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Four groups of cats, each containing four animals, were immunized at 0, 3, and 6 weeks with minimalistic
immunogenic defined gene expression vector (MIDGE) vaccines containing the gene(s) for feline immunode-
ficiency virus (FIV) gp140, FIV gp140 and feline interleukin-12 (IL-12), FIV gp140 and feline IL-16, or FIV
gp140 and a CpG motif. MIDGEs were coated onto gold beads and injected intradermally with a gene gun. A
fifth group of four cats were immunized in an identical manner but with blank gold beads. All cats were
challenge exposed to virulent FIV 4 weeks following the final immunization, and the course of infection was
monitored. The two groups of cats immunized with the FIV gp140 gene alone or with blank gold particles
became highly viremic and seroconverted as early as 4 weeks after infection. In contrast, three of four cats
immunized with FIV gp140 in combination with feline IL-12 failed to become viremic or seropositive, as has
been shown elsewhere (F. S. Boretti, C. M. Leutenegger, C. Mislin, et al., AIDS 14:1749–1757, 2000). Here we
show the effect of IL-12 when used as an adjuvant on the viral RNA and DNA load and on the cytokine profile.
In addition, the two groups of cats immunized either with gp140 and IL-16 or with gp140 and the CpG had
greatly reduced viremia. Protection correlated weakly with cytotoxic T-lymphocyte activity and increased
cytokine transcription of IL-12, gamma interferon, and IL-10 by peripheral blood mononuclear cells in the
postchallenge period. This study extends the data on IL-12 and provides new results on CpG motifs and IL-16
used as adjuvants in the FIV cat model.

The type of immunity required to prevent infections with
lentiviruses such as human immunodeficiency virus (HIV) is
unknown. However, cellular immunity seems most important,
based on a number of observations. Cytotoxic T lymphocytes
(CTLs) play a pivotal role in controlling HIV infection in
seronegative infants born to seropositive mothers (38, 61),
individuals who have been repeatedly exposed but remain un-
infected (5, 6, 62), and people with long-term asymptomatic
HIV infections (9, 10, 70). A decline in CTL activity has a close
temporal association with progression to AIDS, and studies
with whole inactivated virus (31) or recombinant vaccinia virus
vaccines (27) have shown an inverse correlation between CTL
precursor frequencies and virus load after challenge. In addi-
tion to cytotoxic effects, CD81 T cells downregulate HIV rep-
lication through the production of chemokines and other sol-

uble factors, with negative correlation to disease progression
(2, 7, 56).

Given the failure of conventional vaccine strategies, uncon-
ventional approaches to lentivirus immunization are being
tested. Although these unconventional approaches can be di-
rected at many aspects of the immune response, it is logical to
concentrate on the earliest events in immunity, because it is
these events that appear to be subverted in lentivirus immu-
nity. The earliest antiviral defenses are innate, and these innate
responses provide the scaffolding on which the subsequent
adaptive immune response is built. Dendritic cells (DCs) play
an important bridging role between innate and adaptive im-
munity. DCs interact with antigen and, once activated, present
this antigen in concert with chemical signals to the cells of the
adaptive immune system. DCs are important producers of in-
terleukin-12 (IL-12), a cytokine intimately involved in the pro-
motion and regulation of many forms of antiviral immune
responses (32, 72). There is evidence of abnormal IL-12 activ-
ity in HIV infection. Cells from HIV-infected patients show a
marked deficiency in their ability to produce both the p40
subunit and the p70 bioactive form of IL-12. Exogenous IL-12
supplementation in vitro restores T-cell functions, including
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T-cell proliferation, T-cell and natural killer (NK) cell produc-
tion of IL-2 and gamma interferon (IFN-g), and CTL and NK
lytic activities (13, 15, 57). Such a defect in IL-12 production
has also been described in cats infected with feline immuno-
deficiency virus (FIV) (53), and the use of IL-12 as an adjuvant
against FIV was described recently by our laboratory (8).

IL-16 is another cytokine that may play a role in the early
events in immunity and could be incorporated into a lentivirus
vaccine. This CD4 chemotactic cytokine is secreted by CD81 T
lymphocytes, and the C-terminal 130-amino-acid portion will
suppress HIV-1, simian immunodeficiency virus (SIV), and
FIV replication in vitro (3, 47, 51, 74). IL-16 is also involved in
cell-to-cell signaling between DCs and T cells (39).

CpG motifs are a new class of DNA adjuvants. They are
comprised of unmethylated dinucleotides flanked by two 59
purines and two 39 pyrimidines. CpG DNA directly activates
monocytes, macrophages, and DCs to secrete IL-12 and IFN-g.
The utility of CpGs as potent vaccine adjuvants has been dem-
onstrated for a variety of antigens (18, 71).

DNA immunization has shown promise in several viral and
nonviral infections (69). DNA vaccines also lend themselves to
strategies involving codelivery of specific antigens and molec-
ular adjuvants such as cytokines (42, 66, 65) or unmethylated
CpG oligonucleotide motifs (45, 67, 25). Minimalistic immu-
nogenic defined gene expression vectors (MIDGEs) are linear
DNA constructs containing only a cytomegalovirus (CMV)
promotor, a gene of interest, and a simian virus 40 (SV40)
polyadenylation site but lacking an antibiotic resistance gene
and are highly effective vehicles for in vivo DNA transfection.
Using a gene gun, MIDGE-coated gold particles can be in-
jected into the dermis, where DCs abound. It was found that
DCs, once transfected by cutaneous genetic immunization with
naked DNA, migrate into the draining lymph nodes (16). In
addition, intradermal injections by gene gun seem to require
100- to 1,000-fold less DNA than the intramuscular route for
induction of immune responses to target antigens (26).

The present studies were based on the concept of altering
initial immune responses by delivering the antigen in DNA
form directly to dermal DCs in the optimal manner and at-
tempting to favorably alter initial events in DC processing and
cellular signaling by coexpressing several relevant immuno-
modulatory genes. The FIV infection model in laboratory cats
was used to test the approach. FIV and SIV are related lenti-
viruses that have identical modes of pathogenesis (19). The
results obtained from these pilot experiments suggest that len-
tiviral immunity elicited with DNA vaccines can indeed be
modulated with immunomodulators such as feline IL-12 (8)
and IL-16, and with unmethylated CpG motifs, to achieve a
spectrum of protection ranging from prevention of infection to
transiently decreased virus loads.

MATERIALS AND METHODS

Animals, animal care, and experimental design. Specific-pathogen-free cats 3
months of age were purchased from IFFA Crédo, Lyon, France. All animals were
confirmed to be antibody and PCR negative for FIV and antibody and p27
negative for feline leukemia virus at the start of the experiment. Cats were
housed in groups in a climatized animal facility, allowed to adapt to the new
environment for 1 month, and assigned randomly to experimental groups.

The trial consisted of four vaccine and one mock vaccine groups with four cats
each (Table 1). The DNA inoculation schedule consisted of three immunizations
at 0, 3, and 6 weeks, with challenge exposure 4 weeks after the last immunization.

Clinical evaluation and hematology. Cats were observed daily for gross signs
of illness, and a more detailed physical examination was conducted weekly.
EDTA-treated blood samples were collected periodically and at the time of each
immunization for complete blood counts. Hematology parameters were evalu-
ated in EDTA blood with an automatic electronic cell counter (CD3500; Abbott
Diagnostics, Baar, Switzerland). Feline CD41 cells and CD81 cells were stained
with labeled monoclonal antibodies Fel7 and FT2, respectively, using a modified
whole-blood lysis technique (33).

DNA vaccine vectors. Single-stranded hairpin 59-phosphorylated oligodesoxy-
ribonucleotides (ODN) of sequence GTTCTTCGGG GCGTTCTTTT TTAAG
AACGC CCC and GAAGAACGTT TTCCAATGAT TTTTCATTGG AAA
AC were purchased from TIBMolBiol (Berlin) and ligated with T4 DNA ligase
(MBI Fermentas; Leon Roth). After digestion of remaining product and chro-
matographic purification, the ODN were concentrated by precipitation in etha-
nol and sodium-magnesium acetate and resuspended in phosphate-buffered sa-
line. MIDGEs (Mologen GmbH, Berlin, Germany) were synthesized as outlined
in Fig. 1A. FIV-Z2 gp140 (encoding the entire SU and the extracellular part of
TM), feline IL-16 (50), feline IL-12 p35 and p40 subunits (20), and the CpG
motif were included in MIDGEs: the genes were cloned into the SstI and KpnI
sites of plasmid pMol, a pUC19 derivative containing the CMV immediate-early
promoter and the SV40 poly(A) site (Mologen, Berlin, Germany). The expres-
sion cassette consisting of the CMV promoter, the gene of interest, and an SV40
polyadenylation site was excised from the pMol vector by incubation with EcoRI
(250 U/mg, 37°C, overnight). A 20-fold excess of a self-complementary oligodes-
oxynucleic acid sequence (59-phosphorylated hairpin 59AGGGGTCCAG TTTT
CTGGAC39; Metabion, Martinsried, Germany) (Fig. 1B) was added to the re-
sulting solution and incubated with T4 ligase (MBI Fermentas, Vilnius, Lithua-
nia) at 25 U/mg and 37°C overnight. Remaining plasmid and nonligated products
were digested with HindIII (500 U/mg) and T7 polymerase (150 U/mg) at 37°C
overnight. The resulting crude MIDGEs were purified by chromatography on an
anionic exchange column (Merck EMD-DMAE); with sodium phosphate (pH
7.0)–0.1 M NaCl and obtained free of contamination by vector backbone, as
verified by PCR.

Preparation of gold particles for immunization. Cartridges containing gold
particles coated with the MIDGEs were prepared according to the manufactur-
er’s recommendations. Gold microcarriers coated with MIDGE vectors were
prepared by resuspending the gold beads in 100 ml of 1 M spermidine. The
suspension was briefly sonicated before adding MIDGE vector DNA. Two hun-
dred microliters of CaCl2 was added to the DNA solution in a Vortex apparatus
to precipitate the DNA onto the gold beads. The precipitate was allowed to settle
for 5 min, washed three times with absolute ethanol, and resuspended in 4 ml of
ethanol. The DNA-coated gold was then coated on the inner wall of Tefzel
tubing. The DNA-gold particles were drawn into nitrogen-predried tubing and
allowed to settle for 3 min. The ethanol was then drawn out, and the tubing was
rotated for 30 s before drying the residual ethanol by a steady stream of nitrogen
for 5 min with rotation. The tubing was cut into 12-mm cartridges (350 ng of
DNA per construct per cartridge), which were stored at room temperature in a
desiccated container until use.

Immunization procedure. Prior to the immunizations, the fur of anesthetized
cats was shaved from the lateral side of the musculus gastrocnemius, and the
DNA-coated gold particles were injected intradermally at the site using the
Helios gene gun (Bio-Rad, Munich, Germany) at a pressure of 500 lb/in2. Dep-
osition of the gold particles in the epidermis was confirmed at levels greater than
95% by histological examination of punch biopsies of skin taken from the site of
inoculation. The total amount of DNA injected at each immunization is given in
Table 1. All animals received three immunizations at weeks 0, 3, and 6. The mock
vaccine consisted of uncoated gold particles. Immunized cats showed transient
reddening and hyperpigmentation of the skin, approximately 8 mm in diameter,
at the site of immunization. These lesions had resolved by the time of challenge
exposure, 4 weeks after the last inoculation.

Virus stock and challenge exposure. FIV-Zurich 2 (FIV-Z2) was isolated in
primary peripheral blood mononuclear cell (PBMC) cultures from the blood of
a naturally infected cat showing clinical signs of disease (59). A low-in-vitro-
passaged tissue culture fluid stock was created and stored at 270°C, and an
aliquot was titrated in vitro for in vivo infectivity studies. Cats were challenge
exposed intraperitoneally with 25 50% tissue culture infective doses, correspond-
ing to 20 50% cat infectious doses (CID50) of this virus.

Quantitative real-time TaqMan PCR for quantitation of provirus DNA and
RNA in blood. Quantitation of FIV provirus DNA (48) and viral RNA was done
using real-time PCR (TaqMan; Applied Biosystems, Foster City, Calif.). The
oligonucleotide sequences for the forward primer (FIV551f) was 59GCCTT
CTCTGCAAATTTAACACCT39, while the sequence for the reverse primer
(FIV671r) was 59GATCATATTCTGCTGTCAATTGCTTT39. The sequence
for the dual-labeled (FAM - TAMRA) probe (FIV581p) was 59TGCGGCCAT
TATTAATGTGGCCATG39. Analysis was performed on an ABI Prism 7700

TABLE 1. Summary of DNAs administered to different groups

Group
no.

No. of
animals DNA(s)

Dose per
construct

(ng)

Total amount
of DNA (mg)/
immunization

1 4 Gold alone—control
2 4 gp140—control 350 1.4
3 4 gp140 1 IL-12 350 4.2
4 4 gp140 1 IL-16 350 2.8
5 4 gp140 1 CpGs 350 2.8

10448 LEUTENEGGER ET AL. J. VIROL.



sequence detector (Applied Biosystems). A cloned gag gene of FIV-Z2 was used
as a standard for the TaqMan PCR. The assay could detect as few as 10 copies
of a cloned FIV gag gene or of reverse-transcribed RNA from the same plasmid.
Genomic DNA and viral RNA were extracted with Qiagen columns according to
the manufacturer’s recommendations.

Anti-TM antibody ELISA and Western blot. Antibodies against a recombinant
FIV transmembrane (TM) antigen were measured with an enzyme-linked im-
munosorbent assay (ELISA) under conditions described elsewhere (12). A pool
of high-titered serum collected from an FIV-Z2-infected cat served as the pos-
itive control. Western blots were performed under conditions described (55)
using 500 ng of gradient-purified FIV-Z2 per cellulose acetate strip.

In vitro testing of vectors for gene expression. In vitro expression of biologi-
cally active IL-12 from MIDGEs expressing feline genes for the p35 and p40
chains was tested in the feline 3201 T-cell line. The two purified DNAs were
cotransfected into 3201 cells with a modified PDS-1000/He ballistic device (Bio-
Rad, Munich, Germany) and by electroporation. One million cells were har-
vested at 0, 2, 4, 6, 8, 16, and 24 h posttransfection and lysed in Qiagen lysis buffer
(RNeasy blood kit; Qiagen, Basel, Switzerland). Total RNA was extracted ac-
cording to the manufacturer’s recommendations. Synthesis of cDNA and IFN-g
real-time TaqMan PCR were performed as described below and in reference 52.
The expression of biologically active IL-12 was verified by the induction of IFN-g
transcription in transformed 3201 cells (Fig. 2). These results confirmed that
both ballistomagnetic transfer and electroporation induced a significant increase
in IFN-g transcription after 16 and 24 h.

CpG motif activity was tested on feline spleen cells by induction of IL-12 p40
mRNA. Briefly, 5 million spleen cells were cultured with 10 mg of the CpG-
MIDGEs and cultured for 18 h. Cells were harvested and tested for IL-12 p40
mRNA upregulation in comparison to control MIDGEs. Cytokine mRNA quan-
titation was done with quantitative real-time PCR as described below. Upregu-
lation of IL-12-p40 mRNA verified activity of the CpG ODN in the cat.

CMV-driven IL-16 transcription was tested using the gene encoding the 130-
amino-acid, biologically active IL-16 cloned behind the CMV promotor of a pCI
vector designated pCI/fIL-16 (Promega, Dubendorf, Switzerland). Feline 3201
cells were transfected using polyamidoamine dendrimers according to the man-
ufacturer’s instructions (SuperFect; Qiagen, Basel, Switzerland). Upregulation
of IL-16 mRNA transcripts was verified using real-time TaqMan PCR and
compared to an empty pCI as described below.

Cytokine quantitation with real-time TaqMan PCR. mRNA transcripts for
feline glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the cytokines
IL-4, IL-10, IL-12 p35, IL-12 p40, and IFN-g were determined as previously
described (52). Five million Ficoll Hypaque (Pharmacia, Dubendorf, Switzer-
land)-purified PBMCs were lysed in lysis buffer (RNeasy blood kit; Qiagen), and
total RNA was extracted. Synthesis of cDNA was made from 1 to 5 mg of total
RNA in a 20-ml volume using an avian myeloblastosis virus reverse transcriptase
(RT) system (Promega). Eighty microliters of water was then added, and the
sample was stored at 220°C until TaqMan analysis.

Ten microliters of the cDNA was subjected to real-time PCR. Calculation of
cytokine transcription was quantitated from the cycle threshold (CT) values of
the real-time PCR. GAPDH was used as a recorder gene to normalize the
cytokine signals and for calibration. Two different types of calibrators were used:
the preimmune cytokine levels of each cat, and the lowest cytokine transcription
within every time point. Unless stated differently, both methods gave similar
results. Cytokine gene transcription levels were expressed as an n-fold difference
relative to the calibrator.

Detection of FIV-specific CTL. Lymphocytes were collected at the time of the
second vaccination, on the day of challenge, and 14 weeks postchallenge. These
cells were assayed directly for CTL activity as described (21). Target cells were
cultured autologous skin fibroblasts derived from biopsy material collected prior
to immunization from individual cats. The target cells were infected with recom-
binant vaccinia viruses expressing FIV Gag or Env or wild-type vaccinia virus as
a control and labeled with 51Cr. Effector cells were added at an effector-to-target
(E:T) cell ratio of 20:1, and lytic activity was measured by monitoring isotype
release as described previously (23).

Statistical analysis. Statistical analysis of the data was performed with the
Excel and GraphPad Prism software package version 2.0. Parameters of different
vaccine groups were analyzed for statistical differences using the Mann-Whitney
U test (PMWU). Changes between different time points within one group were
analyzed with the Wilcoxon test (PW). Differences were considered significant if
P was ,0.05.

RESULTS

Gross signs of FIV infection following challenge exposure.
FIV challenge-exposed cats demonstrated no significant lymph-
adenopathy or fever. It has previously been reported that the
FIV-Z2 strain produces only a mild acute disease, and signs of
immunodeficiency occur only after several years (33).

Proviral DNA in PBMCs following challenge exposure. The
two groups of cats given either gold particles alone or FIV
gp140 DNA had detectable proviral DNA in PBMCs from
week 4 onward (Table 2). One of four cats in the group given
FIV gp140/IL-12 DNA tested positive for proviral DNA only
at week 2 postinfection. The remaining three cats were nega-
tive for PBMC-associated FIV DNA by PCR at all time points
tested. One of four cats from the group given FIV gp140/IL-16
DNA was positive at weeks 4 and 6 but negative thereafter.
The remaining three cats tested positive starting at week 4. All

FIG. 1. (A) Synthesis of MIDGEs for gene expression. (B) Structure of the thymidine bridges of MIDGE constructs formed by self-complementary hairpin
oligodesoxynucleic acid sequence separated by four thymidines.
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four cats that were immunized with FIV gp140/CpG DNA
were positive from week 4 onward.

Quantitation of proviral DNA in challenge-exposed cats.
Peak copy numbers of proviral DNA occurred around weeks 4
to 6 following challenge exposure. Cats vaccinated with blank
gold particles or MIDGEs with FIV gp140 alone had the high-
est copy number of proviral DNA. Cats immunized with
MIDGEs containing FIV gp140/IL-12, FIV gp140/IL-16, or
FIV gp140/CpG had 2 to 330 times less FIV provirus in their
PBMCs than the former, with four animals consistently testing
negative (Fig. 3). All groups of cats vaccinated with FIV gp140
with IL-12, IL-16, or CpG were significantly less viremic
than cats given FIV gp140 DNA alone or blank gold particles
(PMWU , 0.05; Fig. 3). Among the four groups that became
uniformly viremic, cats immunized with FIV gp140/CpG DNA
showed the lowest level of PBMC-associated FIV DNA, rang-
ing between 37- and 330-fold lower level of FIV provirus com-
pared to the FIV gp140-alone-immunized cats.

FIV RNA levels in plasma following challenge exposure. The
duration of plasma-associated viremia (i.e., viral RNA) was
very short in all cats. The peak in plasma viral RNA occurred
in the sixth week postinfection, and four of four of the FIV
gp140 DNA and two of four of the blank gold particle groups
were positive (Table 2). This brief plasma-associated viremia
was identical to that found in earlier studies with the same
challenge stock of FIV-Z2 (17). All cats were consistently
negative for plasma viral RNA in the real-time RT-PCR assay
after week 7 postinfection. The three provirus-negative cats in
the FIV gp140/IL-12 group were consistently negative for FIV
viral RNA. Viral RNA could not be detected at any time point
in all four cats of the FIV gp140/IL16 group. Among the four
cats in the FIV gp140/CpG group which showed the lowest
levels of FIV provirus, three tested positive for FIV viral RNA
at weeks 5 and 6 postchallenge.

CD4 and CD8 cell numbers following challenge exposure.
After challenge of all cats with FIV-Z2, no significant differ-
ences were found in hematological parameters and lymphocyte
subsets between the different vaccine groups and/or the control
group (data not shown). Similar results were found previously

FIG. 2. IFN-g transcription as measured by real-time TaqMan PCR in tran-
siently transformed feline 3201 cells by (A) electroporation and (B) balistomagnetic
transfer using a modified PDS-1000/He apparatus (Bio-Rad). IFN-g transcription
was normalized against GAPDH signals. Time point zero served as the calibrator.

TABLE 2. Qualitative provirus and viral RNA TaqMan PCR results

Vaccine
group

Cat
no.

CT valuea at wk after challenge infection:

0 2 3 4 5 6 8 10 12 14 16

RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA

Gold alone 1 2 2 2 2 2 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1
2 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1
3 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1
4 2 2 2 2 2 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1

gp140 1 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1
2 2 2 2 2 2 1 2 1 1 2 1 1 2 1 2 1 2 1 2 1 2 1
3 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1
4 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1

gp140/IL-12 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
3 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
4 2 2 2 2 2 1 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1

gp140/IL-16 1 2 2 2 2 2 2 2 1 2 2 2 1 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1
3 2 2 2 2 2 2 2 1 2 2 2 1 2 1 2 1 2 1 2 2 2 2
4 2 2 2 2 2 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1

gp140/CpG 1 2 2 2 2 2 2 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1
2 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1
3 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1
4 2 2 2 2 2 2 2 1 1 1 1 1 2 1 2 1 2 1 2 1 2 1

a CT value of real-time PCR was ,40 (2) or 40 (1).
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in the early phase after experimental infection with FIV-Z2
(49).

Humoral and cellular immunity following DNA immuniza-
tion and challenge exposure. FIV-specific antibodies were not
detected postimmunization and prior to challenge exposure by
ELISA (TM peptide) or by Western blot analysis against pu-
rified FIV-Z2 (Table 3). Previous studies have demonstrated
both of these assays to be highly sensitive for FIV-specific
antibodies in naturally and experimentally infected cats (24, 49,
64). The Western blot results and antibodies against TM after
challenge correlated closely. By week 6 postchallenge, seven of
eight control cats and all cats in the gp140/IL-16 and gp140/
CpG groups showed evidence of infection, as indicated by
seroconversion against the TM peptide. Three of four cats in
the gp140/IL-12 group were consistently negative for antibod-
ies against the TM peptide and in Western blots. One of four
cats in the gp140/IL-16 group tested positive once at week 8
and then repeatedly negative for TM antibodies.

No FIV-specific CTL activity was observed postimmuniza-
tion in cats receiving FIV gp140 DNA alone or blank gold
particles. FIV Env-specific effector CTL responses were de-
tected in the PBMCs of two of four cats immunized with FIV
gp140/IL-12 at the time of the second vaccination (26.1 and 6%
lysis). This activity was short-lived, as it was undetectable by
the day of challenge. No significant CTL activities were ob-
served after challenge. Low-level Env-specific CTL activity was
detected in one FIV gp140-inoculated cat on the day of chal-
lenge (5.2% at an E:T ratio of 20:1). Following challenge, Env-
and Gag-specific CTL activity was detected in this animal (7.8
and 13.8% lysis, respectively).

Cytokine responses in vaccinated cats. Cats that were mock
immunized or given FIV gp140 DNA developed similar cyto-
kine profiles in their PBMCs (Fig. 4). There was increased
transcription of IL-10 at week 4 and increased IFN-g transcrip-
tion at weeks 4 and 8. Increased IL-12 p35 and IL-12 p40
transcription was observed at weeks 8 and 10. IL-4 transcripts
were detected at low levels at early time points and increased
modestly at week 8 (data not shown). FIV gp140/IL-16-immu-
nized cats had increased IL-12 p40 transcription at the time of
challenge exposure and at weeks 8 and 12 postinfection. Com-
pared to cats given blank gold particles or FIV gp140 DNA, all
other cytokine transcripts were depressed. Cats in the FIV
gp140/CpG group showed increased IFN-g transcription fol-
lowing the second immunization. There was increased tran-
scription of IL-12 p40 at the time of challenge and at weeks 8
and 12 postinfection, while transcription of IL-10, IL-4, and
IL-12 p35 was depressed but still detectable at low levels. The
FIV gp140/IL-12 DNA immunization group exhibited similar
cytokine profiles as the groups immunized with blank gold
particles or FIV gp140 but with elevated transcription levels
(Fig. 5). IL-12 p35 and p40, IL-10, and IFN-g were elevated at
week 8 by factors of 7, 17, 21, and 36, respectively (all PMWU ,
0.05; Fig. 6). IL-4 transcripts in cats of the FIV gp140/IL-12
group were elevated at week 8 to the same extent as detected
in cats of the control groups.

DISCUSSION

DNA immunization targeted at dermal DCs was protective
in cats immunized with FIV gp140 DNA coexpressed with
IL-12, IL-16, or CpG. The most dramatic effect was observed
with FIV gp140 DNA coexpressed with feline IL-12 p35/p40
DNAs (8). Three intradermal inoculations of FIV gp140/IL-12
DNAs elicited complete protection in three of four cats. Pro-
tection in all groups was observed in the absence of a detect-
able virus-specific humoral immune response and only weakly

FIG. 3. Provirus DNA loads as determined with real-time TaqMan PCR on
genomic DNA extracted from Ficoll-purified PBMCs at weeks 6 (A), 8 (B), and
12 (C) after challenge infection. The data are expressed as the means 6 standard
error (SE) for four cats per group.
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correlated with cellular immunity. Cats vaccinated with FIV
gp140/IL-12 DNAs had demonstrable CTL activity during the
immunizations, suggesting an adjuvant effect of feline IL-12
(8). However, the responses were short-lived, could not be
improved with the third DNA immunization, and had waned
by the time of challenge infection. As no IL-12 control group
was included in the study design, it is unclear how IL-12 alone
would affect the immune status of the animals. However, other
studies clearly show no evidence of a nonspecific adjuvant
effect when IL-12 was used without antigen in different animal
models (37, 54). Increased IL-12 (p40 and p35 subunits),
IFN-g, and IL-10 mRNA transcription in PBMCs was detected
only after challenge infection in cats of the FIV gp140/IL-12
group and at a time when CTL activity was undetectable, sug-
gesting a gp140/IL-12-specific cytokine response in these cats.

The poor correlation between CTL activity and protection in
the three cats described above was both supportive and con-
trary to the literature on FIV vaccines. Flynn and colleagues
induced CTL activity with synthetic peptide vaccines from the
Gag protein, but cats were not protected from challenge (21).
Similarly, cats immunized with a peptide derived from the V3
domain of Env developed both Env-specific CTLs and anti-
bodies recognizing Env by ELISA but were not protected (22).
However, Yamamoto and colleagues (68) have shown that
major histocompatibility complex-restricted protection against
FIV infection can be conferred to naive cats by adoptive trans-
fer of lymphocytes from vaccinated cats. Whole inactivated
FIV vaccines indicate a role for both cellular and humoral
mechanisms in immune protection (34). Recent studies with
replication-defective FIV proviral DNA have demonstrated
protection (35), but in contrast to whole inactivated FIV vac-
cines, which induced high levels of virus-specific cytotoxicity
and neutralization, the defective viral genomes induced immu-
nity in the absence of a virus-specific humoral immune re-
sponse. Coadministration of the feline IFN-g gene as an im-
munomodulator increased CTL activities (35), although both
the virus-specific and nonspecific CD81 T-cell-mediated re-
sponses were enhanced. Favorable immune responses may also

be facilitated by CD8 T-cell-derived antiviral factors, which
have been partially characterized in FIV infection (11, 14, 51,
63).

The bias toward CTL induction rather than antibody pro-
duction in cats immunized with FIV gp140 and IL-12 DNAs
could have been a property of the intradermal localization of
the DNA or of the coexpression of IL-12 and FIV gp140 or
both. IL-12 influences the differentiation of precursor Th cells
to the Th1 phenotype, which has been exploited in a number of
immunizing models: protection against leishmaniasis can be
evoked in highly susceptible mice with parasite extracts given
in combination with IL-12 (1). The effective use of IL-12 as an
adjuvant has been demonstrated with several other pathogens,
inducing protection against tuberculosis (54), herpes simplex
virus type 2 in a mouse model (65), Coccidioides immitis in
mice (37), cutaneous leishmaniasis in rhesus monkeys (41),
and tumor antigens (58). Recently an SIV-HIV chimera with
inserted IL-12 subunits was shown to produce biologically ac-
tive IL-12. These IL-12-producing chimeras are considered
candidates for a live attenuated vaccine to induce effective
cellular immunity against HIV-1 (46).

The advantage of using IL-12 DNA as an adjuvant is that the
actual cytokine dose required for an effect is rather low, avoid-
ing possible side effects due to prolonged treatment. Compart-
mentalized expression, which was done in this study, may en-
hance the adjuvant activity of IL-12 and minimize undesirable
systemic toxicity (28). Compartmentalization of the IL-12 ef-
fect was evident in the present study; IL-12 and IFN-g mRNA
transcription was not observed in peripheral blood cells during
the period of intradermal injections in cats of the FIV gp140/
IL-12 group. The intradermal route of DNA immunization
may also have been important. Injections of DNA-coated gold
particles into the epidermal skin layer bring the vaccine for-
mulations in more direct contact with DCs, which are thought
to be involved in the process of antigen presentation and in the
development of the primary and secondary immune response
(4, 29, 36, 43).

The findings reported herein demonstrate that IL-16 DNA,

TABLE 3. Antibody responses to FIV TM peptide (TM) and reactivity of plasma samples by Western blotting (WB) on the day of challenge
and at intervals following challenge

Vaccine group Cat no.

Response at wk postchallenge:

0 4
5, TM 6, TM 7, TM

8
10, TM

12
14, TM

16

WB TM WB TM WB TM WB TM WB TM

Gold alone 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1
2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1
3 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1
4 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1

gp140 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1
3 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1
4 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1

gp140 1 IL-12 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
3 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
4 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1

gp140 1 IL-16 1 2 2 2 2 2 2 2 1 1 2 2 2 2 2 2
2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1
3 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1
4 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1

gp140 1 CpG 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1
2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1
3 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1
4 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1
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when injected intradermally with FIV gp140 DNA, helped to
mediate partial resistance to FIV infection. It is unclear wheth-
er this effect was due to the antiviral or immunomodulatory
activity of IL-16, and there is evidence for both in the litera-
ture. Human CD4 cells transfected with IL-16 cDNA in vitro
were resistant to HIV-1 infection (73, 74). However, the super-
natant from these cultures also contained strong chemotactic
activity for T cells and monocytes. It was shown previously that
exogenous IL-16 inhibits the replication of HIV, SIV, and FIV
(3, 47, 51). The antilentivirus activity of IL-16 appears to be
multifaceted. In addition to its exogenous effect on CD4 re-
ceptors, IL-16 may act intracellularly on lentivirus replication
via an internal motif involved in specific intracellular protein-
protein interactions (40, 60). This motif is conserved in the
feline IL-16 cDNA (51).

Immunomodulation within the very early phase of immune
induction with IL-16 and CpG motifs appeared to induce par-
tial protection, as reflected by reduced virus loads. Interest-
ingly, the type of partial protection was greatly different be-
tween the two groups. Cats of the gp140/IL-16 group never
tested positive for viral RNA in the periphery, whereas cats of
the gp140/CpG group showed even lower FIV provirus load,
but three of four tested positive for viral RNA. Differences
seen in cytokine transcription between these groups during
immunizations and after challenge exposure argue for the in-
duction of different mechanisms of virus-specific immunity.

Cats immunized with FIV gp140/CpG were also partially
protected. Therefore, bacterial (CpG) DNA appears to have
significant immunomodulatory effects on the early lentivirus
immune response in a mammalian system. This beneficial ef-
fect may involve cytokines elicited by synthetic CpG motifs,
which include IL-12 and IFN-g. These cytokines promote the
development of Th1-dependent cytotoxic T-cell responses
(30, 44). In support of this mechanism, partially protected
cats showed increased IL-12 p40 and IFN-g transcription in
PBMCs during the immunization phase. No B-cell responses
were observed during the immunization phase, as measured by
the lack of virus-specific antibodies in cats immunized with
FIV gp140/CpG.

The modulation of immune responses in this study agrees
with results from previous molecular adjuvant studies in FIV,

HIV-1, and SIV and highlight the capacity of cytokine gene
adjuvants to modulate early immune responses in vivo. Con-
trolling the magnitude and direction of the immune response
in this phase could be advantageous in the outcome of a sub-
sequent infection. Thus, our data support the idea that mod-
ulation of the immune response within the early phase of
immunity with appropriate vaccine formulations could lead to
a promising vaccine approach.
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