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The live-virus vector era began in 1983, when Smith, Mack-
ett, and Moss constructed a recombinant vaccinia virus ex-
pressing hepatitis B surface antigen and demonstrated the in-
duction of hepatitis B-specific antibodies in rabbits immunized
with the recombinant virus (113). Subsequently, live-virus vec-
tors were developed with other DNA viruses, such as adeno-
viruses and herpesviruses, and with positive-strand RNA vi-
ruses, such as alphaviruses and flaviviruses. The vaccine vector
potential of the large group of nonsegmented negative-strand
RNA viruses (NNSV) remained unexplored largely due to the
lack of infectivity of their genomic RNA in cell culture and the
absence of a mechanism for recombinational insertion of for-
eign genes. The NNSV (order Mononegavirales) comprise four
families: Rhabdoviridae, represented by vesicular stomatitis vi-
rus (VSV) and rabies virus (RV); Paramyxoviridae, including
Sendai virus (SeV), human parainfluenza virus types 1, 2, 3,
and 4 (HPIV1 to -4), measles and mumps viruses, Newcastle
disease virus (NDV), and human respiratory syncytial and
metapneumoviruses (HRSV and HMPV); Filoviridae, contain-
ing Ebola and Marburg viruses; and Bornaviridae, containing
Borna disease virus. In 1994, Schnell, Mebatsion, and Conzel-
mann developed a reverse genetic system for RV that allowed
the recovery of infectious virus entirely from cloned cDNA
(102). This was followed quickly by the development of reverse
genetic systems for numerous other NNSV (17, 22, 33, 50, 55,
69, 73, 76, 83, 133). This review will focus on the use of NNSV,
in particular members of the Rhabdoviridae and Paramyxoviri-
dae, as live vaccine vectors.

WHY USE A VECTORED VACCINE, AND WHY
CHOOSE A NNSV?

In general, a live attenuated version of a viral pathogen is
the vaccine of choice, because it expresses the full complement
of viral antigens, induces a broad array of local and systemic
immunity, and provides durable protection. However, vectored
vaccines can have advantages in certain situations, including
those involving (i) viruses for which a live attenuated vaccine
might not be feasible, such as human immunodeficiency virus
(HIV), due to its ability to establish a persistent infection, or
Ebola virus, due to its high pathogenicity, (ii) viruses that do
not grow well in vitro, such as human papillomavirus and
hepatitis C virus, (iii) highly pathogenic viruses that present
safety challenges during vaccine development, such as severe

acute respiratory syndrome coronavirus (SARS-CoV) and
Ebola virus, (iv) viruses that lose infectivity due to physical
instability, such as HRSV, and (v) viruses that can exchange
genes with circulating viruses, such as coronaviruses, influenza
viruses, and enteroviruses. An appropriate vectored vaccine
can overcome these specific challenges. In addition, features of
the biology of certain candidate viral vectors might provide for
improved efficacy, such as the targeting of dendritic cells by the
alphavirus Venezuelan equine encephalitis virus (59). Finally,
a major advantage of a vectored vaccine is that it can be rapidly
engineered to generate a vaccine against a newly emerged
highly pathogenic virus. In this case, sequence analysis of the
new pathogen would identify the likely protective antigen(s),
and its cDNA clones would be inserted into a pretested vector
that has an extensive clinical pedigree, permitting expedited
vaccine development.

The NNSV have a number of features that make them
attractive candidates as viral vectors and that also illustrate
desirable properties for a vector (Fig. 1). First, there are nu-
merous well-characterized animal, avian, and human NNSV
that could serve as vectors. Some animal or avian NNSV, such
as VSV and NDV, are antigenically distinct from common
human pathogens and therefore essentially the entire popula-
tion should be susceptible to infection and successful immuni-
zation. Some of the human NNSV, such as HPIV1, -2, and -3,
also have the potential for use as vaccine vectors in susceptible
populations. For example, infants and young children charac-
teristically are immunologically naı̈ve to HPIV1, -2, and -3;
thus, attenuated versions of HPIV1 to -3 can be developed as
pediatric vaccine vectors. Second, much is known about atten-
uating NNSV. In some cases, animal or avian viruses are at-
tenuated in primates due to a natural host range restriction. In
other cases, mutations that attenuate these viruses have been
identified and can be manipulated by reverse genetics. Thus, it
should be possible to attenuate each NNSV vector expressing
a foreign viral protective antigen such that it achieves an ac-
ceptable balance between attenuation and immunogenicity for
the target population. Third, NNSV that are being actively
explored as vectors replicate efficiently in cell substrates, such
as Vero cells that are qualified for human use, a requirement
for vaccine manufacture. Fourth, most NNSV can infect effi-
ciently via the intranasal (IN) route and efficiently induce local
immunoglobulin A and systemic immunoglobulin G antibody
and cell-mediated protective immune responses. Needle-free
intranasal vaccines could be administered easily and safely,
facilitating immunization in the context of an outbreak or
epidemic. Intranasal vaccines are particularly useful against
viruses that can infect and spread via the respiratory tract, such
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as SARS-CoV and influenza virus. Fifth, the NNSV being
developed as vectors replicate in the cytoplasm and do not
integrate into the host genome, obviating concerns about cel-
lular transformation. Sixth, gene exchange involving NNSV is
an extremely rare event (114) and has not been observed in
nature, indicating that the use of NNSV vaccine viruses in open
populations would not pose the threat of recombination be-
tween vaccine virus and circulating viruses. The lack of recom-
bination also contributes to the stability of the inserted foreign
gene. Seventh, NNSV encode 5 to 11 separate proteins, while
large DNA viruses, such as poxviruses, encode as many as 200
proteins. Several proteins expressed by these complex viruses
modulate or antagonize host immune responses, which might
decrease vaccine effectiveness. It is true that most NNSV en-
code one or two proteins that interfere with the host interferon
system (reviewed in references 18 and 32), but these often can
be mutated or deleted (1, 23, 125). Measles virus is one NNSV
that is significantly immunosuppressive (mediated by a mech-
anism other than interferon antagonism), making it a less at-
tractive vector candidate. In addition, the use of a complex
vector that expresses a large number of proteins might be less
desirable, since these vector antigens might dilute the desired
antibody and cell-mediated response directed against the for-
eign antigen and lead to a reduction of the overall memory
T-cell pool (58). Eighth, the genomes of NNSV consist of
genes that, for the most part, are nonoverlapping and are
expressed as separate mRNAs, thus constituting a modular
organization that can be readily manipulated for the insertion
and stable maintenance of foreign inserts.

CONSTRUCTION OF NNSV-VECTORED VACCINES

Reverse genetics. NNSV can be recovered entirely from
cloned cDNA by transfecting cultured cells with plasmids en-
coding the viral components of a functional nucleocapsid,

namely (i) full-length genomic or antigenomic (i.e., replicative
intermediate) RNA and (ii) the major proteins involved in
replication and transcription, namely the nucleoprotein (N or
NP), phosphoprotein (P), and the large polymerase protein (L)
(Fig. 2). The recovery of HRSV and Filoviridae members Mar-
burg or Ebola virus requires, in addition, the transcription
elongation factor M2-1 or transcription activator factor VP30,
respectively (17, 26, 129). Plasmids are delivered by transfec-
tion into a cell line that can support replication of the partic-
ular virus. Plasmid expression is directed by bacteriophage T7
RNA polymerase that can be delivered in any of three ways: (i)
coinfection with a recombinant vaccinia virus expressing T7
polymerase (135); (ii) the use of cells that constitutively ex-
press T7 polymerase, which presently are available as a baby
hamster kidney line (6); or (iii) cotransfection of a plasmid
encoding T7 polymerase (134). The third method (shown in
Fig. 2) is preferable, because it allows the recovery of viruses in
a cell line approved for vaccine production (e.g., Vero) without
adding components that can complicate regulatory approval
(e.g., vaccinia virus). Intracellular expression of these RNA
and protein components results in the assembly (although in-
efficient) of a viral nucleocapsid that is competent for gene
expression and genome replication, thus launching a produc-
tive infection that yields infectious virus (Fig. 2).

Strategy 1. Attenuated versions of wild-type NNSV express-
ing foreign genes. The simplest vector strategy is to express one
or more foreign antigens from genes that have been added to
a complete, replication-competent NNSV (Fig. 3A). The
NNSV vector must be sufficiently attenuated to be safe for
administration to humans. In the case of NNSV, such as NDV,
that are attenuated in primates due to a natural host restriction
(9), the wild-type virus can be used directly as the vector.

Other NNSV will require attenuation by reverse genetics
before use as potential vectors in humans. For example, VSV
is not a common human pathogen, but VSV infection is asso-
ciated with disease, albeit usually mild, in humans (reviewed in
reference 91). Thus, attenuation and careful clinical evaluation
will be needed before VSV can be used as a vaccine vector.
Another example is HPIV3, which can cause respiratory tract
disease in humans, as already noted, and for which attenuated
strains similarly must be prepared and validated as safe.

Attenuation of NNSV can be achieved by employing a va-
riety of strategies. The viral gene order can be rearranged,
which results in a suboptimal level of gene expression and
thereby reduces replication efficiency (29). Attenuating nucle-
otide or, more commonly, amino acid point mutations can be
identified and introduced in desired combinations by reverse
genetics (106, 111). Point mutations also often can be “trans-
ferred” between related viruses by reverse genetics using se-
quence alignments as a guide (2, 62, 72). Deleting or silencing
nonessential accessory genes, including those encoding inter-
feron antagonist proteins, often yields attenuated derivatives
(3, 23, 126). For rhabdoviruses, an effective attenuation of
replication without a significant reduction of immunogenicity
was achieved by the partial truncation of the G glycoprotein
cytoplasmic tail (65, 79, 88, 98). The insertion of foreign genes
for expression frequently has an attenuating effect by itself (see
below). Attenuation also can be achieved by swapping internal
protein genes between related human and animal or avian
viruses to introduce host range restriction (78, 105).

FIG. 1. Features of NNSV that make them attractive as viral
vectors.
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Strategy 2. Antigenic chimeric viruses. An alternative to
expressing foreign antigens from added genes is to replace the
major protective surface antigen(s) of the vector with that of
the pathogenic virus of interest (Fig. 3B). Such constructs are
referred to as antigenic chimeric viruses. An antigenic chimeric
virus is viable (e.g., capable of efficient multicycle replication)
only if the foreign surface proteins are (i) effectively incorpo-
rated into the virion particles and (ii) functional in the vector
background.

Several notable examples are based on VSV in which the
VSV G glycoprotein was replaced by the hemagglutinin (HA)
glycoprotein of influenza virus (88) or the respective glyco-
protein of Ebola, Marburg, or Lassa virus (31). The resulting
chimeras were attenuated in vitro compared to the VSV par-
ent, suggestive of a degree of incompatibility between the vec-
tor proteins and foreign glycoproteins. However, the efficiency
of VSV replication is normally so high that a substantial re-
duction can be tolerated and, in addition, will likely increase
vaccine safety. Although attenuated, the chimeras were com-
petent for in vivo replication and were immunogenic and pro-
tective in mice or nonhuman primates (31, 35, 46, 88). How-
ever, not all VSV-based chimeras are replication competent.
For example, chimeras in which the VSV G protein was re-
placed with the G or F protein of HRSV were not viable, even
though each HRSV protein was incorporated into the VSV
particle, and even though F alone is sufficient to confer efficient
infectivity and growth to HRSV in vitro (47, 124).

As another example, the substitution of the HN and F gly-

coproteins of HPIV1 into an HPIV3 backbone resulted in a
chimera (Fig. 4B) that replicated with wild-type efficiency in
vitro and in vivo (111, 121). The lack of attenuation associated
with chimerization in this case likely reflects the close relation-
ship between these two viruses (they are both in the genus
Respirovirus). Consistent with this idea, the substitution of the
HN and F glycoproteins of the more-distantly related HPIV2
(genus Rubulavirus) into HPIV3 did not yield a viable chimeric
virus. However, when the HN and F proteins of HPIV2 were
modified to replace their cytoplasmic domains with the corre-
sponding ones of HPIV3, viable antigenic chimeras that repli-
cated efficiently in vitro could be recovered (Fig. 4C), although
they were attenuated in vivo (122). Thus, perhaps not surpris-
ingly, the ability of a heterologous glycoprotein to function
efficiently in an antigenic chimera can depend on the fit of its
cytoplasmic domain into the vector background.

Another noteworthy antigenic chimeric virus involved re-
placing the F and HN surface glycoprotein genes of bovine
PIV3 (BPIV3), which is attenuated in humans due to a natural
host range restriction, with the F and HN genes from its closely
related human counterpart HPIV3 (Fig. 3B). This had the
effect of combining the host range restriction of BPIV3 with
the major antigenic determinants of HPIV3, resulting in an
attenuated virus bovine-human PIV3 (B/HPIV3) that repli-
cates with undiminished efficiency in vitro, retains the host
range attenuation phenotype in nonhuman primates, and is
being evaluated clinically by the National Institute of Al-

FIG. 2. Recovery of a complete, infectious NNSV from cDNA. A plasmid encoding the complete antigenomic RNA of a parainfluenza virus
is shown at the top. The extragenic 3� leader and 5� trailer regions are shown, as are the six viral genes: N, nucleoprotein; P, phosphoprotein, M,
matrix protein, F, fusion protein, HN, hemagglutinin-neuraminidase, and L, large polymerase subunit. The GS and GE transcription signals are
shown as black boxes at the beginning and at the end of each gene, respectively. The antigenomic cDNA is flanked to the left by a promoter for
T7 RNA polymerase (T7 pr.) and on the right by a self-cleaving ribozyme and T7 terminator (T7 tr.). Three other T7 expression plasmids encode
the N, P, and L support proteins needed to reconstitute a biologically active nucleocapsid. The T7 RNA polymerase is supplied from a
cotransfected eukaryotic expression plasmid bearing a cytomegalovirus promoter (CMV pr.). The plasmids are transfected or electroporated into
a cell monolayer in which the plasmid-expressed viral RNA and protein components assemble into a functional nucleocapsid and launch a
productive infection. Recovered virus is amplified by passage and can be plaque purified.
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lergy and Infectious Diseases as a vaccine against HPIV3
(37, 77, 95).

Strategy 3. Antigenic chimeric virus expressing additional
foreign genes. In addition to serving directly as a live vaccine,
antigenic chimeric viruses also can be used to express addi-
tional antigens from added genes (Fig. 3C). For example, the
B/HPIV3 chimera just mentioned also has been used to ex-
press protective antigens of HRSV or HMPV from added
genes (96, 97, 119). These applications would yield a bivalent
vaccine against HPIV3 and HRSV or HPIV3 and HMPV,
respectively, each based on a single virus. B/HPIV3 expressing
the HRSV F glycoprotein is currently in clinical trials by
MedImmune, Inc.

Insertion of a foreign gene into the genome of a NNSV. The
modular organization of a typical NNSV genome is illustrated
in Fig. 2 and 3. Transcription is initiated at the 3� (left-hand)
end, and the genes are copied sequentially by the viral poly-
merase guided by the gene start (GS) and gene end (GE)
signals that form the upstream and downstream limits of each
gene. These signals direct transcriptional initiation and termi-
nation/polyadenylation, respectively, at each gene, yielding in-
dividual mRNAs. The viral promoter present at the 3� end of
the genome (and antigenome) ranges in size from �44 to �96
nucleotides, depending on the virus, and the GS and GE sig-
nals are each usually 8 to 12 nucleotides long. Thus, the cis-

acting signals are short and circumscribed, characteristics
which further facilitate engineering.

A transcription cassette expressing a foreign antigen is con-
structed by engineering a cDNA of the foreign open reading
frame so that it is flanked by vector-specific GS and GE signals.
This cassette is then inserted (via the cDNA intermediate) into
the gene order of the NNSV vector flanked by intergenic
regions. In the recovered recombinant NNSV, the foreign in-
sert is expressed as an additional, separate mRNA encoding
the foreign protein (8, 68, 100). NNSV can tolerate and effi-
ciently express a foreign gene inserted upstream of the first
gene, into essentially any intergenic region, or downstream of
the last gene (110, 127, 137).

One taxonomic group of NNSV has the unusual require-
ment that the nucleotide length of the genome must be an even
multiple of six in order to replicate efficiently, which is thought
to reflect a strict nucleocapsid organization in which each N
monomer associates with exactly six nucleotides (15, 52). The
“rule of six” applies exclusively to members of the Paramyxo-
virinae subfamily of Paramyxoviridae, which includes SeV, the
HPIVs, and NDV. Furthermore, for the “rule of six” viruses,
the placement of each GS signal with regard to the hexamer
phasing of the genome may play a role in the efficiency of
transcription. Thus, for these viruses, insert length and orga-
nization must comply with these restrictions.

FIG. 3. Three strategies for designing NNSV vectors. In panel A, a complete virus (in this case, HPIV3) is modified by insertion of a
transcription cassette encoding a foreign antigen (measles virus [MeV] HA glycoprotein). In panel B, a NNSV (BPIV3) is modified by deleting
its surface glycoprotein genes (F and HN) and replacing them with those (F and HN) from the target pathogen (HPIV3), resulting in an antigenic
chimeric virus (B/HPIV3). In panel C, an antigenic chimeric virus (B/HPIV3) is modified by insertion of a transcription cassette encoding a foreign
glycoprotein (HRSV F). In each case (A to C), the coding sequence of the foreign glycoprotein(s) must be under the control of GS and GE signals
that are compatible with the vector backbone.

10296 MINIREVIEW J. VIROL.



Position of the insert in the gene order. Transcription by
NNSV has a polar gradient, such that promoter-proximal
genes are expressed more efficiently than promoter-distal ones.
Thus, foreign genes are expressed more efficiently when placed
in upstream positions. For VSV, transcription decreases by
approximately 30% across each gene junction (43, 132). Con-
sistent with this, when the L1 protein of cottontail rabbit pap-
illomavirus was expressed from a gene inserted into position 2
or 5 of a recombinant VSV vector, the upstream position
provided a 4.3-fold-higher level of expression. This was asso-
ciated with the induction of a 16-fold-higher titer of L1-specific
serum antibodies and greater protection against papillomavi-
rus challenge, whereas there was no difference between the two
constructs with regard to the induction of serum antibodies
against the VSV vector (90). Viruses such as SeV and HRSV
have a less regular gradient of gene expression (40, 53). None-
theless, a consistent relationship between the position of a
foreign gene and its level of expression was noted for SeV
(127).

Due to the polar nature of transcription, the insertion of one
or more foreign genes also can reduce the expression of down-
stream vector genes, which can decrease the replication of the

vector in vitro and in vivo (24, 107, 110, 127, 131, 137). Inser-
tion of a foreign gene into a promoter-proximal position can be
more attenuating than insertion into a promoter-distal position
(110, 127), presumably because a promoter-proximal insertion
affects a greater number of downstream vector genes. For
NDV and VSV, insertion between the N and P genes had the
greatest attenuating effect among the gene junctions (131,
137). This disproportionate effect appeared to occur because
alteration in the molar ratio between the N and P proteins, two
closely interacting proteins of the nucleocapsid, is particularly
deleterious to virus transcription and RNA replication.

Vector capacity: insert size versus number. The insertion of
a foreign gene into a NNSV increases its genome length and
gene number and often has an attenuating effect on virus
replication in vitro and in vivo, with the effect typically being
greater in vivo. This can be due to effects on the level of
transcription, as already noted. RNA replication and packag-
ing might also be affected, although this has not been studied
in detail.

To investigate the effect of increased genome length on the
replication of a NNSV vector in vitro and in vivo, a series of
foreign sequences ranging in length from 258 nt to 3,894 nt and

FIG. 4. Examples of the incorporation of foreign glycoproteins into NNSV vector particles involving antigenic chimeric viruses (B and C) and
foreign glycoproteins expressed from an added gene (D and E). The F and HN glycoproteins of HPIV3 (A, black) were deleted and replaced with
the F and HN glycoproteins of HPIV1 (red), yielding an antigenic chimeric virus bearing the surface antigens of HPIV1 (B). A comparable
derivative of HPIV3 bearing the surface antigens of HPIV2 (purple) was viable only if the HPIV2 F and HN proteins were modified to contain
the cytoplasmic tails of the HPIV3 F and HN proteins, respectively (C). The expression of Ebola virus GP (green) from an added gene in HPIV3
resulted the incorporation of GP into the HPIV3 vector particle (D), whereas the incorporation of the avian influenza HA protein (FLU, orange)
expressed from an added gene in NDV (blue) depended on replacing its cytoplasmic and transmembrane domains with those of the NDV F protein
(E). ecto, ectodomain; tm, transmembrane domain; cyto, cytoplasmic domain.
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designed to lack a significant open reading frame were inserted
individually into the downstream noncoding region of the HN
gene in HPIV3, thus increasing the length of the genome
without increasing the number of genes (107). Inserts of up to
1,404 nt had no effect on virus replication in vitro or in vivo,
while an insert of 3,126 or 3,894 nt was well tolerated in vitro
but reduced replication approximately 10-fold in vivo. In a
second phase of this study, the foreign sequences were inserted
as an additional gene between HN and L, thus increasing the
genome length and gene number (by a single gene). In this
case, an inserted transcription cassette of 1,428, 1,908, or 3,918
nt was well tolerated in vitro and reduced replication in vivo 5-,
2-, or 25-fold, respectively, whereas inserts of 168 and 678 nt
had no effect (107). Thus, small inserts added either as a
noncoding sequence or as an additional gene had little or no
effect on replication in vitro and in vivo. As the size of the
either type of insert increased to �1.4 kb and greater, atten-
uation became evident and increased with increasing size, con-
firming the importance of size on attenuation. Whether the
foreign sequence was added as a noncoding sequence or as an
additional gene made little difference, indicating that increas-
ing the gene number by one had little effect by itself. The lack
of attenuation associated with increased gene number also was
observed in a study in which one, two, or three antigens of
SARS-CoV were expressed from the attenuated B/HPIV3
backbone: in this case, adding one or two small SARS-CoV
genes to a vector already bearing the large SARS-CoV S pro-
tein gene had little further attenuating effect on replication in
vitro and in vivo (5).

In another study, up to three foreign genes were inserted
into HPIV3, with an aggregate increase in genome length from
15.5 kb to 23 kb (a 49% increase) (110). The insertion of a
single foreign gene of �2 kb had little effect on replication in
vitro or in vivo, but the insertion of two such genes decreased
replication 10-fold in vitro and up to 100-fold in vivo. The
insertion of three genes (aggregate insert length, up to 7.5 kb)
had a modest further attenuating effect on replication in vitro
but reduced replication in vivo over 10,000-fold, rendering the
virus overattenuated and poorly immunogenic in hamsters.
The practical carrying capacity of a PIV vector thus appears to
be one to three genes of an aggregate length of approximately
4 to 5 kb. NNSV, such as VSV, that replicate with high effi-
ciency likely have a higher capacity, although the limit has not
been evaluated.

Toxic inserts. In a few cases, the expressed foreign glyco-
protein appeared to be toxic and strongly attenuated the repli-
cation of the NNSV vector. During growth in vitro, these
foreign genes rapidly accumulated mutations that resulted in
an altered protein, a reduction of the level of expression, or the
full ablation of expression. Examples of toxic combinations of
insert and vector include the HPIV1 HN protein expressed
from an added gene by HPIV3, which may have been inhibi-
tory because it was packaged in the vector particle and may
have interfered with the HPIV3 HN protein due to their sim-
ilarity (110), and the expression of the mumps virus F protein
by measles virus (130) and measles virus F protein by VSV
(81), which may have been inhibitory because of their fuso-
genic nature or interference with vector glycoproteins.

Insert stability. In order to be feasible for human immuni-
zation, a foreign gene in a NNSV vector must be maintained

stably during all phases of manufacture and use. This is more
of a challenge for added genes (as opposed to swapped genes
in antigenic chimeric viruses), since they do not contribute to
vector growth; thus, there is no selective pressure to maintain
integrity. RNA viruses have a misincorporation rate of 10�3 to
10�5 substitutions per nucleotide per round of replication
(115; reviewed in reference 21), and vectors based on positive-
strand RNA viruses often exhibit rapid deletion of the foreign
insert in whole or in part during passage in vitro (34). Surpris-
ingly, inserts in NNSV appear to accumulate point mutations
more slowly than anticipated and rarely sustain deletions. For
example, when a recombinant VSV bearing the bacterial chlor-
amphenicol acetyltransferase gene was subjected to 15 pas-
sages, four resulting plaque-purified viruses had no mutations
in the foreign insert, whereas two others had a single nucleo-
tide substitution each (100). In another example, a recombi-
nant NDV expressing the VP2 protein of infectious bursal
disease virus was passaged 12 times in embryonated chicken
eggs; sequencing of the reverse transcription-PCR-amplified
insert indicated that the consensus sequence was unchanged
(41). Even though foreign genes are generally stable, it is
necessary to monitor all vaccine preparations to ensure the
integrity of the insert.

INCORPORATION OF THE FOREIGN GLYCOPROTEIN
INTO THE VECTOR PARTICLE AND EFFECTS ON

VECTOR BIOLOGY

NNSV acquire their envelope from the host cell plasma
membrane during budding and have the potential to incorpo-
rate surface-expressed foreign glycoproteins into the vector
particle. We have already discussed antigenic chimeric viruses,
which indeed depend on the foreign glycoprotein(s) being in-
corporated into the vector particle and being functional in
place of the deleted vector glycoprotein(s) (e.g., Fig. 3B and 4B
and C). Foreign glycoproteins expressed from added genes
also can be incorporated into the vector particle (Fig. 4D and
E).

In the case of VSV, foreign glycoproteins expressed from
added genes usually are incorporated efficiently into the virion,
based on examples that include the influenza virus neuramin-
idase and HA proteins, the measles virus H and F proteins, and
the HRSV F protein (48, 54, 99). These foreign glycoproteins
were packaged at levels of up to 30% of the relative molar
amount of the vector G glycoprotein (or up to 50% when
corrected for the relative level of intracellular expression). The
HIV type 1 (HIV-1) envelope protein was an exception that
was incorporated only in a trace amount, but this amount was
increased substantially (although it was still relatively low) by
replacing its cytoplasmic tail with that of VSV G (44). How-
ever, the expedient of swapping the cytoplasmic tail did not
increase the incorporation of the HRSV F or CD4 surface
glycoproteins, indicating that the presence of the VSV G tail
usually is unnecessary. The HRSV F and HIV-1 envelope
proteins were shown to be functional in the VSV envelope and
capable of initiating infection independent of the G protein of
the vector. Thus, the VSV virion appears to be promiscuous
with regard to incorporation of foreign surface proteins and, in
most cases, this seems to be irrespective of structural or taxo-
nomic relatedness or the presence of the VSV cytoplasmic tail.
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Incorporation of a foreign glycoprotein expressed from an
added foreign gene also has been investigated for the PIVs,
with results that are somewhat more varied than those for
VSV. Expression of the HRSV G protein by recombinant SeV
(a murine PIV) or of the SARS-CoV spike S protein by
B/HPIV3 did not result in significant incorporation of these
proteins into the viral particles (10, 117). However, the HPIV1
HN protein was incorporated into the HPIV3 vector particle
and indeed interfered with replication of the vector, as already
noted (110). This might be a consequence of the greater re-
latedness of HPIV1 and HPIV3 than the other viruses. However,
a close taxonomic/sequence relationship is not essential for
incorporation, since the HMPV F protein expressed by HPIV1
was efficiently incorporated into the vector particle (M. H.
Skiadopoulos, P. L. Collins, and B. R. Murphy, unpublished
observations), and the Ebola virus GP glycoprotein expressed
by HPIV3 also was incorporated into the particle (13) (Fig.
4D).

One potential consequence of incorporating a foreign gly-
coprotein into the vector particle is that it might alter the
tropism or the ability of the vector to spread within the host.
This potentially might lead to an increase in virulence in the
case of a highly pathogenic agent, but the available evidence,
albeit incomplete, is reassuring. Recombinant VSV expressing
the HIV-1 envelope glycoprotein from an added gene (and
which is packaged and functional in the vector particle) and
antigenic chimeras of VSV expressing the GP of Ebola, Mar-
burg, or Lassa virus have been evaluated in nonhuman pri-
mates and appeared to be attenuated and safe, in addition to
being immunogenic and protective (35, 46, 92). This suggests
that the foreign glycoproteins did not substantially increase the
virulence of the vector on a gross level, although these studies
were not designed to investigate possible subtle changes in
vector biology. Perhaps the best-controlled study involved
HPIV3 in which the Ebola virus GP was expressed from an
added gene and incorporated into the vector particle (13). In
this case, the HPIV3 vector became resistant to neutralization
in vitro by HPIV3-specific antiserum, suggesting that the Ebola
GP could function in the vector particle as an alternative at-
tachment and penetration protein. This was confirmed by the
finding that the vector also had acquired sensitivity to neutral-
ization with Ebola virus-specific antiserum. This recombinant
was evaluated by IN inoculation, in parallel with the HPIV3
parent, into guinea pigs, which are permissive to both HPIV3
and Ebola virus, and in which even a trace inoculum of Ebola
virus is highly lethal. There was no difference in the health of
the animals between the group receiving the HPIV3 parent
versus the derivative expressing Ebola virus GP, suggesting
that there was no increase in virulence, even in this very sen-
sitive system (13).

IMMUNOGENICITY OF NNSV-VECTORED VACCINES

Several factors influence the immunogenicity of a vectored
vaccine. First, the level of immunogenicity and protective ef-
ficacy of any live viral vaccine depends on its level of replica-
tion. Thus, reduced replication resulting from attenuation can
result in reduced immunogenicity. Achieving a level of atten-
uation that renders the vaccine safe and yet retains a level of

replication sufficient to be satisfactorily immunogenic can be
challenging and ultimately depends on clinical evaluation.

A second factor influencing the efficacy of a vaccine is the
repertoire of pathogen antigens that is expressed. A vectored
vaccine typically expresses only one or two proteins of the
target pathogen, usually the surface glycoprotein(s), whereas
an attenuated version of a pathogen expresses the full reper-
toire of pathogen antigens. Although the expression of neu-
tralization antigens can provide an efficient induction of virus-
neutralizing antibodies, the reduced repertoire of pathogen
antigens likely leads to a reduced cell-mediated response rel-
ative to a comparably attenuated version of the complete
pathogen. For example, an HPIV1 vector expressing the
HMPV F fusion protein from an added gene induced a high
level of HMPV-neutralizing serum antibodies, one that was
similar in magnitude to that induced by infection with wild-
type or attenuated strains of HMPV (103, 104). However,
there was a substantial difference in protective efficacy against
a subsequent HMPV challenge. One or two immunizations
(with a one-month interval) with the HPIV1-vectored vaccine
reduced challenge HMPV replication by 1.8 log10 or 2.8 log10,
respectively. In contrast, a single immunization with wild-type
or attenuated HMPV reduced challenge HMPV replication by
5.0 log10 even though the HPIV1 vector replicated much more
efficiently than the highly attenuated HMPV strains (4, 78, 103,
104). The idea that internal proteins make a substantial con-
tribution to protective immunity was illustrated with the al-
ready-mentioned antigenic chimeric virus in which the F and
HN surface antigens of HPIV3 were replaced by those of
HPIV1 (Fig. 4B). This antigenic chimeric virus induced neu-
tralizing antibodies only to HPIV1, but induced protection
against both HPIV1 and HPIV3, the latter presumably due to
cell-mediated immunity induced by the internal proteins (123).

The impact of the reduced repertoire of antigens probably
varies with different situations. In the case of VSV vectors
against HIV-1, for which a strong cell-mediated response is
desired, the HIV-1 Gag proteins often are included along with
the HIV-1 envelope glycoprotein to provide a greater reper-
toire of antigens for cell-mediated responses. In other appli-
cations, such as for vaccines against SARS-CoV, serum anti-
bodies are highly effective in controlling the infection, and an
incomplete repertoire of antigens is less likely to compromise
vaccine efficacy (116). In contrast, protection against the pedi-
atric respiratory pathogen HRSV is difficult to achieve due to
the immunologic immaturity of the young infant, the immuno-
suppressive effect of maternal serum antibodies on the hu-
moral response (20), and the mucosal site of replication. Thus,
for HRSV, it might be preferable to stimulate immunity as
broadly as possible.

The immunogenicity of a vectored foreign glycoprotein also
is affected by whether it is incorporated into the vector particle.
This reflects the greater immunogenicity of particles than sol-
uble proteins, particularly particles that can mediate binding to
and (in some cases) infection of antigen-presenting cells, as
well as the more rapid release from infected cells of virion-
bound proteins versus those released by necrosis and apopto-
sis. For example, the replacement of the cytoplasmic tail and
the transmembrane domain of the HA glycoprotein of avian
H7 influenza virus expressed by a recombinant NDV with that
of the vector F protein resulted in an enhanced incorporation
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of the protein into virion particles (Fig. 4E), an enhanced
immune response, and an increased protective efficacy against
influenza virus compared to the construct expressing the un-
modified HA protein (75). As another example, when the
incorporation of the HIV envelope protein into recombinant
VSV was increased by swapping its cytoplasmic domain with
that of VSV G, its immunogenicity was increased (44, 79).

The immunogenicity of a NNSV vector can be increased by
the coexpression of an immunostimulatory molecule such as
gamma interferon, interleukin-2, granulocyte macrophage col-
ony stimulating factor, or cytochrome c. In some cases, coex-
pression of the immunostimulatory molecule attenuated the
NNSV vector yet allowed it to retain its immunogenicity (7, 12,
84). In other cases, the magnitude of the immune response was
increased due to the coexpressed molecule, such as with an
antigenic chimeric B/HPIV3 vector expressing granulocyte
macrophage colony stimulating factor (11) and a RV vector
expressing interleukin-2 (64). The expression of a proapoptotic
protein cytochrome c by a recombinant RV resulted in atten-
uation of the virus but enhanced its immunogenicity, an effect
attributed to increased capture of apoptotic cells by antigen-
presenting cells (80).

NNSV vectors also provide strategies for improved booster
immunizations. Reimmunization with a vectored vaccine, as
with a live attenuated vaccine, can have reduced effectiveness
because the immune response to the initial immunization re-
stricts the replication and immunogenicity of subsequent
doses. However, the effectiveness of reimmunization can be
improved if it is performed using a different vector. For exam-
ple, the use of RV- and VSV-based vectors expressing HIV-1
envelope protein for the first and second immunizations, re-
spectively, resulted in a dramatic enhancement of cellular and
humoral immune responses compared to two immunizations
with one virus (118). The availability of four serotypes of
HPIV, HPIV1 to -4, provides the potential for sequential im-
munizations in the pediatric population.

Alternatively, the vector can be modified to bear a different
set of surface antigens. For example, three versions of recom-
binant VSV have been made, each bearing the G glycoprotein
from a different VSV serotype. Sequential immunization with
these three vectors, each expressing the HIV-1 envelope pro-
tein or the envelope and Gag proteins in combination, was
shown to provide improved boosts (92, 93). The HN and F
surface proteins of HPIV3 also have been exchanged with
those of HPIV1 and -2, as already noted (121, 122). However,
with the use of glycoprotein exchange vectors bearing a con-
stant set of internal proteins, cell-mediated immunity raised
against the internal proteins also can confer resistance to re-
infection, although this protection can diminish within a few
weeks to a few months and, thus, is another factor that must be
considered for sequential immunization (123).

A NNSV-vectored vaccine also can be used to boost the
immune response induced by a live-virus vaccine. For example,
immunization with an attenuated strain of HRSV followed by
a boost with an HPIV1 vector expressing the HRSV F protein
was more immunogenic than two doses of the attenuated strain
(Skiadopoulos et al., unpublished). Booster immunization
might also be more effective if sequential immunizations em-
ploy different routes of administration, such as the use of a

VSV vector administered intramuscularly (IM) followed by an
NDV vector administered IN.

SPECIFIC VACCINE VECTORS

Vesicular stomatitis virus. VSV (family Rhabdoviridae, ge-
nus Vesiculovirus) is a natural pathogen of cattle, horses, and
swine that causes disease characterized by severe vesiculation
and/or ulceration of tongue, oral tissues, feet, and teats (re-
viewed in reference 56). The infection of mice and cotton rats
with VSV by the IN route results in significant replication of
the virus in brain, encephalitis, and high mortality (30, 85, 94).
VSV is not usually a human pathogen. Most human infections
that do occur (from contact with infected animals) are believed
to be asymptomatic but sometimes result in illness character-
ized by chills, myalgia, and nausea (28, 39, 45); in addition, a
case of encephalitis associated with VSV infection in a 3-year-
old child has been documented (82).

VSV has a number of very advantageous features for use as
a vaccine vector. It is the simplest NNSV and has a very high
level of gene expression as well as rapid and extremely efficient
replication in vitro. The general population in most areas of
the world lacks immunity to VSV and thus, presumably, is
susceptible to immunization. Versions of recombinant VSV
bearing the G glycoprotein from three different serotypes are
available for sequential immunization (92, 93). In experimental
animals, VSV vectors have been very effective when adminis-
tered by the IN, IM, intradermal, or oral routes (25, 86, 93).
The virus particle has a regular structure and is stable, facili-
tating purification, manufacture, and use.

The major drawback for VSV is that, at present, there is
little or no experience with its administration to humans and,
thus, it is not clear which tissues are infected, how much the
infection spreads, what titers are achieved, and whether serious
complications may occur in some individuals. The central ner-
vous system involvement observed with rodents and with a
human case warrants caution. It also is not known how immu-
nogenic and protective VSV vectors will be in humans, either
as antigenic chimeric viruses or as vectors expressing added
foreign genes, although results with experimental animals are
very promising. Recombinant VSV appears to be inherently
attenuated, presumably due to chance mutations, and a num-
ber of strategies exist for further attenuating the virus, as
already noted. It seems clear that VSV-based vaccines will be
evaluated clinically in the near future and, thus, detailed in-
formation on its replication, pathogenesis, and immunogenic-
ity in humans will be forthcoming.

Given that VSV is somewhat of an unknown entity at
present with regard to human administration, we believe that
its most feasible first use will be as a vector to control out-
breaks of highly pathogenic agents. This is because these are
situations in which (i) the vaccinees are mostly healthy adults,
(ii) the number of vaccinees will be relatively small, and (iii)
the high risk of the pathogen would outweigh some potential
risk of residual virulence of the vector. As already noted, an-
tigenic chimeras based on VSV expressing the GP glycoprotein
of the hemorrhagic fever agents Ebola, Marburg, or Lassa
viruses have been constructed. A single IM immunization of
cynomolgus macaques with the constructs was well tolerated
and induced antibody and cellular immune responses specific
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to the foreign GP, which protected the animals against a sub-
sequent challenge with a high dose of each respective virus (35,
46). VSV also has been used to express the SARS-CoV S spike
glycoprotein from an added gene, and a single IN immuniza-
tion of mice provided essentially complete protection against
an IN challenge with SARS-CoV (49). As experience with
VSV in humans is gained and safety and immunogenicity are
established, another use in outbreak control would be to im-
munize against highly pathogenic avian influenza virus in areas
where that virus is endemic. VSV bearing the HA glycoprotein
of human influenza A virus was highly immunogenic and pro-
tective against an otherwise lethal challenge in mice (89). In
this application, the lack of recombination associated with
NNSV provides a major safety advantage by avoiding exchang-
ing genes with circulating influenza virus strains, thus making
prospective immunization feasible.

VSV also has been evaluated as a vaccine vector against a
number of prevalent human viruses, including papillomavirus
(86, 90), hepatitis C virus (14), and HIV (25, 36, 92, 93). In
particular, the three VSV glycoprotein exchange vectors were
each engineered to express the simian immunodeficiency virus
(SIV) Gag protein and HIV-1 envelope protein (bearing the
cytoplasmic tail of the VSV G protein to increase its efficiency
of incorporation into the vector particle) from added genes.
Three sequential immunizations of rhesus monkeys by the
combined IM and oral routes induced a vigorous HIV-specific
cytotoxic T lymphocyte (CTL) response and protection against
a subsequent challenge with simian-human immunodeficiency
virus (SHIV) (92). This is a particularly important line of
experiments, since effective immunization against HIV poses
the most daunting challenge to vaccinology.

VSV also has been developed as a vector against common
pediatric pathogens, such as HRSV (47) and measles virus (94,
99). This use seems less likely for the VSV vector, since it
would be preferable to avoid mass inoculation of infants with
a virus that they otherwise would rarely experience and for
which immunoprophylaxis is not needed. This view might
change if VSV is found to be a highly effective and very benign
vector in humans and if such VSV-based vaccines are found to
be substantially more effective in humans than live attenuated
versions for these pediatric pathogens. However, the use of
VSV in a mass vaccination probably would interfere with its
subsequent use against other pathogens.

Human parainfluenza viruses. The HPIVs belong to family
Paramyxoviridae, subfamily Paramyxovirinae, genus Respirovi-
rus (HPIV1 and -3), and genus Rubulavirus (HPIV2 and -4).
The HPIVs infect nearly everyone worldwide and cause respi-
ratory illness in infants and children ranging from the common
cold to pneumonia. Live attenuated derivatives of HPIV1, -2,
and -3 are actively being developed by reverse genetics for use
as intranasal pediatric vaccines, whereas HPIV4 is a less seri-
ous pathogen (2, 74, 106; reviewed in reference 16). Thus, in
contrast to VSV, there is extensive experience with infection of
humans by the HPIVs in naturally occurring disease, in exper-
imental administration of wild-type virus, and in clinical ad-
ministration of vaccine candidates. HPIVs have a somewhat
larger genome (15 kb versus 11 kb) than VSV and encode two
or more additional proteins. They replicate at least 10- to
100-fold less efficiently in cell culture and are larger and pleo-
morphic. The HPIVs infect and cause disease in the respira-

tory tract and do not spread significantly to other tissues. This
limits HPIV-based vectors to IN administration, but it also
provides an inherent safety feature. IN immunization induces
both strong systemic and local immunity.

The HPIVs seem ideally suited as vectors for pediatric
pathogens, especially for ones that use the respiratory tract as
a portal of entry, such as measles virus, HRSV, and HMPV.
Since vaccines for HPIVs are needed, the expression of a
protective antigen of another pediatric virus from an added
gene creates a bivalent vaccine from a single virus, thus sim-
plifying vaccine development and administration. For example,
topical immunization of the respiratory tract of rhesus mon-
keys with an attenuated version of HPIV3 expressing the HA
glycoprotein of measles virus efficiently induced systemic neu-
tralizing antibody responses specific for both measles virus and
HPIV3 (24, 108). This particular use provides two specific
benefits. First, the existing measles vaccine is a live attenuated
virus that is administered IM and is very sensitive to neutral-
ization by maternal antibodies. This necessitates a delay in
administration until 12 to 15 months of age with the result that
some individuals become susceptible before the vaccination is
received. An HPIV3-vectored vaccine is not neutralized by
measles virus-specific antibodies and can efficiently infect and
immunize young infants at an earlier age. The second benefit is
that the use of a vectored measles virus vaccine eliminates
concerns of persistence or partial reversion of the live attenu-
ated measles vaccine virus, facilitating a global effort to erad-
icate measles virus. However, an established, successful vac-
cine like the current live attenuated measles vaccine is not
readily replaced.

As another example, attenuated chimeric B/HPIV3 express-
ing the protective F or G protein of HRSV or the F protein of
HMPV from added genes was highly immunogenic against
both the vector and the vectored antigen in rodents and non-
human primates (96, 97, 119, 120). In this case, the use of an
HPIV-vectored vaccine provides a higher level of antigen ex-
pression and avoids the poor growth and instability of HRSV
and HMPV. As already noted, the attenuated B/HPIV3 virus
expressing HRSV F is presently in clinical trials as a live in-
tranasal vaccine against HPIV3 and HRSV. Based on the time
in infancy when infections with HPIV1, -2, and -3 occur, vec-
tors based on HPIV3 would be most suited for immunization
within the first six months of life, whereas vectors based on
HPIV1 and -2 would be most suited for immunization between
six months and one year of life.

The HPIVs also have been evaluated as vectors against
highly pathogenic viruses that can infect via the respiratory
tract. IN and IT immunization of African green monkeys with
an attenuated B/HPIV3 virus expressing the spike (S) protein
of the respiratory pathogen SARS-CoV from an added gene
resulted in the induction of a systemic neutralizing antibody
response against SARS-CoV and conferred protection against
IN and IT challenge with SARS-CoV (10). HPIV3 also was
used to express the GP glycoprotein of Ebola virus from an
added gene to evaluate the efficacy of IN immunization against
a virus that causes a severe systemic infection. IN immuniza-
tion of guinea pigs with this recombinant induced a systemic
Ebola virus-specific antibody response and conferred complete
protection against a lethal dose of guinea pig-adapted Ebola
virus administered intraperitoneally (13); the construct now is
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being evaluated in nonhuman primates. These vaccine candi-
dates could be developed for use as pediatric vaccines against
SARS-CoV and Ebola virus. However, it is likely that their
efficacy in adults will be greatly reduced due to the prevalence
of immunity against HPIV3 acquired by natural infection,
which would restrict the replication of the vector and reduce
immunogenicity. One solution of the problem of preexisting
immunity would be the use vectors based on VSV, as discussed
above, or nonhuman paramyxoviruses, such as NDV, as dis-
cussed below.

Newcastle disease virus. NDV (family Paramyxoviridae, sub-
family Paramyxovirinae, genus Avulavirus) is an avian pathogen
whose naturally occurring strains exhibit a wide range of dis-
ease severity. They are categorized into three pathotypes: velo-
genic strains, which cause systemic infections with a high level
of mortality; mesogenic strains, which cause systemic infections
of intermediate severity; and lentogenic strains, which cause
mild infections that are largely limited to the respiratory tract
and which are used as live attenuated vaccines against NDV
for poultry (reviewed in reference 38). One of the primary
determinants of virulence is the cleavage activation phenotype
of the F protein precursor, which in highly virulent strains is
cleaved by ubiquitous intracellular proteases, providing the
potential for pantropic replication, and which in nonvirulent
strains is cleaved by a secretory protease, restricting replication
to mucosal surfaces. NDV usually does not infect humans, but
bird handlers can be infected, and occasional cases of conjunc-
tivitis have been documented (57, 71). IN and IT inoculation of
the respiratory tract of African green and rhesus monkeys with
a mesogenic or lentogenic strain of NDV resulted in a low-
level, asymptomatic infection of the respiratory tract with little
or no virus shedding (9), evidence that both pathotypes are
attenuated in primates due to a natural host-range restriction.

NDV shares only a low level of amino acid sequence identity
with human paramyxoviruses and is distinct antigenically, sug-
gesting that the human population would be susceptible to
vaccination with an NDV-based vector. Studies with mice
showed that NDV expressing protective antigens of influenza
A virus, HRSV, or SIV were immunogenic and, in the first two
cases, induced protection against challenge (60, 69, 70). How-
ever, rodents are not good models for evaluating a host range-
restricted vector against human pathogens, because their per-
missiveness to both the vector and the pathogen probably do
not accurately reflect that of the human due to the phyloge-
netic distance. Recently, recombinant lentogenic and meso-
genic strains of NDV expressing the HPIV3 HN protein from
an added gene were evaluated by IN and IT immunization of
the respiratory tract of African green monkeys and rhesus
monkeys, which likely provide more predictive models of hu-
mans (9). After one dose, an efficient HPIV3-specific serum
antibody response was detected; after the second dose, it be-
came equal to or greater than that induced by HPIV3 infection
(9). Thus, NDV warrants further evaluation as a potential
vector for human use. NDV also is being actively developed as
a vaccine vector for veterinary use in which the vector itself
serves as a needed poultry vaccine (41, 75, 128), but that is
outside the scope of this review. NDV is classified as serotype
1 of the avian paramyxoviruses of genus Avulavirus; eight other
serotypes, which cause disease of various levels of severity in
different species of birds, have been identified (reviewed in

reference 87). These also can be evaluated as possible vectors
for human use.

Rabies virus. RV (family Rhabdoviridae, genus Lyssavirus)
causes deadly neurological disease in numerous animal species
and humans. Several highly attenuated strains of the virus
lacking neurovirulence in experimental animals have been de-
veloped (19, 65, 67, 136). Studies with mice have demonstrated
the immunogenicity of RV vectors expressing the HIV enve-
lope or Gag protein, or the SARS-CoV S protein, from added
genes (27, 63, 66, 101, 118). The immunization of rhesus mon-
keys with highly attenuated rabies-based vaccine vectors ex-
pressing SIV Gag protein and HIV-1 envelope protein fol-
lowed by a boost with similar vaccine constructs in which RV
G protein was replaced with that of VSV resulted in a strong
HIV-specific CTL and antibody response and protection
against SHIV (P. McKenna, M. Koser, K. R. Carlson et al.,
Abstr. 13th Int. Conf. on Negative Strand Viruses, abstr. 297,
2006). Since RV infection in humans is rare, most of the
population would be susceptible to immunization with an RV-
based vector. However, whether attenuated derivatives could
be used in humans is unclear, given the high neurovirulence of
the parent virus.

Sendai virus. SeV (family Paramyxoviridae, subfamily
Paramyxovirinae, genus Respirovirus) is a parainfluenza virus
that is virulent in mice and shares a moderate level of sequence
and antigenic relatedness with HPIV1. Because of this anti-
genic relatedness, SeV is being developed as a pediatric vac-
cine against HPIV1 on the premise that SeV will be attenuated
in humans due to a host range restriction (42, 109, 112). In
addition, SeV has been evaluated as a vector to express the
HRSV G glycoprotein from an added gene. IN inoculation of
cotton rats with this recombinant induced HRSV-neutralizing
antibodies and a high level of protection against a subsequent
challenge with HRSV (117). This would provide a bivalent
vaccine against HPIV1 and HRSV. However, SeV replicated
nearly as efficiently as wild-type HPIV1 in African green mon-
keys and chimpanzees, raising doubts as to whether it will be
satisfactorily attenuated in unmodified form for use in sero-
negative humans (109).

Several studies evaluated recombinant SeV expressing the
SIV Gag gene for immunogenicity and protective efficacy
against SIV challenge. A group of macaques primed with a
plasmid DNA expressing SIV Gag was boosted with the SeV-
Gag construct and challenged with SIV by the intravenous
route; five out of eight vaccinated animals controlled the viral
load and had undetectable plasma viremia 5 weeks after vac-
cination (61). The use of a recombinant SeV expressing SIV
Gag for immunization of macaques chronically infected with
SIV resulted in the induction of an effective Gag-specific CTL
response (51). However, the use of SeV as a vaccine vector for
the adult human population might be compromised by its an-
tigenic relatedness to HPIV1. Indeed, IN immunization of
healthy human adult volunteers with SeV resulted in an in-
crease in virus-specific antibodies in only three out of nine
individuals, suggesting that replication was restricted due to
previous exposure to HPIV1 (112). Thus, further studies are
needed to evaluate the level of attenuation and immunogenic-
ity of SeV-based vaccines in HPIV1 seronegative and seropos-
itive humans.
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SUMMARY AND FUTURE DIRECTIONS

NNSV-based vectors can be useful for the development of
vaccines for several particular situations. One use is mass im-
munization of the pediatric population against major respira-
tory viral pathogens. Particularly promising examples are at-
tenuated versions of HPIV1, -2, and -3 expressing protective
antigens of other pediatric respiratory viruses, such as HRSV
and HMPV, from added genes. This converts a single virus into
a bi- or multivalent vaccine. At present, recombinant B/HPIV3
expressing the HRSV F protein is being evaluated in clinical
trials. The effectiveness of this strategy will depend on whether
the PIV-vectored vaccine is as immunogenic and protective in
infants and young children as a complete attenuated version of
HRSV. A second use is immunization and outbreak control
against emerging respiratory and systemic viral infections, such
as those caused by SARS, H5N1 avian influenza, Ebola, Mar-
burg, Machupo, Lassa, Sin Nombre, Nipah, and Hendra vi-
ruses. These vaccines will be based on nonhuman NNSV, such
as NDV and VSV, that are antigenically unrelated to common
human pathogens so that essentially the entire population will
be susceptible to immunization. The effectiveness of this strat-
egy will depend on the level of safety and immunogenicity of
these vectored vaccines in humans. A third use is against prev-
alent viral infections, such as HIV or hepatitis C, using vectors
based on nonhuman NNSV, such as VSV. These vaccines
would be used in preventive immunization and possibly also to
boost immune responses in infected individuals. NNSV-based
vectors also are being developed against veterinary pathogens,
as in the use of attenuated vaccine strains of BPIV3 and NDV
as vectors against additional diseases of cattle and poultry,
respectively.
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