shed only in low titers from the respi-
ratory tract. RSV, which also is a member of the Pneumovirus
subfamily, has also been found to naturally infect chimpanzees
in captivity (14), but in contrast to HMPV, RSV replicates to
a high titer in the respiratory tract of chimpanzees (4). The
apparent incongruity between the low level of HMPV shedding
in the presence of disease symptoms might reflect a difficulty in
retrieving infectious virus from secretions, possibly due to the
inactivation by host immune factors or a high level of cell
association of HMPYV in the epithelial cells lining the respira-
tory tract of the chimpanzees. Since the chimpanzee is so
closely related to humans, this raises the possibility that detec-
tion of HMPYV in human secretions might also be inefficient.
The inability to detect substantial HMPV shedding was unex-
pected, since RSV is known to be labile and cell associated in
vitro but is nonetheless shed from RSV-infected chimpanzees
presenting with RSV-associated illness at a level that is 100- to
1,000-fold greater than was the case for HMPV-infected chim-
panzees (4, 41). Alternatively, the level of HMPV replication
in chimpanzees may indeed be low, but infection may trigger
immune- or chemokine-mediated pathology, resulting in the
development of disease symptoms (16). Although the level of
HMPV shedding was low, chimpanzees developed a robust
immune response. Animals that were seropositive for both
strains by either natural or experimental infection were pro-
tected from disease following challenge with either strain. This
is the first demonstration of the feasibility of immunizing
against HMPV in a primate animal model achieved in re-
sponse to either natural exposure or IN immunization. Thus,
chimpanzees may provide a useful nonhuman primate model
for HMPV disease but are less than ideal models of virus
replication. Moreover, their lack of availability and seroposi-
tivity will restrict their further use.

HMPYV replicated to a high titer in African green monkeys,
especially in the lower respiratory tract, and infected animals
developed a high titer of serum-neutralizing antibodies. Resis-
tance to replication of a heterologous challenge HMPV strain
was also observed. We were unable to detect a substantial level
of HMPYV replication in rhesus macaques, although this spe-
cies developed serum-neutralizing antibodies following HMPV
infection, indicating that these macaques are not ideal animal
models for the quantitation of HMPYV replication. Thus, Afri-
can green monkeys appear to be the best nonhuman primate
model examined thus far for evaluating HMPV replication and
immunogenicity. Previously, HMPV viral RNA was detected
by reverse transcription-PCR in throat swabs of experimentally
infected cynomolgus macaques (39); however, infectious virus
was not quantified in that study.

It has been suggested that there are be multiple serotypes of
HMPV (29, 40). In the present study, the antigenic relatedness
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between CAN75 and CANS3, representing the two known
genetic lineages of HMPV, was examined by using reciprocal
cross-neutralization assays based on primary infection sera
from hamsters, two species of monkeys, and chimpanzees. The
two HMPV genetic lineages were found to be highly related
antigenically in each animal model. The level of relatedness
was 48% in hamsters and from 64 to 99% in nonhuman pri-
mates. This high level of relatedness would be expected to
confer a high level of cross-protection in challenge experi-
ments, and this indeed was observed. The demonstration of a
high level of cross-neutralization and cross-protection follow-
ing a primary infection indicates that these two strains do not
represent different serotypes or even antigenic subgroups of
HMPV. In particular, the level of antigenic relatedness be-
tween the two lineages of HMPV is higher than that observed
between the A and B antigenic subgroups of RSV (10, 21).
Based on an analysis of rodent and human sera, the two sub-
groups of RSV were 25 and 31% related, respectively (19, 21).

The F proteins of the two RSV subgroups were 89% iden-
tical at the amino acid level and 50 to 100% antigenically
related. The RSV subgroup A and B G proteins are 53%
identical at the amino acid level but are only 5 to 7% related in
their level of antigenic cross-reactivity (19-21). Thus, the F
protein is responsible for the relatively high degree of cross-
subgroup neutralization observed in vitro for RSV (21). It was
reasonable to suggest that the F protein also played the major
role in the antigenic relatedness between members of the two
HMPV lineages since it is 95% identical between lineages at
the amino acid level whereas the G protein is only 37% iden-
tical, which was found to be the case. Animals immunized with
an rHPIV1 vector expressing the CANS3 F protein developed
neutralizing antibodies against both strains and were protected
from challenge from members of both lineages of HMPV,
demonstrating that the HMPV F protein is a major contributor
to the high level of antigenic relatedness observed between
lineages. Recently, it was shown that a chimeric human-bovine
PIV3 expressing the HMPV strain 00-1 F protein protected
hamsters from infection with the HMPV strain 00-1 (37), al-
though challenge with a heterologous strain was not per-
formed. Thus, the HMPV F protein is a major neutralization
antigen that confers substantial neutralization and protection
across lineages. These findings suggest that the HMPV F pro-
tein would be a preferred HMPV antigen to express from a
live-vaccine expression vector. The HPIV1 virus bearing the
CANBS3 F protein protected against both HPIV1 and HMPV,
indicating that it, like the HPIV3 vector described (37), also
has promise for use as a vaccine to induce protective immunity
to multiple human viral pathogens.

The two HMPV lineages examined in this study are also
more closely related antigenically than are the human and
bovine PIV3 strains. These two members of the Respirovirus
genus share 79 and 75% sequence identity in their F and HN
glycoproteins, respectively, and are 25% related antigenically
(11). Infection of hamsters or nonhuman primates with bovine
PIV3 protects animals from challenge with HPIV3 (11, 18, 32).
In contrast to RSV, PIV3, and HMPV, the HPIV4 subgroups
A and B are highly distinct immunologically (8, 26), despite a
comparatively high level of amino acid identity in the F and
HN antigenic glycoproteins (95 and 84%, respectively) (2, 24).
Studies suggest that this antigenic diversity may be caused by
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the creation or deletion of N-glycosylation sites on the HN
glycoproteins (25). For the HPIV4 subgroups A and B, the F
protein appears to be contributing less to the antigenic relat-
edness estimated with the neutralization test than for the RSV
and HMPV viruses.

The present study did not address the relative contributions
of the other two surface proteins of HMPV, namely, the G and
SH proteins, to the observed antigenic relatedness or to het-
erologous protection. In the case of RSV, the F and G surface
glycoproteins are the only significant neutralization antigens
and are the major protective antigens (12), and in the case of
HPIV1, HPIV2, HPIV3, and HPIV4, the two surface proteins
F and HN also are the neutralization and major protective
antigens (9). The SH protein of RSV is not a significant neu-
tralization or protective antigen, but this might be because it
has a very small extracellular domain. In contrast, the HMPV
SH and G proteins have large extracellular domains, and it
may be that each protein will be found to be a neutralization
and protective antigen. Genetic analysis has shown that the SH
and G glycoproteins of the two HMPV lineages were highly
variable and that, in particular, the G protein did not have
more than three contiguous amino acids in the extracellular
domain conserved between the two lineages (5). This finding
suggests that conserved antigenic sites would be rare or non-
existent and that these proteins likely contribute little to the
cross-protection observed between members of the two lin-
eages of HMPV. However, we do not rule out a role for G or
SH in an HMPYV vaccine. Because antigenic relatedness is
defined by an in vitro neutralization assay, it can be dominated
by a major conserved neutralization antigen such as the F
protein. It may be that, in humans, G and SH play roles in
protection that cannot be predicted by these studies. If so, the
high degree of genetic diversity between the genetic lineages
for these proteins would become important for immunopro-
phylaxis, such that both lineages would need to be represented
in a vaccine. In sum, the present study identified hamsters and
African green monkeys as useful animal models for the two
lineages of HMPV and demonstrated a high degree of anti-
genic relatedness and cross protection that is mediated by
immunity to the highly conserved F protein. An HPIV1 vector
bearing the HMPV F protein provided protection against
HPIV1 as well as both lineages of HMPV, indicating that such
vectors might be useful as vaccines to protect against disease
caused by both HPIV1 and HMPV.
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