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Determining which antigen must be included in AIDS vaccines to confer maximum protection is of utmost
importance. In primate models, vaccines consisting of or including accessory viral proteins have yielded
conflicting results. We investigated the protective potential of the accessory protein ORF-A of feline immuno-
deficiency virus (FIV) in cats. All three immunization strategies used (protein alone in alum adjuvant, DNA
alone, or DNA prime-protein boost) clearly generated detectable immune responses. Upon challenge with ex
vivo homologous FIV, ORF-A-immunized cats showed distinct enhancement of acute-phase infection relative
to mock-immunized animals given alum or empty vector DNA. This effect was tentatively attributed to
increased expression of the FIV receptor CD134 that was observed in the immunized cats. However, at
subsequent sampling points that were continued for up to 10 months postchallenge, the average plasma viral
loads of the ORF-A-immunized animals were slightly but consistently reduced relative to those of the control
animals. In addition, CD4™ T lymphocytes in the circulation system declined more slowly in immunized
animals than in control animals. These findings support the contention that immunization with lentiviral
accessory proteins can improve the host’s ability to control virus replication and slow down disease progression
but also draw attention to the fact that even simple immunogens that eventually contribute to protective

activity can transiently exacerbate subsequent lentiviral infections.

Failure to develop efficacious AIDS vaccines based on the
major structural components Env and Gag of human immu-
nodeficiency virus type 1 (HIV-1) has prompted investigation
of a variety of unprecedented strategies, including the use of
the small regulatory proteins of the virus as immunogens. Al-
though several such proteins are targeted by immune re-
sponses during natural HIV-1 infection (51), the latter efforts
have mainly focused on the accessory protein Tat, which has a
number of attractive properties under this respect (reviewed in
references 6 and 45). These efforts, however, have generated
conflicting findings. Indeed, in Tat-vaccinated nonhuman pri-
mates, some groups have observed substantial levels of protec-
tion and proposed that native or inactivated Tat should be
included in future multicomponent HIV-1 vaccines (5, 11, 18,
20, 21, 34, 35), while others have failed to demonstrate appre-
ciable beneficial effects (1, 28, 32, 45).

Among the models being used in the struggle to conceive
and validate rational approaches to AIDS immune prophylaxis
(14), feline immunodeficiency virus (FIV) is of particular in-
terest because it circulates widely among domestic cats, where
it sustains infections and produces pathological effects similar
to HIV-1 in humans, thus allowing for vaccine trials in the field
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as well as in the laboratory (4). FIV lacks a fat gene and its
corresponding transactivation response element. It does, how-
ever, code for an accessory 77- or 78-amino-acid (aa) protein
designated ORF-A or ORF-2, which was initially considered
Tat-like because of its ability to transactivate viral transcription
at low levels but was subsequently shown to share several
properties with HIV-1 Vpr, including nuclear localization and
induction of G, cell cycle arrest (16). Importantly, deletion of
the ORF-A gene results in the production of viruses impaired
for replication in lymphocytes and with reduced virulence.
These characteristics provide ORF-A-deleted constructs with
appropriate prerequisites for vaccine candidates (15, 36, 38).
On the basis of these premises and the hypothesis that a
tailored immune response against the ORF-A protein would
impact replication of wild-type (wt) virus, we evaluated the
potential of this protein as a protective immunogen by immu-
nizing cats with recombinant protein in alum or with DNA
alone or by a DNA prime-protein boost protocol. All of the
immunized animals produced various levels of anti-ORF-A
antibodies, and most also generated transiently measurable
ORF-A-specific T-cell responses. Upon challenge with a mod-
erate dose of ex vivo homologous FIV, the ORF-A-immunized
animals showed an enhancement of acute-phase infection rel-
ative to controls who had received parallel courses of alum
adjuvant alone or empty vector DNA. Despite this initial par-
adoxical effect, the ORF-A-immunized animals exhibited re-
duced average post-acute-phase plasma FIV loads and slower
decline of circulating CD4" T lymphocytes than the control
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TABLE 1. Cat immunization protocols

Dose (mg) at wk:

Group aﬁ?r.nglfs Material used for immunization im?lﬁ?llogg;e ((r)rfg)
0 3 6 12 24
ORF-A-immunized groups
PA 5 Protein immunogen in alum” 60 20 10 10 10 10
DA 5 DNA immunogen” 1,050 300 150 150 150 300
DP 5 DNA immunogen 750 300 150 150 150
Protein immunogen in alum® 15 15
Mock-immunized groups
NC 5 PBS in alum? 0 0 0 0 0 0
DC 3 Empty vector DNA* 1,050 300 150 150 150 300

“ H-ORF-A was mixed 1:1 with alum (kindly provided by Fausto Titti, Istituto Superiore di Sanita, Rome, Italy), and the mixture was injected subcutaneously into

two sites in the animal back (500 pl/site).

> CMV-ORF was given at weeks 0, 6, and 24 and LTR-ORF was given at weeks 3 and 12. Each dose was administered in four injections into the tibial muscle of
both hind legs (200 pl/site). DNA inoculations were preceded by the injection of 300 pl of 10 pM cardiotoxin at the same sites 4 days earlier in an attempt to maximize

plasmid uptake.

¢ CMV-ORF was given at weeks 0 and 6 and LTR-ORF was given at weeks 3 and 12 and administered as described in footnote b. H-ORF-A was given at week 24

and administered as described in footnote a.
4 PBS mixed with alum and administered as described in footnote a.

¢ CMV plasmid was given at weeks 0, 6 and 24 and LTR plasmid was given at weeks 3 and 12 and administered described in footnote b.

animals did. Attempts to understand the reasons for the exac-
erbation of acute-phase infection observed following ORF-A
immunization are also described.

MATERIALS AND METHODS

Cloning of ORF-A into eukaryotic and prokaryotic expression vectors. Both
the DNA and protein ORF-A immunogens were obtained from p34TF10 (nu-
cleotides [nt] 5992 to 6228, referred to as the Petaluma strain of FIV [FIVpgr],
GenBank accession number NC_001482), after the stop codon at position 6120
had been replaced with Trp, the residue present at this position in wild-type FIV.
ORF-A was amplified by PCR using primers bearing appropriate restriction sites
and then inserted into vectors containing eukaryotic or prokaryotic expression
promoters.

With regard to the DNA immunogen, two versions were produced. The first,
designated CMV-ORF, was obtained by cloning ORF-A into the EcoRV/Xhol
site of pcDNA3 (Invitrogen, Milan, Italy) and placing it under the control of the
cytomegalovirus (CMV) promoter. The second, designated LTR-ORF, was gen-
erated from the previous one by replacing the CMV promoter with the FIV 5’
long terminal repeat (5'LTR) derived from p34TF10. In both, ORF-A transla-
tion was rendered Rev/Rev response element independent by introducing the
Mason-Pfizer monkey virus constitutive transporting element downstream of
ORF-A. Variants of these constructs were also produced which had the green
fluorescent protein (GFP; 239 aa, 27 kDa) gene downstream of and in frame with
ORF-A, so that the fused product ORF-A-GFP (318 aa, 36.5 kDa) could be used
to monitor expression in transfected cells by flow cytometry.

The ORF-A protein was produced with the pQE system (QIAGEN, Milan,
Italy). ORF-A was subcloned into a plasmid which encoded an Arg-Gly-Ser-
(six)His tag (six-His tag) at the amino terminus. ORF-A cloning was carried out
by PCR, using a sense primer having the BamHI restriction site and the ATG
start (Met codon) mutagenized to ACG (Thr codon), and an antisense primer
that contained the Sall restriction site downstream of the terminal stop codon.
Once cleaved with BamHI-Sall, the amplicon was inserted into the vector down-
stream of the six-His tag. The use of the BamHI site (GGATCC) also resulted
in the addition of Gly-Ser codons immediately in front of the six-His tag. The
six-His tag and the BamHI restriction site rendered the protein produced (H-
ORF-A) slightly larger (89 aa, 11.0 kDa) than the wt ORF-A. The pQE-H-
ORF-A vector was then inserted into the Escherichia coli M15 strain made
competent by the standard CaCl, protocol.

H-ORF-A induction, purification, and analysis. Transformed bacteria were
grown at 37°C in Luria-Bertani broth (LB) containing 100 wg/ml ampicillin
overnight with vigorous agitation. H-ORF-A expression was induced by adding 1
mM isopropyl-B-p-thiogalactopyranoside (IPTG) when the culture reached an
optical density at 660 nm (ODggy) of approximately 0.6 and extending the
incubation for an additional 16 h. Optimal incubation time was determined by
collecting at selected times aliquots that were stored at —80°C until tested.

H-ORF-A purification was carried out from IPTG-induced bacteria. Cell

pellets from 100-ml cultures were resuspended in 10 ml lysis buffer containing 8
M urea and 50 mM NaH,PO, (pH 8.0), sonicated with Sonifier B-12 (three
impulses of 10 seconds each, 60% maximum output; Branson Benchtop Ultra-
sonic Cleaners, Danbury, CT), and freeze-thawed three times. Ruptured cells
were then centrifuged at 10,000 X g for 30 min, and the cleared lysate was saved.
H-ORF-A was then purified by Ni-nitrilotriacetic acid (Ni-NTA) affinity chro-
matography using a gradient elution method. An HR 16/5 column (Amersham
Biosciences, Milan, Ttaly) was packed with 6 ml of ProBond resin (Invitrogen)
and equilibrated with two washes of water and three washes of denaturing
binding buffer (DBB) (pH 7.8) (8 M urea, 20 mM NaH,PO,, 500 mM NaCl). The
column was then loaded with the cleared lysate and gently agitated in the
horizontal position at room temperature (RT) for 1 h to maximize protein
binding. The column was washed with ice-cold increasingly acidic DBB (pH 7.8,
pH 6.0, and pH 5.4). Bound material was eluted with ice-cold DBB, pH 4.0, and
500-pl fractions were collected and dialyzed against 20 mM Tris-HCI, pH 7.4, at
4°C overnight.

The H-ORF-A-containing fractions were pooled, concentrated to 1 ml in a
SpeedVac (Savant, Ramsey, MN), loaded on a preparative 14% polyacrylamide
gel, and electroporated in a MiniPrep cell (Bio-Rad, Milan, Italy). Protein bands
were checked for purity and integrity by Coomassie blue. Protein concentration
was determined with Coomassie Plus (Pierce Biotechnology, Rockford, IL) using
the manufacturer’s protocol for standard (100 to 1,500 pg/ml) or micro (1 to 25
pg/ml) test tubes. Bovine serum albumin was used as a protein standard. West-
ern blot analysis of H-ORF-A was carried out with the anti-His monoclonal
antibody RGS-(His), (QIAGEN), followed by horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse immunoglobulin G (IgG) (anti-His; 1/1,000) serum
(Sigma).

Cell transfections. Expression of the ORF-A constructs was monitored in
Crandell feline kidney fibroblast (CrFK), Chinese hamster ovary epithelial
(CHO), and human epithelial 293T cell lines, transfected by a modified calcium
phosphate method. The numbers of GFP-positive cells were determined with a
FACScan flow cytometer and CELLQuest version 2 software (BD Biosciences,
Milan, Italy) at selected times posttransfection.

Animals, immunizations, and challenge. Twenty-three 6-month-old specific-
pathogen-free domestic female cats (IFFA Credo, Lyon, France) were assigned
to the five experimental groups in Table 1 at random. All were free from FIV and
feline leukemia virus antibodies at the commencement of the study. The animals
were housed individually in our climatized animal facility in accordance with
European Community guidelines, had ad libitum access to fresh water and a
proprietary brand of cat food, and were sedated with ketamine/diazepam intra-
muscularly prior to any procedure. Two weeks before initiation of the experi-
ment and prior to each immunizing dose, the animals were bled for routine
hematochemical analyses and circulating lymphocyte subset counts. The immu-
nizing protocols used are detailed in Table 1. No local reactions or adverse
clinical signs were observed during immunization. Animal challenge was carried
out intravenously with 1 ml of pooled plasma samples obtained from cats in-
fected with a strain of FIVp,, and diluted to contain 10 50% cat infectious doses
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(CIDs). The virus had previously been readapted to in vivo growth by several
consecutive passages in cats and, as a result, had reacquired virulence charac-
teristics typical of wt FIV (37).

ORF-A antibodies. Enzyme-linked immunoassay (ELISA) antibodies were
determined in microtiter plates (High Binding; Greiner, Lumezzane, Italy)
coated overnight at 4°C with H-ORF-A diluted 1:40 (10-p.g/ml final concentra-
tion) in coupling buffer (10 mM NaHCO3, 1 mM EGTA, pH 9.6). The wells were
washed three times with Tris-buffered saline with Tween 20 (TBST) (100 mM
NaCl, 50 mM Tris, 0.05% Tween 20, pH 7.6), and any unreacted sites were
blocked with TBST supplemented with 2% skim milk at RT for 1 h. Following
washing, 100 pl of cat plasma diluted 1:100 in TBST containing 20% normal goat
serum was added to the wells and incubated at RT for 2 h. Bound antibodies
were detected using a 1:8,000 dilution of biotinylated goat anti-cat IgG (Sigma),
followed by 1:4,000 streptavidin-HRP (ExtrAvidin-peroxidase conjugate; Sigma),
and developed with diaminobenzidine/peroxidase. The reaction was stopped with
50 wl of 4 M H,SO, per well, and the OD o5 of each well was measured using a
multiscan spectrophotometer (BEP processor II; Dade Behring, Milan, Italy).
Samples were scored positive whenever readouts were equal to or above the
cutoff value (OD of 0.156), set as five times the average OD values obtained from
a panel of 10 plasma samples from FIV-naive cats. To ascertain whether the
reactivity detected was directed against ORF-A or the six-His tag present in
H-ORF-A, an identical ELISA was run using six-His-tagged recombinant calf
type 2 5’-nucleotidase (kindly provided by Maria G. Tozzi, University of Pisa) as
the test antigen. Due to the lack of specific anti-ORF-A antibodies, the mono-
clonal antibody RGS-(His),, developed with anti-mouse IgG, served as a positive
control.

ORF-A-specific IFN-y-secreting T cells. Quantitation of ORF-A-specific
gamma interferon (IFN-y)-secreting T cells in Ficoll-Paque-purified peripheral
blood mononuclear cells (PBMC) was achieved by an enzyme-linked immuno-
spot (ELISPOT) assay using a pool of nine overlapping 15-mer peptides encom-
passing the entire sequence of the FIVpe ORF-A as the antigen (see Fig. 1).
The peptides had been synthesized by Espikem (Florence, Italy) with 9-fluo-
renylmethoxy carbonyl (fmoc) chemistry and were >95% pure. Multi-Screen
96-well filtration plates (Millipore, Milan, Italy) were coated with 1 pg of the
anti-feline IFN-y monoclonal antibody D9 (19) in 100 wl/well phosphate-buff-
ered saline (PBS) in a humidified atmosphere at 4°C overnight. The wells were
then washed four times with sterile PBS, and any unreacted sites were blocked
with 100 pl/well RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, 5 X 10~> M 2-mercaptoethanol, and 100 TU of
penicillin and 100 pg of streptomycin per ml (complete RPMI medium) at 37°C
for at least 1 h. The medium was then replaced with 100 wl of complete RPMI
medium containing known numbers (20,000 to 50,000 cells/well) of PBMC.
Finally, 100 pl of complete RPMI medium containing the peptide pool at a final
concentration of either 1 M or 5 wM or no peptides were added to these cells.
The test was performed in duplicate or triplicate, and the plates were incubated
overnight at 37°C in a humidified atmosphere with 5% CO,. The wells were then
washed four times with PBS containing 0.05% Tween 20 and further incubated
with an affinity-purified biotinylated polyclonal sheep anti-feline IFN-y antibody
at RT overnight. Unbound antibody was removed by four washes with PBS-
Tween 20, and bound antibody was visualized by the addition of 0.4 pg/ml
streptavidin-HRP (Vector Laboratories, Segrate, Italy) in PBS-Tween 20. After
a final washing, the assay was developed by the addition of 100 wl/well of
amino-9-ethylcarbazole chromogen (Vector Laboratories) according to the man-
ufacturer’s instructions, and the reaction was allowed to proceed at RT until
spots were visible to the naked eye. The plates were then washed in distilled
water and air dried, and the frequencies of ORF-A-specific IFN-y-secreting cells
were determined using a binocular dissecting microscope.

ORF-A-specific CTL. ORF-A-specific cytotoxic T-cell (CTL) activity of the
PBMC was measured using as the target autologous fibroblasts sensitized with
the same ORF-A peptide pool used in the ELISPOT assay. Skin fibroblasts,
obtained 1 to 2 months before initiation of the experiment, were labeled over-
night with >'Cr, washed, and then exposed to the peptide pool (5 uM or 1 pM)
at 37°C for 1 h. Similar cells incubated with peptide-free medium served as
negative controls. Microcytotoxicity assays were then performed in triplicate as
described previously (13) by adding appropriate numbers of PBMC to give
effector/target ratios of approximately 50:1, 25:1, and 12.5:1. >!Cr release in the
supernatants was measured after 4 h of incubation at 37°C in a humidified
atmosphere with 5% CO,.

Plasma viral load. Viral RNA extracted from plasma using the QIAamp viral
RNA kit (QIAGEN), was reverse transcribed and amplified by reverse transcrip-
tion TagMan PCR (TM-PCR). Reverse transcription and amplification condi-
tions, and evaluation of the sensitivity of the assay (200 copies/ml plasma) have
been previously described (36).

J. VIROL.

Proviral load in the PBMC. Genomic DNA was extracted from the PBMC
using the QTAamp DNA Blood Mini kit (QIAGEN). Proviral DNA was quan-
tified from 0.4 ug genomic DNA by TM-PCR under the same conditions used for
c¢DNA amplification except that the reaction mixture volume was 25 pl. The
sensitivity of the assay was 100 copies/ug genomic DNA (36).

Infectious units in the PBMC. PBMC (10°) were stimulated with concanavalin
A, serially 10-fold diluted, and cocultured with 10° MBM cells in RPMI 1640
medium containing 10% fetal bovine serum and 10 U/ml human recombinant
interleukin-2 (Roche Diagnostics, Monza, Italy). Culture supernatants were
monitored biweekly for p25 and reverse transcriptase production by ELISA for
up to 5 weeks as previously described (31).

FIV receptor and coreceptor expression in the PBMC. Total RNA from 2 X 10°
PBMC was extracted with the RNeasy Mini kit (QIAGEN), and the residual coex-
tracted genomic DNA was eliminated with RNase-free DNase set (QIAGEN). The
amount and purity of extracted RNA were evaluated by spectrophotometric
reading at 260 nm and agarose gel electrophoresis. Two micrograms of total
RNA was reverse transcribed into cDNA using 2.5 wM random examers (Roche
Diagnostic, Milan, Italy) and 6 U avian myeloblastosis virus reverse transcriptase
in a reaction mixture volume of 20 pl. Samples were incubated at 25°C for 10 min
(primer annealing), 42°C for 60 min (transcription), and 95°C for 5 min (enzyme
inactivation). Each cDNA was amplified for FIV receptor (CD134), coreceptor
(CXCR4), and housekeeping glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Primers and probes were as follows: f{CD134S (5'-CCGTGAACTA
CGAGCCTTGC-3'; nt 227 to 246; as referred to GenBank accession number
AB128982), CD134AS (5'-ATCTCTGCTTGGGCTCGCT-3'; nt 280 to 299),
CD134Pr (5'-CCCTGCACACAGTGCAACCAGAGAAGT-3'; nt 250 to 276);
CXCR4S (5'-TGCACCTATCTGTGGCAGACC-3"; nt 319 to 339; U63558),
CXCRA4AS (5'-ACCAGTTTGCCACAGCATCA-3'; nt 369 to 393), CXCR4Pr
(5'-CCTCTTTGTCCTCACACTTCCCTTCTGGG-3'; nt 341 to 369); GAPDHS
(5'-AAAGTGGACATTGTCGCCATC-3'; nt 73 to 93; AB038241), GAPDHAS (5'-G
CCTTGACTGTGCCGTGG-3'; nt 162 to 179), and GAPDHPr (5'-TCAACTACAT
GGTCTACATGTTCCAGTATGATTCCA-3'; nt 113 to 148). Samples were ampli-
fied in triplicate using 5 wl cDNA, 300 to 900 nM primers, and 100 nM probe in
25-pl reaction mixtures. TM-PCR was performed with the ABI Prism 7700
sequence detection system (Applied Biosystems, Monza, Italy). Each run in-
cluded no-template controls to test for contamination of assay reagents and the
corresponding total RNAs to control for residual genomic DNA. The results
were reported as threshold cycle.

Miscellanea. ORF-A electrophoretic mobility, isoelectric point, hydrophobic-
ity, relative solvent accessibility, and chemical-physical properties were calcu-
lated using the program packages available at ExXPASy (www.expasy.org) and
Pole Biolnformatique Lyonnais (http:/pbil.univ-lyon1.fr/) software databases.
The titers of anti-FIV antibodies were determined by ELISA against whole
FIVpgy antigen as described previously (31). Plasma found reactive at dilutions
of 1:100 or greater was considered antibody positive. Circulating CD4" and
CD8" T lymphocytes were counted with FE1.7B12 and FE1.10E9 monoclonal
antibodies (obtained from Peter F. Moore, Davis, CA), respectively, and ana-
lyzed by flow cytometry. Statistical analyses included the Student’s ¢ test with
two-tailed distribution and two-sample unequal-variance options.

RESULTS

Production and characterization of ORF-A immunogens.
The ORF-A derived from p-A00, a clone of FIVg containing
a fully functional gene (36), was cloned in plasmid expression
vectors for eukaryotic (DNA immunogen) and prokaryotic
cells (protein immunogen).

Previous observations had suggested that promoter choice
may affect the outcome of DNA vaccination by influencing
gene expression and, possibly, extent and rapidity of gene si-
lencing (10, 12). Because it was plausible that DNA immuni-
zation might be rendered more efficacious by alternating the
administration of constructs in which immunogen expression
was driven by different promoters, ORF-A was cloned into
pcDNA3.1 eukaryotic expression vectors that contained either
the CMV promoter (construct CMV-ORF) or the FIV LTR
(construct LTR-ORF). Both constructs also contained a con-
stitutive transporting element downstream of ORF-A to make
its expression independent of the Rev/Rev response element



VoL. 80, 2006

TABLE 2. ORF-A-GFP expression driven by a CMV promoter or
FIV LTR in three cell lines

% GFP-positive cells driven by a CMV promoter or FIV LTR
at the following time posttransfection”:

Cell line 2 days 10 days 21 days
CMV LTR CMV LTR CMV LTR
293T 85 8 66 2 42 0
CrFK 78 75 48 55 38 27
CHO 72 71 57 61 32 20

“ Percentage of GFP-positive cells (mean of three experiments). Only the
results obtained with the constructs expressing GFP-ORF-A fused protein
are shown. The constructs expressing GFP alone performed in a comparable
manner.

system. Due to the absence of antibodies that effectively rec-
ognize the protein, ORF-A expression was monitored using
variants of the above constructs that produced an ORF-A-
GFP fusion protein. These variants and control GFP con-
structs devoid of ORF-A were transfected into CrFK, CHO,
and 293T cells, which were then monitored for internal fluo-
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rescence starting 48 h posttransfection. As shown in Table 2,
the CMV promoter-containing constructs functioned well in all
three cell types, with proportions of GFP-positive cells that
uniformly exceeded 70% at day 2 posttransfection and then
declined slowly but were still numerous at day 21, suggesting
that the plasmids had become integrated in at least some cells.
In contrast, consistent with the inherently low promoter activ-
ity of the FIV LTR in human cells (33), the LTR-containing
constructs were expressed well in CrFK and CHO cells but
very poorly in 293T cells.

The protein immunogen (H-ORF-A) was produced with the
pQE system and purified through a six-His tag cloned at the
amino-terminal end. This approach was adopted after re-
peated attempts to obtain the protein in native form or fused
to thyredoxin. Although the latter forms of the ORF-A protein
were abundantly produced under optimized culture conditions,
proteins manifested a high tendency to associate with bacterial
DNA and were toxic to the host bacteria. Moreover, consistent
with the high hydrophobicity of the ORF-A protein (Fig. 1), it
was soluble only in highly concentrated sodium dodecyl sulfate
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FIG. 1. Schematic representation of the ORF-A protein with its recognized domains and hydrophobicity profile as calculated with Kyte and
Doolittle’s algorithm. The nine 15-mer peptides used in the ELISPOT and CTL assays are also shown: as depicted, they encompassed the entire

molecule and overlapped by seven residues.
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A Tme 0o 1 2 3 4 18
(hrs)

H-ORF-A

B Fraction 8 9 10 11 12 13 16 Kd
No. I 116.2
97.4
66.2
31.0
45.0
21.5
H-ORF-A |
14.4
21.5
H-ORF-A
.
14.4

12 13

C Fractone 7 8 9 10 M

H-ORF-A

FIG. 2. ORF-A protein production in E. coli. (A) Time course of
IPTG induction evaluated in a polyacrylamide gel with Coomassie
blue. (B) Fractions eluted from a Ni-NTA resin column. A sample of
each fraction was run in a polyacrylamide gel and analyzed by Coo-
massie blue staining (top gel) or Western blot with an anti-His mono-
clonal antibody (bottom gel). The positions of molecular mass markers
(in kilodaltons) are indicated to the right of the gels in panels A and B.
(C) Fractions eluted from the HR 16/5 column packed with ProBond
resin and analyzed in a polyacrylamide gel with Coomassie blue stain-
ing. This was the preparation used for cat immunization and immu-
nological tests.

or urea and was extremely sticky when these were dialyzed out
(data not shown). With the pQE system, optimum H-ORF-A
production was obtained by growing a 2.5% dilution of over-
night bacterial cultures in 100 ml LB under constant agitation
at 37°C up to approximately 0.6 OD,. The optimal culture
volume, IPTG concentration, and induction time (Fig. 2A)
were 100 ml, 1 mM, and 4 h, respectively. Scaling up or using
different IPTG concentrations or longer induction times re-
sulted in greater expression of H-ORF-A but also led to sub-
stantially augmented bacterial and protein aggregation. In fact,
even under conditions optimized for maximum soluble H-ORF-A

J. VIROL.

yield, approximately 70% of the IPTG-induced protein was
associated with the insoluble portion of bacterial extracts. H-
ORF-A was therefore isolated from sonicated bacteria by Ni-
NTA affinity chromatography under denaturing conditions (8
M urea), followed by dialysis and polyacrylamide gel analysis.
The H-ORF-A-containing fractions (Fig. 2B) were then
pooled and further purified on polyacrylamide gels. As judged
by Coomassie blue staining (Fig. 2C), the resulting H-ORF-A
was >95% pure, and overall yield was around 10% of total
protein. Purified H-ORF-A also had electrophoretic mobility,
isoelectric point, hydrophobicity, and solubility values expected
on the basis of computational analysis of the ORF-A amino
acid sequence. Because the purified protein aggregated very
rapidly, and once this had occurred, it was no longer obtainable
in soluble form, both vaccination and immunological tests were
carried out using H-ORF-A in 8 M urea.

ORF-A-specific immune responses in the immunized cats.
The ORF-A immunogens were used to immunize cats with the
protocols in Table 1. Briefly, group PA received five immuni-
zations of protein in alum, group DA received five shots of
DNA, and group DP received four shots of DNA followed by
a final boost of protein. Control groups NC and DC received
alum alone and empty vector DNA alone, respectively. No
adverse effects of the immunizations were noted.

Antibodies were monitored by ELISA using H-ORF-A as
the antigen at the time of each inoculation and 8 weeks after
the last one, when the animals were FIV challenged. As shown
by Fig. 3A, the mock-immunized animals remained negative
throughout the observation period. Conversely, all the immu-
nized animals developed various levels of antibodies. However,
the kinetics and magnitude of response differed considerably
depending on immunization protocol. In the PA group, anti-
bodies started to become evident at 3 weeks and readily
reached plateau levels that remained relatively unchanged up
to the time of challenge. In the DA animals, antibodies started
to develop somewhat later and remained low and, on occasion,
were undetectable. The DP group showed a pattern similar to
that of the DA group, except in two animals that had levels of
antibody in the same range as the PA group at challenge.
Importantly, the animals tested consistently negative against
an unrelated six-His protein, demonstrating that their antibod-
ies were directed against the ORF-A portion of H-ORF-A and
not against the six-His tag.

Cell-mediated immune responses were evaluated by deter-
mining ORF-A-specific IFN-y-secreting T cells and CTL ac-
tivity in the PBMC at week 3, 12, and 32. As determined by
ELISPOT tests using a pool of nine partially overlapping 15-
mer peptides encompassing the entire ORF-A (Fig. 1) as the
antigen, only some immunized animals showed ORF-A-spe-
cific IFN-y-secreting T-cell numbers that were clearly in-
creased relative to background and baseline levels (i.e., the
numbers of spots observed in the absence of antigen and in the
mock-immunized animals, respectively). This increase was
most pronounced in the PA and DP cats, but even in these it
was seen only at the first two points sampled: thus, by the time
of challenge, IFN-y-secreting T-cell numbers did not differ
appreciably from baseline values (Fig. 3B). As determined with
a 'Cr release assay using autologous skin fibroblasts loaded
with the same oligopeptide pool used in the ELISPOT assay,
ORF-A-specific CTL activity followed an essentially similar
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FIG. 4. Outcome of FIV challenge in the immunized and mock-immunized cats. Each symbol shows the value from one cat. (A) Plasma viremia determined by reverse transcription TM-PCR.
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TABLE 3. FIV infectious units in the PBMC of the ORF-A- and
mock-immunized cats PC

No. of infectious
units/10° PBMC at:

Group Cat ID“
1 mo PC 4 mo PC
Mock-immunized groups

NC O 10 10?
O 10 10°
| <1 10
¥ 10 10°
o 10 10?

DC O 10 10*
[ ] 1 10
O 10 10?

ORF-A-immunized groups

PA O 10 10?
O 10 10°
| 10 10°
¥ 10 10?
([ J 1 10°

DA O 10 10°
O 10 10°
| 10 10°
¥ 10 10*
([ J 10 10?

DP O 10 10?
O 10 10°
| 10 10
¥ 10 10°
O 10 10*

¢ Cat identification (ID) symbols shown in Fig. 3 to 6.

pattern. However, at least in the DP animals, some CTL ac-
tivity was still measurable at the time of challenge (Fig. 3C).

Outcome of FIV challenge. All animals were challenged in-
travenously with 10 CIDjy, of ex vivo FIV1 8 weeks after the
last immunizing dose and then monitored for infection for 10
months.

Consistent with previous findings (37), all eight mock-immu-
nized cats became readily infected, with no appreciable differ-
ences between group NC and DC cats. Plasma viremia was
already evident in these animals at the first sampling 2 weeks
postchallenge (PC) and peaked 1 or 2 months PC with viral
RNA copy numbers that varied in individual cats between
106,650 and 1,009,672 per ml. Subsequently, plasma viral loads
declined slowly in all animals to reach values of around 60,000
copies per ml 8 and 10 months PC (Fig. 4A). Proviral loads in
the PBMC showed similar kinetics, in that they peaked (5,841
to 13,147 copies per pg of genomic DNA) 2 months PC and
subsequently declined to values of approximately 2,000 copies
per pg of genomic DNA at the end of the observation period
(Fig. 4B). Quantitative FIV reisolation from the PBMC was
performed at months 1 and 4 PC, with results that confirmed
the infected status of all control cats (Table 3); in particular, at
4 months PC, the numbers of infectious units per 10° PBMC
ranged between 10 and 10*. Anti-FIV antibodies started to
become detectable 1 month PC, then steadily increased up to
month 4, and eventually stabilized (data not shown). Finally, in
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these cats, circulating CD4 " T cells declined steadily so that at
the end of the experiment their percentages had approximately
decreased by 50% (Fig. 4C). In contrast, circulating CD8* T
cells did not show meaningful variations (Fig. 4D).

As determined by all the parameters considered, the ORF-
A-immunized animals also became uniformly infected. At the
first sampling, 2 weeks PC, these animals exhibited markedly
higher viral loads in plasma (Fig. 4A) and proviral loads in the
PBMC (Fig. 4B) than the mock-immunized animals, regardless
of the immunogen received. In the samplings performed 1 and
2 months PC when infection was at its peak, this difference had
completely disappeared. In addition, from month 4 PC on-
wards, the immunized animals often showed lower plasma viral
loads than the mock-immunized animals did (Fig. 4A). This
correlated with a rather slow depletion of peripheral CD4" T
cells, which were significantly higher than in the mock-immu-
nized animals by the end of follow-up (P = 0.02; Fig. 4C). In
contrast, proviral (Fig. 4B) and infectious unit loads in the
PBMC (Table 3) as well as the numbers of circulating CD8* T
cells (Fig. 4D) and kinetics of anti-FIV antibody response
(data not shown) were similar to those of the controls.

Effects of FIV challenge on the immune responses to ORF-A.
The study animals were also examined for possible changes in
ORF-A-specific immune responses following FIV challenge.
In the mock-immunized animals, ORF-A antibodies remained
negative or borderline throughout the follow-up except in two
cats that were clearly positive, albeit at very low titers (one cat
each in groups NC and DC; Fig. 5A). ORF-A-specific cell-
mediated immune responses measured 1, 4, and 8 months PC
were also negative or borderline (Fig. 5B and C).

In the immunized animals that already had elevated ORF-A
antibodies at challenge (all the cats in PA group and two cats
in DP group), average levels of these antibodies first declined
somewhat and then went back to prechallenge values from
month 4 PC. In the others, ORF-A antibody increased with
time PC to reach levels that, at the end of the experiment, were
not much lower than in the animals who had responded to
ORF-A immunization (Fig. 5A). Immunized cats also under-
went generally moderate increase in the number of ORF-A-
specific IFN-y-producing T-cells and in CTL activity relative to
prechallenge values, increases which usually were mostly evi-
dent 1 month PC (Fig. 5B and C).

No evidence of soluble FIV-enhancing factors in the sera of
ORF-A-immunized cats. To verify whether the enhancement
of acute-phase FIV infection seen in the ORF-A-immunized
cats might be due to soluble factors, sera collected at chal-
lenge from three PA and three DA animals who had exhib-
ited the enhancement were compared to sera from three
mock-immunized animals (one DC animal and two NC an-
imals) for the ability to modify FIVpy replication in vitro.
The assays used were a standard seroneutralization assay
with p25 antigen as a readout, which can reveal the presence
of virus-enhancing as well as virus-inhibitory antibody activ-
ities (8), and a single-round-of-replication assay using a
defective FIV having a GFP reporter gene which becomes
expressed after the virus becomes integrated into cell DNA
(F. Bonci, E. Zabogli, and M. Pistello, unpublished data).
However, neither assays revealed significant traces of FIV-
enhancing activity in the study cats (data not shown).
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FIV receptor and coreceptor expression in ORF-A-immu-
nized cats. We also examined whether the enhancement of
FIV infection observed in the ORF-A-immunized cats might
have reflected an augmented expression of the FIV receptor
(CD134) or coreceptor (CXCR4). This was done by testing
for CD134 and CXCR4 RNA content in frozen PBMC col-
lected before immunization, 3 weeks after immunization
had started, and at the time of challenge (32 weeks after
initiation of immunization). As shown by Fig. 6A, before
immunization, the levels of expression of the two molecules
were comparable and markedly lower than that of the
GAPDH reference in all the study groups. As a result of
immunization, CD134 expression had increased markedly in
the ORF-A-immunized animals and much less so in the
mock-immunized animals. The effect was most pronounced
at week 3 of immunization, when CD134 expression in the
ORF-A-immunized animals reached levels similar to those
of GAPDH but was still evident at the time of challenge. In
contrast, CXCR4 expression increased only moderately or
did not change at all (Fig. 6B).

DISCUSSION

The vaccine approaches explored with the FIV model are
many (reviewed in references 3, 17, 22, 29, 31, 37, 38, 39, 42, 44,
and 48). Yet, no report has dealt with the possible utility of the
accessory virus-encoded proteins as protective immunogens in
this system. The issue is of interest because vaccines consisting
of or including accessory proteins have yielded conflicting re-
sults in primate models and because none of the FIV vaccines
tested to date can be considered satisfactory, leaving ample
room for improvement.

FIV possesses fewer and less well characterized accessory
proteins than HIV-1. In particular, the accessory protein
ORF-A, investigated as an immunogen in this report, is a small
highly basic hydrophobic protein in which a few functional
domains can be recognized. The central leucine-rich and C-
terminal cysteine-rich domains are essential for viral replica-
tion in feline PBMC and T-cell lines (15), and the basic domain
is important for cell localization (16). Initially considered the
equivalent of the HIV-1 Tat, ORF-A has since been shown to
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share functions with other accessory proteins of HIV-1 as well
(16); thus, no HIV-1 homologue to this protein can be cur-
rently identified. It is, however, well documented that an intact
ORF-A is essential for FIV replication in CD4" T cells, a
major target of in vivo infection, and an important determinant
of FIV virulence, as shown by the markedly attenuated phe-
notype of viral mutants with the ORF-A gene deleted (15, 36,
38). Thus, we speculated that an immune response elicited
against this protein might contain viral replication in CD4™ T
cells, hence sparing these cells from depletion and reducing the
overall impact of infection on immune functions. The fact that
this unique protein had never been tested as an immunogen
before also prompted us to pursue this approach.

Primarily, the present study investigated whether it is possi-
ble to generate immune responses against ORF-A in cats. This
information was necessary because, at least as determined by
our ELISA, FIV-infected cats lack detectable ORF-A antibod-
ies (unpublished results). All three rather intensive immuniza-
tion strategies that were used (protein in alum adjuvant, DNA
alone, and DNA prime-protein boost) induced the production
of binding antibodies against ORF-A, although, as expected,
the titers achieved were most pronounced with the use of
ORF-A protein alone, followed by the DNA prime-protein
boost, and were very feeble in the animals given DNA alone.
On the other hand, the cell-mediated responses generated
were less consistent, in that they were evident only in a pro-
portion of the animals regardless of the immunization strategy.
Furthermore, consistent with findings in cats immunized with
other antigens (12, 22), the numbers of IFN-y-secreting T cells
elicited and CTL activity peaked early after the start of vacci-
nation, proved insensitive to boosting, and had almost com-
pletely waned by the time of challenge. Collectively, these
results indicated that, albeit poorly immunogenic in the course
of FIV infection, ORF-A can generate significant immune
responses upon artificial immunization of cats.

We then investigated whether prior ORF-A immunization
can impact FIV infection. The ORF-A-immunized cats, along
with the controls given alum adjuvant or empty vector DNA,
were challenged intravenously with an FIV homologous to the
tissue culture-adapted virus from which the immunogens were
prepared (FIVper) but that had been adapted back to grow in
vivo. The choice of this challenge was guided by the fear that
ORF-A protein polymorphism—which may be as high as 26%
intrasubtype and 40% intersubtype on the basis of published
sequences—might obscure possible protective effects and by
findings that vaccine protection against tissue culture-adapted
FIV is not predictive of efficacy against wt virus (9). Although
the dose of virus used for challenge (10 CIDjg/cat) was the
minimum known to consistently infect adult cats, there was no
evidence that the ORF-A-immunized animals resisted chal-
lenge more effectively than the controls. This was expected
because immunity to an accessory protein is not likely to bring
about a reduction of initial infection (51). On the contrary,
immunized animals showed clearly evident enhancement of
acute-phase infection. The effect was generalized and rather
robust, since 14 of the 15 immunized cats had levels of viral
RNA in plasma and proviral DNA in the PBMC which ex-
ceeded by approximately 1 log unit those in the controls at 2
weeks PC; however, it was also transient, since viral and pro-
viral loads of immunized and control cats were in the same

J. VIROL.

range by 1 and 2 months PC. At subsequent samplings, which
were continued for up to 10 months PC, the average plasma
viral loads of all three groups of immunized animals were
slightly but significantly reduced relative to those of the con-
trols. This was associated with a reduced impact on circulating
CD4™" T lymphocytes, which by the end of follow-up were
spared in immunized versus control animals. These findings
indicate that, no matter how ORF-A immunization was carried
out, it had exerted a limited beneficial effect on the post-acute
phase of FIV infection, although infection was enhanced at the
beginning.

Of note, while the challenge did not elicit significant levels of
anti-ORF-A responses in the mock-immunized animals, ORF-
A-immunized cats responded with a modulation of the preex-
isting levels of immunity to the protein. The modulation con-
sisted in a modest increase in cell-mediated immunity, which
was observed at 1 month PC only and readily declined, and
then, starting from 4 months PC, by a rebound of ORF-A
antibodies to titers as high or higher than those present at
challenge. Thus, there was a clear suggestion that ORF-A
produced in the course of FIV replication had, on the one
hand, absorbed the antibodies present, but, on the other, had
behaved as a recall stimulus. If and how this modulation was
related to the simultaneous modulation of challenge infection
observed in the immunized cats relative to the controls cannot
be determined from the present study. It should be noted,
however, that the cats who manifested better control of FIV
replication exhibited no especially marked modulation of the
anti-ORF-A responses. In a recent study, macaques given a
simian immunodeficiency virus (SIV) DNA immunogen and
then inoculated with an attenuated SIV also showed improved
control of the infection despite an initial exacerbation of viral
replication, but the mechanisms involved remained undeter-
mined (2).

Vaccine-induced exacerbations of lentiviral infections, sim-
ilar to the one observed early PC in the present study, have
been described in several situations, including cats immunized
with FIV Env and Gag protein or DNA and fixed infected cells
(17, 23-26, 30, 41, 42, 44), macaques vaccinated with virus-
vectored SIV or SIV DNA (2, 46), and ponies immunized with
equine infectious anemia virus Env (49). The mechanisms in-
voked include the production of virus-enhancing antibodies
(44), nonspecific stimulation of permissive cell proliferation
(46), and a higher than normal permissiveness of FIV-specific
T cells (41) but have essentially remained undefined. Impor-
tantly, both the initial enhancement and the later control of
infection observed in the present study were apparently im-
munogen related, since both effects were relative to control
cats who had received similar courses of inoculations, except
for the absence of the ORF-A immunogens.

Similar to what found in other systems (40, 42), we found no
evidence of soluble factors that facilitated FIV infection in
vitro in the sera of ORF-A-immunized cats. We therefore
exploited the recent identification of CD134 as a FIV receptor
(43) to examine whether enhancement might result from an
up-regulation of this molecule, as postulated by Shimojima et
al. (43). Consistent with its nature as a T-cell activation mol-
ecule (7, 27), CD134 was found to be expressed at a much
higher level in the ORF-A-immunized cats relative to what was
seen preimmunization or in mock-immunized animals. The
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effect reached statistical significance only early after initiation
of immunization but was still present at the time of FIV chal-
lenge. Moreover, it is plausible that the effect was more pro-
nounced and longer-lasting in lymphoid tissues, such as the
periarteriolar sheath, where up-regulation of CD134 following
immune stimulation is most evident (47), than in the PBMC
used to monitor CD134 expression in the present study. Fi-
nally, it is also possible that ORF-A immunization primed for
an up-regulation of CD134 postchallenge, an aspect that we
did not investigate in the present study. Thus, it seems likely
that increased expression of FIV receptor by susceptible cells
or an expansion of cells expressing the FIV receptor may have
contributed to the observed enhancement. In contrast, expres-
sion of CXCR4, the major, if not the only, coreceptor of FIV
(50), which was investigated in parallel with CD134, underwent
little, if any, change as a result of immunization, ruling out an
important role of this molecule in the phenomenon. Analysis
of CD134 expression pre- and postchallenge following immu-
nization with additional candidate vaccines might help to elu-
cidate the mechanisms underlying the enhancement of FIV
replication that has been repeatedly observed in vaccinated
cats and, possibly, provide an additional parameter for deter-
mining whether an FIV immunogen is indeed suitable for
vaccine use.

Determining which antigen must be included in lentiviral
vaccines to confer maximum protection is of utmost impor-
tance. The present findings support the contention that immu-
nization with lentiviral accessory proteins can improve the
host’s ability to control virus replication and slow down disease
progression. They, however, also draw attention to the fact that
even simple immunogens that eventually contribute to protec-
tive activity, as appears to be the case for the FIV ORF-A, can
transiently exacerbate subsequent lentiviral infections. The
possibility that candidate vaccines result in such a detrimental
effect was recognized early in the FIV model but has also
recently been verified with SIV (2, 46). Clearly, this is a con-
sequence of lentiviral vaccination that should be further inves-
tigated, for example, with regard to the duration postimmuni-
zation and possible impact in vaccination trials, and should
represent an important concern in the design and testing of
candidate AIDS vaccines.
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