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ABSTRACT

T cell immunity plays a critical role in controlling HIV-1 viremia, and encoding a limited set of HIV-1 genes
within DNA and poxvirus vectors can, when used sequentially, induce high levels of T cell immunity in pri-
mates. However, a limited breadth of T cell immunity exposes the host to potential infection with either ge-
netically diverse HIV-1 strains or T cell escape variants of HIV-1. In an attempt to induce maximally broad
immunity, we examined DNA and recombinant fowlpox virus (rFPV) vaccines encoding all HIV-1 genes de-
rived from a global HIV-1 consensus sequence, but expressed as multiple overlapping scrambled 30-amino
acid segments (scrambled antigen vaccines, or SAVINEs). Three groups of seven pigtail macaques were im-
munized with sets of DNA and rFPV expressing Gag/Pol antigens only, the whole genome SAVINE antigens,
or no HIV-1 antigens and T cell immunity was monitored by ELISpot and intracellular cytokine staining.
High levels of cross-subtype HIV-specific T cell immunity to Gag were consistently induced in the seven ma-
caques primed with DNA and rFPV vaccines expressing Gag/Pol as intact proteins. It was, however, difficult
to repeatedly boost immunity with further rFPV immunizations, presumabl?y reflecting high levels of anti-
FPV immunity. Unfortunately, this vaccine study did not consistently achieve a broadened level of T cell im-
munity to multiple HIV genes utilizing the novel whole-virus SAVINE approach, with only one of seven im-
munized animals generating broad T cell immunity to. multiple HIV-1 proteins. Further refinements are
planned with alternative vector strategies to evaluate the potential of the SAVINE technology.

INTRODUCTION

IV 1s A FORMIDABLE PATHOGEN and a great challenge to
vaccine development. Although tremendous successes
have been achieved in the development of antiretroviral drug
therapy, the progress of vaccine development has been slow.
These difficulties are in part the nature of HIV replication,
which can evade host immune responses, both T cell and hu-
moral,'* as a-result of its high replication rate, frequent re-
combination events, and low fidelity of replication.>$
Although desirable, preventive vaccines based on the gener-
ation of neutralizing antibodies are still in the early stages of

development. The most advanced current HIV vaccine efforts
are directed toward the generation of effective CD8* cytotoxic
T lymphocyte (CTL) responses that aim to control viral repli-
cation and prevent the onset of disease that is associated with
progressive CD4+ T cell depletion.” The generation of HI1V-
specific CD4" T cell immunity, often lacking in HIV-infected
individuals, is also highly desirable.®® Recombinant viral car-
rier vaccine vectors, such as vaccinia, avian poxviruses (e.g.,
canarypox and fowlpox viruses [fFPV]), and adenoviruses, ei-
ther alone or in combination with DNA vaccination, have been
most effective in inducing T cell immunity.'®1* Although live,
attenuated SIV vaccines are highly effective in macaques,'> and
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induce broadly targeted CD4* and CD8% T cell responses and
neutralizing antibodies,'® such vaccines pose an unacceptable
safety risk.!”-'®

Vaccines that promote cellular immunity, in particular CTLs,
must generally express HIV proteins (from HIV-1 genes) in-
tracellularly for presentation by MHC class I. Expression of all
native viral genes within cells in their native form poses an un-
acceptable safety risk and most viral vector vaccines express a
single or limited set of HIV genes, generally reflecting only a
modest portion of all available viral antigenic material.!0-11.14.19
This focuses the T cell response to a limited set of viral anti-
gens, restricting the impact that the immune responses can have
on viral replication, particularly on genetically divergent HI'V-
1 strains. A limited breadth of T cei]l immunity may promote
the eventual emergence of vaccine escape mutants.’®22 Ideally,
CTL-inducing vaccines would induce strong responses across
a multitude of epitopes presented by an individual's MHC hap-
lotype in order to have maximum impact on viral replication in
the first few weeks of infection and limit CTL escape.

The scrambled antigen vaccine (SAVINE) concept achieves
this objéctive in principle by expressing all 9 HIV-1 proteins
as a reassortment of 189 thirty-amino acid segments. These mul-
tiple 30-amino acid segments making up the SAVINE open
reading frames are long enough to encode all HIV-1 CD4* and
CD8* epitopes yet short enough to ensure that few if any func-
tional viral components are expressed. The SAVINE concept
utilizes segments of HIV-1 encoding 30 amino acids with 15-
amino acid overlap between adjacent segments randomly
scrambled to express three large (~5700 bp), nonfunctional
polypeptides [S. Thomson et al. (submitted for publication)]
that were inserted into DNA and rFPV vectors. Thus, the
SAVINE concept potentially offers many of the advantages af-
forded by live, attenuated vaccines (expressing virtually all
HIV-1 or SIV proteins for T cell recognition) without the in-
herent safety risk.

Another aspect of HIV vaccines is their limited global reach.
Because of the enormous sequence diversity of HIV-1, vaccines
usually encode a representative subtype sequence, preferably a
strain with relatively high identity with current circulating
strains of at least one particular subtype.?’-23 However, the
cross-tecognition of vaccine-induced immunity may be limited
across divergent HIV-1 subtypes. Because the SAVINE vac-
cine is designed synthetically, a global consensus sequence,”
formulated by a hierarchical system that is based on the global
prevalence of HIV subtypes, can be used.

The immunogenicity of SAVINE DNA and rFPV combina-
tion vaccines has been demonstrated in murine studies.??? In
this report, the immunogenicity of whole-HIV-1 SAVINE DNA
and rFPV vaccines was tested for the first time in a nonhuman
primate model and compared with a more conventional HIV
DNA prime¢—rFPV vaccine combination that expressed only
Gag and Pol proteins.

MATERIALS AND METHODS

Vaccines

The SAVINE vaccines are described in greater detail else-
where.??* The starting HIV-1 sequence used for the SAVINE
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vaccine was a consensus sequence designed on the basis of a
biased ranking of subtype consensus sequences (A/E > C >
B > D > others).?»?* Subtype E and subtype A differ mainly
in their envelope sequences and so were considered virtually
equal in the ranking. Two isolate sequences were utilized, Gen-
Bank accession U51189 and U46016, respectively, where con-
sensus sequences were unavailable for some E and C subtype
HIV proteins. The hypervariable regions of the HIV envelope
protein were also excluded from the vaccine design because of
extreme sequence variability. A number of degeneracies were
also incorporated into the consensus sequence to cater to het-
erologous HIV viruses according to the following: (1) subtype
ranking, (2) no more than eight combinations possible in any
nine-amino acid stretch, and (3) their amino acid similarity. The
specific sequences used have been submitted to GenBank (ac-
cession numbers AY787839-AY787841).

Three HIV-1 SAVINE open reading frames (ORFs) were
constructed synthetically in a stepwise fashion. Twenty-two
subcassettes were constructed using 189 purified 100-mer
oligonucleotides covering all HIV-1 ORFs (Invitrogen, Carls-
bad. CA). Construction of each subcassette used multiple steps
of asymmetric polymerase chain reaction (PCR) extension of
each 90-bp (30-amino acid) segment to progressively add on
the long oligonucleotides.>> ORF1 and ORF2 sequences were
each separated into seven subcassettes of approximately 840 bp
each and ORF3 was separated into eight subcassettes, the last
subcassette being approximately 340 bp. Each of the 22 sub-
cassettes was constructed using in most cases 10 polyacryl-
amide gel (6% urea—TBE [Tris—borate-EDTA])-purified 100-
mer oligonucleotides and 2 short 20-mer oligonucleotides
(Invitrogen). Construction of each subcassette was begun at
both ends simultancously, using multiple steps of asymmetric
PCR extension to progressively add on the long oligonu-
cleotides, and standard PCR, reagents and conditions. The two
halves of cach subcassette were then joined using standard
splicing by overlap extension, using both short primers and stan-
dard PCR reagents and conditions. Each subcassette fragment
was digested with BamHI and EcoRI restriction enzymes and
ligated into the general cloning plasmid pBluescript I KS™ cut
with the same enzymes (Stratagene, La Jolla, CA) and checked
by sequencing. Because of the degenerate design of the HIV-1
SAVINE we selected at least two clones for each subcassette
in order to subsequently make a second version of the HIV-1
SAVINE. The appropriate subcassettes were joined again in
multiple steps of restriction enzyme digestion, ligation, and
PCR amplification, using Elongase (Invitrogen). To facilitate
subcassette joining each subcassette had one of the following
cohesive restriction enzymes sites at each end, Spel, Avrll,
Nhel, or Xbal, in such an arrangement that when joined to an-
other subcassette alternative sites remained at the ends to allow
for the next joining step. For example, the subcassettes in ORF1
(SC1-SC7) were flanked with the following restriction enzyme

. sites: -SC1-Spel, Xbal-SC2-Nhel, Spel-SC3-Avrll, Nhel-SC4-

Xbul, Spel-SC5-Avrll, Nhel-SC6-Xbal, Nhel-SCT, respectively.
Once each full-length ORF fragment was obtained it was di-
gested with restriction enzymes BamHI and EcoRI and ligated
into pBluescript Il KS™ cut with the same enzymes (Stratagene)
and checked again by sequencing. Each ORF was then sub-
cloned into the plasmids pHIS-64 (using enzymes Xbal and
Xhol or Xbal and Sall where appropriate) and pAF09%° (using




294

enzymes BamHI and Salll). The DNA vaccine plasmid
pHIS-64 (H. Davis, Coley Pharmaceutical Canada, Ottawa, ON,
Canada) carries kanamycin selection, a cytomegalovirus (CMV)
promoter, the bovine growth hormone poly(A) signal and 14
primate-optimized CpG immunostimulatory sequences.?” The
pAF09-derived plasmids were used to generate rFPV by marker
rescue recombination as described previously.?® The ability
of each final synthetic SAVINE ORF to be expressed was
demonstrated by subcloning each separately in frame with
the enhanced green fluorescent protein (EGFP). When each
SAVINE-EGFP plasmid was transfected into 293 cells fluo-
rescence was detected in each case (data not shown; and Thom-
son et al.???).

The B-subtype DNA (pHIS-H1V-B) and rFPV (tFPV-HIV-
B) vaccines are described elsewhere.?” Briefly, the DNA vac-
cine (pHIS-HIV-B) contained approximately 65% of the B sub-
type pNL(ADS) provirus, with sequence expressing modified
Gag, medified RT, protease, Rev, Tat, Vpu, truncated Nef (ex-
pressing the first 31 amino acids only), and truncated Env (ex-
pressing the first 275 amino acids only). This modified HIV-1
genome was inserted into the plasmid DNA vaccine vector
pHIS-64. rFPV-HIV-B expressed only the Gag and Pol (RT
protease) regions of pNL(ADS).?’

Animals

Twenty-one pigtail macaques (Macaca nemestrina) were ob-
tained and held at the simian retrovirus (SRV)-free captive
breeding facilities of the Primate Research Center at Bogor
Agricultural University (Bogor, Indonesia). Offspring from this
breeding colony were rescreened for the presence of SRV by
PCR enzyme immunoassay (EIA), and Western blot assay. Only
confirmed-negative animals were used in the study. Animals
were randomly assigned into three groups of seven animals.
The macaques received three DNA vaccinations (SAVINE vac-
cine for group A, and B-subtype DNA vaccine for group B) at
weeks 0, 4, and 8, and were boosted with rtFPV-SAVINE vac-
cine (group A) or the rFPV-HIV-B vaccine (group B) twice at
weeks 12 and 16. Group C received the empty DNA and FPV
vectors at the same time points. At the completion of the stan-
dard vaccination protocol, a cross-over design was studied
whereby the SAVINE-immunized animals received the rFPV-
HIV-B standard vaccine and the B subtype-immunized animals
received the rFPV-SAVINE at week 20 (Table 1). All experi-
ments were performed at the Primate Research Center in Bo-
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gor in accordance with the Guide for the Care and Use of Lab-
oratory Animals issued by the Institute of Laboratory Animal
Resources (ILAR), and were approved by the Animal Care and
Use Committee of the Primate Research Center, Bogor Agri-
cultural University.

Antigens

Peptides used in the study for restimulation of peripheral
blood mononuclear cells (PBMCs) from immunized animals
were obtained through the NIH AIDS Research and Reference
Reagent Program, (Division of AIDS, NIAID, NIH, Bethesda,
MD) (15-mer sets of HIV subtype B consensus Gag, Pol, Rev,
Tat, Vpu, Vif, Nef, Vpr, HIV-1 subtypes A and C consensus
Gag, and HIV-1yn Env). All peptides were dissolved in di-
methyl suifoxide (DMSO) at high concentration (>200 ug/ml
per peptide) and used in culture at 1 pg/ml per peptide. Rev,
Tat, and Vpu were combined into a single pool, as were Vif,
Nef, and Vpr peptides. Aldrithiol-2-inactivated whole HIV-1yn
particles and equivalent amounts of control microvesicles were
kindly provided by J. Lifson (A1DS Vaccine Program, National
Cancer Institute, Bethesda, MD) and used at a final concentra-
tion of 5 ug/ml. Staphylococcal B enterotoxin (SEB; Sigma,
St. Louis, MO) was used as a positive control superantigen at
10 pg/ml (intracellular cytokine staining), 10 mg/ml (ELISpod).

ELISpot assay for IFN-y-producing lymphocytes

Fresh PBMCs from multiple time points were stimulated
with sets of peptide pools of Gag, Pol, Env, Rev/Tat/Vpu, and
Vif/Nef/Vpr as well as whole intact inactivated HIV-1 and SEB
proteins as controls. The samples were assayed with a monkey
interferon y (IFN-v) enzyme-linked immunospot (ELISpot) kit
(U-CyTech, Utrecht, The Netherlands) according to the manu-
facturer's instruction manual and as described elsewhere.?”-28
Briefly, PBMCs were stimulated with pools of overlapping 15~
mer HIV-1 peptides or whole inactivated HIV-1 for 18 br,
washed, and then transferred to anti-IFN-y monoclonal anti-
body-coated plates and incubated for 5 hr. Cells were ysed and
wells were incubated with biotinylated anti-IFN-y polycional
rabbit antibody for 1 hr, followed by incubation with a gold-
labeled anti-biotin IgG antibody for 1 hr. IFN-vy spots were de-
veloped, shipped to Australia for counting on an automated
reader (AID, Strassberg, Germany), and results were normal-
ized to antigen-specific IFN-y-secreting precursor frequency
per 10° PBMCs.

TABLE 1. VACCINE REGIMEN
No. of Immunization time point (week)

Vaccine animals/
regimen group 0 4 8 12 16 20 (cross-over)?
SAVINE 7 DNA DNA DNA FPV FPV FPV

(SAVINE) (SAVINE) (SAVINE) (SAVINE) (SAVINE) (HIV-B)
HIV-B 7 DNA DNA DNA FPV FPV FPV

(HIV-B) (HIV-B) (HIV-B) (HIV-B) (HIV-B) (SAVINE)
Control 7 Control® Control Control Control Control Control

2SAVINE and HIV-B FPV vaccines were administered to HIV-B and SAVINE groups, respectively, at week 20.

bControl vaccines consisted of empty DNA and FPV vectors.
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Intracellular cytokine staining

Induction of HIV-specific intracellular IFN-y expression in
CD4™" and CD8" lymphocytes was assessed by flow cytome-
try as previously described.?”?8 Briefly, 200 ut of whole blood
was incubated with peptide pools or control DMSO and the co-
stimulatory antibodies anti-CD49d and CD28 (BD Biosciences
Pharmingen, San Diego, CA) for 7 hr. Brefeldin A (10 pg/mi;
Sigma) was included during the last 5 hr of incubation. Anti-
CD4-PE and anti-CD8-PerCP (BD Biosciences Pharmingen)
were added to each well and incubated for 30 min. Red blood
cells were lysed (FACS lysing solution; BD Biosciences
Pharmingen) washed with phosphate-buffered saline (PBS) and
the remaining cells were permeabilized (Cytofix/Cytoperm; BD
Biosciences Pharmingen). Permeabilized cells were then incu-
bated with anti-IFN-y-FITC antibody (Mabtech, Stockholm,
Sweden) before paraformaldehyde fixation. Fixed cells were
frozen at —70°C and shipped on dry ice to the University of
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Melbourne (Parkville, VIC, Australia) for acquisition (FAC-
Scan; BD Biosciences Immunocytometry Systems, San Jose,
CA). The percentage of antigen-specific gated lymphocytes ex-
pressing IFN-y was assessed for both CD4% and CD8* lym-
phocytes.

p24 Gag antibody EIA

p24 protein of HIV-1 virus was obtained from Protein Sci-
ences (Meriden, CT). Briefly, 96-well Nunc immunoplates
(NUNC; Nalge Nunc International, Roskilde, Denmark) were
coated with 50 ul of p24 protein at 2 ug/ml in borate buffer
(pH 9.6). Plasma samples from each animal from multiple time
points were incubated in the wells for 1 hr at 37°C. Horserad-
ish peroxidase-conjugated anti-monkey IgG (Sigma) was then
incubated for 1 hr and 30 min at 37°C. Tetramethyl benzidine
(TMB) substrate (Sigma) was added for 15 min at room tem-
perature for color development. The reaction was stopped by

-~ SAVINE
- HIV-B
~/x Control

14 16

*
FPV

8 10 12 18
AT F

DNA FPV

Weeks after 1t immunisation
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Pol 1
Pol 2

Con HIV
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FIG. 1. Subtype B Gag-specific cellular immune response by IFN-y ELISpot assay. (A) Time course of mean tesponses and
SE in groups of seven macaques immunized with HIV-B DNA and rFPV vaccines, SAVINE DNA and tFPV vaccines, and con-
tro] vaccines (empty DNA and FPV vectors). (B) Visual representation of responses to a panel of HIV-1 subtype B peptide anti-
gens and whole, inactivated HIV-1 in the ELISpot assay at week 13, when responses peaked. Antigens studied were Gag B (con-
sensus B HIV-1 Gag 15-mer peptide pool), Pol 1 and 2 (peptide pools comprising the first and second half of HIV-1 consensus
B Pol), Env (Env MN peptide pool), RTV (a pool comprising consensus B Rev, Tat, and Vpu peptides), VNV (pooled consen-
sus B Vif, Nef, and Vpr peptides), WI HIV (adrithiol-2-inactivated HIV particles and its control antigen, Con HIV), and the mi-
togen SEB (Staphylococcus enterotoxin B). SFC, spot-forming cells.
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adding 2 M H,SO4 and optical density was measured at 450 A

nm with an enzyme-linked immunosorbent assay (ELISA)
reader.

RESULTS

T cell immunity by IFN-y ELISpot

To assess T cell immunity induced by the vaccines, HIV-
specific IFN-y-expressing T cells were quantitated at multiple
time points by ELISpot in all 21 animals, using pools of 15-
mer peptides spanning the Gag and Pol proteins from HIV-1 B
consensus subtype, Env proteins from HIV-1yn, Rev/Tat/Vpu
and Vit/Nef/Vpr pooled peptides from HIV-1 consensus B sub-
type, and whole intact inactivated HIV-1 virions. The animals
in the group receiving HIV-B subtype DNA and rFPV vaccines
showed a dramatic elevation in the number of Gag and whole
inactivated HIV-specific T cells at week 13, 1 week after the
first rFPV boosting immunization (Fig. 1A and B). This spe-
cific T cell imnwnity, however, was directed only against Gag
proteins of HIV-1, with no responses to Pol, Env, or regulatory
proteins (Fig. 1B). This is consistent with only Gag and Pol be-
ing shared by the DNA and rFPV vaccines, and Pol being ex-
pressed at much lower levels than Gag.?” There was no further
elevation of IFN-y-producing lymphocytes after the second
boost of rFPV at week 16, likely reflecting anti-vector immu-
nity to the FPV.

In general, there was no significant induction of T cell im-
mupity among animals in the group receiving SAVINE DNA
and rFPV vaccine regimen (Fig. 1A). One SAVINE-immunized
animal (5721), however, showed low-level but broad induction
of T cell immunity to Gag, the second half of Pol (Pol-2), and
pooled Vif/Nef/Vpr proteins, as well as whole inactivated HIV-
1, likely reflecting the recognition of Gag epitopes (Fig. 1B).
No control animals had HIV-specific immunity present to HIV-
1 peptides and whole inactivated HIV-1.
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FIG. 2. Cross-subtype T cell responses. Vaccine-induced
cross-subtype responses. Mean (+SE) group T cell responses by
IFN-y ELISpot to consensus Gag peptide pools from subtypes
A, B, and C at the peak of the immune response at week 13.
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FIG. 3. HIV-specific CD4" and CD8*' T cell immunity by
intraceilular cytokine staining (ICS). Flow cytometric analy-
sis of whole blood intracellular IFN-vy staining 2 weeks after
the first rfFPV booster (week 14). Group mean and SE from
seven macaques for (A) HI1V-specific CD4* lymphocytes and
(B) HIV-specific CD8* lymphocytes expressing intracellular
IFN-vy in response to, HIV peptide restimulation. Antigens:
HIV-1 Consensus subtype B peptide pools for Gag (Gag B),
first and second half of Pol (Pol 1 and Pol 2, respectively),
Rev/Tat/Vpu (RTV), Vif/Net/Vpr (VNV), and HIV-1 MN Env

(Env).

Cross-subtype immune responses

To assess the capacity of the vaccines to induce immunity
to various HIV-1 subtypes, PBMCs were evaluated for the spe-
cific production of IFN-y by ELISpot to overlapping Gag pep-
tides derived from consensus sequences of subtypes A, B, and
C (Fig. 2). The HIV-B DNA and rFPV vaccine combination,
expressing HIV-1 sequences from strain NL4.3 (a subtype B
strain), induced strong responses to consensus Gag B peptide
sequences as well as to consensus Gag A and C peptides in all
animals. Subtype A Gag responses were 82% and subtype C
Gag responses were 75% the magnitude of the response to the
more closely related consensus B Gag pool. The potential for
induction of cross-subtype immunity could not be examined for
the SAVINE vaccines because the induced responses were low.
The one SAVINE-immunized animal that did respond weakly
to HIV-1 Gag (5721, shown in Fig. 1B), however, also had sig-
nificant recognition of HIV-1 subtype B, A, and C Gag (data
not shown). :
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CD4* and CD8™ T cell immunity by intracellular
cytokine staining

To confirm the ELISpot data on the T cell immunogenicity of
the vaccines and to phenotype the responding T cells, intracellu-
lar cytokine staining was also performed at week 14, 2 weeks af-
ter the first rFPV boost. Previous observations showed that the
maximal induction of T cell immunity occurs 1 to 3 weeks afler
the first booster vaccine.?®2 A mean of 0.3% of all CD4* tym-
phocytes and 0.1% of all CD8™ lymphocytes were specific for
HIV-1 Gag in animals that received thc B-subtype vaccine regi-
men (Fig. 3A and B). These data correlate with the high level of
Gag-specific T cell immunity detected by ELISpot. No signifi-
cant CD4* or CD8% T cell responses were detecied in the
SAVINE-immunized or control apimals. No significant responses
to other HIV-1 proteins (Pol, Env, and pools of regulatory pro-
tein peptides) were detected in either CD8* or CD4* lympho-
cytes from any of the immunized animals (Fig. 3B).

HIV-1 Gag p24-specific antibody detection

Although most prime~boost vaccine regimens target the in-
duction of T cell immunity, humoral immunity was also as-
sessed by the detection of antibodies to p24 protein of HIV-1
Gag, the most immunogenic of the HIV proteins in the H{V-
B-immunized animals. The antibody capture ELISA showed an
increase in p24 antibodies in animals immunized with B-sub-
type vaccines, as shown by the optical density reading 2 weeks
after the second boost of tFPV-HIV-B (Fig. 4). As expected,
animals in the SAVINE and control groups did not show sig-
nificant antibody responses. The priming immunization with the
DNA vaccines expressing cither SAVINE or HIV-B antigens
did not induce humoral immunity in the animals.

Effect of rFPV vaccine on total lymphocyte numbers

After administration of the first rFPV vaccine at week 12,
we detected a dramatic 4-fold increase in PBMC recovery 1

0.6 1 -3 SAVINE
054 * HIV-B
—— Control

0.4

0.3 -

0.2 1

EIA optical density at 450nm

10 12 14 16 18

T

8
Di\A FPV - FPV
Weeks after 15t immunization

FIG. 4. p24 antibody responses. Plasma samples from five
time points that cover the priming DNA and boosting tFPV im-
munizations were assayed for the presence of antibodies to p24
protein of Gag. Antibody responses were detected 2 weeks af-
ter the second rFPV booster in samples from the group receiv-
ing the B-subtype vaccine regimens, but not in animals from
the group receiving SAVINE regimens.
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FIG. 5, FPV immunization on PBMC yield. Tnfluence of
tFPV vaccination on PBMCs recovered from 9 ml of hep-
arinized blood. Results are expressed as the fold increase in
PBMC number 1 week after vaccination over the number of
PBMCs isolated at the time of vaccination.

week later (Fig. 5). This effect was common to all three vac-
cine groups (receiving recombinant or nonrecombinant FPVs)
and therefore not related to the vaccine inserts. This phenome-
non was transient and numbers of PBMCs purified from blood
returned to baseline levels 3 weeks later, before administration
of a second rFPV booster vaccine. No such phenomenon was
observed after each of the DNA vaccinations (data not shown).
The sharp increase in PBMC yield coincided with the peak im-
mune response (Fig. 1). However, a similar effect on PBMC
numbers was not observed after a second rFPV booster vacci-
nation, with only a small inkrease in cell number (Fig. 5). This
was associated with a negligible boost in HIV-specific T cell
immune response at the same time point (week 17; Fig. 1A).

Cross-over immunization

There was no significant HIV-specific immunity in the
SAVINE-vaccinated animals after three DNA primings and
two rFPV boostings. In an attempt to determine whether ei-
ther the SAVINE DNA or SAVINE 1FPV vaccine was pri-
marily responsible, we performed a cross-over immunization.
The SAVINE-vaccinated animals were vaccinated with rFPV-
HIV-B (to determine whether they had been primed effec-
tively by the SAVINE DNA) and the HIV-B DNA/tFPV-im-
munized animals were vaccinated with tFPV-SAVINE (to
determine whether rFPV-SAVINE could boost preprimed
HIV-specific cellular and humoral immunity). However, there
was no induction of T cell or humoral immunity in the
SAVINE-vaccinated animals 2 weeks after the (FPV-HIV-B
boost, and no boosting of HIV-specific immunity in the HIV-

" B-immunized animals occurred after the rFPV-SAVINE boost

(Fig. 6A and B).

DISCUSSION

This study characterized the safety and cellular and humoral
immunogenicity of DNA and fowlpox virus HIV-1 prime—boost
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FIG. 6. Cross-over immunization. Cellular and humoral im-
mune responses after cross-over immunization. The SAVINE-
and HIV-B-immunized macaques were twice given a final im-
munization with rFPV-HIV-B and rFPV-HIV-SAVINE, respec-
- tively, at week 20 and (A) IFN-y ELISpot responses to HIV-1
B subtype peptides and (B) p24 antibody responses were stud-
ied 2 weeks later. SFC, spot-forming cells.

regimens in macaques, using a standard whole gene vaccine ap-
proach, and a novel scrambled antigen vaccine approach with
the potential to induce immune responses across all HIV-1 pro-
teins. DNA and viral vector prime—boost vaccine regimens have
shown great promise for the induction of high levels of T cell
immunity, but have to date, for safety and technical reasons,
primarily expressed a limited number of shared HIV or SIV
proteins (up to three).!1:142%

The standard whole gene DNA/rFPV prime-boost approach
(HIV-B) expressing shared Gag and Pol antigens induced high-
level T cell immunity by ELISpot to Gag antigens. There was
encouraging (75-82%) cross-reactivity to nonsubtype B HIV-
1 strain A and C gag peptides, similar to previous studies in
HiV-infected subjects.3® Both CD4* and CD8" T cell immu-
nity was detected to Gag by ICS in the standard HIV-B-im-
munized animals, with greater proportions of HIV-specific T
cells in the CD47 lymphocyte compartment. Although both
CD4* and CD8™ T cell immunity to HIV is likely to be help-
ful in controlling HIV, the destruction of HIV-specific CD4*
T cells in HIV-1 infection of humans is recognized as a criti-
cal defect and vaccine-induced CD4* T cell immunity may be
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crucial in generating effective immunity.®?3! The T cell im-
munity induced was limited to Gag antigens, presumably re-
flecting the low levels of Pol antigens expressed, by an infre-
quent frameshift read-through in the Gag—Pol overlap, from
these vaccines (our unpublished data). Additional studies with
one or more rFPVs expressing multiple HIV-1 proteins are cur-
rently underway.

Anti-Gag antibodies were also readily detected after 1FPV
boosting in the HIV-B whole gene regimen, although, interest-
ingly, this was primarily detected after the second (rather than
the first) rFPV booster. The T cell immunity induced by the
DNA/FPV was, however, difficult to boost further by addi-
tional rFPV vaccinations, presumably reflecting immunity
against the FPV vector. We have previously shown that strong
antibody responses are induced to FPV after one or more tFPV
immunizations.?” Interestingly, we observed a marked en-
hancement of PBMC numbers (reflective of high lymphocyte
counts) 1 week afler the first rFFPV boost, equal across all three
groups, and presumably stimulated by the FPV vector. This im-
mune-stimulating capacity may, as an adjuvant effect. have as-
sisted in the production of high levels of HIV-specific immu-
nity. We have subsequently confirmed this effect of increased
total lymphocyte counts in other tFPV vaccine studies in ma-
caques (our unpublished data). This boost in lymphocyte num-
bers was not observed after the second rFPV boost, again pre-
sumably reflecting significant antivector immunity. If
continuous high levels of effector immunity are required for
protection from HIV-1 in humans, the inability to repeatedly
boost immune responses with rFPV vaccines may limit their
Jong-term utility, as with other live vector approaches. ™

Although safe in macaques, the novel SAVINE approach in-
duced only low-level T cell immunity by ELISpot in only one
of the seven immunized animals, although reactivity across
multiple HIV-1 antigens 'was detected in this one responding
animal. Our previous murine data had showed promising im-
munogenicity of SAVINE DNA and FPV regimens (our un-
published data) and it was not clear why these regimens failed
to induce similar immunity in macaques, although translation
of promising murine results to outbred nonhuman primates can
be difficult.2® In an effort to elucidate whether the DNA or
tFPV-SAVINE vaccines were responsible for the lack of im-
munogenicity of this prime-boost combination, we performed
a cross-over immunization experiment; however, this also did
not result in boosted immunity. In retrospect, however, anti-
FPV immunity is likely to have limited this response.

The limited response generated by the SAVINE vaccine
compared with the whole gene approach may be linked to the
key differences between these approaches. The whole gene vac-
cine used here expressed Gag and Pol proteins that are likely
to be relatively stable for a period of time and produce pseudovi-
ral particles that can escape the cell. The longer, unstructured
synthetic scrambled SAVINE vaccine polypeptides are likely
to be relatively short lived within the cells in which they are
expressed. The poorer stability and increased containment at
the site of immunization therefore may affect the SAVINE strat-
egy to a greater extent than the whole gene vaccine strategy it
a suboptimal vector is used. In support of this interpretation we
have subsequently observed that priming mice with a recombi-
nant vaccinia viras expressing HIV SAVINE inserts instead of
a DNA vaccine and then boosting with rFPV significantly in-
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creases the strength of the HIV T cell immunity (our unpub-
lished data). Additional macaque experiments utilizing a vac-
cinia and FPV prime-boost regimen are now planned to con-
firm these data in nonhuman primates.

In summary, we demonstrated high levels of cross-subtype
HIV-specific T cell immunity in macaques primed with whole
gene Gag-expressing DNA and rFPV vaccines. It was, how-
ever, difficult to repeatedly boost immunity with further rFPV
immunizations. Although this study did not consistently
achieve a broadened level of T cell immunity to multiple HIV
genes utilizing a novel whole virus scrambled antigen
SAVINE approach, additional experiments are planned with
alternative vector strategies to further evaluate the potential
of this technology.

ACKNOWLEDGMENTS

We thank Dr. Dondin Sajuthi (Bogor Agricultural Univer-
sity, Bogor, Indonesia) and Drs. Agus Sjachrurachman and Fera
Toralim (University of Indonesia, Jakarta, Indonesia) for help-
ful support and serving as advisors for I.P.’s graduate study at
the Graduate Program of Biomedics (Faculty of Medicine, Uni-
versity of Indonesia, Jakarta, Indonesia). Drs David Boyle and
Barbara Coupar (CSIRO Livestock Industries, Geelong, Aus-
tralia) kindly provided some of the FPV vectors. Dr. . Nengah
Budiarsa and staff provided expert veterinary care. Supported
by. Australian NHMRC grants 299907, 251653, 251654,
224278, the Australian Centre for Hepatitis and HIV Virology,
and NIH/NIAID award NO1-AJ05395.

REFERENCES

. Richman DD, Wrin T, Little SJ, and Petropoulos CJ: Rapid evo-
lution of the neutralizing antibody response to HIV type 1 infec-
tion. Proc Natl Acad Sci USA 2003;100:4144-4149.

2. Wei X, Decker JM, Wang S, et al.: Antibody neutralization and
escape by HIV-1. Nature 2003;422:307-312.

3. Borrow P, Lewicki H, Wei X, er al.: Antiviral pressure exerted by
HIV-1-specific CTLs during primary infection demonstrated by
rapid selection of CTL escape virus. Nat Med 1997;3:205-211.

4. Moore CB, John M, James IR, Christiansen FT, Witt CS, and Mal-
lal SA: Evidence of HIV-1 adaptation to HLA-restricted immune
responses at a population level. Science 2002;296:1439-1443.

5. Levy DN, Aldrovandi GM, Kutsch O, and Shaw GM: Dynamics
of HIV-1 recombination in its natural target cells. Proc Natl Acad
Sci USA 2004:101:4204-4209.

6. Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM, and
Markowitz M: Rapid turnover of plasma virions and CD4 lym-
phocytes in HIV-1 infection. Nature 1995;373:123-126.

7. Nabel GJ. Challenges and opportunities for development of an
AIDS vaccine, Nature 2001;410:1002-1007.

8. Rosenberg ES, Billingsley JM, Caliendo AM, et al.: Vigorous HIV- -

I-specific CD4™ T cell responses associated with control of
viremia. Science 1997:278:1447-1450.

9. Rosenberg ES, Altfeld M, Poon SH, et al.: Immune control of HIV-
1 after early treatment of acute infection. Nature 2000;407:
523-526.

10. Kent SJ, Zhao A, Best S, Chandler JD, Boyle DB, and Ramshaw
IA: Enhanced T cell immunogenicity and protective efficacy from
a HIV-1 vaccine regimen consisting of consecutive priming with

299

DNA and boosting with recombinant fowlpoxvirus. J Virol
1998;72:10180-10188.

11. Amara RR, Villinger F, Altman JD, et al.: Control of a mucosal
challenge and prevention of AIDS by a multiprotein DNA/MVA
vaccine. Science 2001;292:69-74.

12. Hanke T, Samuel RV, Blanchard TJ, et al.: Effective induction of
simian immunodeficiency virus-specific cytotoxic T lymphocytes
in macaques by using a multiepitope gene and DNA prime-modi-
fied vaccinia virus Ankara boost vaccination regimen. J Virol
1999,73:7524-7532.

13. Allen T™, Vogel TU, Fuller DH, ef al.: Induction of AIDS virus-
specific CTL activity in fresh, unstimulated peripheral blood lym-
phocytes from rhesus macaques vaccinated with a DNA prime/
moditied vaccinia virus Ankara boost regimen. J Immunol 2000;
164:4568—4978.

14, Shiver JW, Fu T-M, Chen L, et al.: Replication-incompetent ade-
noviral vaccine vector elicits effective anti-immunodeficiency-
virus immunity. Nature 2002;415:331-335.

15. Daniel MD, Kirchhoff F, Czajak SC, Sehgal PK, and Desrosiers
RC: Protective effects of a live attenuated STV vaccine with a dele-~
tion in the nef gene. Science 1992;258:1938--1941.

16. Gauduin MC, Glickman RL, Ahmad S, Yilma T, and Johnson RP:
Immunization with live attenuated simian immuncdeficiency virus
induces strong type | T helper responses and S-chemokine pro-
duction. Proc Natl Acad Sci USA 1999:96:14031-14036.

17. Baba TW, Jeong YS, Pennick D, Bronson R, Greene MF, and
Ruprecht RM: Pathogenicity of live, attenuated SIV after mucosal
infection of neonatal macaques. Science 1995;267:1820~1825.

18. Kent SJ, Dale CJ, Preiss S, Mills J, Campagna D, and Purcell DJF:
Vaccination with attenuated simian immunodeficiency virus by
DNA inoculation. ¥ Virol 2001;75:11930-11934.

19. Barouch DH, Santra S, Schmitz JE, e¢r al.: Control of viremia and
prevention of clinical AIDS in rhesus monkeys by cytokine-aug-
mented DNA vaccination. Science 2000;290:486-492,

20. Kent SJ, Greenberg PD, Hoffman MC, Akridge RE, and McElrath
MI: Antagonism of vaccine-induced HYV-1-specific CD4™* T cells
by primary HIV-1 infection: potential mechanism of vaccine fail-
ure. J Immunol 1997;158:807--815.

21. Barouch DH, Kunstman J, Kuroda MJ, et al.: Eventual AIDS vac-
cine failure in a rhesus monkey by viral escape from cytotoxic T

_lymphocytes. Nature 2002;415:335-339.

22. Allen TM, O’Connor DH, Jing P, et al.: Tat-specific cytotoxic T
lymphocytes select for SIV escape variants during resolution of
primary viraemia. Nature 2000;407:386-390.

23. Gaschen B, Taylor J, Yusim K, ef al.: Diversity considerations in
HIV-1 vaccine selection. Science 2002;296:2354-2360.

24. Korber B and Myers G: Los Alamos HIV Sequence Database, Los
Alamos National Laboratory, Los Alamos, NM, 2002. Available
at URL http://hiv-web.lanl.gov/content/hiv-db/mainpage.html.

25. Sandhu GS, Aleff RA, and Kline BC: Dual asymmetric PCR:
One-step construction of synthetic genes. Biotechniques 1992;12:
14-16.

26. Heine H and Boyle D: Infectious bursal disease virus structural
protein VP2 expressed by a fowlpox virus recombinant confers pro-
tection against disease in chickens. Arch Virol 1993;131:277-292.

27. Dale CJ, De Rose R, Wilson K, er al.: Evaluation in macaques of
HIV-1 DNA vaccines containing primate CpG motifs and fowl
poxvirus vaccines co-expressing IFNy or IL-{2. Vaccine 2004:;23:
188-197.

28. Dale CJ, Liu XS, De Rose R, et al.: Chimeric human papitloma
virus-simian/human immunodeficiency virus virus-like-particle
vaccines: Immunogenicity and protective efficacy in macaques. Vi-
rology 2002;301:176-187.

28a. Dale CJ, De Rose R, Stratov I, et al.: Efficacy of DNA and
fowlpox virus priming/boosting vaccines for simian/human immu-
nodeficiency virus. J Virol 2004;78:13819-13828:

a7 Loann womtiabet o ol Sl




30.

31.

32.

. Amara RR, Smith JM, Staprans SI, er al.: Critical role for Env as

well as Gag—Pol in control of a simian-human immunodeficiency
virus 89.6P challenge by a DNA prime/recombinant modified vac-
cinia virus Ankara vaccine. J Virol 2002;76:6138-6146.

Lynch JA, deSouza M, Robb MD, et al.: Cross-clade cytotoxic T
cell response to human immunodeficiency virus type 1 proteins
among HLA disparate North Americans and Thais. J Infect Dis
1998;178:1040-1046.

Closter SE, Newton P, Cornfoith D, er al.: Association of strong
viras-specific CD4 T cell responses with efficient natural control
of primary HIV-1 infection. AIDS 2004,18:749-755.

Barouch DH, Pau MG. Custers JH, er al.: Immunogenicity

PAMUNGKAS ET AL.

of recombinant adenovirus serotype 35 vaccine in the presence
of per-existing anti-Ad3 immunity. J Immunol 2004;172:6290—
6297.

Address reprint requests to:

Stephen J. Kent

Department of Microbiology and Immunology
University of Melbourne

Parkville, Victoria, Australia

E-mail: skent@unimelb.edu.au






