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The chimeric recombinant virus rHPIV3-NB, a version of human parainfluenza virus type 3 (HPIV3) that is
attenuated due to the presence of the bovine PIV3 nucleocapsid (N) protein open reading frame (ORF) in place
of the HPIV3 ORF, was modified to encode the measles virus hemagglutinin (HA) inserted as an additional,
supernumerary gene between the HPIV3 P and M genes. This recombinant, designated rHPIV3-NBHA,
replicated like its attenuated rHPIV3-NB parent virus in vitro and in the upper and lower respiratory tracts of
rhesus monkeys, indicating that the insertion of the measles virus HA did not further attenuate rHPIV3-NB in
vitro or in vivo. Monkeys immunized with rHPIV3-NBHA developed a vigorous immune response to both
measles virus and HPIV3, with serum antibody titers to both measles virus (neutralizing antibody) and HPIV3
(hemagglutination inhibiting antibody) of over 1:500. An attenuated HPIV3 expressing a major protective
antigen of measles virus provides a method for immunization against measles by the intranasal route, a route
that has been shown with HPIV3 and respiratory syncytial virus vaccines to be relatively refractory to the
neutralizing and immunosuppressive effects of maternally derived virus-specific serum antibodies. It should
now be possible to induce a protective immune response against measles virus in 6-month-old infants, an age
group that in developing areas of the world is not responsive to the current measles virus vaccine.

Measles virus is a member of the genus Morbillivirus of the
Paramyxoviridae family of viruses (20). Measles virus infection
causes the death of over 1 million children per year and re-
mains among the most important causes of mortality due to
infectious disease worldwide (27). A measles virus vaccine is
available, but it is largely ineffective in infants under 9 to 15
months of age because maternally acquired measles virus-spe-
cific antibodies readily neutralize this parenterally adminis-
tered attenuated vaccine virus (1). Since measles virus causes
serious illness in infants 6 to 15 months of age (45), there is a
need for a measles virus vaccine that can induce a protective
immune response in infants possessing maternally acquired
measles virus antibodies. Human parainfluenza virus type 3
(HPIV3) is another important human pathogen and is second
only to respiratory syncytial virus as a cause of serious pediatric
viral respiratory tract disease worldwide (7).

Several approaches to the development of vaccines to pro-
tect the very young infant against PIV3 or measles virus infec-
tion have been pursued (9, 14, 32, 42, 43, 54, 55). Virus vectors
carrying a major antigenic determinant of HPIV3 (12, 53) or
measles virus (11, 15, 36, 38, 44, 49, 50) have shown promise
but are not always effective in the presence of serum antibodies
to PIV3 (12) or measles virus (54), which are present in young
infants as maternally derived serum immunoglobulin G. A live
attenuated vaccine that is delivered directly into the respira-
tory tract, where it replicates and induces both a systemic and

a mucosal antibody response, can effectively circumvent the
neutralizing activity of serum antibody (12, 52).

Some of the most promising paramyxovirus vaccine candi-
dates are live attenuated viruses, since these have been shown
to be highly efficacious in nonhuman primates even in the
presence of high levels of passively transferred antibodies, an
experimental situation that simulates that of the very young
infant with maternally acquired antibodies (8, 12). For HPIV3,
two candidate vaccines have been shown in clinical trials to be
well tolerated, safe, and immunogenic in infants and children,
namely (i) the cold-passaged (cp) HPIV3 cp45 virus, which
contains a number of attenuating point mutations, and (ii) the
Kansas (Ka) strain of bovine PIV3 (BPIV3), which is attenu-
ated by a host range restriction (see below) (22, 26). Because
of these successful clinical experiences, we have been exploring
the use of attenuated PIV3 as a vector to express antigens of
additional pathogens for the purpose of designing bivalent or
multivalent pediatric vaccines. We previously constructed a
version of HPIV3, termed rcp45L (HA P-M) (14), that ex-
pressed measles virus hemagglutinin (HA) from an added gene
and contained three cp45-derived attenuating point mutations
in the L gene (39). rcp45L (HA P-M) was attenuated and
immunogenic for both HPIV3 and measles virus in hamsters.

The strategy of using an animal virus that is attenuated in
humans because of a host range restriction as a vaccine against
a virulent antigenically related human virus represents the
“Jennerian” approach to vaccine development (31). BPIV3
was found to be 100- to 1,000-fold restricted in replication in
rhesus monkeys compared to wild-type (wt) HPIV3 (6). How-
ever, BPIV3 is only 25% antigenically related to HPIV3 in
cross-neutralization assays (6) and is therefore not optimally
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immunogenic for HPIV3. We previously constructed a viable
chimeric recombinant bovine-human PIV3 containing the nu-
cleoprotein (N) open reading frame (ORF) from BPIV3 Ka in
place of the HPIV3 N ORF, previously designated cKa-N (3)
and referred to here as rHPIV3-NB. This virus was restricted in
replication in rhesus monkeys to the same extent as its BPIV3
parent virus (3). Furthermore, this identified the BPIV3 N
protein as a major determinant for the host range restriction of
replication of BPIV3 in primates. rHPIV3-NB induced a high
level of resistance in rhesus monkeys to challenge with the
biologically derived wt JS strain of HPIV3. The rHPIV3-NB

chimeric virus thus combines the antigenic determinants of wt
HPIV3 with the host range restriction and attenuation pheno-
type of BPIV3. There are 79 differences out of a total of 515
amino acids between the N proteins of HPIV3 and BPIV3 (4).
Many of these 79 amino acid differences likely contribute to
the host range attenuation phenotype of rHPIV3-NB. Because
the host range restriction of BPIV3 is expected to be based on
numerous amino acid differences, it is anticipated that the
attenuation phenotype of rHPIV3-NB will be stable even fol-
lowing prolonged replication in vivo. In the present study, we
evaluated rHPIV3-NB as a vector for the expression of measles
virus HA for the purpose of developing a bivalent vaccine for
intranasal (IN) immunization of infants and young children.

Construction, recovery, and in vitro growth characteristics
of rHPIV3-NBHA. The antigenomic cDNA encoding rH-
PIV3-NB (3) was modified to contain the measles virus HA
ORF inserted as an additional gene between the P and M
genes (Fig. 1). The source of the HA gene was a previously
constructed wt HPIV3 antigenomic cDNA, pFLC(HA P-M)
(14), containing the HA ORF under the control of HPIV3
gene start and gene end transcription signals and inserted as a
supernumerary gene into the wt rHPIV3 genome between the
P and M genes. We replaced the PshAI-to-XhoI fragment of
the rHPIV3-NB antigenomic cDNA with that of pFLC(HA
P-M) bearing the HA gene. Recombinant virus, designated
rHPIV3-NBHA, was readily recovered from HEp-2 cells trans-
fected with the chimeric antigenomic cDNA and support plas-
mids and was biologically cloned and propagated on LLC-MK2
cells as described previously (42). Viral RNA was isolated from
the recovered virus, and the added HA gene and flanking

sequences were amplified by reverse transcription-PCR and
were analyzed by restriction enzyme digestion and nucleotide
sequencing. This confirmed that the genome structure of the
recovered rHPIV3-NBHA virus was exactly as designed (data
not shown).

The kinetics of replication in vitro of rHPIV3-NBHA was
compared to that of its rHPIV3-NB parent and wt rHPIV3 by
infecting LLC-MK2 cells at a multiplicity of infection of 0.01
and measuring the virus yield at 24-h intervals, as described
previously (42). rHPIV3-NBHA displayed a rate of growth
similar to that of rHPIV3-NB and also grew to a peak titer on
day 4 similar to that of each of its parent viruses (Fig. 2). This
demonstrated that the insertion of an additional gene into the
chimeric PIV3 genome did not attenuate this virus for repli-
cation in vitro.

The expression of the measles virus HA was initially exam-
ined by immunostaining plaques formed on LLC-MK2 mono-
layer cultures infected with rHPIV3-NBHA with mouse mono-
clonal antibodies specific to the measles virus HA or with
monoclonal antibodies specific for the HPIV3 hemagglutinin-
neuraminidase (HN) protein as described previously (14). The
viral titers determined by immunostaining rHPIV3-NBHA
plaques on monolayer cultures with a mixture of measles HA-
or HPIV3 HN-specific antibodies were essentially indistin-
guishable, indicating that the HA antigen was expressed by the
majority of plaque-forming virions (data not shown). Expres-
sion of the measles virus gene was also confirmed by indirect
immunofluorescence of LLC-MK2 cells infected with rHPIV3-
NBHA (Fig. 3). LLC-MK2 cells grown on glass slides were
infected with a recombinant HPIV3 or with wt HPIV1. Ap-
proximately 44 h postinfection, the cells were fixed and per-
meabilized as described previously (40). Mouse monoclonal
anti-HPIV3 (101/1 and 454/11 [47]) (Fig. 3A) or anti-measles
HA antibodies (79-XV-V17, 80-III-B2, and 81-1-366 [a gift of
Stephen Jacobson, National Institutes of Health] [14]) (Fig.
3B) and fluorescein isothyocianate-conjugated anti-mouse im-
munoglobulin G antibodies (Jackson Immunochemicals, West
Grove, Pa.) were used for detection of the HPIV3 HN or
measles virus HA glycoprotein, respectively. The pattern of
fluorescence in cells infected with rHPIV3-NBHA demon-
strated that this recombinant expressed the major antigenic

FIG. 1. Schematic diagram (not to scale) of the parent and chimeric PIV3s. The relative positions of the BPIV3 N ORF (u; shaded regions
consist of BPIV3 sequence) and measles virus HA ORF (p) are indicated in biologically derived and recombinant PIV3s. The restriction sites used
to transfer the HA gene into rHPIV3-NBHA are shown.
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determinants of both HPIV3 and measles virus. Both viral
glycoproteins localized to the cell membrane and to the cyto-
plasm. Efficient expression of the measles virus HA in vivo was
confirmed as described below.

rHPIV3-NBHA replicates to the same level as rHPIV3-NB in
the respiratory tracts of rhesus monkeys. Rhesus macaques
are permissive for HPIV3 (13) and measles virus (34) replica-
tion and are, therefore, appropriate animal models for the
study of PIV or measles virus infection and immunity. This
nonhuman primate model has been used to screen PIV vaccine
candidates before proceeding to clinical trials (23). We sought
to determine if the presence of the measles virus HA signifi-
cantly decreased the replication of rHPIV3-NB in the upper
and lower respiratory tracts of immunized nonhuman pri-
mates, as had been previously observed in a rodent model
when a supernumerary gene was inserted into an attenuated
HPIV3 backbone (14, 41). We also sought to determine if
rHPIV3-NBHA replicated sufficiently to induce a satisfactory
immune response against both HPIV3 and measles virus in
nonhuman primates, a more appropriate animal model than
rodents for these human pathogens. The replication of rH-
PIV3-NBHA in the upper and lower respiratory tracts of rhe-
sus monkeys was compared to that of its rHPIV3-NB parent as
well as to that of wt rHPIV3 and wt BPIV3 (Table 1). Rhesus
monkeys that were seronegative for both HPIV3 and measles
virus were inoculated simultaneously by the IN and intratra-
cheal (IT) routes with 1 ml of L15 medium per site containing
105 50% tissue culture infective doses (TCID50) of virus, as
described previously (3, 37). Nasopharyngeal (NP) swab sam-
ples were collected on days 1 through 10 postinfection, and
tracheal lavage (TL) samples were collected on days 2, 4, 6, 8,

and 10 postinfection. Virus present in the NP and TL speci-
mens was quantified by titration on LLC-MK2 cell monolayers
at 32°C, as previously described (42), and the mean peak virus
titer obtained was expressed as log10 TCID50 per milliliter
(Table 1). Table 1 also includes data collected from similarly
infected and sampled rhesus monkeys from two previous stud-
ies (3, 37).

The rHPIV3-NBHA chimeric virus replicated in the upper
and lower respiratory tracts of rhesus monkeys to a level com-
parable to that of its rHPIV3-NB parent virus. rHPIV3-NBHA
was significantly restricted in replication in the upper respira-
tory tract compared to rHPIV3 wt (P � 0.05; Student’s t test),
but the level of replication of rHPIV3 wt in the lower respira-
tory tract is low, precluding meaningful statistical comparison.
The level of replication of rHPIV3-NBHA was also compara-
ble to that of the BPIV3 candidate vaccine, demonstrating that
rHPIV3-NB HA retains the host range attenuation phenotype
of rHPIV3-NB and BPIV3. This also indicated that, unexpect-
edly, the insertion of the measles virus HA gene into the
rHPIV3-NB genome did not significantly further attenuate this
virus for replication in the respiratory tracts of rhesus mon-
keys. This suggests that the attenuation conferred by inserting
the HA ORF between the PIV3 P and M genes previously
observed in hamsters (14) may be specific to that animal model
or is largely masked in primates by the attenuation phenotype
specified by the bovine N gene product.

Immunization of rhesus monkeys with rHPIV3-NBHA in-
duced high titers of antibodies against both HPIV3 and mea-
sles virus and protected the monkeys from challenge with
biologically derived HPIV3. Although cell-mediated immunity
likely plays a role in protection against PIV and measles virus

FIG. 2. Multistep growth curves of rHPIV3s. LLC-MK2 monolayers were infected in triplicate with the indicated rPIV3 at a multiplicity of
infection of 0.01 at 32°C. Aliquots of the medium supernatants were harvested at 24-h intervals and were assayed at 32°C for virus titer. Virus titers
are expressed as mean log10 TCID50 per milliliter � SE.
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disease, the sparing of severe measles virus infection in early
infancy defines a major role for antibodies in resistance to
disease caused by measles virus. Previously, it was found that
hamsters immunized with a recombinant HPIV3 expressing
the measles virus HA developed high serum neutralizing anti-
body titers to measles virus (14). However, it was not known if
a strong immune response to a vectored antigen could be
induced in primates, a more appropriate model for a human
viral pathogen. As shown in Table 1, rhesus monkeys immu-
nized with rHPIV3-NBHA developed a high level of serum
antibodies against both HPIV3 and measles virus. Serum
HPIV3 antibodies were quantified by hemagglutination inhi-
bition (HAI) assay using guinea pig erythrocytes as described
previously (48), and the titers are expressed as mean reciprocal
log2 � standard error (SE). A high level of serum HAI anti-
bodies to HPIV3 was induced by both rHPIV3-NBHA (1:128)
and rHPIV3-NB (1:181), demonstrating that these attenuated
recombinants can induce a strong immune response against
the backbone antigens of the HPIV3 vector. The serum neu-
tralizing antibody titer against measles virus was quantified by
plaque assay as described previously (14), and the titer is ex-
pressed as reciprocal mean log2 � SE (Table 1). Rhesus mon-
keys immunized with rHPIV3-NBHA developed a high level of
measles virus neutralizing antibodies of 1:588 (1,661 mIU)
measured 31 days after immunization, a level that is in sub-

stantial excess of that needed to protect humans against infec-
tion with measles virus (5, 28).

To compare the efficacy of immunization with the live at-
tenuated rHPIV3-NBHA and rHPIV3-NB virus vaccine candi-
dates against wt HPIV3 infection, the monkeys were chal-
lenged IN and IT with 106 TCID50 of the biologically derived
JS strain of wt HPIV3 31 days after immunization (Table 1).
NP swab and TL samples were collected on days 2, 4, 6, and 8
postchallenge. Virus present in the specimens was quantified
by serial dilution on LLC-MK2 monolayer cultures as de-
scribed above. rHPIV3-NBHA and rHPIV3-NB induced com-
parable high levels of protection against challenge with wt
HPIV3, as indicated by a 100- to 1,000-fold reduction in wt
HPIV3 replication in the respiratory tract of immunized mon-
keys. This demonstrated that insertion of the measles virus HA
gene into the chimeric bovine-human PIV3 did not diminish
the level of protection induced by the HPIV3 glycoproteins
present in the backbone of the attenuated vector.

We next sought to compare the immunogenicity of rHPIV3-
NBHA with that of the live attenuated Moraten strain measles
virus vaccine in rhesus monkeys. Rhesus monkeys previously
infected with rHPIV3 (n � 2), rHPIV3-NB (n � 2), or rH-
PIV3-NBHA (n � 4) were immunized parenterally (intramus-
cularly) with 105 PFU of the Moraten virus on day 59, and
serum samples were collected on day 87 and analyzed for

FIG. 3. rHPIV3-NBHA expresses the major antigenic determinants of HPIV3 and measles virus. Mouse monoclonal anti-HPIV3 HN (101/1
and 454/11) (A) and mouse monoclonal anti-measles HA antibodies (79-XV-V17, 80-III-B2, and 81-1-366) (B) were used to detect the HN protein
and HA in LLC-MK2 cells infected with the indicated virus.
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neutralizing antibodies against measles virus (Table 1). In
measles virus-naive animals (Table 1, groups 1 and 2), the titer
of measles virus-specific antibodies induced by the Moraten
vaccine virus was similar to that observed in rHPIV3-NBHA-
immunized animals (Table 1, group 3). Thus, the immunoge-
nicity of the rHPIV3-NBHA vector expressing the HA glyco-
protein of measles virus was equivalent to that of the Moraten
measles vaccine virus. This demonstrates that an attenuated
PIV3 can be used as a vector to construct a multivalent vaccine
to immunize primates against multiple human viral pathogens.

An important advantage of a PIV vector-based vaccine for
measles virus over the licensed Moraten vaccine is that the PIV
vector can be administered by the IN route, whereas live-
attenuated measles virus vaccines are not consistently infec-
tious by this route, probably as a consequence of their atten-
uation and adaptation to cell culture (10). This makes it
possible to immunize with rHPIV3-NBHA in early infancy, an
age group that cannot be immunized with a current live atten-
uated measles virus vaccine such as the Moraten strain because
the vaccine virus is neutralized by passively acquired maternal
antibodies (14). Replication of respiratory viruses in the upper
respiratory tract is relatively refractory to an inhibitory effect of
passively transferred serum antibodies (35). Therefore, it was
not surprising to find that the HPIV3 and respiratory syncytial
virus live attenuated vaccine candidates are infectious and im-
munogenic in experimental animals which have been adminis-
tered physiologic amounts of virus-neutralizing antibodies as
well as in infants and young children possessing maternally
derived virus-specific serum antibodies (8, 12, 24, 25, 52). It is
reasonable to expect that the same will be true of heterologous
antigens borne by recombinant HPIV3. This will be investi-
gated directly in future studies by examining the safety and
protective efficacy of rHPIV3-NBHA in rhesus monkeys that
have received passive infusion of physiologic amounts of anti-
bodies specific to HPIV3, measles virus, or both. In addition,
the local antibody response and the longevity of the serum
immune response to the vectored measles antigen will be ex-
amined in future studies to determine if prior immunization
with a PIV-measles recombinant interferes with subsequent
immunization with the Moraten vaccine strain.

The lack of effective vaccination against measles virus infec-
tion results in the death of over 2,700 children every day world-
wide (51). The rHPIV3-NBHA candidate vaccine offers a
unique opportunity to immunize against two major causes of
severe pediatric disease, namely, HPIV3 and measles virus.
Unlike the currently licensed measles virus vaccines, we expect
that chimeric rHPIV3-NBHA, expressing the major antigenic
determinant of measles virus, can be used to induce a strong
immune response to measles virus in infants about 6 months of
age (14). Additional chimeric recombinant PIVs expressing the
measles virus F glycoprotein with or without HA will also be
generated, and their immunogenicity and efficacy will be ex-
amined in animal models. The need for a measles virus vaccine
to protect children less than 15 months of age is greatest in the
regions of the world where there also is a high prevalence of
infection with human immunodeficiency virus (30, 33). The
candidate measles vaccine described here should be phenotyp-
ically stable in vivo following prolonged replication in an im-
munocompromised host because the attenuation phenotype is
likely specified by many of the 79 amino acid differences that

differentiate the bovine and human N proteins, but this as-
sumption requires experimental verification. We are further
examining the basis of attenuation of the bovine N gene in
rHPIV3-NB and its phenotypic stability following prolonged
replication in a permissive host. An effective immunization
strategy for infants and children will be required to meet the
World Health Organization goal to eradicate measles by the
year 2010. In particular, it would be advantageous in the final
stage of measles eradication to employ a vaccine that does not
involve infectious measles virus, thereby precluding possible
persistence of the pathogen, as may occur in immunocompro-
mised individuals, and reversion to the wt phenotype seen with
other live attenuated virus vaccines (2, 16–19, 21, 29, 46).

We thank Robert Chanock, Jason Newman, and Lea Vogel for
reviewing the manuscript. We also thank Judy Beeler for the standard-
ized measles serum and Ernest Williams and Fatemeh Davoodi for
technical assistance.
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