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Intramuscular inoculation of rhesus macaques with one or more doses of recombinant vesicular stomatitis
virus (rVSV) expressing human immunodeficiency virus type 1 (HIV-1) Gag (rVSVgag) typically elicits peak
cellular immune responses of 500 to 1,000 gamma interferon (IFN-�) enzyme-linked immunospots
(ELISPOTS)/106 peripheral blood lymphocytes (PBL). Here, we describe the generation of a novel recombinant
mumps virus (rMuV) expressing HIV-1 Gag (rMuVgag) and measure the Gag-specific cellular immune
responses detected in rhesus macaques following vaccination with a highly attenuated form of rVSV expressing
HIV-1 Gag (rVSVN4CT1gag1) and rMuVgag in various prime-boost combinations. Notably, peak Gag-specific
cellular immune responses of 3,000 to 3,500 ELISPOTS/106 PBL were detected in macaques that were primed
with rMuVgag and boosted with rVSVN4CT1gag1. Lower peak cellular immune responses were detected in
macaques that were primed with rVSVN4CT1gag1 and boosted with rMuVgag, although longer-term gag-
specific responses appeared to remain higher in this group of macaques. These findings indicate that rMuVgag
may significantly enhance Gag-specific cellular immune responses when administered with rVSVN4CT1gag1 in
heterologous prime-boost regimens.

The ability to recover infectious virus from genomic cDNA
has enabled the development of nonsegmented negative-
strand RNA viruses as candidate vaccine vectors (8, 20); ve-
sicular stomatitis virus (VSV), which predominantly infects
insects and livestock in nature (29, 51, 52), is one of the most
extensively studied in this group of RNA viruses. Recombinant
forms of VSV (rVSVs) have been tested in preclinical studies
as potential vaccine vectors to combat a wide range of human
diseases including human immunodeficiency virus (HIV)/
AIDS (16, 28, 30, 31, 40–43). In one of these studies, nonhu-
man primates (NHPs) vaccinated with rVSV vaccine vectors
expressing simian immunodeficiency virus (SIV) Gag and HIV
Env proteins were protected from disease following challenge
with a pathogenic SIV/HIV-1 recombinant (SHIV) (46). Al-
though these prototypic rVSV vaccine vectors elicited robust
SHIV-specific immune responses in NHPs and demonstrated
protective efficacy in the SHIV challenge model, they were
found to be insufficiently attenuated for human trials when
tested in a stringent NHP neurovirulence model (27). This
finding was addressed by the development of a highly attenu-

ated rVSV vector (rVSVN4CT1gag1). This vector was atten-
uated by combination of a specific N gene translocation and G
gene truncation (9), with the N gene in position 4 (N4), the G
gene expressing a G protein with a single amino acid in the
cytoplasmic tail (CT1), and the HIV-1 Gag gene added in the
first position of the genome (gag1). The rVSVN4CT1gag1
vector caused no obvious signs of neurological disease in young
mice following intracranial inoculation with �107 PFU of virus
(12) and produced only very minimal, predominantly inflam-
matory lesions following intrathalamic inoculation of NHPs
with 107 PFU of virus (unpublished data). Although
rVSVN4CT1gag1 demonstrated reduced in vitro replication
efficiency and in vivo virulence, it was as immunogenic in mice
(12) and NHPs (unpublished data) as the much more virulent
prototypic rVSV vectors that provided protection from disease
in the SHIV challenge model.

Mumps virus (MuV), the agent of mumps in humans, is a
nonsegmented negative-strand RNA virus in the family
Paramyxoviridae. The incidence of mumps has been greatly
reduced in the developed world by the introduction of live
attenuated MuV vaccine strains over the past 30 to 35 years.
The most commonly used MuV vaccine in the United States
and Western Europe is the Jeryl Lynn strain, which has dem-
onstrated excellent efficacy and an outstanding safety record
for the �100 million doses administered to the pediatric pop-
ulation. A system for the recovery of the Jeryl Lynn strain of
MuV from genomic cDNA has been described previously (10).
This methodology has enabled targeted alteration of the MuV
genome to study virus-associated neurovirulence and neuroat-
tenuation (33) as well as the possibility of developing MuV as
a vaccine vector for other pathogens.
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There is currently no proven method of inducing broadly
neutralizing antibodies in HIV type 1 (HIV-1) vaccinees. It has
been postulated, however, that robust vaccine-induced cellular
immune responses directed against one or more HIV-1 pro-
teins may be sufficient to prevent HIV-1-infected humans from
developing AIDS in the absence of broadly neutralizing anti-
bodies (34). Although this hypothesis has been called into
question recently following the results of an HIV-1 phase II
clinical trial (the STEP trial), there is still reason to believe that
a robust cellular immune response against specific cytotoxic
T-lymphocyte epitopes within highly conserved regions of the
viral proteome could result in a significantly reduced viral load
following HIV-1 infection (45). One rational approach for
maximizing vaccine-induced HIV-1-specific peak cellular im-
mune responses is the administration of completely heterolo-
gous vaccine vectors in prime-boost regimens (2, 15, 24, 40),
unlike the serotype switch used previously in rVSV prime-
boost vaccination regimens (12, 46, 47). In general, the mag-
nitudes of the resulting cellular immune responses were higher
than those detected for comparable prime-boost regimens with
homologous vectors (14, 46) although any associated enhance-
ment of protective efficacy in challenge models remains un-
clear (3, 48). Here, we describe the generation of a novel
rMuV vector expressing HIV-1 Gag (rMuVgag) and the im-
mune responses elicited in rhesus macaques when this vector
was administered with a highly attenuated rVSVN4CT1gag1
vector in heterologous prime-boost regimens.

MATERIALS AND METHODS

Cells and viruses. Vero and baby hamster kidney (BHK) cell lines were
obtained from the American Type Culture Collection and propagated at 37�C
in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), sodium pyruvate (20 mM), and gentamicin (50
�g/ml). Recombinant mumps virus (rMuV) was derived from the Jeryl Lynn
strain of MuV vaccine (Merck and Co., Inc., Westpoint, PA). Recombinant
VSVN4CT1gag1 was derived from the Indiana serotype of rVSV.

Construction and rescue of rMuVgag and rVSVN4CT1gag1 vectors. The con-
struction and rescue of rMuV from genomic cDNA has previously been de-
scribed in detail (10). For the purposes of this study, the plasmid containing
rMuV genomic cDNA (pMuV) was modified to contain an AscI site in the 3�
noncoding region (NCR) of the M gene (pMuVAscI) to enable insertion of a
transcription unit(s) (TU) between the MuV M and F genes for foreign gene
expression. This was accomplished by generating two PCR products: one stretch-
ing from the unique BssHII site in the M gene into the M gene 3� NCR and
containing a primer-encoded AscI site at the 3� end and the other stretching from
the M gene 3� NCR to the unique XhoI site in the L gene and containing a
primer-encoded AscI site at the 5� end. Both PCR products were gel purified,
digested with AscI, and then ligated in vitro. The resulting DNA fragment was
gel purified, trimmed with BssHII and XhoI, and cloned back into pMuV to
generate pMuVAscI. The HIV-1 (strain Hxb2) p55 Gag gene was then PCR
amplified from an existing cDNA template (17) with primers encoding AscI sites
and MuV-specific transcription stop/start signals (19). The resulting PCR prod-
uct was gel purified, trimmed with AscI, and cloned into pMuVAscI to generate
pMuVgag (Fig. 1). A helper-virus-free method for the recovery of rMuV from
genomic cDNA has been described recently (54) and was used for the rescue of
rMuVgag. Briefly, nearly confluent Vero cell monolayers in T-150 flasks were
trypsinized, rinsed, collected by centrifugation at 300 � g, and resuspended in
Iscove’s modified Dulbecco’s medium supplemented with 200 �M 2-mercapto-
ethanol, 1% nonessential amino acids, 1% sodium pyruvate, and 1% dimethyl
sulfoxide. Cells were then electroporated with a mixture of plasmids expressing
T7 RNA polymerase under the control of the cytomegalovirus (CMV) promoter
and with the MuV N, P, and L proteins and a positive-sense copy of the rMuVgag
genome, all under the control of the T7 RNA polymerase promoter. Electropo-
rated cells were collected by centrifugation at 300 � g for 5 min at room
temperature (RT) and then transferred to a flask containing DMEM supple-
mented with 10% FBS, 200 �M 2-mercaptoethanol, 1% nonessential amino
acids, and 1% sodium pyruvate. Cells were then incubated at 37°C in 5% CO2 for
3 h, followed by heat shock at 43°C in 5% CO2 for 3 h, and were then returned
to 37°C in 5% CO2 for �18 h; the medium was then replaced, and incubation was
continued for 5 to 7 days. The monolayers were scraped into the culture medium,
agitated to break up cell clumps, and transferred onto 50% confluent Vero cell
monolayers in T-150 flasks. The cell monolayers were observed daily for the
development of MuV-induced cytopathic effect (CPE). Rescued rMuVgag was
plaque picked and amplified on Vero cell monolayers and then tested for Gag
expression by Western blotting, Gag-specific enzyme-linked immunosorbent as-
say (ELISA), and whole-infected-cell immunofluorescence. The integrity of the
Gag gene open reading frame in rMuVgag was also verified by consensus nu-
cleotide sequencing of reverse transcription-PCR–amplified cDNA spanning the

FIG. 1. Diagrams showing genetic organization of rMuVgag (A) and rVSVN4CT1gag1 (B) genomes. Le and Tr are MuV leader and trailer
sequences, respectively. An AscI site was generated in the rMuV M gene untranslated region by PCR mutagenesis. The HIV-1 p55 Gag gene with
flanking M gene transcription stop (red box) and F gene transcription start (green box) signals was cloned into the AscI site. The rVSVN4CT1gag1
genome had the N gene translocated to position 4 and the HIV-1 p55 Gag gene at position 1 in the genome; the rVSV G gene encoded a truncated
form of G protein (hashed box), containing a single amino acid in the cytoplasmic tail.
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Gag gene TU. Working stocks of rMuV and rMuVgag were prepared by ad-
sorption of virus for 2 h at 37°C to newly confluent Vero cell monolayers at a
multiplicity of infection (MOI) of 0.01 PFU/cell, followed by incubation at 37°C
for 48 h in complete medium (DMEM containing 3.4 g/liter glucose and 2 mM
glutamine, supplemented with 10% FBS and 1% sodium pyruvate). Infected-cell
monolayers were then scraped into suspension and subjected to a single round of
freeze-thaw in ethanol-dry ice, followed by incubation in a 37°C water bath. Cell
debris was removed by centrifugation at 500 � g at 4°C for 10 min, and the
supernatant was flash frozen in an ethanol-dry ice bath and stored at �80°C.

The construction, rescue, and in vitro and in vivo characterization of
rVSVN4CT1gag1 have been described previously in detail (9, 12). Working
stocks of rVSVN4CT1gag1 were prepared by adsorption of virus to confluent
BHK cell monolayers at an MOI of 0.05 PFU/cell, followed by incubation at 32°C
for 48 to 60 h. Cell debris was then removed from culture medium by centrifu-
gation at 500 � g at 4°C for 10 min, and virus was purified by centrifugation
(28,000 rpm at 4°C for 90 min in a Beckman SW-28 rotor) through a sucrose
cushion (10% [wt/vol] in phosphate-buffered saline [PBS], pH 7.0) (9). Virus
pellets were resuspended in PBS, pH 7.0, flash frozen in an ethanol-dry ice bath,
and stored at �80°C. Virus titration was performed by plaque assay as previously
described (9).

Titration of rMuV. For titration of rMuV and rMuVgag, newly confluent Vero
cell monolayers in six-well dishes were infected in duplicate with 10-fold dilutions
of virus stock. Virus was adsorbed for 2 h at 37°C. The inoculum was then
replaced with 3 ml of serum-free medium containing �0.8% (wt/vol; final con-
centration) molten agarose (SeaPlaque; Cambrex Bio Science Rockland Inc.,
Rockland, ME), and cells were incubated at 37°C for 4 to 5 days, after which the
agarose overlay was removed, and cell monolayers were fixed with 10% (vol/vol)
formaldehyde in PBS for 10 min at RT. The formaldehyde solution was then
replaced with PBS, and virus plaques/syncytia were counted under low-power
magnification on an inverted microscope.

Western blot analysis of HIV Gag expression. Replicate confluent Vero cell
monolayers in six-well plates were infected at an MOI of 5.0 PFU/cell. Virus
inoculum (0.5 ml) was adsorbed for 15 min at RT, followed by 30 min at 37�C in
5% CO2 for rVSVN4CT1gag1 and 2 h at 37�C in 5% CO2 for rMuVgag.
Additional growth medium was then added, and cells were incubated at 37�C in
5% CO2 for 24 to 48 h. At 24 and 48 h postinfection, cells were scraped into
suspension and collected by centrifugation for 10 min at 3,000 � g. Supernatant
was removed, and cell pellets were mixed with 0.5 ml of lysis buffer (0.05 M
Tris-HCl, pH 7.5, 0.01 M NaCl, 1% Triton X-100). Cell lysates were then diluted
1:1 in Laemmli sample buffer (Bio-Rad) and heated at 90�C for 5 min to
denature proteins. Samples were electrophoresed on 4 to 12% Bis-Tris polyac-
rylamide gel electrophoresis gels (NuPAGE) with a Precision-Plus protein stan-
dard (Bio-Rad), and proteins were then transferred to nitrocellulose membrane
using the iBlot system (Invitrogen). The nitrocellulose membrane was then
blocked in 5% milk in TTBS (0.02% Tween-20, 0.9% NaCl, 100 mM Tris-HCl,
pH 7.5) overnight, followed by three 5-min washes in TTBS. The blot was
incubated with an HIV-1 p24 Gag-specific monoclonal antibody (ImmunoDiag-
nostics, Inc.), diluted 1:2,000 in 5% milk in TTBS, for 1 h at RT, followed by
three 5-min washes in TTBS. The blot was then incubated with secondary
antibody, biotinylated goat anti-mouse immunoglobulin G (IgG; Vector Labs)
diluted 1:2,000 in 5% milk in TTBS, for 1 h, followed by three 5-min washes in
TTBS. Protein-antibody complexes were then visualized using Vectastain ABC
and TMB (3,3�,5,5�-tetramethylbenzidine) substrate kits (Vector Labs).

Immunization of macaques. A total of 15 captive-bred rhesus macaques (Ma-
caca mulatta) of Indian origin were used in this study. Macaques were main-
tained in accordance with the Guide for the Care and Use of Laboratory Ma-
caques (39). All macaques were seronegative for MuV, VSV, and HIV-1 Gag
proteins prior to the start of the study. Two groups of five macaques each were
inoculated subcutaneously (s.c.) at two dorsal sites with 1 � 107 PFU/animal of
rMuVgag contained in 2 ml of PBS (1 ml/site). A third group was inoculated
intramuscularly (i.m.) in each quadriceps with 5 � 107 PFU/animal of

rVSVN4CT1gag1 contained in 2 ml of PBS (1 ml/site) (Table 1). Eight weeks
later, macaques primed with rMuVgag were boosted with either a second s.c.
dose of rMuVgag (1 � 107 PFU/animal; rMuVgag/rMuVgag) or an i.m. dose of
rVSVN4CT1gag1 (5 � 107 PFU/animal; rMuVgag/rVSVN4CT1gag1), and ma-
caques primed with rVSVN4CT1gag1 were boosted with an s.c. dose of
rMuVgag (1 � 107 PFU/animal; rVSVN4CT1gag1/rMuVgag). Macaques receiv-
ing rMuVgag twice were then also boosted with rVSVN4CT1gag1 (5 � 107

PFU/animal; rMuVgag/rMuVgag/rVSVN4CT1gag1) 8 weeks after the second
rMuVgag inoculation. Blood samples were collected from macaques at intervals
pre- and postinoculation and were processed for measurement of rMuV, rVSV,
and HIV-1 Gag-specific humoral and cellular immune responses.

IFN-� and IL-2 ELISPOT assays. Ninety-six-well flat-bottom enzyme-linked
immunospot (ELISPOT) assay plates (Millipore, Bedford, MA) were coated
overnight with either a mouse anti-human gamma interferon (hIFN-	) mono-
clonal antibody (clone 27; BD-Pharmingen, San Diego, CA) or with a goat
anti-human interleukin-2 (IL-2) polyclonal antibody (R&D system, Minneapolis,
MN) according to the manufacturer’s recommendations. The plates were then
washed three times with PBS and blocked for 2 h with PBS containing 5% FBS.
Rhesus macaque whole blood (EDTA treated) was collected at intervals after
immunization; peripheral blood lymphocytes (PBL) were isolated from whole
blood by Accuspin tube (Sigma-Aldrich Co., St. Louis, MO) density gradient
centrifugation and resuspended in complete R05 culture medium (RPMI 1640
medium supplemented with 5% FBS, 2 mM L-glutamine, 100 units/ml penicillin,
100 �g/ml streptomycin sulfate, 1 mM sodium pyruvate, 1 mM HEPES, 100 mM
nonessential amino acids) and shipped via overnight courier. Within 24 h of
blood draw, the isolated macaque PBL were washed once with complete R05
culture medium and resuspended in complete R05 culture medium containing
either 50 �g/ml phytohemagglutinin (Sigma), Gag peptide pools (15-mers over-
lapping by 11 amino acids; 2.5 �M final peptide concentration of each peptide)
spanning HIVHXB2 Gag p55, or medium alone. Assays were performed in du-
plicate with 2 � 105 PBL/well (2 � 106 PBL/ml). Cells were incubated for 18 to
24 h at 37°C and then removed from the ELISPOT plate by first a rinse with
deionized water and then six washes with PBS containing 0.25% Tween-20,
followed by three additional rinses with PBS. Thereafter, ELISPOT plates were
incubated with a biotinylated rabbit polyclonal anti-human IFN-	 (0.2 �g/well;
Biosource, Camarillo, CA) diluted in PBS containing 1% bovine serum albumin
for 2 h at RT; similarly, IL-2 ELISPOT plates were incubated at 4°C overnight
with biotinylated goat anti-human IL-2 antibodies (R&D Systems, Minneapolis,
MN) diluted in PBS containing 1% bovine serum albumin. ELISPOT plates were
then washed six times with PBS containing 0.25% Tween-20 and incubated for
1 h at RT with streptavidin-horseradish peroxidase (HRP)-conjugated anti-cy-
tokine antibody (BD-Biosciences, San Diego CA) diluted 1:250 (for IFN-	) or
1:100 (for IL-2) in PBS containing 10% FBS and 0.005% Tween-20. Unbound
conjugate was removed by rinsing plates six times with PBS containing 0.25%
Tween-20. Chromogenic substrate (100 �l/well; 1-Step NBT/BCIP [nitroblue
tetrazolium/5-bromo-4-chloro-3-indolylphosphate]; Pierce, Rockford, IL) was
then added (100 �l/well) for 3 to 5 min (for IFN-	) or 25 to 30 min (for IL-2) and
rinsed away with water, after which the plates were air dried, and the resulting
spots were counted using an Immunospot Reader (CTL Inc., Cleveland, OH).
Peptide-specific IFN-	 or IL-2 ELISPOT responses were considered positive if
the response (minus medium background) was more than threefold above the
medium response and if �50 spot-forming colonies (SFC)/106 PBL were ob-
served.

Intracellular cytokine staining. Freshly isolated PBL were resuspended at
�1 � 107 cells/ml in R05 culture medium and stimulated with 1 �M Gag peptide
mix for 5 to 6 h at 37°C in the presence of brefeldin A (GolgiPlug, 1 �l/ml; BD
Biosciences). Negative control tubes without peptide were also included. After
stimulation, PBL were washed twice in flow cytometry wash buffer (PBS–2%
FBS) and stained for 20 min in the dark at 4°C with surface marker-specific
monoclonal antibodies: anti-CD3-Pacific Blue (clone SP34-2), anti-CD4-peri-
dinin chlorophyll protein-Cy5.5 (clone L200), and anti-CD8-allophycocyanin-

TABLE 1. Immunization schedule for rhesus macaques

Group

Prime (wk 0) Boost (wk 8) Boost (wk 17)
No. of

animalsVaccine Route Dose
(PFU) Vaccine Route Dose

(PFU) Vaccine Route Dose
(PFU)

1 rMuVgag s.c. 1 � 107 rMuVgag s.c. 1 � 107 rVSVN4CT1gag1 i.m. 1 � 107 5
2 rMuVgag s.c. 1 � 107 rVSVN4CT1gag1 i.m 1 � 107 5
3 rVSVN4CT1gag1 i.m. 1 � 107 rMuVgag s.c 1 � 107 5
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Cy7 (clone SK1), all obtained from BD Biosciences. An aqua fluorescent reactive
dye (Invitrogen) was used for staining dead cells. PBL were washed and perme-
abilized according to the manufacturer’s instructions (Cytofix/Cytoperm kit; BD
Biosciences). After two washes with the supplied buffer, PBL were incubated on
ice for 30 min with anti-IFN-	-Alexa Fluor 700 (clone B27), anti-tumor necrosis
factor alpha (TNF-
)-phycoerythrin-Cy7 (clone Mab11), and anti-IL-2-fluores-
cein isothiocyanate (FITC) (clone m21-17H12), all obtained from BD Bio-
sciences. PBL were subsequently rinsed with the supplied buffer and fixed in BD
stabilizing fixative buffer (BD Biosciences). Fixed PBL were stored at 4°C in the
dark until analyzed by flow cytometry (within 24 h).

Flow cytometric analysis. PBL were analyzed on an LSRII (BD Biosciences)
instrument. A total of 5 � 105 to 5 � 106 events were collected per sample.
Analysis was performed using FlowJo software (version 8.2; TreeStar, Inc.). An
aqua stain (Aqua Bright) versus side scatter plot was used to exclude dead cells.
A small lymphocyte gate was created using a forward scatter versus side scatter
plot. Non-T cells were excluded by gating on CD3� cells. CD8� T cells were
selected by gating on CD4� CD8� T cells, and CD4� T cells were selected by
gating on CD4� CD8� T cells. Functional analysis was performed by measuring
the expression of each cytokine. Boolean combinations of single functional gates
were created using FlowJo software to determine the frequency of each response
based on all possible combinations of cytokine expression. Background responses
detected in negative control wells were subtracted from those detected in pep-
tide-stimulated samples for every specific functional combination. Frequencies
were sent from the table editor of FlowJo for formatting in Pestle software
(version 1.3; provided by M. Roederer, NIH, Bethesda, MD). All fluorochrome-
labeled monoclonal antibodies were purchased from BD Pharmingen (San Di-
ego, CA).

MuV ELISA. Macaque sera were tested for the presence of MuV-specific IgG
using an ELISA kit supplied by Diagnostic Automation, Inc. (Calabasas, CA).
Briefly, serial twofold dilutions of serum samples were prepared in the provided
serum diluent and then added to MuV antigen-coated 96-well plates. Plates were
incubated for 30 min at RT and then rinsed five times to remove serum samples.
HRP-conjugated rabbit anti-human IgG was then added to each well for 30 min
at RT. The HRP conjugate was then rinsed off, and TMB substrate solution was
added to allow color development, which was stopped by the addition of 1N
H2SO4. Colorimetric analysis was performed at 450 nm using a Biotek plate
reader (Biotek, Winooski, VT). The log10 values of serum dilutions were plotted
against absorbance values, and the data were transformed into a linear regression
using Origin, version 6.1, software. The geometric mean titers plus the standard
error were determined for each group.

MuV neutralization assay. The presence of MuV-neutralizing antibodies in
macaque serum was detected by a standard virus neutralization assay. Briefly,
100 PFU of rMuV was incubated with duplicate twofold dilutions of serum for
1 h at 37°C. Each serum dilution was then mixed with 1.5 � 103 Vero cells in
suspension and dispensed into separate wells of a 96-well dish. Cells were then
incubated at 37°C in 5% CO2 for 4 days and monitored for viral CPE under the

microscope. The neutralization titer was calculated as the reciprocal of the
highest serum dilution that completely protected cell monolayers from viral CPE.

Statistical analysis. Analysis of variance of IFN-	 ELISPOT data was per-
formed on SAS, version 8.2, software using the type 1 GENMOD procedure with
negative binomial distribution. A P value of less than 0.05 indicated that the test
was statistically significant.

RESULTS

Rescue and in vitro characterization of rMuVgag and
rVSVN4CT1gag1. Previously, rMuV vectors were generated
that expressed either �-galactosidase or luciferase from a TU
inserted between the MuV M and F genes (unpublished data).
These studies indicated that expression of the HIV-1 p55 Gag
protein from a TU similarly positioned between the M and F
genes was also feasible (Fig. 1). When we designed the expres-
sion cassette containing the Gag gene, the additional genetic
sequence incorporated into the rMuV genome was limited to a
multiple of six in order to preserve the essential stoichiometry
of one N protein for every six nucleotides within the viral
nucleocapsid structure, referred to as the “rule of six” (6).
Failure to maintain this ratio of N protein to nucleotide pre-
vents rescue of rMuV from cDNA (unpublished data). Follow-
ing recovery of rMuVgag from genomic cDNA the gag open
reading frame was verified by genome consensus sequencing.
Robust expression of the encoded HIV-1 Gag p55 protein was
detected by whole-infected-cell immunofluorescence (data not
shown), by Western blot analysis of rMuVgag-infected Vero
cells using a Gag-specific monoclonal antibody (Fig. 2), and by
ELISA of infected-cell lysate (data not shown). In line with the
data from Western blot analysis, the ELISA data indicated
levels of Gag expression that were more than threefold greater
in rVSVN4CT1gag-infected cells than in rMuVgag-infected
cells when cell cytopathology was complete in each case at 30
to 35 h postinfection. A one-step growth study in Vero cells
indicated that propagation of rMuVgag was slightly delayed
relative to rMuV although a similar peak titer was achieved
(Fig. 3) (also seen previously when reporter genes were added
to the rMuV genome), indicating that insertion of the Gag

FIG. 2. Western blot analysis of HIV-1 Gag protein expressed in Vero cells by rMuVgag and rVSVN4CT1gag1. Replicate Vero cell monolayers
in six-well plates were infected at an MOI of 5 PFU/cell with either rMuVgag or rVSVN4CT1gag1. Cell lysates were collected at 24 h and 48 h
postinfection. The Gag protein was detected with an HIV-1 Gag-specific monoclonal antibody. Lanes 1, uninfected cells; lanes 2, rMuV-infected
cells; lanes 3, rMuVgag-infected cells; lanes 4, rVSV-infected cells; lanes 5, rVSVN4CT1gag1-infected cells. Protein molecular mass markers
(shown in kDa) flank each gel.
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gene between the M and F genes did not greatly reduce viral
replication efficiency. By analogy with VSV (26), it was antic-
ipated that expression of MuV genes (i.e., the F, SH, hemag-
glutinin-neuraminidase, and L genes) downstream of the Gag
gene would be downregulated because they were displaced
further away from the single 3� transcription promoter, thereby
affecting viral replication. However, downstream genes express
proteins, which may not be needed in large quantities to sus-
tain robust virus propagation due to their specific functional
activities and more distal position from the 3� transcription
promoter. Therefore, it is likely that an incremental reduction
in their expression levels did not significantly affect virus rep-
lication efficiency. As previously observed (12), the highly at-
tenuated rVSVN4CT1gag1 vector also abundantly expressed
Gag protein in infected Vero cells (Fig. 2).

Gag-specific cellular immune responses. Gag-specific cellu-
lar immune responses elicited in macaques immunized with
rVSVN4CT1gag1 and rMuVgag were assessed by IFN-	 and
IL-2 ELISPOT assays. The vaccination regimens (Table 1)
were designed to compare the magnitude, duration, and qual-
ity of immune responses elicited in macaques following alter-
native rMuVgag/rVSVN4CT1gag1 and rVSVN4CT1gag1/
rMuVgag prime-boost strategies. Macaques primed with
rVSVN4CT1gag1 had a robust T-cell response with one high
outlier (average, �1,000 IFN-	 SFC/106 PBL) 1 week after
dosing (Fig. 4A). At weeks 2 and 4 postprime, responses in
these macaques had declined to an average of �400 and �300
IFN-	 SFC, respectively, rising back to an average of �1,000
IFN-	 SFC 1 week after boosting with rMuVgag. These re-
sponses then waned gradually to �150 IFN-	 SFC by week 17
postboost (week 25 postprime). The pattern of IL-2 ELISPOT
responses (Fig. 4B) measured in these macaques was very
similar to that obtained for IFN-	 ELISPOTS but at reduced
magnitude. IL-2 ELISPOT responses peaked at �200 SFC/106

PBL at 1 week postprime with rVSVN4CT1gag1, declining to
�50 SFC by week 8, and boosted back to �200 SFC 2 weeks

postinoculation with rMuVgag. By week 17 postboost with
rMuVgag, IL-2 ELISPOT responses were undetectable.

In contrast to the robust Gag-specific responses detected in
macaques primed with rVSVN4CT1gag1, Gag-specific IFN-	
and IL-2 ELISPOT responses detected in macaques inoculated
either once or twice with rMuVgag were virtually undetectable
at week 1 postdosing. However, when these two groups of
macaques were boosted with rVSVN4CT1gag1, very robust
peak Gag-specific IFN-	 ELISPOT responses of 3,000 and
3,500 SFC/106 PBL were observed. A statistical treatment of
these data showed that the difference in peak IFN-	 ELISPOT
responses between groups of animals receiving the
rVSVN4CT1gag1/rMuVgag1 regimen and the rMuVgag/
rMuVgag/rVSVN4CT1gag1 regimen was significant (P �
0.04). A comparison of the rVSVN4CT1gag1/rMuVgag and
rMuV/rVSVN4CT1gag1 regimens did not quite achieve statis-
tical significance (P � 0.09). Notably, in all 10 outbred ma-
caques primed with rMuVgag, peak responses of �1,000
Gag-specific IFN-	 SFC were detected after boosting with
rVSVN4CT1gag1. Although responses in these macaques
waned relatively quickly, �200 IFN-	 SFC could still be
detected in macaques primed twice with rMuVgag 8 weeks
after boosting with rVSVN4CT1gag1.

The pattern of IL-2 ELISPOT responses in these macaques
mirrored IFN-	 ELISPOT responses but at reduced magni-
tude (Fig. 4B). Also, differences in the magnitude of peak IL-2
ELISPOT responses detected for all three different vaccina-
tion regimens were not as remarkable as those seen for IFN-	
ELISPOT responses. Depletion of CD4� and CD8� T-cell
populations from total IFN-	-secreting PBL indicated a pre-
dominantly CD8� T-cell Gag-specific response following ei-
ther priming or boosting with rVSVN4CT1gag1 (data not
shown). Similar depletion analyses for the rVSVN4CT1gag1/
rMuVgag regimen indicated a more balanced CD4�/CD8�

response after boosting with rMuVgag.

FIG. 3. One-step growth curves for rMuV and rMuVgag. Replicate Vero cell monolayers in six-well plates were infected in duplicate with
rMuV and rMuVgag at an MOI of 5 PFU/cell. Infected cell supernatants were collected at intervals postinfection and titrated by standard plaque
assay. Each data point represents the average titer obtained from duplicate infections.
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Intracellular cytokine staining of PBL. Cytokine production
was measured in Gag-specific CD8� and CD4� T cells by
intracellular cytokine staining (ICS) 25 weeks after primary
inoculation (17 weeks postboost) to assess any qualitative and
quantitative differences in longer-term responses between
rVSVN4CT1gag1/rMuVgag and rMuVgag/rVSVN4CTgag1
vaccination regimens. For logistical reasons ICS was not per-
formed for macaques primed twice with rMuVgag and boosted
with rVSVN4CT1gag1. Overall, the percentage of total CD8�

and CD4� T cells expressing intracellular cytokines was
greater following the rVSVN4CT1gag1/rMuVgag vaccination
regimen. Although the rMuVgag/rVSVN4CT1gag1 regimen
elicited the highest peak IFN-	 responses 1 week after boost-
ing, macaques receiving the rVSVN4CT1gag1/rMuVgag regi-
men had relatively more abundant IFN-	- and IL-2-producing
CD8� T cells and IFN-	-producing CD4� T cells at week 25

postprimary inoculation. One factor that may have contributed
to this outcome was a relatively higher CD4� IL-2 response
detected by ICS 1 week postboost in animals receiving the
rVSVN4CT1gag1/rMuVgag regimen (data not shown). Within
each vaccination regimen, the number of Gag-specific CD8� T
cells producing either IFN-	 or IL-2 or TNF-
 alone was
greater than those producing two or more cytokines (Fig. 5);
this was also the case in CD4� T cells for IL-2 and TNF-

production. Also, following the rVSVN4CT1gag1 boost, IFN-	
expression was detected in CD8� T cells but not CD4� T cells,
which correlated with depletion study data performed 1 week
after boosting (data not shown), while IL-2 and TNF-
 were
detected in both CD8� and CD4� T cells.

Humoral immune responses. Only very low levels of Gag-
specific IgG were detected following prime and boost inocula-
tions in all vaccination regimens (data not shown). However,

FIG. 4. HIV-1 Gag-specific cellular immune responses in rhesus macaques. (A) HIV-1 Gag-specific IFN-	 ELISPOT responses at the indicated
intervals after primary inoculation (PI). (B) HIV-1 Gag-specific IL-2 ELISPOT responses at the indicated intervals after primary inoculation. Data
represent average ELISPOT responses with standard error limits (error bars) at weeks 1 to 25 during the study. Black dots represent individual
animal responses. Arrows indicate the timing of each vector inoculation.
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inoculation of macaques with a single dose of rMuVgag elic-
ited a measurable MuV-specific IgG response, which was sig-
nificantly boosted following a second rMuVgag inoculation
(Fig. 6A). Relatively similar results were obtained in MuV
neutralization assays, where neutralization titers were very low
following a single dose of rMuVgag but increased significantly
after the second rMuVgag inoculation (Fig. 6B). In contrast,
and as previously observed, robust VSV neutralization titers
were detected in macaques receiving a single dose of
rVSVN4CT1gag1 (data not shown), reflecting the potent an-
tigenic properties of the VSV G protein (42).

DISCUSSION

Protection against HIV-1/AIDS will likely require the elici-
tation of robust immune responses directed against critical
epitopes within the HIV-1 proteome. In an attempt to reach
this goal, a variety of vector systems and vaccination regimens
have been tested in preclinical and clinical studies (2–5, 7, 18,
23, 24, 38, 44, 49). Here, we describe the introduction of rMuV

as a potential HIV-1 vaccine vector and the immune responses
detected in NHPs following heterologous prime-boost regi-
mens with rMuVgag and a previously described (12), highly
attenuated rVSVN4CT1gag1 vector. The rationale for testing
rMuV as a potential HIV-1 vaccine vector was based on a
number of criteria, including the ability of the Jeryl Lynn strain
of MuV to infect and undergo limited dissemination through-
out the human host (55), an excellent safety profile in young
infants for the Jeryl Lynn strain of MuV vaccine used in this
study, and the ability to modify the MuV genome to highly
express one or more foreign proteins under the control of the
single 3� transcription promoter (unpublished data). Addition-
ally, MuV is phylogenetically related to measles virus, which
has also been modified to express HIV-1 proteins and has
demonstrated potential as an HIV-1 vaccine vector (11, 35–37,
50). The potential of a prototypic rVSV vector as an HIV-1
vaccine has been well documented (42, 46). The
rVSVN4CT1gag1 vector used here displayed a highly attenu-
ated phenotype in mice and NHPs while retaining immuno-

FIG. 5. ICS in immunized animals at week 25 postinoculation. (A) Average percentage of CD8� T cells expressing IFN-	, IL-2, and TNF-
,
with standard error (error bars). (B) Average percentage of CD4� T cells expressing IFN-	, IL-2, and TNF-
, with standard error (error bars).Dots
represent individual animals. Proportions of cells expressing individual and multiple cytokines for each vaccination regimen are indicated by the
size of colored regions of the pie charts, according to the key at the bottom of each panel.
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genic properties that were similar to the much more virulent
prototypic rVSV vectors (12) (unpublished data). Previous
work showed that rVSV vectors could elicit robust Gag-specific
cellular immune responses in rhesus macaques. The magnitude
of peak cellular immune responses obtained in those studies
was 500 to 1,000 IFN-	 SFC after primary immune responses
were boosted with a different rVSV serotype (46). The immune
responses obtained when NHPs were either primed with plas-
mid DNA expressing SIV Gag and then boosted with rVSV

expressing SIV Gag (15) or primed with rVSV expressing SIV
Gag and boosted with modified vaccinia virus Ankara express-
ing SIV Gag (40) were more robust than responses with prime-
boost regimens comprising only rVSV vectors, with the caveat
that differences in ELISPOT assays in different laboratories
can affect the absolute ELISPOT values obtained. Here, we
report that very robust peak HIV-1 Gag-specific cellular im-
mune responses were elicited in rhesus macaques primed with
rMuVgag and boosted with rVSVN4CT1gag1, further support-

FIG. 6. Detection of MuV-specific IgG and neutralizing antibody. Graphs show average MuV-specific IgG and MuV neutralization titers
detected in animal sera at intervals following each vaccination regimen.
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ing the notion that stronger immune responses can be achieved
in prime-boost vaccination regimens employing heterologous
vectors. Importantly, Gag-specific cellular immune responses
of �1,000 IFN-	 SFC/106 PBL were detected in all 10 outbred
macaques primed with rMuVgag and boosted with
rVSVN4CT1gag1, indicating efficient priming with a single
dose of rMuVgag. This result contrasts with previous work,
where most groups of macaques primed with rVSVgag and
boosted with either a different serotype of rVSVgag or other
heterologous vector contained some low-responder macaques
(13) (unpublished observations). The data also indicate that
the sequence of administration of vaccine vectors may be im-
portant in determining the magnitude and quality of the re-
sulting immune response since priming macaques with
rVSVN4CT1gag1 and boosting with rMuVgag did not elicit
equivalent responses as the converse vaccination regimen.
Such differences may reflect unique vector biology and the
resulting specific interaction(s) of vector with the immune sys-
tem. The reasons for the absence of measurable Gag-specific
cellular immune responses in macaques primed either once or
twice with rMuVgag are not clear but may reflect the unique
interaction between MuV and humans and more restricted
replication and dissemination of MuV in nonhuman hosts. It is
therefore feasible that that rMuV may elicit much stronger
immune responses to expressed foreign antigens in humans
than indicated here in macaques.

No significant humoral immune response to HIV-1 Gag was
detected in this study, possibly reflecting the largely intracel-
lular location of Gag protein, which reduces availability for
B-cell presentation, coupled with the known low level of Gag
antigenicity and likely host range limitation of rMuV replica-
tion in macaques. Therefore, even though expressed Gag pro-
tein is myristylated and could hypothetically form virus-like
particles (21, 22), a critical mass of Gag protein suitably dis-
played for antibody induction may not have been achieved.
Similar arguments may hold true for the highly attenuated
rVSVN4CT1gag1, which in mice appears to be restricted to a
very small number of susceptible cells following i.m. inocula-
tion (unpublished observations). A modest MuV-specific hu-
moral immune response was detected in macaques after a
single inoculation with rMuVgag. In humans this response is
usually composed of antibodies to MuV F and hemagglutinin-
neuraminidase surface glycoproteins and the abundant nucleo-
capsid (N) protein (32). Interestingly, in spite of a measurable
humoral response to MuV after a single inoculation, little or
no MuV-neutralizing antibody was detected, indicating the
feasibility of administering a second dose of rMuVgag without
risk of virus neutralization. After the second rMuVgag inocu-
lation, peak levels of both MuV-specific IgG and neutralizing
antibodies increased significantly, indicating that reinfection of
macaques occurs in the presence of a low/modest humoral
response.

One very important consideration affecting the suitability of
rMuV vectors for use in adult humans is the effect of preex-
isting MuV-specific immune responses remaining from either
childhood vaccination or natural infection. There is mounting
evidence that immune responses to MuV wane significantly 10
to 15 years after one or two MuV immunizations (1, 25). The
data obtained in this study indicate that following s.c. inocula-
tion of macaques, rMuVgag can infect susceptible cells and

express antigens in the presence of preexisting MuV-specific
total IgG. To further address this question, a study is in
progress to test the immunogenicity of an rMuVgag/
rVSVN4CT1gag1 prime-boost regimen in rhesus macaques
that are preimmunized with rMuV and have MuV-specific IgG
and MuV neutralization titers that are similar to those found in
young adult (18 to 30 years old) humans. Alternatively, rMuV
vectors expressing heterologous antigens may in the future be
considered for use in the pediatric population, eliminating
concerns about preexisting immunity.

CD4� and CD8� T-cell ICS was performed to analyze both
the magnitude and quality of longer-term Gag-specific re-
sponses in macaques. In contrast to the magnitude of peak
cellular responses detected 1 to 2 weeks after boosting in each
regimen, macaques that were primed with rVSVN4CT1gag1
and boosted with rMuVgag had a higher percentage of Gag-
specific CD4� and CD8� T cells remaining at week 25 of the
study than macaques primed with rMuVgag and boosted with
rVSVN4CT1gag1. This finding could be due to differences in
the number of IL-2-producing CD4� cells present shortly after
the boost; higher numbers of CD4� IL-2-producing cells have
been associated with improved memory T-cell responses (53).
Also notable and in agreement with CD4� and CD8� T-cell
depletion studies, the rVSVN4CT1gag1/rMuVgag regimen in-
duced a more balanced CD4�/CD8� T-cell response than the
rMuVgag/rVSVN4CT1gag1 regimen. Again, these data hint at
the importance of the specific virus vector-host interactions
and the sequence of administration in determining the magni-
tude, quality, and durability of the resulting immune response.

Overall, the data obtained in this study demonstrate the
potential of rMuV as a vaccine vector for HIV-1 when used in
prime-boost regimens with rVSV vector(s). It is also possible
that rMuV may be used either alone or in combination with
rVSV and other vector systems to develop vaccines for other
serious diseases.
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