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Feline immunodeficiency virus (FIV) is a useful model for testing of criteria for AIDS vaccine development.
In the protocol we adopted, we used a primary isolate of FIV as a source of antigen and, for challenge, plasma
from cats infected with the homologous virus never passaged in vitro. Cat erythrocytes (RBC) were coated with
the surface components of freshly harvested and purified FIV by means of biotin-avidin-biotin bridges and used
to immunize specific-pathogen-free cats (four doses at monthly intervals; total amount of FIV antigen admin-
istered per cat, approximately 14 mg). Immunized cats developed moderate levels of antibodies directed mainly
to surface components of the virion and clearly evident lymphoproliferative responses. Four months after the
last dose of immunogen, FIV-immunized cats and control cats immunized with bovine serum albumin-coated
RBC were challenged. Judged from the results of the subsequent 12-month follow-up, FIV-immunized cats
exhibited at least some degree of protection. However, following rechallenge, most of the FIV-immunized
animals became virus positive in spite of a booster immunogen dose given 2 months before the second
challenge.

Feline immunodeficiency virus (FIV) is extensively used as a
model system to identify criteria for the development of effec-
tive anti-human immunodeficiency virus vaccines. Previous
studies have demonstrated that vaccines based on whole inac-
tivated virus or fixed infected cells can afford protection against
experimental challenge with FIV. In contrast, vaccines based
on recombinant envelope proteins have given poor results (re-
viewed in references 4, 14, 20, 31, and 40). This is surprising, as
there is solid evidence that epitopes present on envelope pro-
teins are major targets for neutralizing antibodies and other
effectors of antiviral immune responses, such as cytotoxic T
lymphocytes (3, 7, 13, 18, 21, 34–37). Thus, the possibility exists
that failure of subunit vaccines to induce protective immunity
is due to inappropriate presentation of the relevant epitopes
(29, 33).

In this study, we chose to immunize cats with homologous
erythrocytes (RBC) coated with the surface components of
FIV particles by means of biotin-avidin-biotin bridges (FIV-
RBC) on the following premises: (i) RBC of several mammals
can be biotinylated with attachment of just a few thousand
biotin molecules without affecting their integrity and in vivo
survival (11, 24), (ii) inoculation of RBC coated with antigens
via a biotin-avidin-biotin bridge was shown to induce in vivo
immune responses similar to or greater than those obtained
with complete Freund’s adjuvant (24, 25), and (iii) in a recent
study, immunization with minute amounts of a recombinant
antigen (150 ng/mouse) bound to RBC protected mice against

lethal and latent herpes simplex virus type 1 infection (10).
Moreover, we reasoned that the biotin-avidin-biotin bridge
used to couple antigens to RBC might not only select in favor
of the surface antigens of FIV but also preserve, to a large
extent, their native configuration. Recent studies with primate
lentiviruses have shown that the native configuration of the
surface glycoproteins (SUgp) is extremely important for their
immunological functions (reviewed in reference 29).

The results of our study have shown that FIV-RBC elicited
significant humoral and cell-mediated immune responses to
FIV in spite of the small amount of viral protein injected and
that at least the humoral response was preferentially directed
to the SUgp. In addition, FIV-RBC-immunized cats exhibited
an enhanced, though short-lived, resistance to challenge with
ex vivo FIV.

MATERIALS AND METHODS

Production, purification, and biotinylation of FIV for immunogen prepara-
tion. The Pisa-M2 isolate of FIV (FIV-M2) was grown in MBM lymphoid T-cell
cultures as previously described (28). To preserve its structural integrity, the virus
was concentrated from clarified supernatants by use of a Minitan Filter System
(Millipore, Bedford, Mass.), sucrose gradient purified, and biotinylated imme-
diately after harvest from the cultures. For biotinylation, the virus was suspended
at 2 mg/ml in phosphate-buffered saline (PBS) containing 1 M sucrose and
treated with N-hydroxysuccinimido (NHS)-biotin, a biotin derivative that reacts
specifically with exposed NH2 groups, as previously described (11, 25). Briefly, 6
ml of a stock solution of 1-mg/ml NHS-biotin (Pierce, Rockford, Ill.) was added
to 1 ml of a virus suspension and the mixture was incubated at 4°C for 1 h. The
reaction was blocked by adding Tris/HCl (pH 7.0) to a final concentration of 0.1
M, and after 10 min at 4°C, the virus was disrupted by adding Triton X-100 to a
final concentration of 0.02% (vol/vol) and incubating the mixture at 4°C for 15
min. Excess biotin was removed by diluting the viral suspension to 25 ml with
PBS and washing it twice with Centricon 10 (Amicon, Beverly, Mass.). Aliquots
of biotinylated, disrupted FIV (0.395 mg of protein/ml) were stored at 280°C
until use.
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Mock antigen. Mock antigen consisted of bovine serum albumin (BSA) bio-
tinylated at 2 mg/ml exactly the same way as FIV and stored at 0.415 mg of
protein/ml.

Biotinylation of cat RBC and quantitation of bound biotin. Freshly drawn
RBC from two specific-pathogen-free cats were washed three times with cold
PBS and biotinylated as previously described (11, 24, 25). The number of biotin
molecules bound to RBC was determined by measuring the binding of [125I]a-
vidin (1.82 3 105 cpm/mg) as previously described (11). The percentage of RBC
that became biotinylated was evaluated by using fluorescein isothiocyanate
(FITC)-conjugated streptavidin as a probe. Briefly, 5 ml of an RBC suspension (3
to 5%) in PBS was incubated with 20 ml of FITC-streptavidin (1 mg/ml) diluted
1:100 in PBS. After 30 min at 4°C, the RBC were washed twice in PBS and
resuspended to 2 ml; 104 events were analyzed in a flow cytometer (FACScan;
Becton Dickinson, Bedford, Mass.).

Coating of biotinylated RBC with FIV and mock antigen. FIV-RBC and
BSA-coated RBC (BSA-RBC) were prepared just before inoculation into cats.
Avidin (Boehringer GmbH, Mannheim, Germany) at 0.5 mg/ml was added to a
10% suspension of biotinylated RBC, and following agitation at 4°C for 1 h,
excess avidin was removed with three washes in PBS. RBC coupled with avidin-
biotin were then used to bind the biotinylated protein antigens. Two hundred
micrograms of biotinylated FIV or BSA was added to 10 ml of a 10% suspension
of prepared RBC. After 1 h at 4°C, the mixtures were washed three times in
abundant PBS to remove unbound components and resuspended at 10%.

Quantitation of FIV and mock antigen bound to RBC. One hundred micro-
grams of biotinylated FIV or biotinylated BSA was iodinated with 3 ml of 125I (1
mCi/10 ml) by the chloramine T method, and quantitation was performed by
measuring the radioactivity in a Beckman counter. The 125I-labeled, biotinylated
FIV (5.57 3 105 cpm/mg) and 125I-labeled, biotinylated BSA (1.25 3 105 cpm/mg)
preparations thus obtained were used to determine the amount of each protein
that was bound by 1 ml of biotinylated cat RBC with avidin as a bridge.

Immunizations and challenge. Groups of four 7-month-old, specific-pathogen-
free cats (Iffa Credo, L’Arbresle, France) were immunized with either FIV-RBC
or BSA-RBC. The animals were housed individually in our climatized animal
facility under European Community law conditions, examined once per week,
and bled periodically under slight anesthesia. The immunization schedule con-
sisted of 4 doses of 2 ml of 10% coated RBC suspensions given intraperitoneally
at monthly intervals. The amounts of FIV and mock antigens received by each
cat at the different times are shown in Table 1. Four months after the last
immunizing dose, the cats were challenged intravenously with 10 50% cat-infec-
tious doses of FIV-M2 plasma (28). Cats that did not become productively
infected after the first challenge (i.e., remained reisolation and serologically
negative; see below) were boosted 16 months later with their respective immu-
nogens and after 2 additional months were given a second challenge using the
same virus preparation and dose.

Analysis of anti-FIV immune response in vaccinated cats. The antibody re-
sponse to FIV was studied by enzyme-linked immunosorbent assay (ELISA) and
immunoblotting. For ELISA, microwells were coated overnight with 100 ml of
gradient-purified, disrupted whole FIV-M2 at 2 mg/ml (28). After a postcoating
step done with skim milk, serially diluted cat sera were added to the plates.
Bound immunoglobulins G (IgG) were revealed with biotinylated mouse anti-cat
IgG serum, followed by an antibiotin peroxidase conjugate. Absorbance was read
at 450 nm. For immunoblotting analysis, purified, sodium dodecyl sulfate (SDS)-
disrupted FIV was separated by SDS–10% polyacrylamide gel electrophoresis
(PAGE) and transferred onto nitrocellulose sheets. After extensive blocking with
skim milk, the blots were incubated with appropriately diluted cat sera. Bound
antibodies were visualized by enzyme immunoassay using peroxidase-conjugated
mouse anti-cat IgG; the reaction was developed on autoradiographic films (Hy-
perfilm-ECL; Amersham) by using the enhanced-chemiluminescense (ECL) de-
tection system (Amersham). A serum raised by hyperimmunization of mice with
the peptide 517FNKTKAVEMVNIAGNWSCTS536, derived from a conserved
region of FIV Env and reactive with the SUgp in immunoblotting (26), was also
used in these studies. FIV neutralizing antibodies were tested by using a lym-
phoid-cell-based assay as previously described (2). Cell-mediated immunity to
FIV was monitored by a lymphocyte proliferation assay (28). Briefly, Ficoll-
separated peripheral blood mononuclear cells (PBMC; 1.5 3 105) were incu-
bated with 1 mg of purified and sonicated FIV in 200 ml of RPMI 1640 containing
10% heat-inactivated, AB-positive human serum and 2 mM L-glutamine for 4
days and then pulsed with [3H]thymidine for 18 h. The stimulation index (SI) was
calculated as the ratio of radioactivity incorporated by PBMC in the presence or

absence of FIV antigen. Only SIs of $2 were considered indicative of FIV-
specific lymphoproliferation.

Follow-up of challenged cats. Challenged cats were monitored for FIV infec-
tion by serology, virus reisolation from PBMC, and detection of proviral DNA by
PCR. Diagnostic nested gag PCR was performed on PBMC as previously de-
scribed (28). Assay sensitivity was 10 copies of the p34TF10 plasmid containing
the whole FIV-Pet genome (kindly provided by J. E. Elder, La Jolla, Calif.).
DNAs from uninfected cat PBMC and reagent controls were run in parallel, and
the positive control (DNA from infected cells) was included in the second step
only. At the end of the experiment, cat PBMC were also examined for infectious
virus and provirus loads. Proportions of PBMC harboring infectious FIV were
assessed by quantitative coculture with MBM cells as previously described (15).
Proviral loads were quantitated by competitive PCR using an internal standard
derived from the gag gene (32) and expressed as the number of proviruses in 1
mg of PBMC DNA.

RESULTS

Characterization of FIV and mock immunogens. We first
measured the proportion of cat RBC that became biotinylated
after treatment with NHS-biotin. This was necessary because
the procedure used had not been validated for cat RBC pre-
viously. Flow cytometric analysis using FITC-streptavidin as a
probe showed that the cat RBC were almost all biotinylated
and to similar extents (Fig. 1). Using 125I-avidin as a probe, we
also estimated that the average number of biotin molecules
coupled per single RBC was 30,703 6 1,018 (mean 6 standard
deviation [SD] of three independent preparations). We then
determined the amount of biotinylated FIV protein and BSA
that became bound to biotinylated cat RBC through the avidin
bridge by using 125I-labeled, biotinylated antigens. Bound FIV
protein was 0.8 6 0.1 mg/ml of RBC, while bound BSA was

FIG. 1. Validation of the procedure used for biotinylating cat RBC. Biotin-
positive cells were probed with FITC-streptavidin and examined by flow cytom-
etry. M1., biotin-positive cells.

TABLE 1. Amounts of FIV and BSA (mock antigen) proteins administered per cat at each immunization time

Protein used
for

immunization

Mean amt of antigen (mg) used for immunizationa no.:

1 2 3 4 5

FIV 2.08 6 0.25 2.41 6 0.29 2.50 6 0.30 3.74 6 0.45 3.34 6 0.29
BSA 2.62 6 0.24 2.70 6 0.25 3.41 6 0.31 5.50 6 0.50 4.02 6 0.35

a The indicated amounts of antigens were present in the 2 ml of coupled RBC suspension used per immunization.
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1.1 6 0.1 mg/ml of RBC (means 6 SD of five determinations).
Based on these results, it was calculated that the doses of
FIV-RBC and BSA-RBC used to immunize cats at the differ-
ent time points contained between 2.08 and 3.74 mg of FIV
proteins and between 2.62 and 5.50 mg of BSA, respectively
(Table 1). Thus, each FIV-RBC-immunized cat received ap-
proximately 14 mg of FIV protein.

We also attempted to characterize the components of the
virus that became biotinylated when whole FIV was treated
with NHS-biotin. Freshly prepared, gradient-purified FIV was
biotinylated, disrupted with a nonionic detergent exactly as
described in Materials and Methods for immunogen prepara-

tion, and electrophoresed. Western blotting with streptavidin-
peroxidase and ECL revealed three bands that exhibited rela-
tively high levels of biotinylation, two with apparent molecular
masses of 65 to 68 kDa, compatible with the SUgp molecule,
and one with a mass of 170 kDa. Importantly, no band that
might indicate significant biotinylation of the internal 25-kDa
p25 capsid protein of FIV was visible in these blots (Fig. 2C).
On the other hand, staining of the gels with Coomassie blue
and counterstaining with silver demonstrated components with
apparent molecular masses similar to those seen by using
streptavidin and also other bands with lower masses (Fig. 2A).
Note that whereas the 170-kDa band was preferentially stained
by Coomassie blue and not by silver, the 65- to 68-kDa bands
were preferentially stained by silver, which suggests that they
were glycoproteins (12). For comparison, we also performed
an autoradiographic analysis of gradient-purified FIV that had
been biotinylated, disrupted, and then labeled with 125I to a
specific activity of 5.57 3 105 cpm/mg. As expected, the most
abundant component in the FIV lysate, by far, was a 25-kDa
protein corresponding to capsid protein p25 (Fig. 2B). Based
on these results, we tentatively concluded that, in accordance
with the rationale of the experiment, biotin had bound consid-
erable amounts of the SUgp and little of the internal viral
proteins. This conclusion was corroborated by examining by
immunoblotting the specificities of the antibodies produced by
cats immunized with FIV-RBC (see below).

Immune responses elicited by the FIV immunogen. Through-
out the experiment, the antibody response of immunized cats
was monitored by ELISA with disrupted FIV as the antigen.
As shown in Fig. 3A, immunization with FIV-RBC elicited the
production of anti-FIV antibodies in all of the cats. Antibodies
were first detected 2 months after initiation of immunization;
peaked at 3 months, when titers ranged between 1:400 and
1:1,000; and then declined, despite the administration of an
additional dose of immunogen. Thus, 4 months after comple-
tion of immunization, when the animals were challenged, an-
tibody titers ranged between 1:200 and 1:400. Sera collected at
challenge were also examined by immunoblotting for reactivity
to denatured FIV proteins. As shown in Fig. 4, the four cats
immunized with FIV-RBC (lanes A to D) exhibited various

FIG. 2. Characterization of the proteins biotinylated by reacting whole FIV
with NHS-biotin. The indicated viral preparations were disrupted in SDS and
subjected to SDS–10% PAGE. (A) Staining with Coomassie blue and silver of a
gel obtained with biotinylated virus. (B) Autoradiography of a gel obtained with
biotinylated FIV that was 125I labeled after disruption (Kodak X-Omat AR film
at 270°C in the presence of Du Pont Lightning-Plus intensifying screens). (C)
Staining with streptavidin of biotinylated FIV. The gel was blotted onto nitro-
cellulose, incubated with horseradish peroxidase-conjugated streptavidin, and
examined by ECL.

FIG. 3. ELISA antibody response to disrupted FIV antigen in FIV-RBC-immunized and control cats. Solid symbols indicate individual FIV-RBC-immunized
animals. A single open symbol is used for BSA-RBC-immunized cats, as they were all unreactive. The arrows indicate the times when immunizing doses were
administered, and the solid arrowheads indicate the times of challenge. (A) Response to primary immunization. (B) Response to a booster FIV-RBC dose given 20
months after completion of the primary immunization.
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degrees of reactivity, but in all cases, the predominant bands
corresponded to proteins of about 70 kDa, compatible with
FIV SUgp, and 170 kDa, while the band corresponding to the
p25 capsid antigen was relatively weak and remained so even
when the blots were developed for prolonged periods (data not
shown). This pattern was in stark contrast to that produced by
sera of FIV-infected cats (exemplified in lanes E and F of Fig.
4), in which the p25 band was the most dominant by far,
whereas high-molecular-weight bands were much fainter than
those observed with FIV-RBC immunized cat sera. RBC-BSA-
immunized cats were consistently FIV seronegative by both
ELISA (Fig. 3A) and immunoblotting (Fig. 4, lane G). These
antibody patterns were also compared with the reactivity of a
serum obtained by hyperimmunizing mice with a synthetic pep-
tide of the SUgp of FIV and known to stain this protein in
immunoblotting. As shown by lane H in Fig. 4, the protein
recognized by this serum had an apparent molecular mass
similar to that of the protein recognized by the sera of RBC-
FIV-immunized cats. Moreover, when probed by a glycopro-
tein-specific detection system, this protein proved to be glyco-
sylated (Fig. 4, lane L). Consistent with previous results (28),
the sera taken at the time of challenge were negative for virus
neutralizing antibody, as determined in a lymphoid-cell-based
assay (results not shown). Immunized cats were also monitored
for FIV-specific cell-mediated immunity by examining the lym-
phoproliferative response of their PBMC to whole FIV lysate.
As shown by the representative results depicted in Fig. 5A, two
of four FIV-RBC-immunized cats were positive. In contrast,
the four BSA-RBC-immunized cats were constantly negative.

Outcome of challenges. The above findings demonstrated
that immunization with FIV-RBC elicited a significant anti-
body response against FIV proteins, though it was considerably
less pronounced than that observed in a previous successful
vaccination experiment in which cats had been immunized with
fixed, FIV-infected cells (28). FIV-RBC-immunized cats also
developed a cell-mediated response to FIV that was of the
same magnitude as that observed in a previous study (28). To
assess whether the immune response elicited by FIV-RBC
translates into significant protection, we challenged the ani-
mals with the same viral strain used for vaccine preparation.
The stock of virus used was plasma of cats infected with FIV
passaged only in vivo, and the inoculum contained 10 50%
cat-infective doses.

Table 2 shows that at the time of challenge, all of the im-

munized cats were virus negative, as determined by sensitive
FIV culture and PCR analysis, thus showing that the procedure
used to prepare the FIV-RBC immunogen had effectively in-
activated FIV infectivity. Table 2 also shows the results of the
virological and serological assays performed on challenged cats
at selected times. In the mock-vaccinated group, two cats were
repeatedly reisolation and/or serologically positive, as well as
PCR positive, and the remaining two cats were repeatedly
PCR positive, though they showed no signs of productive FIV
replication. Thus, at the end of the 12-month postchallenge
follow-up, two of four mock-immunized cats could be scored as
productively infected. In contrast, the four animals in the FIV-
RBC-vaccinated group showed no evidence of FIV infection
throughout the observation period, except for cat 2923, which
was PCR positive at 1 month, and, cat 2911 which was PCR
positive at 12 months postchallenge. Thus, at the end of the
follow-up period, none of the FIV-RBC-immunized cats could
be scored as productively infected.

Sixteen months after the above-described challenge, the an-
imals that had escaped productive infection were given one
booster dose of the respective immunogens. The antibody and
lymphoproliferative levels of the FIV-RBC-immunized ani-
mals had, in fact, considerably declined by this time (data not
shown). The animals responded promptly to the FIV-RBC
booster, so that 2 months later, their anti-FIV ELISA antibody
reached higher levels than those observed at the same time
after the first challenge (Fig. 3B). This was confirmed by im-
munoblot analysis, which also showed that the specificity of
antibodies was similar to that observed after primary immuni-
zation (data not shown). FIV-specific lymphoproliferation was
also positive in three of four FIV-RBC-immunized cats (Fig.
5B). As expected, the control cats that had received a booster
of mock immunogen remained FIV unreactive (Fig. 3B and
5B). Two months after the booster, FIV-RBC- and BSA-RBC-
immunized cats were given a second FIV challenge. As shown
in Table 3, this challenge was fully successful since the two
mock-immunized animals became productively infected within
1 month. Of the FIV-RBC-immunized animals, only one re-
mained virus free until the end of the 6-month follow-up pe-
riod, whereas the others became productively infected as
readily as the controls. At the end of the experiment, we also
measured the infectious virus and the proviral loads found to
be associated with the PBMC of infected cats and found no

FIG. 4. Immunoblot analysis of sera of FIV-RBC-immunized and control
cats at the time of challenge. Purified FIV was subjected to SDS-PAGE under
reducing conditions, blotted onto nitrocellulose, and reacted with sera from cats
immunized with FIV-RBC (lanes A to D), with sera from FIV-infected cats
(lanes E and F), with one serum from a BSA-RBC-immunized cat (lane G), and
with an SUgp-specific (lane H) or control (lane I) mouse serum. Lane L was
stained for glycoproteins by the ECL glycoprotein detection system in accor-
dance with manufacturer’s instructions.

FIG. 5. Proliferative responses to FIV antigen of individual cats immunized
with FIV-RBC (solid bars) or BSA-RBC (open bars). (A) Response at the time
of first challenge (4 months after completion of primary immunization). (B)
Response at the time of second challenge (2 months after a booster dose of
immunogen). The SI is the ratio of radioactivity incorporated by PBMC in the
presence of the antigen to that incorporated in the absence of the antigen. Only
values of $2 were considered indicative of FIV-specific lymphoproliferation. In
the absence of antigen, values ranged between 177 and 4,488 cpm in individual
cats.
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appreciable differences between FIV-RBC- and mock antigen-
immunized animals (Table 3).

DISCUSSION

Previous studies have shown that vaccine-induced protection
against FIV is achievable, though the viral epitopes and the
immune mechanisms involved have remained essentially unre-
solved (reviewed in references 4, 14, 20, 31, and 40). Thus,
vaccines composed of fixed cells or whole inactivated virus
derived from the FL4 cell line, which is chronically infected
with the Petaluma strain of FIV, have repeatedly protected
against challenge with tissue culture-adapted virus (5, 17, 19,
41). In addition, we have recently shown that a fixed-cell vac-
cine prepared with the same primary isolate used in this study
effectively, albeit transiently, protected cats against cell-free
and cell-associated virus challenges obtained ex vivo, thus
showing that vaccine protection can also be efficacious against
fully virulent viruses similar to those which circulate in nature
(27, 28).

By analogy with other viruses, it is generally believed that the

protective antigens of lentiviruses are mainly viral components
exposed at the virion surface (6, 16, 29, 30, 33). Characteriza-
tion of FIV antigens has corroborated this assumption, since
all of the FIV structures involved in antibody-mediated neu-
tralization and at least some of the epitopes recognized by
cytotoxic T lymphocytes identified to date are located in the
SUgp (3, 7, 13, 18, 21, 34–37). It is therefore paradoxical that
attempts to vaccinate cats by using recombinant SUgp or syn-
thetic peptides have given poor results and have sometimes
enhanced FIV infection following challenge (22, 23, 35, 37, 39).
Among the explanations put forward to explain the failure of
FIV subunit vaccines to protect and that of similar tested
vaccines to protect against other lentiviruses is that the SUgp
epitopes important for protection are conformational in nature
and that, to induce protective immunity, the relevant viral
molecules have to be presented to the immune system in a
configuration as similar as possible to that on the native virion
(29, 33). That this explanation is plausible is suggested by
recent findings showing that vaccination with immunoaffinity-
purified SUgp obtained from the FL4 cell line, though less

TABLE 2. Virological and serological markers of FIV infection in FIV-RBC-immunized and mock-immunized cats at the time of challenge
and at selected times thereafter

Cat group and no.

Presence of marker at postchallenge time (mo):

0 1 3 5 7 9 12

PCRa VIb PCR VI Sc PCR VI S PCR VI S PCR VI S PCR VI S PCR VI S

BSA-RBC immunized
438 2 2 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1
442 2 2 1 2 2 1 2 2 1 2 2 2 2 2 1 2 2 1 2 2
449 2 2 1 2 2 1 2 2 1 2 2 1 2 2 1 2 2 1 2 2
456 2 2 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 2 1 1

FIV-RBC immunized
2910 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 2 2
2911 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2923 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2926 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

a PBMC were examined for proviral FIV gag sequences by nested PCR.
b VI, virus isolation by coculture with MBM cells.
c S, serology. Sera were tested in an ELISA for IgG antibody to purified and disrupted FIV. 1, antibody titer at least fourfold higher than that at the time of challenge;

2, antibody titer not significantly different from that at the time of challenge.

TABLE 3. Virological and serological markers of FIV infection in FIV-RBC-immunized and mock-immunized cats at the time of rechallenge
and at selected times thereafter

Cat category and no.

Presence of marker or no. of infected cells at rechallenge time (mo):

0 1 3 6

PCRa VIb PCR VI Sc PCR VI S PCR VI Viral
loadd S

BSA-RBC immunized
442 1 2 1 1 (10) 2 1 1 (15) 1 1 (1,110) 1 (28) 10 1
449 2 2 2 1 (14) 2 2 1 (15) 1 2 1 (28) 1 1

FIV-RBC immunized
2910 2 2 2 2 2 2 2 2 2 2 2
2911 2 2 1 1 (15) 2 1 1 (15) 2 1 (4,440) 1 (14) 10 2
2923 2 2 2 1 (7) 2 1 1 (7) 1 1 (830) 1 (14) 102 1
2926 2 2 2 1 (7) 2 1 1 (7) 1 1 (660) 1 (14) 102 1

a PBMC were examined for proviral FIV gag sequences by nested PCR. Values in parentheses at 6 months indicate the proviral load present in 1 mg of PBMC DNA
as assessed by competitive PCR.

b VI, virus isolation by coculture with MBM cells. Values in parentheses indicate days of incubation at the time cultures first became positive.
c S, serology. Sera were tested in an ELISA for IgG antibody to purified and disrupted FIV. 1, antibody titer at least fourfold higher than that at the time of challenge;

2, antibody titer not significantly different from that at the time of challenge.
d At this time, PBMC were also examined for infectious virus load by quantitative isolation. Results are expressed as numbers of infected cells per 106 PBMC.
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effective than vaccination with whole inactivated FIV in pro-
tecting cats against viremia, did, nevertheless, reduce the re-
sulting viral loads (17).

Previous data have shown that coated homologous RBC
represent an interesting antigen delivery system (10, 25). In the
present study, we have used this approach to immunize cats
with enriched, native surface antigens of FIV in an attempt to
favor the development of protective immune responses. For
immunogen preparation, the proteins exposed on the intact
virion were biotinylated by treating freshly harvested, purified,
whole FIV with an impermeant biotin derivative specifically
reactive with exposed NH2 groups. The virions were then
gently disrupted by using a detergent, and the biotinylated
proteins obtained were selectively bound to avidin-biotin-
coated RBC, which were then used to inoculate cats immedi-
ately after coating. The total amount of FIV antigen adminis-
tered per cat was minimal, approximately 14 mg, and was
therefore many-fold smaller than that used in previous studies
employing immunoaffinity-purified or recombinant SUgp
mixed with potent adjuvants (17, 23). Nonetheless, immunized
cats developed clearly evident anti-FIV humoral and cell-me-
diated immune responses. Anti-FIV antibodies were first de-
tected 1 month after the second dose of immunogen and
peaked after the third dose, though they never reached the
titers observed with more complex immunogens (27, 28). An-
tibodies, however, started to decline soon in spite of the ad-
ministration of a fourth dose of immunogen, so that by 4
months after completion of the immunization cycle, their titers
were low. Interestingly, FIV-RBC-immunized animals had im-
munoblotting profiles that differed considerably from those of
FIV-infected cats and even those of cats vaccinated with in-
fected cells (data not shown) in that they produced stronger
bands specific for the SUgp and much fainter bands against
internal capsid antigen p25, thus showing that FIV-RBC had
preferentially stimulated the responses to the surface antigens
of FIV. However, the sera taken at the time of challenge
lacked detectable FIV neutralizing antibodies, similar to what
was observed following vaccination with fixed, infected cells
(28). The development of cell-mediated immunity in the vac-
cines was monitored by examining the lymphoproliferative re-
sponse of PBMC on repeated occasions. As judged from the
proportion of reactive cats and from the SIs observed, this
response was as well developed as in previous studies in which
we used more complex vaccines and the same assay conditions
(27, 28), thus suggesting that the delivery system used may be
especially effective in eliciting cell-mediated immune re-
sponses, though further studies are needed to prove this point.

To assess whether the immune responses evoked by FIV-
RBC had protective value, 4 months after completion of the
immunization schedule, FIV-RBC-immunized and control cats
were challenged with ex vivo FIV. All four controls became
consistently FIV positive by PCR throughout the 12-month
follow-up, though only two became productively infected. On
the other hand, of the four FIV-RBC-vaccinated cats, none
became productively infected and two proved PCR positive
only in one occasion during the 12-month follow-up. Thus,
although the results of the experiment could not be considered
conclusive due to the partial success of the challenge, the
outcomes in the groups of animals were sufficiently different as
to indicate that FIV-RBC-immunized cats not only had re-
sponded immunologically to FIV but were also at least partly
protected from FIV challenge.

Sixteen months after the first challenge, the animals that had
escaped productive infection (four vaccinated and two mock
vaccinated) were given an additional dose of immunogen
which elicited a rapid anamnestic immune response. Anti-FIV

antibodies, that had become barely detectable with time, in-
creased rapidly so that by 2 months, they reached levels higher
than those found at the same time after primary immunization,
and lymphoproliferative indices also increased. Two months
after the booster, the animals were rechallenged and the mock-
vaccinated cats rapidly became virus isolation, as well as PCR,
positive. After this challenge, three FIV-RBC-immunized cats
became infected as promptly as the controls and with similar
viral loads, thus showing that there was little, if any, residual
protective immunity. Also, the protection against FIV induced
by a fixed-cell vaccine has been shown to be short-lived and
difficult to recall once it has waned (27).

The present experiment was conducted by using a series of
precautions designed to avoid, or at least minimize, possible
artifacts that might be associated with the use of tissue culture-
adapted virus for vaccine preparation and challenge, such as
reduced virulence of the challenge virus (2, 40) and the pres-
ence of similar host cell derived-antigens on the vaccine and
the challenge virus (9, 38). Precautions included the use for the
vaccine of a preparation of a primary isolate of FIV propa-
gated a limited number of times in vitro and solely in non-
transformed lymphoid cells and ex vivo challenge with a virus
never passaged in vitro. In previous experiments using the
same precautions (27, 28), cellular antigens were ruled out as
possible mediators of protective anti-FIV immunity. Thus, it
seems unlikely that host cell-derived antigens were significantly
involved in the observed protection. However, we also made
direct attempts to characterize the FIV antigens that were
biotinylated and therefore presumably present in the FIV-
RBC inocula. By probing with streptavidin, two proteins with
apparent molecular masses of 65 to 68 kDa and one protein
with a molecular mass of about 170 kDa, determined by SDS-
PAGE, were found to be highly biotinylated. The former pro-
teins had mobility and staining properties compatible with
those of the SUgp of FIV; thus, also in the light of the immu-
noblotting profiles exhibited by the FIV-RBC-immunized cats,
we can conclude that the FIV SUgp was well represented in the
inocula. The 170-kDa protein was much less abundant, as
judged from the size of the streptavidin-stained band, but was
markedly immunogenic in cats, as shown by the immunoblots
of FIV-RBC-immunized cats. This protein was probably non-
viral in origin, since it had an electrophoretic mobility incom-
patible with those of mature FIV-encoded proteins and was
not seen when sera of FIV-infected cats were used. Primate
lentiviruses are known to incorporate several cell-derived pro-
teins in their envelope (1, 8), and it is feasible that also FIV
does, though no direct information about this issue exists.
Thus, it is likely that the 170-kDa protein was cell derived.
Further studies are needed to characterize the host cell pro-
teins incorporated by the FIV envelope. The data also showed
that internal capsid protein p25, by far the most abundant
component of the FIV virion, was poorly represented among
the biotinylated proteins, thus confirming that the method used
had preferentially biotinylated FIV surface components.

In conclusion, this study has shown that immunization of
cats with homologous RBC coated with minute amounts of
FIV antigens via biotin-avidin-biotin bridges induced clearly
evident FIV-specific immune responses that, judged from im-
munoblotting profiles, were directed mainly to the SUgp. The
results have also shown that, following primary immunization
with this method, cats were at least partially protected from ex
vivo FIV challenge, thus confirming that the surface antigens
of FIV are of paramount importance for the induction of
protective immunity. Finally, the results have corroborated
observations that vaccine-induced protection against FIV
tends to be short-lived and may be difficult to restimulate.
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Clearly, novel approaches of immunization should be pursued
that may provide a response to these important limitations of
current immunization methods.
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