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Recombinant human parainfluenza virus type 3 (PIV3) was used as a vector to express the major protective
antigen of measles virus, the hemagglutinin (HA) glycoprotein, in order to create a bivalent PIV3-measles virus
that can be administered intranasally. The measles virus HA open reading frame (ORF) was inserted as an
additional transcriptional unit into the N-P, P-M, or HA-neuraminidase (HN)-L gene junction of wild-type
PIV3 or into the N-P or P-M gene junction of an attenuated derivative of PIV3, termed rcp45L. The recom-
binant PIV3 (rPIV3) viruses bearing the HA inserts replicated more slowly in vitro than their parental viruses
but reached comparable peak titers of >107.5 50% tissue culture infective doses per ml. Each of the wild-type
or cold-passaged 45L (cp45L) PIV3(HA) chimeric viruses replicated 5- to 10-fold less well than its respective
parent virus in the upper respiratory tract of hamsters. Thus, insertion of the ;2-kb ORF itself conferred
attenuation, and this attenuation was additive to that conferred by the cp45L mutations. The attenuated cp45L
PIV3(HA) recombinants induced a high level of resistance to replication of PIV3 challenge virus in hamsters
and induced very high levels of measles virus neutralizing antibodies (>1:8,000) that are well in excess of those
known to be protective in humans. rPIV3s expressing the HA gene in the N-P or P-M junction induced about
400-fold more measles virus-neutralizing antibody than did the rPIV3 with the HA gene in the HN-L junction,
indicating that the N-P or P-M junction appears to be the preferred insertion site. Previous studies indicated
that the PIV3 cp45 virus, a more attenuated version of rcp45L, replicates efficiently in the respiratory tract of
monkeys and is immunogenic and protective even when administered in the presence of very high titers of
passively transferred PIV3 antibodies (A. P. Durbin, C. J. Cho, W. R. Elkins, L. S. Wyatt, B. Moss, and B. R.
Murphy, J. Infect. Dis. 179:1345–1351, 1999). This suggests that this intranasally administered PIV3(HA)
chimeric virus can be used to immunize infants with maternally acquired measles virus antibodies in whom the
current parenterally administered live measles virus vaccine is ineffective.

Measles virus is a member of the Morbillivirus genus of the
Paramyxoviridae family (23). It is one of the most contagious
infectious agents known to humans and is transmitted from
person to person via the respiratory route (23). The virus has
a complex pathogenesis, involving replication in both the re-
spiratory tract and various systemic sites (23). Although both
mucosal immunoglobulin A (IgA) and serum IgG measles vi-
rus-specific antibodies can participate in the control of measles
virus infection, the absence of measles virus disease in very
young infants possessing only maternally acquired measles vi-
rus-specific IgG antibodies identifies serum antibodies as the
major mediator of resistance to disease (23). This conclusion is
supported by the high level of efficiency of measles virus-
specific IgG antibodies in preventing measles when given early
after exposure (30, 36). Like other paramyxoviruses, the mea-
sles virus hemagglutinin (HA) and fusion (F) glycoproteins are
the major neutralization and protective antigens (23). A vac-
cine has been available for more than three decades and has
been successful in eradicating indigenous measles disease from

the United States, but the World Health Organization esti-
mates that more than 45 million cases of measles still occur
annually, killing more than 2,000 young children per day,
mostly in the developing world (22). In 1996 the World Health
Organization, the Pan American Health Organization, and the
Centers for Disease Control and Prevention established the
goal of global measles virus eradication by the years 2005 to
2010 (5). Although progress toward measles virus control has
been made, measles still accounts for 10% of global mortality
among children aged 5 years or less (67).

The currently available live attenuated measles virus vaccine
is administered by a parenteral route (23). Both wild-type
measles virus and the vaccine virus are very readily neutralized
by antibodies, and the measles virus vaccine is rendered non-
infectious by even very low levels of maternally acquired mea-
sles virus-specific neutralizing antibodies (1, 26, 43). For this
reason, the vaccine is not given until the passively acquired
maternal antibodies have decreased to undetectable levels. In
the United States, the measles virus vaccine is not given until
12 to 15 months of age, a time when it can readily infect almost
all children. In the developing world, measles virus continues
to have a high mortality rate, especially in children within the
latter half of the first year of life (22, 59). This occurs because
the measles virus, which is highly prevalent in these regions, is
able to infect that subset of infants in whom maternally ac-
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FIG. 1. Insertion of the HA ORF of measles virus into the genome of recombinant PIV3. (A) Diagram (not to scale) of the 2,028-nt insert containing the complete
ORF of the HA gene of measles virus. The insert contains, in 59 to 39 order, the following: a StuI site; nt 8602 to 8620 from the PIV3 antigenome, which consists of
downstream noncoding sequence from the HN gene and its gene end signal; the conserved PIV3 intergenic (IG) trinucleotide; nt 6733 to 6805 from the PIV3
antigenome, which contains the HN gene start and upstream noncoding region; the measles virus HA ORF; PIV3 nt 8525 to 8597, which are downstream noncoding
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quired measles virus-specific antibody has decayed to a non-
protective level. Therefore, there is a need for a measles virus
vaccine that is able to induce a protective immune response
even in the presence of maternally derived measles virus-neu-
tralizing antibodies. The goal of such a vaccine would be the
elimination of measles disease that occurs within the first year
of life as well as that which occurs thereafter. Given this need,
there have been numerous attempts to develop an immuniza-
tion strategy to protect infants in the latter half of the first year
of life against measles virus, but an immunization strategy to
protect the 6- to 12-month-old infant has not emerged (2, 12,
19, 20, 35, 38, 42, 47, 51, 58, 64, 65) (see Discussion).

The ability to recover infectious wild-type parainfluenza vi-
rus type 3 (PIV3) from cDNA by using recombinant DNA
technology (14) has allowed us to create attenuated chimeric
PIV3s expressing the HA protein of measles virus. Such chi-
meric viruses exhibit properties that should overcome the dif-
ficulties experienced to date in the immunization of infants
against measles virus. PIV3 is a member of the Respirovirus
genus of the Paramyxoviridae family in the order Mononegavi-
rales. PIV3 is a common cause of serious lower respiratory
tract infection in infants and children less than 1 year of age
and is the second leading cause of hospitalization for viral
lower respiratory tract disease in this age group, surpassed only
by respiratory syncytial virus (RSV) (8, 39), indicating that
there is a need for a PIV3 vaccine. A live attenuated cold-
passaged PIV3 vaccine, cp45, is a very promising vaccine can-
didate for use in infants and children (33). Importantly, when
administered in the presence of very high titers of passively
acquired PIV3 antibodies, cp45 was found to protect rhesus
monkeys against challenge with wild-type PIV3 (13). This abil-
ity to infect and induce a protective immune response in pas-
sively immunized animals suggested that this attenuated virus
could be useful as a vector for the measles virus HA protein
that might induce immunity to measles virus during the first
year of life.

By using recombinant DNA technology, wild-type PIV3 has
been recovered from DNA and the mutations present in the
cp45 virus which determine its temperature-sensitive (ts), cold-
adapted, and attenuation (att) phenotypes have been identified
(14, 27, 52, 53). We found that the three mutations at amino
acid (aa) positions 942, 992, and 1558 in the L protein confer
the majority of the ts and att phenotypes of cp45. In this paper,
we describe the recovery of five chimeric PIV3 viruses express-
ing the HA protein of measles virus: three in the wild-type
backbone of PIV3 and two in the att derivative cp45L which
bears the three attenuating ts mutations in L. The wild-type
and att PIV3 viruses expressing the measles virus HA protein
were highly immunogenic in hamsters. A possible role of such
PIV3(HA) recombinants in control and eradication of measles
disease in humans is suggested.

MATERIALS AND METHODS

Cells and viruses. HEp-2, Vero, and LLC-MK2 monolayer cell cultures were
maintained in either Eagle minimum essential medium (EMEM) (Life Technol-
ogies, Gaithersburg, Md.) supplemented with 10% fetal bovine serum (FBS),
gentamicin sulfate (50 mg/ml), and 4 mM glutamine or VP-SFM (Life Technol-
ogies) supplemented with gentamicin sulfate (50 mg/ml) and 4 mM glutamine.
The modified vaccinia virus strain Ankara (MVA) recombinant that expresses
bacteriophage T7 RNA polymerase was generously provided by L. Wyatt and B.
Moss (68). The JS wild-type strain of PIV3, its recombinant derivative rJS, and
its recombinant attenuated ts derivative, rcp45L, were propagated in LLC-MK2
cells as described previously (14, 25, 52). The measles Edmonston wild-type virus
and the live attenuated Moraten strain of measles virus were generously provided
by W. Bellini and were propagated in Vero cell monolayers in EMEM supple-
mented with 10% FBS, 4 mM glutamine, and 50 mg of gentamicin per ml at 32°C
in 5% CO2.

cDNAs. We previously described the cDNA clone p3/7(131)2G, which encodes
the complete 15,462-nucleotide (nt) antigenome of the JS wild-type strain of
PIV3, and pFLCcp45L, which encodes the antigenome of the ts derivative of
wild-type JS containing the three ts mutations in the L open reading frame
(ORF) of PIV3 (14, 52). These clones were used as templates for the insertion
of the HA gene of measles virus to create both wild-type and att PIV3 derivatives
which express the HA protein. The size of each insert containing the HA gene of
measles was designed to be a multiple of six such that the virus recovered from
the cDNA would conform to the rule of six (16).

Construction of full-length PIV3 cDNAs encoding the HA protein of measles
in the HN-L junction. The HA ORF of measles virus was cloned into the
HA-neuraminidase (HN)-L noncoding region of PIV3 in four steps (see Fig.
1A). First, a StuI site was introduced at nt 8600 of the full-length antigenomic
clone p3/7(131)2G by using Kunkel mutagenesis (37), yielding the plasmid p3/
7(131)2G-Stu. The ORF of the measles HA gene flanked by PIV3 noncoding
sequence was then amplified in three different PCRs by using the Advantage
PCR kit (Clontech, Palo Alto, Calif.). The first PCR used the forward primer
59GACAATAGGCCTAAAAGGGAAATATAAAAAACTTAGGAGTAAAG
TTACGCAATCC39, which contains a StuI site (italicized) in the PIV3 HN-L
noncoding region, and the reverse primer 59GTAGAACGCGTTTATCCGGTC
TCGTTGTGGTGACATCTCGAATTTGGATTTGTCTATTGGGTCCTTCC39,
which contains the beginning of the measles virus HA ORF (boldface type)
followed by a silently introduced MluI site (italicized). This fragment, designated
PCR fragment 1, is flanked by a StuI site at the 59 end and an MluI site at the 39
end and contains the first 36 nt of the measles HA ORF downstream of PIV3 HN
59 noncoding sequence. The second PCR used the forward primer 59CAGTCA
CCCGGGAAGATGGAACCAATCGCAGATAGTCATAATTAACCATAATAT
GCATCAATCTATCTATAATACAA39 (sequence in boldface type represents
the downstream end of the measles virus HA ORF, italicized sequence is the
naturally occurring restriction enzyme site XmaI, and sequence in normal type
represents PIV3 HN 39 noncoding sequence) and the reverse primer 59CCATG
TAATTGAATCCCCCAACACTAGC39, which spans nt 11448 to 11475 within
the L gene of the full-length PIV3 antigenome. PCR fragment 2, which resulted
from this reaction, contains the last 35 nt of the measles HA ORF and approx-
imately 2,800 nt of the L ORF of PIV3 and is flanked by an XmaI site and an
SphI site. The full-length antigenomic cDNA of PIV3, p3/7(131)2G-Stu, was
used as the PCR template in reactions 1 and 2.

The third PCR amplified the largest portion of the measles HA ORF from the
template cDNA pTM-7, a plasmid generously provided by S. Rosenblatt and B.
Moss which contains the HA ORF of the Edmonston strain of measles virus
supplied by the American Type Culture Collection. The forward primer 59CG
GATAAACGCGTTCTACAAAGATAACC39 (MluI site italicized) and reverse
primer 59CCATCTTCCCGGGTGACTGTGCAGC39 (XmaI site italicized) am-
plified PCR fragment 3 which contained nt 19 to 1838 of the measles HA ORF.
PCR product 1 was digested with StuI and MluI, while PCR fragment 3 was
digested with MluI and XmaI. These two digested fragments were then cloned by
triple ligation into the StuI-XmaI window of pUC118 which had been modified
to include a StuI site in its multiple cloning region. The resultant plasmid,

sequences from the HN gene; and a second StuI site. The construction is designed to, upon insertion, regenerate the PIV3 HN gene containing the StuI site and to
place the measles virus ORF directly thereafter, flanked by the transcription signals and noncoding region of the PIV3 HN gene. The complete antigenome of PIV3
wild-type JS (rJS) with the introduced StuI site at nt 8600 in the 39 noncoding region of the HN gene is illustrated in the middle diagram. The bottom diagram is the
antigenome of PIV3 expressing the measles HA protein inserted into the StuI site. The HA cDNA used for this insertion came from a cDNA clone that had two amino
acid differences from the wild-type Edmonston HA protein, indicated by the asterisks. (B) Diagram (not to scale) of the 1,926-nt insert containing the complete ORF
of the measles virus HA gene, with a sequence confirmed to be identical to that of the Edmonston wild-type strain. The insert contains, in 59 to 39 order, the following:
an AflII site; nt 3699 to 3731 from the PIV3 antigenome, which contains the P-M gene junction including the downstream noncoding sequence for the P gene, its gene
end signal, the intergenic region, and the M gene start signal; three additional nonviral nucleotides (GCG); the complete HA ORF; PIV3 nt 3594 to 3623 from the
downstream noncoding region of the P gene; and a second AflII site. Panel 1 illustrates the complete antigenome of the wild-type JS strain of PIV3 with the introduced
AflII site in the 39 noncoding region of the N gene before (top) and after (bottom) insertion of the measles HA ORF. Panel 2 illustrates the antigenome of the wild-type
JS strain of PIV3 with the introduced AflII site in the 39 noncoding region of the P gene before (top) and after (bottom) insertion of the measles HA ORF. Versions
in the cp45L backbone differ only in the amino acid substitutions at positions 942, 992, and 1558 in the L protein and accompanying silent restriction enzyme markers
(52, 53).
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pUC118(HA 113), was digested with StuI and XmaI, while PCR product 2 was
digested with XmaI and SphI. The two digested products were then cloned into
p3/7(131)2G-Stu digested with StuI and SphI, yielding the plasmid pFLC(HA
HN-L). The StuI-SphI fragment, including the entire measles HA ORF, was then
sequenced by using dRhodamine Terminator Cycle Sequencing Ready Reaction
(ABI prism; PE Applied Biosystems, Foster City, Calif.). It was found upon
sequencing pTM-7 and pFLC(HA HN-L) that, in comparison to the published
sequence of Edmonston wild-type measles virus (GenBank accession number
U03669), two mutations existed in the measles HA ORF of both plasmids, a
serine-to-phenylalanine change at aa 46 and asparagine-to-tyrosine change at aa
481. Although these mutations are not found in the Edmonston wild-type virus,
they are present in the published sequence of the HA protein of the measles
Moraten strain vaccine virus (GenBank accession number M81899) which is
known to induce protective immunity in young children.

Construction of full-length PIV3 cDNAs encoding the HA protein of measles
virus in the N-P or P-M junction. The PmlI-BamHI fragment of PIV3 antige-
nomic cDNA p3/7(131)2G (nt 1215 to 3903 of the PIV3 antigenome) was sub-
cloned into the plasmid pUC119 [pUC119(PmlI-BamHI)] which had been mod-
ified to include a PmlI restriction site in the multiple cloning region (see Fig. 1B).
Two single-stranded mutagenesis reactions were performed on pUC119(PmlI-
BamHI) using Kunkel’s method (37). First, an AflII site was introduced into the
39 noncoding region of the N gene by mutagenizing the nucleotide sequence
CTAAAT (PIV3 nt 1677 to 1682) to CTTAAG to give p(AflII N-P). Second, an
AflII site was introduced into the 39 noncoding region of the P gene by mu-
tagenizing the nucleotide sequence TCAATC (PIV3 nt 3693 to 3698) to yield
p(AflII P-M).

Because of the two coding changes in the HA cDNA described above, this
sequence was recloned from measles virus RNA obtained from the Edmonston
wild-type virus (GenBank accession number U03669). Measles virus RNA was
purified from clarified medium using Trizol-LS (Life Technologies) following the
manufacturer’s recommended procedure. Reverse transcription-PCR was per-
formed with the Advantage RT-for-PCR and Advantage-HF PCR kits (Clon-
tech) following the recommended protocols. Primers were used to generate a
PCR fragment spanning the entire ORF of the measles virus HA gene flanked by
PIV3 noncoding sequence and an AflII restriction enzyme site (Fig. 1B). The
forward primer 59TTAATCTTAAGAATATACAAATAAGAAAAACTTAG
GATTAAAGAGCGATGTCACCACAACGAGACCGGATAAATGCCTTCTA
C39 encodes an AflII restriction site (italicized) upstream of PIV3 gene junction
and noncoding sequence (underlined) and the beginning of the measles HA
ORF (boldface type). The reverse primer 59ATTATTGCTTAAGGTTTGTTC
GGTGTCGTTTCTTTGTTGGATCCTATCTGCGATTGGTTCCATCTTC39 en-
codes an AflII restriction site (italicized) downstream of the PIV3 noncoding
sequence (underlined) and the end of the measles HA ORF (boldface type). The
resultant PCR fragment was then digested with AflII and cloned into p(AflII
N-P) and p(AflII P-M) to create pUC119(HA N-P) and pUC119(HA P-M),
respectively. pUC119(HA N-P) and pUC119(HA P-M) were sequenced over the
entire AflII insert by using dRhodamine Terminator Cycle Sequencing Ready
Reaction (ABI prism; PE Applied Biosystems), and the correct sequence was
confirmed.

The PmlI-BamHI fragments of pUC119(HA N-P) and pUC119(HA P-M)
were separately cloned into the full-length antigenome cDNA plasmid
p3/7(131)2G as previously described (14) to create pFLC(HA N-P) and pFL-
C(HA P-M) (Fig. 1B). The XhoI-NgoMI fragment (nt 7437 to 15929) of
pFLCcp45L was then cloned into both pFLC(HA N-P) and pFLC(HA P-M),
after digestion with XhoI and NgoMI, to create pcp45L(HA N-P) and
pcp45L(HA P-M). pFLCcp45L encodes the three amino acid changes in the L
protein of PIV3 (aa 942, 992, and 1558) which confer most of the temperature
sensitivity and attenuation of the cp45 vaccine candidate virus (52).

Recovery of recombinant wild-type PIV3 and cp45L expressing the HA protein
of measles virus from different intergenic junctions. The five full-length cDNAs
bearing the measles HA ORF were separately transfected into HEp-2 cells on
six-well plates (Costar, Cambridge, Mass.) together with the support plasmids
[pTM(N), pTM(P no C), and pTM(L)] and LipofectACE (Life Technologies)
and were infected with MVA-T7 as previously described (14–16). After incuba-
tion at 32°C for 3 days, the transfection harvest was passaged onto a fresh
monolayer of Vero or LLC-MK2 cells in a T25 flask and was incubated for 5 days
at 32°C (referred to as passage 1).

The rPIV3(HA HN-L) virus present in the supernatant of passage 1 harvest
was plaque purified three times on LLC-MK2 cell monolayers as previously
described (25). rPIV3(HA N-P), rcp45L(HA N-P), rPIV3(HA P-M), and
rcp45L(HA P-M) were biologically cloned by terminal dilution by using serial
twofold dilutions on 96-well plates (12 wells per dilution) of Vero cells as
previously described (15). The biologically cloned recombinant viruses from the
third round of plaque purification or from the third round of terminal dilution
were then amplified twice in LLC-MK2 cells [rPIV3(HA HN-L) or Vero cells
[rPIV3(HA N-P), rcp45L(HA N-P), rPIV3(HA P-M), or rcp45L(HA P-M)] and
incubated at 32°C to produce virus for further characterization.

Protein expression analysis by immunoprecipitation and neutralization assay.
Monolayers of LLC-MK2 cells in T25 flasks were infected at a multiplicity of
infection (MOI) of 5 with either rcp45L(HA N-P), rcp45L(HA P-M), or rJS or
were mock infected. Monolayers of Vero cells in T25 flasks were infected with
the Edmonston wild-type strain of measles virus at an MOI of 5. Vero cell

monolayers were chosen for the measles Edmonston virus infection because
measles virus does not grow well in LLC-MK2 cells. At 24 h postinfection, the
monolayers were washed with methionine-negative Dulbecco’s modified Eagle
medium (DMEM) (Life Technologies), and 1 ml of methionine-negative
DMEM was added to each flask. After incubation for 1 h at 32°C, the monolayers
were again washed with methionine-negative DMEM. [35S]methionine was
added to DMEM-negative medium at a concentration of 10 mCi/ml, and 1 ml was
added to each flask which was then incubated at 32°C for 6 h. The cells were
harvested and washed three times in phosphate-buffered saline. The cell pellets
were resuspended in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (1%
[wt/vol] sodium deoxycholate, 1% [vol/vol] Triton X-100 [Sigma], 0.2% [wt/vol]
sodium dodecyl sulfate, 150 mM NaCl, 50 mM Tris-HCl [pH 7.4]), were freeze-
thawed, and were pelleted at 6,500 3 g. The cell extract was transferred to a fresh
Eppendorf tube, and a mixture of monoclonal antibodies which recognizes the
HA glycoprotein of measles virus (79-XV-V17, 80-III-B2, and 81-1-366, gener-
ously provided by Steven Jacobson, National Institute of Neurological Disorders
and Stroke, National Institutes of Health) (29, 48) or which recognizes the HN
protein of PIV3 (101/1, 403/7, and 166/11) (61) was added to each sample and
incubated with constant mixing for 2 h at 4°C. Immune complexes were precip-
itated by adding 200 ml of a 10% suspension of protein A Sepharose beads
(Sigma, St. Louis, Mo.) to each sample followed by constant mixing at 4°C
overnight. Each sample was suspended in 90 ml of 13 loading buffer, and 10 ml
of reducing agent (Novex, San Diego, Calif.) was added. After heating at 70°C for
10 min, 20 ml of each sample was loaded onto a 4 to 12% polyacrylamide gel
(NuPAGE; Novex) per the manufacturer’s recommendations. The gel was dried
and autoradiographed.

The ability of the rPIV3(HA) chimeric viruses to be neutralized by measles
virus antisera was evaluated by a complement-enhanced 60% plaque reduction
neutralization titer (PRNT) as previously described (7). Four cotton rats were
infected with either 106 PFU of HPIV3 (wild-type JS) intranasally or 105 PFU of
measles virus (Moraten) intramuscularly, and serum was harvested on days 0 and
28. The sera from the four animals infected with PIV3 or measles virus were
combined to make a PIV3 antiserum (geometric mean PRNT against wild-type
JS, .1:2,560) and a measles virus antiserum (PRNT against wild-type measles
virus Edmonston, 1:2,290).

Multicycle replication of rPIV3s. Monolayers of LLC-MK2 cells in six-well
plates were infected with each virus at an MOI of 0.01 and were incubated at
32°C in 5% CO2. Six replicate cultures were sampled each day for each virus.
Samples (500 ml) were removed from each culture at 24-h intervals for 7 con-
secutive days and were flash frozen. An equivalent volume of fresh medium was
replaced at each time point. Each sample was titered on LLC-MK2 cell mono-
layers in 96-well plates incubated for 7 days at 32°C. Virus was detected by
hemadsorption and was reported as mean log10 50% tissue culture infective dose
(TCID50)/ml.

Replication of recombinant chimeric PIV3(HA) viruses at various tempera-
tures. Serial 10-fold dilutions of virus were prepared in L-15 medium (Quality
Biological, Gaithersburg, Md.) supplemented with 5% FBS, 4 mM glutamine,
and 50 mg of gentamicin per ml. Diluted viruses were used to infect LLC-MK2
cell monolayers in 96-well plates, and infected plates were incubated at various
temperatures for 7 days as described (25). Virus titers were determined as
described above.

Animal studies. (i) Determination of level of replication. Groups of six to eight
golden Syrian hamsters (4 to 6 weeks old) were inoculated intranasally with 0.1
ml of EMEM (Life Technologies) containing 106 TCID50 or 106 PFU of virus.
The lungs and nasal turbinates were harvested on day 4 postinoculation as
previously described (14), and virus titers were determined as described above.
Virus titers were expressed as the mean log10 TCID50 per gram.

(ii) Determination of immunogenicity. Groups of six to nine golden Syrian
hamsters (age 4 to 6 weeks) were infected intranasally with 106.0 PFU of rPIV3
or control virus on day 0. Serum was collected from each hamster on day 21
preinoculation and on day 25 or 30 postinoculation. Serum antibody response to
PIV3 was evaluated by hemagglutination inhibition (HAI) assay as previously
described (62), and serum antibody response to measles virus was evaluated by
a complement-enhanced 60% plaque reduction assay as previously described (7).
Immunized animals were challenged intranasally with 106.0 PFU of wild-type JS
PIV3 28 days after postimmunization, and lungs and nasal turbinates were
harvested 4 days later for virus titration as described above.

RESULTS

Recovery of recombinant wild-type and attenuated PIV3s
expressing the HA protein of measles virus. The ORF encod-
ing the measles virus HA protein was placed under the control
of PIV3 gene start and gene end transcription signals and
inserted into a wild-type PIV3 antigenomic cDNA between the
N and P genes, the P and M genes, or the HN and L genes,
yielding, respectively, pFLC(HA N-P), pFLC(HA P-M), and
pFLC(HA HN-L). In addition, the N-P and P-M insertions
also were made by using the attenuated cp45L backbone
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(see the Introduction), yielding pFLCcp45L(HA N-P) and
pFLCcp45L(HA P-M).

A minor detail of the construction of one of the cDNAs,
pFLC(HA HN-L), should be noted. First, in this insert, the HA
ORF was designed to be flanked by the relatively long non-
translated regions of the PIV3 HN gene (Fig. 1A), whereas the
insert used in the other constructs has shorter nontranslated
regions (Fig. 1B). Second, this ORF had been obtained from
an existing cDNA clone, and subsequent analysis showed that
aa 46 and 481 had assignments (F and Y, respectively) that
matched those of the Moraten vaccine strain rather than the
Edmonston wild-type strain (which has assignments S and N,
respectively). All of the other constructs were made by using a
recloned HA cDNA whose sequence exactly matched that of
the Edmonston wild type. In addition, this ORF was designed
to be flanked by shorter nontranslated regions (Fig. 1B).

The three wild-type-based cDNAs, pFLC(HA N-P), pFLC
(HA P-M), and pFLC(HA HN-L), and the two cp45L-based
cDNAs, pcp45L(HA N-P) and pcp45L(HA P-M), were respec-
tively transfected into HEp-2 cells along with the three PIV3
support plasmids [pTM(N), pTM(P no C), and pTM(L)] and
recombinant virus, respectively designated rPIV3(HA N-P),
rPIV3(HA P-M), rPIV3(HA HN-L), rcp45L(HA N-P), and
rcp45L(HA P-M), was recovered following transfection (data
not shown). Each rPIV3(HA) was characterized regarding the
location and size of the HA insert and the presence of the
cp45L mutations by restriction enzyme analysis of reverse tran-
scription-PCR products generated from vRNA as previously

described (52). Each virus was found to be as designed (data
not shown). Such PCR fragments were generated from both
the passage 1 harvest as well as the final cloned pool of each
recombinant chimeric virus, demonstrating that the insert was
stable over at least eight passages. The generation of each PCR
product was dependent upon the inclusion of RT, indicating
that each was derived from RNA and not from contaminating
cDNA.

To confirm that the introduced measles virus HA ORF was
expressed, RIPAs were carried out by using lysates from cells
infected with rcp45L(HA N-P) and rcp45L(HA P-M) (Fig. 2).
Lysates from cells infected with wild-type rJS virus and Ed-
monston wild-type measles virus were analyzed in parallel.
rcp45L(HA N-P) and rcp45L(HA P-M) each encoded a pro-
tein which was the same size as the measles HA protein and
which was precipitated by the measles virus HA monoclonal
antibodies. Both viruses were confirmed to be PIV3 by the
expression of PIV3 HN protein. rPIV3(HA) viruses not tested
by RIPA were found to express HA protein by their immuno-
genicity in animals (see below).

To indirectly assess whether the HA protein expressed by
the rPIV3(HA) chimeric viruses was incorporated into the
virion envelope, the sensitivity of rcp45L(HA N-P) and rcp45L
(HA P-M) to neutralization by a measles virus-specific cotton
rat antiserum was determined. A control PIV3-specific anti-
serum readily neutralized rcp45L(HA N-P) and rcp45L(HA
P-M) with a geometric mean PRNT of 1:3,691 (control serum
lacking PIV3 antibody was ,1:40). As expected, wild-type

FIG. 2. Expression of the HA protein of measles virus by rPIV3-measles virus-HA chimeric viruses in LLC-MK2 cells. Cells were infected with rcp45L(HA P-M),
rcp45L(HA N-P), the Edmonston wild-type strain of measles virus, wild-type rJS PIV3. Following labeling with [35S]methionine, lysates were prepared and
immunoprecipitated by a mixture of three monoclonal antibodies specific to the PIV3 HN protein (lanes a). The 64-kDa band corresponding to the HN protein (open
arrow) is present in each of the three PIV3-infected cell lysates (lanes 3, 5, and 7), but not in the measles virus-infected cell lysates (lane 9). Lanes b, the 76-kDa band
corresponding to the measles virus HA protein (closed arrow) is immunoprecipitated from lysates from cells infected with the rcp45(HA) chimeric viruses (lanes 6 and
8) and the measles virus (lane 10), but not in the lysates from rJS-infected cells (lane 4).
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measles virus Edmonston was not neutralized with the anti-
PIV3 sera (PRNT, ,1:40). The measles virus antisera had no
demonstrable neutralizing activity (PRNT, ,1:40) against the
rcp45L(HA) chimeric viruses or against rJS but had a PRNT
against measles virus of 1:2,352. These data suggest that the
measles HA protein expressed by the rPIV3(HA) viruses is not
incorporated into the viral envelope in significant quantities or
that, if incorporated, it does not render the virus susceptible to
neutralization by measles virus antiserum.

Replication in cell culture of recombinant PIV3 expressing
the HA protein of measles virus. LLC-MK2 cell monolayers
were infected with rPIV3(HA N-P), rPIV3(HA P-M), rPIV3
(HA HN-L), or rJS at an MOI of 0.01 and were incubated at
32°C for 7 days (Fig. 3). Each of the rPIV3(HA) viruses at-
tained a peak titer comparable to that of wild-type rJS; how-
ever, their rate of virus replication was delayed compared to
rJS, indicating that insertion of the HA gene modified repli-
cation in vitro.

Evaluation of the level of temperature sensitivity of replica-
tion of rPIV3(HA)s in cell culture. Recombinant PIV3 express-
ing the measles virus HA protein in both the wild-type
[rPIV3(HA N-P), rPIV3(HA P-M), and rPIV3(HA HN-L)]
and attenuated backbones [rcp45L(HA N-P) and rcp45L(HA
P-M)] were evaluated for their replicative ability at permissive
temperature (32°C) and elevated temperature (36, 37, 38, 39,
or 40°C) and were compared with their parental viruses,
rcp45L or wild-type rJS. Interestingly, all three chimeric viruses
in the wild-type backbone acquired a ts phenotype with a
shutoff temperature of 38°C [rPIV3(HA HN-L)] or 39°C
[rPIV3(HA N-P) and rPIV3(HA P-M)] (Table 1). The ts phe-
notype of the recombinant chimeric viruses in the rcp45L back-
ground was maintained, with rcp45L(HA N-P) exhibiting a
shutoff temperature of 38°C, the same as that of rcp45L,
whereas rcp45L(HA P-M) had a shutoff temperature 1° lower,
at 37°C.

Replication of wild-type and attenuated rPIV3(HA) in ham-
sters. Replication of the wild-type rPIV3(HA) viruses was
evaluated first (Table 2). Replication of each of the three
measles HA chimeric viruses in the wild-type PIV3 background
was somewhat reduced (5- to 10-fold), compared with wild-
type rJS, in the upper respiratory tract of the hamsters, dem-

onstrating that the insertion of the HA ORF itself conferred a
very modest degree of attenuation in the upper respiratory
tract. rPIV3(HA N-P) was the most attenuated at this site.
Replication of rPIV3(HA P-M) was comparable to that of rJS
in the lower respiratory tract of the hamsters, whereas repli-
cation of both rPIV3(HA N-P) and rPIV3(HA HN-L) was
slightly reduced at this site compared with wild-type rJS. As
expected, replication of rcp45L, the recombinant attenuated
virus bearing the three ts mutations in the L protein, was
significantly more attenuated than any of the wild-type
rPIV3(HA) viruses in both the upper and lower respiratory
tracts of the hamsters.

The replication of the rPIV3(HA) viruses in the attenuated
cp45L background was next compared with that of rJS and
rcp45L. Replication of both rcp45L(HA N-P) and rcp45L(HA
P-M) was reduced more than 100-fold in both the upper and
lower respiratory tracts of hamsters compared with wild-type
virus (Table 3). The rcp45L(HA) viruses were approximately
10-fold more attenuated than rcp45L in the upper respiratory
tract of hamsters, indicating that the attenuating effect of the
measles HA ORF insert is additive to the attenuating effect of

FIG. 3. Multicycle replication of rPIV3(HA N-P), rPIV3(HA P-M), or
rPIV3(HA HN-L) compared with the parent virus rJS. The virus titers are shown
as log10 TCID50 per milliliter and are the averages of six samples. The lower limit
of detection of this assay is 50 TCID50/ml.

TABLE 1. Replication at permissive and elevated temperatures of
recombinant PIV3s expressing the HA protein of measles virus as

an extra gene in the N-P, P-M, or HN-L junction

Virus

Virus titer
(log10 TCID50/ml) at indicated temperature (°C)

32a 36 37 38 39 40

rJSb 8.7 9.0 9.0 8.4 8.2 9.0
rPIV3(HA N-P)c 7.5 NTf NT 6.7 4.2g 3.7
rPIV3(HA P-M)c 7.7 NT NT 6.5 4.7 5.2
rPIV3(HA HN-L)c 8.0 NT NT 6.0 5.0 4.2
rcp45Ld 8.2 8.2 7.2 5.2 3.4 3.0
rcp45L(HA N-P)e 7.4 7.2 5.7 4.2 2.2 ,1.2
rcp45L(HA P-M)e 7.4 6.7 5.2 4.2 1.4 1.4

a Permissive temperature.
b Recombinant wild-type JS PIV3.
c Recombinant wild-type JS PIV3 expressing the HA protein of measles virus.
d Recombinant ts derivative of the wild-type JS PIV3, bearing three attenuat-

ing amino acid substitutions derived from cp45.
e Recombinant attenuated ts derivative of wild-type JS PIV3 expressing the

HA protein of measles virus.
f NT, not tested at indicated temperature.
g Underlined titers represent the lowest restrictive temperature at which a

100-fold or greater reduction in titer from that at 32°C is seen and defines the
shutoff temperature of the virus.

TABLE 2. Replication of wild-type rPIV3(HA) chimeric viruses in
the upper and lower respiratory tract of hamsters

Virusa

Virus titer (log10 TCID50/g 6 SE)
(Tukey-Kramer grouping)b

Nasal turbinates Lungs

rJS 6.5 6 0.1 (A) 6.6 6 0.2 (A)
rPIV3(HA N-P) 5.1 6 0.1 (B) 5.9 6 0.1 (B)
rPIV3(HA P-M) 5.9 6 0.1 (C) 6.7 6 0.2 (A)
rPIV3(HA HN-L) 5.9 6 0.2 (C) 5.8 6 0.1 (B)
rcp45L 4.0 6 0.1 (D) 1.5 6 0.1 (C)

a Animals received 106 TCID50 of the indicated virus intranasally in a 0.1-ml
inoculum, and the lungs and nasal turbinates were harvested 4 days later. Each
group contained eight animals.

b Mean virus titers were assigned to statistically similar groups (A to D) by the
Tukey-Kramer test. Therefore, means in each column with different letters are
significantly different (a 5 0.05), and those with the same letter are not signif-
icantly different.
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the cp45L mutations for the upper respiratory tract. rcp45L
and the two rcp45L(HA) viruses were equally attenuated in the
lower respiratory tract of hamsters. The latter observation sug-
gests that the cp45L ts mutations are dominant in the lower
respiratory tract and that the attenuating effect of the HA
insert is masked by that of the cp45L mutations.

Immunogenicity of wild-type and attenuated rPIV3(HA) vi-
ruses. The immunogenicity of the rPIV3(HA) viruses in the
wild-type background was evaluated first (Table 4). Each of the
rPIV3(HA) chimeric viruses in the wild-type background in-
duced a moderate-to-high level of serum neutralizing antibod-
ies against measles virus as well as a high level of antibodies
against PIV3. Interestingly, the rPIV3(HA HN-L) chimeric
virus elicited significantly less serum neutralizing antibody
against measles virus than did the chimeric viruses with the
measles HA ORF inserted upstream in either the N-P or P-M
noncoding region. It is likely that the greater immunogenicity
of rPIV3(HA N-P) and rPIV3(HA P-M) versus rPIV3(HA
HN-L) (Table 4) resulted from their more 39-proximal position
in the chimeric virus genome. However, the former two viruses
also differed in the sequence of the HA gene and in the length
of the 39 noncoding region of the HA gene from that in
rPIV3(HA HN-L), as detailed above, which might have af-
fected the level of protein expression or immunogenicity and
contributed to the observed differences in the magnitude of the
antibody response.

We next compared the immunogenicity of an attenuated
chimera, rcp45L(HA P-M), with its wild-type counterpart,
rPIV3(HA P-M), and with rcp45L(HA N-P). The serum anti-
body response of hamsters infected with rcp45L(HA N-P),
rcp45L(HA P-M), or rPIV3(HA P-M) was compared with that
from an additional control group which consisted of cotton rats
that received 105.0 PFU of the live attenuated measles virus

vaccine (Moraten strain) administered intramuscularly on day
0. Cotton rats, rather than hamsters, were used in this group
because measles virus has low infectivity for hamsters. Each of
the rcp45L(HA) chimeric viruses induced a high level of serum
neutralizing antibodies against measles virus (Table 5). There
was no significant difference between the amount of serum
neutralizing antibody induced by the attenuated derivative
rcp45L(HA P-M) compared to its counterpart constructed in
the wild-type background, rPIV3(HA P-M). Furthermore, the
level of measles virus-neutralizing serum antibodies induced by
the rPIV3(HA) viruses were, on average, fivefold greater than
that achieved by intramuscular immunization with the licensed
live attenuated measles virus vaccine. In addition, the PIV3-
specific serum antibody response produced by all the chimeric
viruses was also robust and comparable to that induced by
infection with wild-type rJS.

The efficacy of rcp45L(HA N-P) and rcp45L(HA P-M) in
providing protection against challenge with wild-type PIV3 was
next examined (Table 6). Hamsters infected with the chimeric
viruses, whether in the attenuated or wild-type background,
were significantly resistant to replication of wild-type PIV3
challenge virus in both the upper and lower respiratory tract.
Thus, despite the attenuating effect on replication of the
rcp45L(HA) antigenic chimeric viruses produced by the acqui-
sition of the measles virus HA gene, infection with either
rcp45L(HA P-M) or rcp45L(HA N-P) induced a high level of
protection against PIV3 as indicated by approximately a 100-
to 1,000-fold reduction of its replication in the upper or lower
respiratory tracts of hamsters. Unfortunately, wild-type mea-
sles virus does not replicate efficiently in hamsters, precluding
a measles virus challenge. However, it is reasonable to infer
that the attenuated antigenic chimeric rcp45L(HA) vaccine
candidates would be efficacious against measles virus since
high levels of neutralizing antibody were induced. Such levels
of measles virus antibodies are associated with strong resis-
tance to measles virus disease in humans (6).

DISCUSSION

Successful immunization of young infants with the live at-
tenuated measles virus vaccine has been very difficult to
achieve because the parenterally administered vaccine virus is
readily neutralized by maternally derived serum antibody. Sev-
eral immunization strategies to overcome this obstacle have
been developed, but each has significant flaws. The first strat-
egy involved administration of one of the licensed live atten-
uated measles virus vaccines intranasally by drops (2, 35, 51) or
into the lower respiratory tract by aerosolization (10, 46). In-
tranasal administration did not consistently infect vaccinees.
Aerosol administration infected a majority of vaccinees in
highly controlled experimental studies, but it has been difficult

TABLE 3. Replication of the attenuated rcp45L(HA) viruses in the
upper and lower respiratory tract of hamsters

Virusa No. of animals

Virus titer (log10 TCID50/g 6 SE)
(Tukey-Kramer grouping)b

Nasal
turbinates Lungs

rcp45L 6 4.7 6 0.2 (A) 2.9 6 0.1 (A)
rcp45L(HA N-P) 6 3.7 6 0.2 (B) 2.9 6 0.1 (A)
rcp45L(HA P-M) 7 3.7 6 0.1 (B) 2.9 6 0.2 (A)
rJS 7 6.5 6 0.1 (C) 5.6 6 0.2 (B)

a Animals received 106 PFU of the indicated virus intranasally in a 0.1-ml
inoculum, and the lungs and nasal turbinates were harvested 4 days later.

b Mean virus titers were assigned to statistically similar groups (A to C) by the
Tukey-Kramer test. Therefore, means in each column with different letters are
significantly different (a 5 0.05), and those with the same letter are not signif-
icantly different.

TABLE 4. rPIV3(HA) viruses elicit moderate to high levels of serum antibodies to both measles virus and PIV3

Virusa

Serum antibody response to measles virus
(60% PRNT, mean reciprocal log2 6 SE)

(Tukey-Kramer grouping)b

Serum antibody response to human PIV3
(HAI titer, mean reciprocal log2 6 SE)

(Tukey-Kramer grouping)b

Day 21 Day 30 Day 21 Day 30

rPIV3(HA N-P) #3.3 6 0 (A) 14.8 6 0.3 (A) #2.0 6 0 (A) 9.0 6 0.4 (A)
rPIV3(HA P-M) #3.3 6 0 (A) 15.3 6 0.3 (A) #2.0 6 0 (A) 9.0 6 0.0 (A)
rPIV3(HA HN-L) #3.3 6 0 (A) 6.1 6 0.7 (B) #2.0 6 0 (A) 9.4 6 0.3 (A)

a Virus was administered at a dose of 106.0 PFU to hamsters in a 0.1-ml inoculum intranasally on day 0. Each group contained eight animals.
b Mean HAI and neutralizing antibody titers were assigned to statistically similar groups (A or B) by the Tukey-Kramer test. Therefore, means in each column with

different letters are significantly different (a 5 0.05), and means with the same letter are not significantly different.
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to reproducibly deliver a live attenuated measles virus to young
infants in a field setting using this methodology (10). By using
another approach, the measles vaccine virus was administered
parenterally at a 10- to 100-fold-increased dose (38). This im-
proved seroconversion in infants 4 to 6 months of age, but
there was an associated increase in mortality in the high-titer
vaccine recipients later in infancy (22, 28, 38).

A second strategy involved the use of an inactivated whole
virus vaccine or a subunit virus vaccine. However, formalin-
treated measles virus and respiratory syncytial virus both po-
tentiated rather than prevented their respective diseases (20,
34, 42). Because of this experience with nonliving measles virus
vaccines and also because the immunogenicity of such paren-
terally administered vaccines can be decreased by passively
transferred antibodies (41), there has been considerable reluc-
tance to evaluate such vaccines in human infants.

A third strategy involves the use of virus vectors to express a
measles virus antigen. A variety of vectors, either replication
competent or replication defective, including poxviruses, rhab-
doviruses, and adenoviruses (12, 19, 48, 58, 64, 65), has been
explored. Recombinants expressing the F or HA glycoprotein
of measles virus are highly immunogenic when given parenter-
ally. However, their immunogenicity is decreased in a host with
passively acquired measles virus antibodies (21, 43, 49, 50, 60),
and this has also been observed with other paramyxoviruses
(17, 41). Replication-competent vaccinia virus recombinants
are not sufficiently attenuated for use in immunocompromised

hosts, and therefore, they are no longer being pursued as
vectors for use in humans (18, 45). Current poxvirus research
employs safe, replication-defective vectors such as the MVA
vector (3, 4, 11, 40, 55, 56, 63), but the immunogenicity and
efficacy of MVAs expressing the PIV3 protective antigens were
abrogated in passively immunized rhesus monkeys whether
delivered by a parenteral or mucosal route (13). It is possible
that an intranasally administered recombinant vesicular stoma-
titis virus (VSV) expressing a measles virus antigen could rep-
licate and be immunogenic in a host with passively acquired
maternal measles virus-specific antibodies, but there is no ex-
perience in immunizing humans with this virus. The immuno-
genicity of DNA vaccines expressing measles virus protective
antigens delivered parenterally was also decreased in passively
immunized hosts (50). Based on these observations, it appears
unlikely that a parenterally administered, replication-compe-
tent or replication-defective virus vector or a DNA vaccine
expressing a measles virus protective antigen will be satisfac-
torily immunogenic or efficacious in infants possessing pas-
sively acquired maternal measles virus-specific antibodies. The
rPIV3(HA) chimeras described in this paper should overcome
some of the deficiencies of these previous attempts.

The PIV3(HA) chimeras offer six advantages over previous
attempts to immunize the young infant against measles virus.
First, the PIV3(HA) chimeras are highly immunogenic with
respect to measles virus, inducing a level of neutralizing anti-
bodies far in excess of that required for protection against

TABLE 5. rcp45L(HA) viruses elicit high levels of serum antibodies to both measles virus and PIV3

Virusa No. of animals

Serum antibody response to measles virus
(60% PRNT, mean reciprocal log2 6 SE)

(Tukey-Kramer grouping)b

Serum antibody response to PIV3
(HAI titer, mean reciprocal log2 6 SE)

(Tukey-Kramer grouping)b

Day 21 Day 25 Day 21 Day 25

rcp45L(HA P-M) 24 #3.3 6 0 (A) 12.8 6 0.1 (A) #2.0 6 0 (A) 9.2 6 0.2 (B)
rcp45L(HA N-P) 6 #3.3 6 0 (A) 13.4 6 0.4 (A) #2.0 6 0 (A) 10.8 6 0.3 (A)
rPIV3(HA P-M) 6 #3.3 6 0 (A) 13.3 6 0.3 (A) #2.0 6 0 (A) 10.3 6 0.2 (A)
rcp45L 18 #3.3 6 0 (A) #3.3 6 0 (B) #2.0 6 0 (A) 10.3 6 0.2 (A)
rJS 6 #3.3 6 0 (A) #3.3 6 0 (B) #2.0 6 0 (A) 10.7 6 0.2 (A)
Measles virus (Moraten)c 4 #3.3 6 0 (A) 10.8 6 0.2 (C) #2.0 6 0 (A) #2.0 6 0.0 (C)

a Virus was administered at a dose of 106.0 PFU to the indicated number of hamsters in a 0.1-ml inoculum intranasally on day 0 to all animals with the exception
of those in the measles virus (Moraten) group.

b Mean HAI and neutralization antibody titers were assigned to statistically similar groups (A to C) by the Tukey-Kramer test. Therefore, means in each column with
different letters are significantly different (a 5 0.05), and means with the same letter are not significantly different.

c The live attenuated measles vaccine virus, Moraten strain, was administered intramuscularly at a dose of 105 PFU in a 0.1-ml inoculum to four cotton rats in a
separate study and is presented for reference value only.

TABLE 6. Attenuated and wild-type PIV3-measles HA chimeric viruses are highly protective against replication of wild-type PIV3 challenge
virus in the upper and lower respiratory tracts of hamstersa

Virus used to
immunize animals

Virus titer (log10 TCID50/g 6 SE)
(Tukey-Kramer grouping)b Reduction in titer (log10)

Nasal turbinates Lungs Nasal turbinates Lungs

RSVc 7.0 6 0.3 (A) 5.7 6 0.4 (A) NAd NA
rcp45L(HA P-M) 3.4 6 0.3 (B) 2.9 6 0.0 (B) 3.6 2.8
rcp45L(HA N-P) 2.6 6 0.3 (B) 3.4 6 0.2 (B) 4.4 2.3
rPIV3(HA P-M) 2.0 6 0.3 (B) 3.2 6 0.1 (B) 5.0 2.5
rcp45L 1.9 6 0.2 (B,C) 3.6 6 0.1 (B) 5.1 2.1
rJS ,1.4 6 0.0 (C) 2.9 6 0.2 (B) .5.7 2.8

a All groups were challenged with 106 PFU of biologically derived wild-type JS PIV3 in a 0.1-ml inoculum given intranasally on day 28 after immunization, and lungs
and nasal turbinates were harvested 4 days later. Each group contained six animals.

b Mean virus titers were assigned to statistically similar groups (A to C) by the Tukey-Kramer test. Therefore, means in each column with different letters are
significantly different (a 5 0.05), and means with the same letter are not significantly different.

c RSV is a negative control.
d NA, not applicable.
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measles virus disease in humans (6). Chimeras with the HA
ORF inserted in the N-P or P-M junction induced 400-fold
more measles virus-neutralizing antibodies than did the chi-
mera with the HA ORF inserted in the HN-L junction, iden-
tifying these 39-proximal positions as preferred sites for expres-
sion of a foreign antigen.

Second, the rPIV3 backbone carrying the HA gene of mea-
sles virus (or other protective antigen of another microbial
pathogen) will induce a dual protective immune response
against both PIV3, for which there is a compelling independent
need for a vaccine, and measles virus. This is in contrast to the
VSV-measles virus HA recombinant which will induce immu-
nity to only one human pathogen, i.e., the measles virus, and in
which the immune response to the vector itself is irrelevant.
Use of a backbone from a human pathogen for which immu-
nization is needed will favor the introduction of such a dual
purpose live attenuated virus vector into an already crowded
early childhood immunization schedule.

Third, the recombinant PIV3 backbone expressing the mea-
sles virus antigen is a highly characterized attenuated virus
bearing identified mutations, the three amino acid substitu-
tions in the L protein, that are known to provide most of the
attenuation of the cp45 vaccine candidate, a virus known to be
safe, immunogenic, and phenotypically stable in seronegative
human infants (24, 33, 52, 53). However, each rcp45L(HA)
virus contains only three of the 15 mutations found in cp45. An
unexpected finding in our study was that the addition of the
measles HA ORF, regardless of the site of insertion, attenu-
ated the PIV3(HA) chimeric viruses for the upper respiratory
tract of hamsters. This level of additional attenuation is equal
to or greater than that specified by the other 12 mutations
present in cp45 (52). The additional attenuation provided by
the HA insertion should add to the phenotypic stability pro-
vided by the cp45L backbone. The extensive history of prior
clinical evaluation of the cp45 parent virus should facilitate
evaluation, in the very young human infant as well as adults, of
recombinant derivatives of this virus bearing foreign antigens.
This, again, is in contrast to a VSV backbone which would have
to be attenuated for use in humans and which would require a
significant amount of clinical research involving human infants
to identify a recombinant VSV that has achieved a satisfactory
balance between attenuation and immunogenicity.

Fourth, immunization via the mucosal surface of the respi-
ratory tract offers additional advantages. cp45 was shown to
replicate in the respiratory tract of rhesus monkeys and to
induce a protective immune response against challenge with
wild-type PIV3 when given in the presence of a high titer of
passively derived PIV3 antibodies (13), and this was also true
for an RSV vaccine candidate in chimpanzees (9). In humans,
a live attenuated PIV3 vaccine candidate readily initiated in-
fection and replicated to a moderate level in the upper respi-
ratory tract of very young infants who possessed maternally
acquired PIV3 antibodies (31–33), a finding in contrast to the
currently licensed measles virus vaccine which is poorly infec-
tious when administered to the upper respiratory tract of in-
fants and young children (2, 35, 51). Based on the above ex-
perience with the live attenuated PIV3 vaccine candidate and
the finding that the rPIV3(HA) viruses are not neutralized by
antibody to measles virus, we would expect these chimeric
viruses to induce an immune response in young infants pos-
sessing maternal IgG directed against measles. Replication of
the PIV3 vector in the respiratory tract will stimulate the pro-
duction of both mucosal IgA and systemic IgG to both PIV3
and measles virus. Upon subsequent natural exposure to mea-
sles virus, the existence of vaccine-induced local and systemic
immunity should serve to restrict its replication at both its

portal of entry, i.e., the respiratory tract, as well as at systemic
sites of replication.

A fifth advantage of the PIV3(HA) chimeras is their ability
to replicate to a titer greater than 107.5 TCID50/ml in vitro.
PIV3 cp45 viruses are known to infect almost all seronegative
humans at a dose of 105.0 (33). This demonstrates the feasibil-
ity for large-scale production of the PIV3(HA) chimeras for
vaccine use.

Sixth, the PIV1 and PIV2 antigenic serotypes of human PIV,
for which there is an independent need for a vaccine, can also
serve as a dual-vector vaccine, similar to the rPIV3(HA) chi-
meras described in this paper (54, 57). The presence of three
antigenically distinct PIVs provides a unique opportunity to
sequentially immunize the infant with antigenically distinct
variants of human PIV, each bearing the same foreign protein,
e.g., the HA protein of measles virus. In this manner, the
sequential immunization will permit the development of a pri-
mary immune response to the measles virus HA which can be
boosted during subsequent infections with the antigenically
distinct human PIV also bearing the HA of measles virus. This
PIV vector system offers considerable flexibility in formulating
new strategies for immunization against multiple pathogens.

Although these initial results are quite promising, some
questions remain to be answered. It is unclear if expression of
the HA protein by these chimeric viruses could affect viral
tropism or even predispose subjects to atypical measles. How-
ever, it has been demonstrated that both the F and HA pro-
teins are required for cell-to-cell fusion and spread of measles
virus (44, 66). Because rPIV3(HA) viruses express only HA of
measles and not F and because it is unlikely that the HA
protein is incorporated into their viral envelope, altered tro-
pism of these viruses would not be expected to occur. In the
past it was thought that atypical measles was due to an imbal-
ance of the HA and F proteins because the F protein was not
well preserved in the formalin-inactivated vaccine. Recently,
however, it was demonstrated that atypical measles was not
due to a failure to induce anti-F antibody but was most likely
due to a short-lived immunity induced by the inactivated virus
vaccine which rendered the host susceptible to measles infec-
tion and to an altered immune response to some component of
the inactivated virus vaccine (44). For this reason, we would
not expect infection by these chimeric vaccine viruses to pre-
dispose to atypical measles disease. To better answer these
questions and to determine the immunogenicity and protective
efficacy of these chimeric viruses when given in the presence of
passive PIV3 and measles virus antibodies, we are planning to
evaluate the PIV3(HA) viruses in rhesus monkeys, a primate
species which develops disease following measles virus infec-
tion.

In summary, we have developed novel dual-purpose recom-
binant vaccine candidate viruses which induce a protective
antibody response against both PIV3 and measles virus. We
suggest that the intranasal route of immunization with a respi-
ratory virus vector is a general method to induce local and
systemic immunity and to reduce the inhibiting effect of pre-
existing serum antibodies on replication of vaccine virus. Given
the considerable morbidity and mortality caused by measles
virus in the world today, especially in children less than 1 year
of age, an improved live attenuated vaccine candidate is greatly
needed and could be a useful adjunct immunogen in the effort
to eliminate the measles virus globally.
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