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One attractive strategy for the development of a human immunodeficiency virus (HIV) vaccine is the use of
viral vectors with a proven safety profile and an absence of preexisting immunity in humans, such as Newcastle
disease virus (NDV). Several NDV vaccine vectors have been generated, and their immunogenicities have been
investigated with different animal models. However, a systematic study to evaluate the optimal insertion site
of the foreign antigens into NDV that results in enhanced immune responses specific to the antigen has not yet
been conducted. In this article, we describe the ability of NDV expressing HIV Gag to generate a Gag-specific
immune response in mice. We also have determined the optimal insertion site into the NDV genome by
generating recombinant NDV-HIVGag viruses in which HIV gag was located at different transcriptional
positions throughout the NDV viral genome. All recombinant viruses were viable, grew to similar titers in
embryonated chicken eggs, and expressed Gag in a stable manner. Our in vivo experiments revealed that
higher HIV Gag protein expression positively correlates with an enhanced CD8* T-cell-mediated immune
response and protective immunity against challenge with vaccinia virus expressing HIV Gag. We also inserted
a codon-optimized version of HIV gag in the described best location, between the P and M genes. Virus
expressing the codon-optimized version of HIV gag induced a higher expression of the protein and an enhanced
immune response against HIV Gag in mice. These results indicate that strategies directed toward increasing

antigen expression by NDV result in enhanced immunogenicity and vaccine efficacy.

The human immunodeficiency virus (HIV) pandemic affects
approximately 40 million people around the world. The most
affected region is sub-Saharan Africa, where two-thirds of the
world’s infected population live (73). Treatment with antiviral
drugs can control the progression of the disease, but the lim-
ited access to antiviral drugs (especially in developing coun-
tries) and the possible appearance of resistance to these drugs
make the development of a vaccine the most realistic hope of
bringing the pandemic under control. In order to develop an
HIV vaccine, a wide variety of approaches have been pursued.
Traditional methods, such as the use of inactivated or attenu-
ated viruses as vaccines, have not been successful and/or
present safety concerns (4). Alternative vaccine strategies in-
clude DNA vaccines, the use of viral components, recombinant
viral or nonviral vectors, and various combinations of these
approaches. Several viral vectors to be used in vaccines are
currently being developed and tested in preclinical and clinical
trials (reviewed in references 6 and 17).

Today, it is mostly accepted that an ideal vaccine against
HIV should induce both long-lasting neutralizing antibodies
and CD8™" T-cell responses (50). Despite important advances
in the study and generation of strong neutralizing antibodies,
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the development of a vaccine that provides sterilizing immu-
nity still remains elusive. In addition to neutralizing antibodies,
a potent specific CD8" T cell is likely required for elimination
of HIV-infected cells, which could limit HIV replication,
thereby reducing the infection (27). Several observations con-
firm the importance of the CD8" T-cell response. There is a
correlation between the control of the viremia in primary HIV
infection and the appearance of an HIV-specific cytotoxic-T-
lymphocyte response; later in infection, the viral load is in-
versely related to the level of HIV-specific cytotoxic-T-lympho-
cyte response (10, 40, 56). During primary and chronic
infections, HIV escapes the pressure mediated by HIV-specific
CD8" T cells through mutations within or near epitopes (11,
31, 64). Finally, long-term nonprogressors have been reported
to have a highly functional HIV-specific CD8" T-cell response
in comparison to progressors, suggesting a strong relation be-
tween the HIV-specific CD8" T-cell response and the progres-
sion of the disease (8).

The Gag, Pol, and Nef proteins are among the most immu-
nogenic proteins during viral infection, (1, 7, 20, 23, 49, 55).
Gag-specific CD8" T-cell responses might play a special role in
controlling viral replication (14, 20, 23, 30, 33, 38, 40, 66). In
addition, Gag is highly conserved among sequence isolates,
making it one of the most attractive candidate antigens in the
development of an HIV vaccine.

Newcastle disease virus (NDV) is a member of the Avulavirus
genus in the Paramyxoviridae family. NDV is pathogenic in
several avian species. Strains of NDV are classified in three
pathotypes depending on the severity of disease: lentogenic



VoL. 83, 2009

(avirulent), mesogenic (intermediate), and velogenic (highly
virulent) (2). The NDV genome consists of a single-stranded
negative-sense nonsegmented RNA that contains six transcrip-
tional units, NP, P, M, F, HN, and L, which encode eight
proteins in the order NP-P/V/I-M-F-HN-L. NDV transcription
and replication follow the traditional model for single-stranded
negative-sense RNA viruses. The viral polymerase transcribes
the NDV genome starting at the 3’ end by a stop-and-restart
mechanism at each transcriptional unit. This sequential tran-
scription creates a gradient of decreasing abundance of the
mRNAs from the NP gene to the L gene (13, 42).

Several characteristics make NDV a promising candidate as
a delivery vector for human vaccines. Clinical trials for cancer
treatment have demonstrated NDV to be well tolerated with
few adverse side effects, since only mild flu-like symptoms and
mild conjunctivitis have been reported (3, 21, 54). Since NDV
is an avian virus, there is no preexisting immunity in humans
which would limit the effectiveness of vaccine vectors (3). A
reverse-genetics system for this virus was developed, and it can
be used to generate recombinant viruses expressing foreign
proteins in a stable manner (12, 16, 28, 35, 48, 51, 52, 59, 63, 67,
74). NDV grows to high titers in embryonated chicken eggs
and generates a strong humoral and cellular immune response
in murine and nonhuman primate models, thus making this
vector an attractive vehicle for the expression of foreign anti-
gens (12, 16, 35, 51, 52, 59). In this study, we first generated
recombinant NDVs expressing HIV Gag (NDV-HIVGag)
from various positions in the genome, and we determined the
optimal location for the gene insert that would result in a
maximum Gag-specific immune response. We then character-
ized the cellular immune responses and the protective efficacy
of the HIV Gag-specific immune response elicited by NDV-
HIVGag viruses in mice using a challenge model with vaccinia
virus expressing Gag (Vac-HIVGag). We also generated a
recombinant NDV expressing a synthetic codon-optimized ver-
sion of HIV gag (NDV-HIVGag-opt) (39, 70). Insertion of
HIVGag-opt at the previously determined optimal position
revealed a large increase in the levels of expression of HIV
Gag compared to the virus containing nonmodified HIV Gag
in vitro. These higher expression levels of Gag resulted in an
enhanced anti-Gag immune responses in vivo, a greater pro-
tective efficacy after challenge with Vac-HIVGag, and a larger
Gag-specific cellular response compared with results for non-
optimized NDV-HIVGag.

MATERIALS AND METHODS

Cells, viruses, and animals. Chicken embryo fibroblast cells were prepared
from specific-pathogen-free 10-day-old embryonated eggs (Charles River
SPAFAS, North Franklin, CT). Chicken embryo fibroblasts were maintained in
minimal essential medium containing 10% fetal bovine serum (FBS). A549,
HEp-2, Vero, CV-1, and P815 cells were maintained in Dulbecco modified Eagle
medium with 10% FBS. The recombinant NDV-GFP virus (bearing the green
fluorescent protein [GFP] gene) was generated previously (58). Wild-type New
York City Board of Health vaccinia virus (Vac/wt) was kindly provided by
Gomez Yafal at Therion Biologicals, and recombinant vaccinia virus expressing
HIV Gag (Vac-HIVGag) (vP1287) was kindly provided by Matthias J. Schnell.
Both vaccinia viruses were grown and titrated in CV-1 cells. Six- to eight-week-
old female BALB/c mice were used in the animal experiments. All animal care
and procedures were in accordance with the animal experimentation guidelines
of the National Institutes of Health (NTH).

Construction and growth of NDV-HIVGag viruses. Full-length HIV gag (1,503
nucleotides) was obtained by PCR using as a template a plasmid containing HIV
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gag, NLA4-3 strain, kindly provided by Matthias J. Schnell. A potential gene end
sequence for NDV polymerase (5'-***TAAGAAAAAA3*2-3") was present in the
original gag cDNA. This possible gene end sequence was eliminated by site-
directed mutagenesis with the following primers: SDM (+), 5'-3**CAAAGCAA
GAAGAAGGCACAGC?**-3', and SDM (-), 5'-***GCTGTGCCTTCTTCTT
GCTTTTG**-3'; nucleotide modifications are shown in bold. HIV gag, codon
optimized (HIVGag-opt) (1,503 nucleotides), was obtained by PCR using as a
template a plasmid containing the full length of a clade B mammalian codon-
optimized synthetic construct, kindly provided by Yaoxing Huang (39, 70). Both
HIV Gag and HIVGag-opt have an amino acid identity greater than 98%; only
11 amino acids are different between the two HIV Gag proteins. These changes
are located outside of the Gag-specific H-2KY peptide AMQMLKETI. The
plasmid used to generate the recombinant NDVs contains a full-length NDV
infectious cDNA derived from the genome of the NDV strain Hitchner B1 (51).
In order to facilitate the cloning of HIV gag in different positions in the NDV
genome, three different enzyme restriction sites, Pacl (inserted in front of NP),
Hpal (between M and F), and Mlul (between F and HN), in addition to the
already-inserted Xbal site between the P/V and M genes and Nrul site between
the HN and L genes, were added by site-directed mutagenesis. Site-directed
mutagenesis was facilitated by subcloning small portions of the NDV ¢cDNA in
the pSL1180 (Amersham Pharmacia Biotech) plasmid (51). Site-directed mu-
tagenesis was performed using the following primers: SMD-Pacl (+), 5'-
“*CAAACTCGAGGATTAATTAAGCCAACATGTCTTCC?!, and SMD-Pacl
(-), 5'-"*'GGAAGACATGTTGGCTTAATTAATCCTCGAGTTTG?*; SMD-
Hpal (+), 5'-*5* GGATTATTTACAGTTAACTTACCTG*"’, and SMD-Hpal
(-), 5-*7"CAGGTAAGTTAACTTAAATAATC**% SMD-Mlul (+), 5'-
037CCTCCGTTCTACGCGTTCACCGAC®*7, and SMD-Mlul (—) 5'-GTCGG
TGAACGCGTAGAACGGAGG. The enzyme restriction site is shown in italics,
and nucleotide modifications are shown in bold. The HIV gag cDNA was cloned
into NDV transcriptional units containing NDV-specific gene start and gene end
sequences. An optimal Kozak translation sequence was also included just up-
stream of ATG. In order to follow the “rule of six,” necessary for NDV repli-
cation, a few nucleotides were added after the stop codon of HIV gag. The gag
transcriptional units were inserted in front of NP (pNDV-HIVGag-Pacl), be-
tween the NP and P/V genes (pNDV-HIVGag-Sacll), the P/V and M genes
(pNDV-HIVGag-Xbal), the M and F genes (pNDV-HIVGag-Hpal), the F and
HN genes (pNDV-HIVGag-Mlul), and the HN and L genes (pNDV-HIVGag-
Nrul). The obtained plasmids were used to rescue the recombinant viruses
NDV-HIVGag-Sacll, NDV-HIVGag-Xbal, NDV-HIVGag-Hpal, NDV-HIV-
Gag-Mlul, and NDV-HIVGag-Nrul by using previously described methods (51,
58) (see Fig. 1). The transcriptional unit containing the HIV gag codon-opti-
mized cDNA was constructed as aforementioned and then inserted between the
P/V and M genes (pNDV-HIVGag-opt). This plasmid was used to rescue the
recombinant virus NDV-HIVGag-opt.

Growth kinetics of NDV in embryonated chicken eggs and Vero cells. Ten-
day-old embryonated chicken eggs were inoculated with the different NDV
viruses at 100 PFU per egg. Viral titers present in the allantoic fluids at different
time points were determined by indirect immunofluorescence in Vero cells
infected with different dilutions of the allantoic fluids, using an anti-NDV rabbit
serum followed by incubation with fluorescein isothiocyanate-conjugated anti-
rabbit immunoglobulin G (IgG) (39, 40). Vero cells were inoculated with the
different viruses at an MOI of 1. Viral titers in the media at 13, 24, 36, and 42 h
postinfection were established by indirect immunofluorescence in Vero cells as
we described above.

Stability and expression of HIV Gag by NDV. The stability of Gag expression
by the different NDV-HIVGag viruses was evaluated by using five serial passages
in eggs. Ten-day-old embryonated eggs were inoculated with allantoic fluid
containing the different viruses at a 1/100 dilution at each passage. Allantoic
fluids obtained after the last passage were tested for the ability to express HIV
Gag by using indirect immunofluorescence in Vero cells infected at a low MOIL.
The presence of NDV antigens was determined using an anti-HN mouse mono-
clonal antibody (7B1) (18, 59), and the expression of HIV Gag was detected by
using the anti-p24 human monoclonal antibody 71-31 (29), obtained from Susan
Zolla-Pazner through the AIDS Research and Reference Reagent Program. As
secondary antibodies, Texas Red-conjugated anti-mouse Ig and fluorescein iso-
thiocyanate-conjugated anti-human IgG were used (Dako, Carpinteria, CA).
Expression of the HIV Gag protein was also determined by Western blotting.
Vero cells were infected at an MOI of 1 with each recombinant NDV virus. Cells
were harvested and lysed in radioimmunoprecipitation assay buffer for 30 min in
the presence of protease inhibitors at different time points following infection.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. Mem-
branes were incubated with an anti-NDV rabbit serum, followed by incubation
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with an anti-rabbit IgG peroxidase-labeled antibody (Amersham, Piscataway,
NJ) and anti-p24 human monoclonal antibody 71-31 or anti-p24 mouse mono-
clonal antibody 24-4 (19, 71), obtained from Susan Zolla-Pazner and Michael H.
Malim, respectively, through the AIDS Research and Reference Reagent Pro-
gram, followed by an anti-human IgG peroxidase-labeled antibody (Dako,
Carpinteria, CA) or anti-mouse IgG peroxidase-labeled antibody (Amersham,
Piscataway, NJ), respectively.

Immunizations in mice. Groups of six mice each were intranasally immunized
with 5 X 10° PFU of recombinant viruses. The mice were boosted with 10° PFU
of the recombinant viruses, also intranasally, 3 weeks after the first immuniza-
tion.

Challenge infections with Vac-HIVGag. Three weeks after the second immu-
nization, half of the mice in each group were challenged with 10° PFU of HIV
Gag-expressing recombinant vaccinia virus (Vac-HIVGag) intranasally. The re-
maining animals of the groups were challenged intranasally with the same dose
of wild-type vaccinia virus (Vac/wt). Five days after challenge, mice were sacri-
ficed and their lungs were extracted and homogenized for vaccinia virus titration
in CV-1 cells. Two days after infection, CV-1 cells were stained with 0.1% crystal
violet solution to count the number of vaccinia virus plaques.

Preparation of CD8" T cells. Lymphocyte populations were isolated from
spleens of immunized mice collected at different time points after the initial
infection and boost with NDV or after challenge with vaccinia. Pooled spleens
from two mice were dissociated into single-cell suspensions by grinding. Red
blood cells in the suspension were lysed using a NH,CI-Tris solution. Cells were
washed, and the total number of splenocytes was counted. In some of the
experiments, CD8a (Ly-2) magnetic microbeads (Miltenyi Biotec, Auburn, CA)
were used to isolate the CD8" T cells from the splenocytes, following the
manufacturer’s instructions.

ELISPOT assay for the detection of IFN-y-producing cells. The enzyme-
linked immunospot (ELISPOT) assay was performed according to a previously
described protocol (52, 53). Briefly, 96-well mixed cellulose ester membrane
plates (Millipore Corp., Bedford, MA) were coated with a phosphate-buffered
saline (PBS) solution containing 7 pg/ml of the anti-mouse gamma interferon
(IFN-v) monoclonal antibody R4-6A2 (BD Pharmingen, San Diego, CA). After
overnight incubation at 4°C, wells were washed four times with 150 pl of RPMI
without serum (Invitrogen). After the final wash, wells were incubated for 3 h at
37°C in 100 pl of RPMI supplemented 10% serum. One million CD8™ T cells or
1 million splenocytes were placed in triplicate in the coated wells and were
cocultured with P815 (10° cells per well) pulsed with 5 p.g of the Gag-specific
H-2KY peptide AMQMLKETI. Nonpulsed P815 cells were used as negative
controls. Following a 36-h incubation at 37°C and 5% CO,, the plates were
washed with a solution of Tween 20 (0.05%) in PBS, and then 100 .l of 2-pg/ml
biotinylated rat anti-mouse IFN-y monoclonal antibody XMG1.2 (BD Pharmin-
gen, San Diego, CA) was added to each well. Plates were then incubated over-
night at 4°C, washed with Tween 20 (0.05%) in PBS, and then incubated with
peroxidase-labeled streptavidin (1:800 in PBS-Tween 20; BD Pharmingen, San
Diego, CA) for 1 h at room temperature. Wells were washed, and the substrate
was added at a concentration of 1 pg/ml (Sigma Fast 3,3'-diaminobenzidine
tablets; Sigma, St. Louis, Mo). The reaction was stopped with double-distilled
H,0 when the spots were visible, and an ELISPOT reader (Cellular Technology
Ltd., Shaker Heights, OH) was used for counting.

In vivo cytotoxicity assay. Six- to eight-week-old female BALB/c mice were
intranasally immunized once with NDV-GFP, NDV-HIVGag-Xbal, or NDV-
HIVGag-opt at two different doses, 5 X 10° PFU and 5 X 10° PFU. Splenocytes
were isolated from naive BALB/c mice, and single-cell suspensions were pre-
pared. Naive splenocytes were exogenously pulsed with the HIV-1 H-2K¢ pep-
tide (10 pg/ml) and washed to remove excess peptides. To distinguish between
exogenously peptide-pulsed splenocytes (targets) and their unpulsed counter-
parts (controls), two concentrations of carboxyfluorescein diacetate succinmidyl
ester (CFSE) were used for their labeling. Whereas targets were labeled at 0.2
pM CFSE, the unpulsed controls received 2 puM CFSE, thus making both
populations easily discerned by flow cytometric analysis using a FACS FC500
Benchtop cytometer, (Becton Dickinson, Franklin Lakes, NJ). Labeled cells were
washed with an equal volume of fetal calf serum, followed by two washes in
complete medium (RPMI containing 10% FBS). The two populations were
mixed equally, and 2.5 X 10° mixed cells were injected intravenously into the
immunized mice 8 days after priming. Spleens from recipient mice were har-
vested 18 h later, and survival of the pulsed and unpulsed populations was
assessed by flow cytometry.

Intracellular IFN-vy staining. Six- to eight-week-old female BALB/c mice were
immunized twice with NDV-GFP, NDV-HIVGag-Sacll, NDV-HIVGag-Xbal,
or NDV-HIVGag-opt, and 3 weeks after the second immunization, mice were
challenged with Vac-HIVGag. Five days postchallenge, splenocytes were ex-
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tracted and incubated with the previously used HIV Gag CDS-specific peptide
for 20 h at 37°C. Four hours before the end of the incubation, brefeldin A
(Sigma, St. Louis, MO) was added at 5 ug/ml. Cells were harvested and incu-
bated for 30 min on ice with anti-mouse CDS8 conjugated to Alexa 647 (eBio-
science, San Diego, CA). Splenocytes were fixed and permeabilized using a
Cytofix/Citoperm kit (BD Pharmingen, Franklin Lakes, NJ). Cells were stained
with anti-mouse IFN-y conjugated to phycoerythrin (BD Pharmingen, Franklin
Lakes, NJ) for 15 min at room temperature. Finally, samples were analyzed by
flow cytometry.

RESULTS

Generation of NDV-HIVGag viruses expressing HIV Gag
within the various intergenic regions. Following previously
described reverse-genetics approaches for the rescue of NDV
(51, 58), five different NDVs expressing HIV Gag were gener-
ated in the backbone of the avirulent strain Hitchner Bl1:
NDV-HIVGag-Sacll, NDV-HIVGag-Xbal, NDV-HIVGag-
Hpal, NDV-HIVGag-Mlul, and NDV-HIVGag-Nrul (Fig. 1).
Rescued virus clones were isolated by limiting dilution in eggs.
Viral stocks grown in embryonated eggs were titrated, and the
regions containing the inserted gag gene were amplified by
reverse transcription-PCR and sequenced to confirm the pres-
ence of the correct 1.5-kb insert (data not shown). Despite
several attempts, we were not able to rescue a virus expressing
HIV Gag in front of the NP gene of NDV.

Replication and stability of NDV-HIVGag viruses in embry-
onated chicken eggs. In order to investigate the consequences
that the insertion of HIV gag could have for the growth of the
recombinant viruses, 100 PFU of each NDV-HIVGag virus
was inoculated into 10-day-old eggs. As a control, eggs were
inoculated with NDV-GFP, bearing the GFP gene at the Xbal
site between the P/V and M transcriptional units. Eggs were
incubated at 37°C during 96 h, and allantoic fluid samples were
collected every 24 h. The viruses in the samples were titrated in
Vero cells by indirect immunofluorescence. Both the kinetics
and the magnitude of the replication of the six viruses were
similar, which indicated that the growth of the recombinant
viruses in eggs was not affected by the insertion of HIV gag in
any specific position in comparison to GFP (Fig. 2). The fact
that the embryonated eggs were alive after 96 h postinocula-
tion confirmed the attenuation of these viruses (24).

The stability of expression of HIV Gag by the recombinant
viruses was tested after five serial passages in eggs. Allantoic
fluids obtained from the fifth passage were quantified and were
used to infect Vero cells at a low MOI. The correlation be-
tween the presence of the virus and the expression of HIV Gag
was determined by indirect immunofluorescence using specific
antibodies. HIV Gag expression was stable in all NDV viruses
after five passages in eggs (Fig. 3).

Levels of expression of HIV Gag at different intergenic po-
sitions in NDV. To determine the level of expression of the
Gag protein driven by the five NDV-HIVGag viruses in vitro,
Vero cells were infected at an MOI of 1 with the recombinant
viruses. NDV-GFP was used as a control. Sixteen hours postin-
fection, cells were harvested and lysed and Western blot anal-
yses were performed (Fig. 4A). The presence of the NP protein
of NDV was detected in all the lysates at similar levels. We also
found the Gag protein in every lysate with the exception of the
negative control (NDV-GFP). It would be expected that in-
fected cells would have different levels of expression of Gag,
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FIG. 1. Scheme of the different recombinant NDVs expressing HIV Gag protein. Transcriptional units containing 1.5 kb HIV gag were inserted
in different positions in the NDV genome. In every new gag transcriptional unit, nucleotides were added in the untranslated region to follow the

rule of six. The representation of the different genes is not to scale.

according to the theoretical expression gradient of NDV; i.e.,
we expect to observe higher levels of expression of Gag as the
insertion is closer to the 3" end. This gradient of expression was
the case when Gag was inserted between the P and M genes
and positions located after the M gene (in order of greatest to
least expression, NDV-HIVGag-Xbal, NDV-HIVGag-Hpal,
NDV-HIVGag-Mlul, and NDV-HIVGag-Nrul). Unexpect-
edly, the level of Gag expression was considerably lower
when the gene was located between the NP and P genes
(NDV-HIVGag-Sacll). To assess the kinetics of the produc-
tion of HIV Gag driven by the NDV-HIVGag viruses, Vero
cells were infected at an MOI of 1 with NDV-HIVGag-
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FIG. 2. Growth kinetics of NDVs in embryonated chicken eggs.
Ten-day-old embryonated eggs were inoculated with 100 PFU of the
indicated NDV viruses. Eggs were incubated for 96 h, and allantoic
fluids were harvested at different time points (24, 48, 72, and 96 h
postinfection). NDV titers in the allantoic fluids were determined by
measuring indirect inmunofluorescence in Vero cells.

Sacll, NDV-HIVGag-Xbal, NDV-HIVGag-Hpal, or NDV-
HIVGag-Mlul. NDV-GFP was used as a control virus. Cells
were harvested and lysed at 12, 24, 36, or 42 h after infec-
tion, and Western blot analysis was performed (Fig. 4B). We
observed an increase in the expression of the NP and HIV
Gag proteins at different time points. In the case of NP, the
amounts of protein were approximately the same at every
time point; however, we again observed a gradient in the
expression of HIV Gag (in order of greatest to least expres-
sion, NDV-HIVGag-Xbal, NDV-HIVGag-Hpal, and NDV-
HIVGag-Mlul). As we observed in the previous experiment,
the expression of HIV Gag obtained by infection with NDV-
HIVGag-Sacll was lower than expected, especially at early
time points. Furthermore, at 12, 24, 36, and 42 h, medium
from Vero-infected cells with the viruses was harvested and
virus titers were measured by immunofluorescence in Vero
cells. These viruses displayed similar growth kinetics (Fig.
4C). In summary, the location of gag between the P and M
genes (NDV-HIVGag-Xbal) induced the highest expression
of this foreign protein in NDV-infected cells.

Protection against challenge infection with Vac-HIVGag in
mice immunized with NDV-HIVGag. Next, we evaluated the
ability of NDV-HIVGag viruses to induce a protective immune
response in mice. In order to ascertain the NDV that induces
the best protective immune response, each NDV-HIVGag vi-
rus was used to immunize BALB/c mice intranasally (5 X 10°
PFU). Three weeks after the immunization, animals were
boosted with a second dose of each virus (10° PFU). Mice did
not show a loss of body weight or overt symptoms of disease
after either the first or second immunization, indicating that
these viruses were not virulent in mice. Three weeks after the
second immunization, intranasal challenge infections with
Vac-HIVGag or Vac/wt were performed (Fig. 5SA). Animals
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FIG. 3. Recombinant NDV viruses stably express HIV Gag. NDV-HIVGag viruses were passaged five times in 10-day-old embryonated eggs.
Allantoic fluids obtained after the fifth passage were used to infect Vero cells, and expression of Gag in NDV-infected cells was visualized by
indirect immunofluorescence. Anti-HN monoclonal antibody detected the presence of NDV-infected cells (B to F; mock, A). An anti-p24
monoclonal antibody (71-31) detected the expression of HIV Gag (panels H to L; mock, G).

were sacrificed at day five postchallenge, and the titers of
vaccinia virus in lungs were examined. As shown in Fig. 5B,
animals challenged with Vac/wt raised titers close to 10°
PFU/ml of vaccinia virus in lungs, irrespective of their immu-
nization schedule. In contrast, most animals vaccinated with
the recombinant viruses expressing HIV Gag showed a re-
duced titer of Vac-HIVGag compared to that of unvaccinated
controls. Vac-HIVGag virus titers were more than 10-fold
lower in mice immunized with NDV-HIVGag-Xbal than in
controls. Additionally, we observed a gradient in the ability to
inhibit vaccinia replication: in order of greatest to least
inhibition, NDV-HIVGag-Xbal, NDV-HIVGag-Hpal, NDV-
HIVGag-Mlul, and NDV-HIVGag-Nrul. Finally, we did not
observe a clear decrease in Vac-HIVGag virus titers in mice
vaccinated with NDV-HIVGag-Sacll. These results demon-
strate that intranasal administration of NDV-HIVGag viruses
induces a Gag-specific antiviral response in mice. Further-
more, we showed that the optimal insertion of HIV gag to
induce the strongest immune response is between the P and M
genes (NDV-HIVGag-Xbal). We also observed a strong cor-
relation between the levels of the HIV Gag protein produced
by the viruses in vitro (Fig. 4) and their ability to inhibit
Vac-HIVGag replication in mice.

Induction of cellular immune responses against HIV Gag
after immunization with NDV-HIVGag. To quantify the cellu-
lar immune response generated in mice vaccinated with the
NDV-HIVGag viruses, ELISPOT assays were performed.
Groups of BALB/c mice were immunized intranasally as in the
previous vaccinia virus challenge study (Fig. SA). Fifty-one
days after the second immunization, mice were sacrificed and
spleens were extracted. The number of Gag-specific CD8"
IFN-vy-producing cells in the spleen was quantified by
ELISPOT assay (Fig. 5C). We detected CD8™" cells specific for
HIV Gag in the spleens of four of the NDV-HIVGag-immu-
nized mice. Control groups (PBS or NDV-GFP) yielded neg-

ative results, as expected. NDV-HIVGag-Sacll-immunized
mice also yielded negative results. Our results show the fol-
lowing gradient in the generation of Gag-specific CD8" T
cells: in order of greatest to least number of cells, NDV-
HIVGag-Xbal, NDV-HIVGag-Hpal, NDV-HIVGag-Mlul,
and NDV-HIVGag-Nrul. Thus, the highest number of Gag-
specific CD8" IFN-y-producing cells occurred in the mice
vaccinated with NDV-HIVGag-Xbal, confirming that the in-
sertion between the P and M genes of the NDV genome is the
optimal location for the antigen in order to obtain the greatest
cellular immune response.

Levels of expression of a recombinant virus expressing a
synthetic codon-optimized version of HIV gag. Following the
previously described reverse-genetics protocol, we generated a
recombinant NDV expressing a synthetic codon-optimized ver-
sion of HIV gag (NDV-HIVGag-opt). The transcriptional unit
containing HIVGag-opt was introduced between the P and M
genes, a position portrayed to induce the strongest immune
response (Fig. 6A). To study the level of expression of the Gag
protein driven by NDV-HIVGag-opt virus in vitro, Vero cells
were infected with the same doses of NDV-HIVGag-opt and
NDV-HIVGag-Xbal; NDV-GFP was used as a control. After
16 h, the cells were collected and lysed and proteins were
analyzed by Western blotting. We detected comparable levels
of the NP protein in every lysate. As expected, we observed
signal corresponding to the HIV Gag protein only in lysates
from cells infected with NDV-HIVGag-opt and NDV-HIV-
Gag-Xbal; however, the levels of expression of Gag were dif-
ferent between these two viruses. Cells infected with NDV-
HIVGag-opt showed considerably higher levels of expression
of HIV Gag than cells infected with NDV-HIVGag-Xbal (Fig.
6B). This increase in the expression of HIV Gag did not affect
the replication of the virus, since all the viruses grew at same
level in eggs (data not shown).
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FIG. 4. Expression levels of HIV Gag, driven by the different recombinant NDVs. (A) Lysates from Vero cells infected with the NDV-HIVGag
and NDV-GFP viruses were subjected to SDS-PAGE and were transferred to nitrocellulose membranes. Membranes were immunoblotted using
an anti-NDV rabbit serum («-NDV) and an anti-p24 (a-p24) human monoclonal antibody (71-31), followed by incubation with an anti-rabbit IgG
peroxidase-labeled antibody and an anti-human IgG peroxidase-labeled antibody, respectively. (B) Lysates from Vero cells infected with the
NDV-HIVGag and NDV-GFP viruses at 12, 24, 36, or 42 h postinfection were separated by SDS-PAGE, and Western blotting was performed using
anti-NDV rabbit serum and anti-p24 mouse monoclonal antibody (24-4), followed by incubation with an anti-rabbit IgG peroxidase-labeled
antibody and an anti-mouse IgG peroxidase-labeled antibody, respectively. (C) Vero cells were infected at an MOI of 1 with the indicated NDV
viruses. Media from the infected cells were harvested at the indicated time points, and virus titers were measured by indirect immunofluorescence

in Vero cells.

Protection against challenge infection with Vac-HIVGag of
mice immunized with NDV-HIVGag-opt. We studied the abil-
ity of NDV-HIVGag-opt virus to induce a protective immune
response in mice compared to that of the virus expressing the
original HIV Gag. Mice were intranasally immunized twice
with NDV-GFP, NDV-HIVGag-Xbal, or NDV-HIVGag-opt
as described in Fig. 7A. Animals were sacrificed at day five
postchallenge, and the titers of vaccinia virus in lungs were
measured. As shown in Fig. 7B, animals challenged with
Vac/wt raised similar titers after vaccination with every virus.
As we previously showed, animals vaccinated with NDV-HIV-
Gag-Xbal displayed approximately one log reduction in Vac-
HIVGag titers, but this reduction was bigger than two logs in
the case of mice vaccinated with NDV-HIVGag-opt (Fig. 7B).
The reduction correlates with the amounts of the HIV Gag
protein observed after infection in Vero cells with NDV-HIV-
Gag-opt and NDV-HIVGag-Xbal (Fig. 6B).

Induction of cellular immune response and cytotoxic activ-
ity in vivo after vaccination with NDV-HIVGag-opt. Next, we
characterized the cellular immune response generated in mice
immunized with NDV-HIVGag-opt, NDV-HIVGag-Xbal, and
NDV-GFP as described in the legend to Fig. 7A. Twenty-eight
days after the second immunization, animals were euthanized
and the number of Gag-specific CD8" IFN-y-producing cells
in total spleen tissue was quantified by ELISPOT assay (Fig.
7C). No significant levels of Gag-specific CD8" T cells were
detected in animals immunized with either NDV-GFP or PBS.
Our results showed that immunization with NDV-HIVGag-opt
induced more than three times as many Gag-specific CD8"
cells than immunization with NDV-HIVGag-Xbal. To assess
the functional activity of the Gag-specific CD8" T cells in-
duced after immunization with NDV-HIVGag viruses, a “cy-
totoxicity assay in vivo” was performed (Fig. 8). Groups of
BALB/c mice were immunized once with NDV-GFP, NDV-
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FIG. 5. Challenge with Vac-HIVGag in mice immunized with NDV-HIVGag viruses. (A) Groups of nine mice were immunized intranasally
with 5 X 10° PFU of each NDV-HIVGag virus. Control mice were inoculated with 5 X 10° PFU of NDV-GFP or with PBS. Three weeks after,
animals were boosted with 10° PFU of the same virus. Three weeks after the boost, three mice per group were challenged with 10° PFU of Vac/wt
or Vac-HIVGag. The rest of the mice were left for 51 days, after which they were sacrificed and their spleens were removed for quantification of
Gag-specific CD8 T cells. (B) Five days after the infection with vaccinia viruses, mice were sacrificed, lungs were homogenized in 1 ml of PBS, and
vaccinia titers in CV-1 cells were determined. (C) Fifty-one days after the second immunization, CD8" T cells were selected and incubated with
HIV Gag-specific peptide-pulsed cells in an ELISPOT assay to determine the number of HIV Gag-specific IFN-y-secreting cells.

HIVGag-Xbal, or NDV-HIVGag-opt at two different doses,
5 X 10° PFU and 5 X 10° PFU, using the intranasal route.
Eight days later, naive splenocytes were labeled with different
concentrations of CFSE and then either pulsed with H-2K¢
peptide or left unpulsed. Equivalent amounts of the two pop-
ulations of splenocytes were injected intravenously into immu-
nized mice. Eighteen hours later, splenocytes of the receiver
mice were extracted and the percentage of survival of each cell
population was measured by flow cytometry. As expected, the
unpulsed splenocytes were detected in all the animals, and no
visible cytotoxic activity was observed. Mice inoculated with
any of the two doses of NDV-HIVGag-opt showed a remark-
able decrease in specific Gag peptide-pulsed splenocytes (Fig.
8). The decline correlates with the amount of NDV-HIVGag-
opt used to immunize the animals. In contrast, we did not
observe any cytotoxic effect in specific Gag peptide-pulsed
splenocytes in mice immunized with NDV-GFP, and surpris-
ingly, no decrease was detected after immunization with NDV-
HIVGag-Xbal, indicating that two doses are most likely
needed to induce a detectable response in animals immunized
with the viruses using the in vivo cytotoxicity assay. Altogether,

these data showed that immunization of mice with NDV-HIV-
Gag-opt induced better protection against challenge with Vac-
HIVGag than immunization with NDV expressing nonopti-
mized HIV Gag. This higher level of protection correlated with
an increase in specific Gag-specific CD8* responses generated
by the NDV-HIVGag-opt.

Induction of cellular immune responses against HIV Gag at
different time points after immunization and challenge. To
study the kinetics in the generation of cellular immune re-
sponses in mice after immunization with the NDV viruses, we
measured the Gag-specific CD8" T cells by ELISPOT assay at
different time points after the prime, boost, and challenge.
Mice were intranasally immunized twice with NDV-HIVGag-
Sacll, NDV-HIVGag-Xbal, NDV-HIVGag-opt, and NDV-
GFP, used as a control (Fig. 9A). Animals were euthanized 10,
28, 35, 42 and 47 days after the first immunization, CD8" T
cells were isolated from the spleen, and the number of Gag-
specific CD8" IFN-y-producing cells was quantified by
ELISPOT assay (Fig. 9B). We detected CD8" IFN-y-produc-
ing cells specific for HIV Gag in NDV-HIVGag-Xbal and
NDV-HIVGag-opt at every time point. Mice immunized with
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FIG. 6. Generation of recombinant NDV containing a mammalian codon-optimized version of HIV gag. (A) A recombinant virus expressing
a synthetic codon-optimized version of HIV gag (NDV-HIVGag-opt) inserted between the P/V and M genes was rescued following the same
protocol described for earlier experiments. (B) Lysates from Vero cells infected with NDV-GFP, NDV-HIVGag-Xbal, or NDV-HIVGag-opt at
an MOI of 1 were separated in an SDS-PAGE gel and transferred to nitrocellulose membranes. Membranes were immunoblotted using an
anti-NDV rabbit serum and an anti-p24 mouse monoclonal antibody, 24-4, followed by incubation with an anti-rabbit IgG peroxidase-labeled
antibody and an anti-mouse IgG peroxidase-labeled antibody, respectively.

NDV-HIVGag-Sacll yielded low levels of Gag-specific CD8
cells only 10 days after the prime and 7 days after the boost in
parallel with the expansion peak phase of CD8" T cells after
every immunization. As expected, no Gag-specific CDS8 re-
sponses were detected against NDV-GFP. The total values of
HIV Gag CD8" T cells obtained fluctuated during the time
points agreeing with the expansion-contraction-memory
phases of the activation of the CD8" T-cell responses (32).
The magnitude of the CDS response in mice immunized with
NDV-HIVGag-opt was at least twice as high at each time point
(Fig. 9B), confirming once again the advantage of using the

virus expressing codon-optimized HIV Gag. Gag-specific
CD8™" IFN-y-producing cells before and after challenge with
Vac-HIVGag were also monitored by intracellular staining
(Fig. 9C). In both cases, mice immunized with NDV-HIVGag-
Xbal or NDV-HIVGag-opt showed a higher percentage of
Gag-specific CD8" T cells than control mice. In concurrence
with previous results, we observed a low level of Gag-specific
response in mice immunized with NDV-HIVGag-Sacll both
before and after challenge. Challenge with Vac-HIVGag re-
sulted in an increase between five and six times in the number
of Gag-specific CD8" cells in mice immunized with NDV-
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FIG. 7. Challenge with Vac-HIVGag in mice immunized with NDV-HIVGag-opt virus. (A) Groups of nine mice were immunized intranasally
with 5 X 10° PFU of NDV-HIVGag-Xbal or NDV-HIVGag-opt virus. Control mice were inoculated with 5 X 10° PFU of NDV-GFP or PBS.
Three weeks afterward, animals were boosted with 10° PFU of the same viruses. Three weeks after the boost, three mice per group were challenged
with 10° PFU of Vac/wt or Vac-HIVGag. The rest of the mice were left for 28 days, after which they were sacrificed and their spleens were removed
for quantification of Gag-specific CD8 T cells. (B) Five days after the infection with vaccinia viruses, mice were sacrificed and vaccinia titers in lungs
were determined in CV-1 cells. (C) Twenty-eight days after the second immunization, splenocytes were isolated and incubated with HIV
Gag-specific peptide-pulsed cells. ELISPOT assay was performed to determine the number of HIV Gag-specific IFN-y-secreting splenocytes.

HIVGag-Xbal or NDV-HIVGag-opt compared with results
for the nonchallenged mice. Both before and after challenge,
the number of Gag-specific CD8" T cells obtained after inoc-
ulation of NDV-HIVGag-opt was approximately three to five
times higher, respectively, than that with immunization with
NDV-HIVGag-Xbal (Fig. 9C). In summary, we found that
NDV-HIVGag-opt clearly induced higher levels of Gag-spe-
cific cellular response than NDV-HIVGag-Xbal. That sup-
ports earlier results on the use of codon-optimized cDNAs to
express antigens in vivo in order to generate an optimal im-
mune response (22, 25, 65).

DISCUSSION

Despite more than 20 years of HIV research and consider-
able effort, the development of an HIV vaccine remains elu-
sive. The lack of robust immunogenicity, safety concerns, and
ultimately the lack of protection have been discouraging.
Among several strategies, one of the most promising is the use
of live viral vectors as vaccines. The potential advantage of a
viral vector strategy is to reproduce as closely as possible the
efficacy of HIV live-attenuated virus vaccines and at the same
time to be safe. NDV has some interesting properties as a
delivery viral vaccine vector. The existence of a reverse-genet-
ics system makes possible the insertion of relatively large an-
tigens (approximately 4 kb) (15, 26, 51, 62, 67). NDV can be

grown to high titers in embryonated chicken eggs and in cell
lines such as Vero cells, both substrates approved for virus
vaccine production. In contrast to other viral vectors with large
genomes (>100 kbp), such as poxviruses and herpesviruses,
NDYV encodes fewer proteins that may compete for immuno-
dominant epitopes between the viral vector proteins and the
expressed foreign antigens. Moreover, the NDV life cycle oc-
curs in the cytoplasm of infected cells, and in contrast to DNA
virus vectors, NDV never integrates into the host cell DNA,
eliminating potential oncogenic properties associated with vi-
ral vectors with a DNA-integrating phase. Another advantage
derived from the cytoplasmic replication of NDV is that it
overcomes the inefficient transcription and export from the
nucleus of some HIV mRNA (including Gag mRNA) due to
the presence of Rev response elements, a problem widely re-
ported for the production of DNA vaccines against HIV (47).
Finally, genetic recombination is rare or does not occur in
negative-strand RNA viruses, alleviating concerns for vector
stability.

Safety is always important for vaccine development and is
most critical in an HIV vaccine. NDV is nonpathogenic in
humans, with only a few reported cases of naturally occurring
human infections. The virus has been reported to cause benign
conjunctivitis in people in close contact with infected birds (3).
There is no evidence of human-human transmission. NDV has
been utilized, due to its oncolytic properties, in human studies
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FIG. 8. In vivo cytotoxicity assay. Groups of three mice were immunized using 5 X 10° PFU or 5 X 10° PFU of NDV-GFP, NDV-HIVGag-
Xbal, or NDV-HIVGag-opt. Eight days later, spleens from naive mice were harvested and were stained either with 0.2 uM or 2 uM CFSE and
then cultured with HIV Gag CD8-specific peptides or without peptides, respectively. The two splenocyte populations were mixed equally and
injected intravenously into previously immunized mice. Eighteen hours later, spleens from recipient mice were harvested and survival of each

population of stained splenocytes was assessed by flow cytometry.

over several decades and has been shown to be safe even in
immunosuppressed patients (5, 21). In recent studies, the in-
travenous serial administration of high doses of NDV has led
to mild side effects, including influenza-like symptoms and
hematologic effects, consistent with the production of proin-
flammatory cytokines after administration (34, 45, 61). These
side effects disappeared in subsequent administrations even
with the use of amounts five times higher than the first dose,
confirming the safety of NDV in humans.

In contrast to the case with other viruses used in the design
of HIV vaccines, such as adenoviruses (AdS5) or human
paramyxoviruses (measles virus and mumps virus), most hu-
mans do not have preexisting immunity to NDV, an avian
virus. NDV replication is limited in mammalian cells; however,
it has been reported that NDV is a potent inducer of humoral
and cellular responses in mice against foreign antigens, includ-
ing the influenza HA, simian immunodeficiency virus (SIV)
Gag, or respiratory syncytial virus F protein (48, 51, 52). Re-
cently it has been shown that NDV is also highly immunogenic
in primates (12, 16). NDV has been studied as an inducer of
type I IFN synthesis in vitro and in vivo (18, 41, 57). The ability
of NDV to induce high levels of type I IFN locally might
correlate with its high immunogenic properties, since type I
IFN is known to be an adjuvant for the induction of humoral
and cellular immune responses (9, 46, 68, 69). In addition, it

has been reported that NDV induces activation of dendritic
cells (DCs). DCs are antigen-presenting cells that play an im-
portant role in the induction of T-cell responses in vivo. This
activation of DCs is at least partially related to NDV’s ability
to induce IFN (48, 69, 72). It has been found in hu-PBL-SCID
mice that DCs activation by IFN followed by stimulation with
inactivated HIV are able to generate higher HIV-specific
CD8" T-cell and humoral responses than DCs pretreated with
other inducers of maturation, like IL.-4. Moreover, the immune
response correlates with protection from HIV challenge in
these mice (43, 44). The potential of NDV to induce activation
of DCs and IFN production in vivo may allow this viral vector
to act as a potent adjuvant in the generation of the immune
response against NDV-encoded antigens.

The potential importance of Gag as an immunogen has been
suggested in numerous studies for several reasons. First, Gag is
a highly conserved protein among different HIV strains com-
pared with other potential antigens, such as the Env protein.
Second, gag is one of the most immunodominant genes of HIV.
The relationship between the plasma viral load and the host
cellular immune response has remained controversial, since
some studies have established a correlation between low viral
loads and cellular responses against Gag, Pol, or Nef while
other studies found no correlation or even an inverse correla-
tion (1, 55, 56). Recent studies provide evidences that Gag-
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FIG. 9. Induction of cellular immune responses in mice at different times postvaccination and postchallenge. (A) Mice were immunized
intranasally with 5 X 10° PFU of NDV-GFP, NDV-HIVGag-Sacll, NDV-HIVGag-Xbal, or NDV-HIVGag-opt virus. Three weeks afterward,
animals were boosted with 10° PFU of the same virus. Three weeks after the boost, mice were challenged with 10° PFU of Vac-HIVGag.
(B) Spleens were harvested at 10 days after the first immnunization, 7, 14, and 21 days after the boost, and 5 days after challenge. CD8" T cells
were selected and incubated with HIVGag-specific peptide-pulsed cells in an ELISPOT assay to determine the number of HIV Gag-specific
IFN-v-secreting cells. (C) Before and 5 days after challenge, splenocytes were harvested, incubated with the HIV Gag peptide, and subjected to
intracellular staining after incubation with anti-mouse Alexa 647-conjugated CD8 and anti-mouse phycoerythrin-conjugated IFN-y. Samples were

analyzed by flow cytometry.

specific CD8™" T-cell responses could be effective in the control
of chronic HIV infection and the maintenance of immune
responses in HIV-infected individuals in comparison with
other potential HIV antigens (23, 38). Thus, we selected Gag
as the antigen in our study. Nevertheless, NDV-HIVGag could
be used in combination with NDVs expressing other HIV an-
tigens, like Nef, Pol, or Env, in an HIV vaccine approach.
The limited replication of NDV in mammalian species is a
guarantee of virus safety but at the same time limits the pro-
duction of viral and foreign proteins. These characteristics of
NDV require the optimization of the conditions for adminis-
tration of the vaccine and expression of the antigen. The se-
lection of a route of administration was based on a previous
study comparing different administration routes for NDV ex-
pressing SIV Gag in a mouse model (intravenous, intraperito-
neal, and intranasal). Every route was able to generate an
immune response in mice, but the best results were obtained
with intranasal immunizations (52). In addition, intranasal or
respiratory tract routes have been tested in nonhuman pri-
mates in immunizations with NDV expressing influenza HA,
human parainfluenza virus 3 HN, or severe acute respiratory
syndrome virus Spike protein (12, 15, 16, 52). The safety profile

of NDV allows the administration of high doses of NDV with
few undesirable effects.

The optimization of protein expression is another important
issue. One would predict that the higher the protein expression
achieved by the vaccine vector, the higher the immune re-
sponse elicited against the expressed protein. We have inves-
tigated the best location of the gag gene in the NDV genome
for higher levels of the Gag protein in NDV-infected cells. The
NDV genome contains six transcriptional units, NP-P-M-F-
HN-L. It is known that paramyxovirus polymerases gain access
to the viral genes through the 3’ end of the viral genome. NP
is the first transcriptional unit to be transcribed. Then, the
polymerase skips the intergenic region and reinitiates mRNA
synthesis of the second transcriptional unit at the start site.
This sequential mechanism continues across the viral genome.
The jump between transcriptional units is not always success-
ful, and this imperfect reinitiation leads to a gradient in the
expression of NDV genes according to the distance from the
genome 3’ end (37). According to this strategy, the optimal
place to insert an antigen in the NDV genome would appear to
be the closest to the 3’end. On the other hand, the insertion of
a foreign gene should affect the transcription of the genes
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located after the insertion place, and these changes could affect
virus fitness and reduce viral replication, resulting in lower
levels of antigen expression. We inserted HIV gag into every
transcription unit throughout the NDV genome except behind
the L gene, due to the low expression of protein associated
with this position (76).

We rescued recombinant viruses expressing HIV Gag from
every position except in front of NP. In previous studies,
Huang and collaborators described the rescue of the NDV
LaSota strain expressing two different genes in front of NP
with only a slight effect on virus growth (35, 36). In our case,
the inability to rescue a virus with HIV gag in this position
might be related to the insert size (1.5 kb, larger than previous
genes introduced at this position). Moreover, we are using a
different strain of NDV, Hitchner B1, and specific character-
istics of the strain may explain the inability to rescue the virus.

The rescued recombinant viruses grew to similar levels in
embryonated eggs or Vero cells and expressed HIV Gag in a
stable manner. A gradient in the expression of HIV Gag was
detected by Western blotting in Vero cells infected with the
different recombinant viruses. The highest level of expression
of HIV Gag was obtained after insertion of HIV gag between
the P and M genes. The level of expression was inversely
correlated with the proximity to the 5 end of NDV genome,
except that very low levels of HIV Gag expression were de-
tected after insertion of the gene between the NP and P genes.
At late time points, differences in HIV Gag expression are less
remarkable, probably due to the accumulation of the protein,
making it difficult to establish differences among the viruses
(Fig. 4B). The delay in HIV Gag production observed in NDV-
HIVGag-Sacll-infected cells at early points together with lim-
ited replication of the NDV in mice might be the cause of the
poor immune responses generated by this virus. The insertion
of a foreign gene in the NDV genome could alter the stoichi-
ometry of expression of viral proteins and affect NDV replica-
tion. It has been shown in vesicular stomatitis virus that the
ratio between these proteins may be critical for optimal repli-
cation of the virus (60, 75). In addition, Zhao and Peeters have
shown low expression of alkaline phosphatase when the gene is
inserted between the NP and P genes compared with results
for other locations (76). These earlier data together with our
results would confirm that insertion of a foreign gene in this
position may not be the optimal place to achieve high levels of
expression. Since we did not observe differences in growth
levels in embryonated eggs or Vero cells between the different
NDV-HIVGag viruses, it is possible that there is an inefficient
use of the gene start and gene end signals for expression of
Gag mRNA when the gene is located between the NP and P
genes.

Previous results in our laboratory showed the ability of NDV
to generate specific cellular responses against SIV Gag in mice
immunized with NDV-SIVGag. This immune response was
improved in priming/boosting combinations with an influenza
virus expressing SIV Gag (52). Priming/boosting combinations
of different vectors appear to offer an efficient way to increase
the immune responses in a vaccinee (52, 53). We now describe
the optimal location of the Gag antigen gene in the NDV
genome in order to achieve a high level of immune response.
Virus expressing HIV gag between P and M generated the best
cellular immune response, measured by the production of
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IFN-y by specific HIV Gag CD8" T cells and by protection
after challenge with Vac-HIVGag. We found a correlation
between the levels of protein expression and the induction of
cellular protective responses. We also found that Gag-specific
antiviral immunity induced by NDV-HIVGag was detected 7
weeks after the last immunization, especially in NDV-HIV-
Gag-Xbal-immunized mice. These results suggest that the im-
munity induced by NDV may last for a long time in mammals.

Another strategy we used to optimize the expression of the
antigen by NDV was to increase its translational efficiency
using a mammalian codon-optimized version of HIV gag. Op-
timized codon usage has been an effective method to increase
the antigen production and immunogenicity of DNA vaccines
(22, 25, 65). After the insertion of codon-optimized HIV gag in
NDV (NDV-HIVGag-opt), we obtained a further increase in
the expression of HIV Gag in NDV-infected cells. This corre-
lated with a higher level of protection in immunized mice after
challenge with vaccinia virus expressing HIV Gag. Increases in
the cellular immune responses were also detected. Moreover,
8 days after immunization with NDV-HIVGag-opt, we ob-
served a specific anti-Gag cytotoxic activity in vivo, while we
could not detect this in animals immunized with NDV-HIV-
Gag-Xbal even if we were able to see some Gag-specific CD8™"
activity in vitro 10 days after priming by ELISPOT (Fig. 9B).
That could be due to different sensitivities between the two
techniques.

Finally, we studied the kinetic of generation of the cellular
responses induced after vaccination with four viruses NDV-
HIVGag-Sacll, NDV-HIVGag-Xbal, NDV-HIVGag-opt, and
NDV-GFP, used as a control. In response to immunization,
antigen-specific CD8™" T cells proliferated, and we observed an
increase in the number of the cells 10 days after the prime, 7
days after the boost, and 5 days after challenge with vaccinia.
The magnitude of the response was increase after the boost
and later on by the vaccinia HIV Gag challenge, most likely
due to the recall effect after restimulation with the antigen.
After boosting, the numbers of antigen-specific CD8" T cells
underwent a decline during the “cell death” or “contraction”
phase, which eliminated a big percentage of the antigen-spe-
cific CD8" T cells. The elimination of the cells was not com-
plete, and a small number of the cells stayed as memory CD8*
T cells, a pattern observed at 14 and 28 days after the boost.
The amount of the CD8 response generated by immunization
with NDV-HIVGag-opt was substantially bigger than those
with immunization with NDV-HIVGag-Xbal and NDV-
HIVGag-Sacll.

In summary, we have described the successful recovery of
NDV viruses expressing HIV Gag at different intergenic
locations within the virus genome. We showed that these
viruses are safe and immunogenic in mice and determined
the optimal location for insertion of the Gag antigen gene
for the maximal cellular immune response. Moreover, we
have described how the use of a mammalian codon-opti-
mized gene in the optimal location can increase consider-
ably the immune response generated against the antigen
HIV Gag. These results support the use of NDV as a vaccine
vector for further studies aimed at the development of an
effective HIV vaccine.
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