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More than 90%o of cats immunized with inactivated whole infected-cell or cell-free feline immunodeficiency
virus (FlV) vaccines were protected against intraperitoneal infection with 10 50% animal infectious doses of
either homologous FIV Petaluma (28 of 30 cats) or heterologous FIV Dixon strain (27 of 28 cats). All 15 control
cats were readily infected with either strain of FIV. Protection appears to correlate with antiviral envelope
antibody levels by a mechanism yet to be determined.

Infection of domestic house cats with feline immunodefi-
ciency virus (FIV) is an established cause of fatal immuno-
suppressive disease under both natural and experimental
conditions and is becoming a very useful small animal model
for AIDS antiviral therapy and vaccine testing (4, 14). We
previously showed that immunity against low-dose intraperi-
toneal (i.p.) infection with homologous FIV could be
achieved in about 75% (11 of 15) of cats immunized with
inactivated whole FIV vaccines made up of either fixed
infected allogenic T cells or cell-free virus harvested from
these cells (20). Protection appeared to correlate in general
with vaccine induction of a strong antiviral immune re-
sponse, including virus-neutralizing (VN) antibodies. How-
ever, the relative titer of VN antibodies did not completely
correlate with protection. In contrast to the simian immuno-
deficiency virus (SIV) macaque model (17), immunization of
cats with the uninfected T cells used to grow the virus for
vaccine production and challenge did not protect any cats
against challenge infection with FIV (20). Thus, in the FIV
model, although the allogeneic T-cell antigens could be
shown to contribute an adjuvant effect to the vaccines (20),
they did not appear to be the critical correlate of immune
protection. In the present study, we expanded upon this FIV
vaccine model by immunizing a larger number of cats with a
slightly modified protocol and by challenging cats protected
against the homologous FIV with a heterologous strain of
FIV, differing by 11% in outer envelope amino acid se-
quences.

Preparation of the FIV vaccines using the interleukin-2-
independent feline T-cell line (FL-4) has been described
previously (19, 20). The formulation of the adenyl-muramyl
dipeptide (A-MDP) adjuvant has been reported (2). Both
fixed infected-cell and inactivated whole-virus vaccines were
shown to be free of infectious virus and viable cells for more
than 2 years by in vitro virus isolation and lymphocyte
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proliferation assays and by monitoring of vaccinated unchal-
lenged cats for infectious virus using previously described
(20) virus isolation and polymerase chain reaction (PCR)
methods (data not shown).

Forty specific-pathogen-free (SPF) cats, 4 to 6 months of
age, were divided into three groups. Group A (15 cats)
animals were vaccinated subcutaneously with 2.5 x 107fixed
infected FL-4 cells per dose plus A-MDP adjuvant, group B
(15 cats) received 250 ,ug of inactivated whole virus per dose
plus A-MDP adjuvant, and group C (10 cats) received
adjuvant alone. All cats were given the first booster injection
2 weeks after the primary immunization, and the second
booster injection was given 3 weeks later. Because of
apparent A-MDP toxicity, i.e., diarrhea and vomiting, after
the primary immunization, the dose of A-MDP was reduced
to 125 and 10 ,ug for the first and second booster injections,
respectively.

After vaccination with either vaccine but before challenge
(day zero; Fig. 1 to 4), all cats were completely negative for
infectious virus in their peripheral blood lymphocytes by
both virus isolation and PCR (Table 1), further evidence that
the vaccines were completely inactivated in vitro. By 3
weeks after the second booster injection, at the time of
homologous virus challenge (day zero), substantial levels of
antibodies binding to FIV core (p25) and envelope (SU and
TM) antigens were detected. Enzyme-linked immunosorbent
assay (ELISA) titers were 1:1,000 to 1:50,000 for antibodies
to purified core p25 and 1:500 to 1:50,000 for SU and TM
peptides, with higher titers to the TM peptide (Fig. 1 to 3).
By immunoblot, antibody titers of 1:50 to 1:5,000 were
detected against purified SU and TM glycoproteins (data not
shown). In general, epitope-specific envelope antibodies
detected by ELISAs using SU(595-615) and TM(694-705)
peptides were higher in titer (thus more sensitive) than the
overall anti-envelope antibody titer detected by ELISA or
immunoblot assays with purified SU and TM glycoproteins.
Using a previously described microassay (20), significant
titers of VN antibody (mean titers of 100 and 800) were also
achieved, generally higher in those cats immunized with the
fixed infected-cell vaccine (Fig. 4). Unimmunized adjuvant
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FIG. 1. Relative levels of anti-p25 antibodies in sera from vacci-
nated and adjuvant-control cats were determined by ELISA (20),
using electrophoretically purified p25 as substrate antigen (50 jig per
well). Cats were immunized three times with fixed infected-cell
vaccine (A, A), inactivated whole-virus vaccine (*, K), or placebo
prior to homologous FIV Petaluma challenge at zero weeks. ELISA
was performed at a serum dilution of 1:100, and the results are
expressed in optical density (O.D.) values (20). The dilution titer of
vaccinated cats after the second booster injection ranged from
1:1,000 to 1:50,000 by immunoblot analysis. Panels A and B repre-
sent results from vaccine-protected (*, A) and unprotected (K, A)
cats, respectively, compared with the results from placebo-admin-
istered cats infected with homologous (U) and heterologous (E)
FIV. Cats A40 and 249 (panel B; K) became virus isolation positive
at 3 weeks postchallenge with homologous virus. All vaccine-
protected cats (panel A; *, A) and five naive SPF cats (panels A and
B; El) were given booster injections with their respective vaccine or
placebo, respectively, at 38 weeks postchallenge and challenged 7
weeks later with heterologous FIV Dixon. Cat 346 (panel B; A)
became positive by virus isolation and PCR at 16 weeks after
heterologous FIV challenge (or 61 weeks postchallenge with homol-
ogous FIV). Five cats from each vaccinated and unvaccinated
placebo group were randomly selected to be tested for their anti-p25
antibody titers, and the results are expressed as mean plus or minus
standard deviation (vertical bars). Only those immunized cats which
were virus isolation and/or PCR positive were specifically tested for
the antibody titers.

controls had no detectable FIV antibody. Three weeks after
the second booster injection, all cats were challenged i.p.
with 10 50% animal infectious doses (ID50) of the homolo-
gous Petaluma strain of FIV, for which the titer had previ-
ously been determined in vivo (20). For the next 9 months
the cats were monitored, as previously described (20), for
FIV infection, for FIV antibody response, and for clinical
status. Virus isolation and PCR results are summarized in
Table 1. All 15 cats immunized with the fixed infected-cell
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FIG. 2. Vaccinated and adjuvant-administered control cats were
tested by ELISA for serum antibodies to transmembrane peptide
TM(694-705), at a serum dilution of 1:500. The amino acid sequence
of this TM peptide is QELGCNQNQFFC. (A) The means of all
vaccine-protected cats are shown (*, virus vaccine; A, infected-cell
vaccine). (B) Cats A40 and 249 (K, mean) from the inactivated
whole-virus group and cat 346 (A) from the fixed infected-cell group
were unprotected from FIV challenge. The means of the two
adjuvant-administered control cats infected with either homologous
FIV Petaluma (U) or heterologous FIV Dixon (E) are shown.

vaccine (group A) remained uninfected and PCR negative,
and their FIV antibody levels gradually declined over the
9-month interval after challenge (Fig. 1A, 2A, and 3A).
Thirteen of 15 cats immunized with the inactivated whole-
virus vaccine (group B) were also completely protected
against infection and showed a similar, progressive decline
in FIV antibody levels (Fig. 1A, 2A, and 3A). The two cats
(249 and A40) in group B that were not protected became
persistently infected and PCR positive by 3 weeks after
challenge, and their FIV antibody levels increased and/or
remained elevated for the next 9 months (Fig. 1B, 2B, and
3B). All 10 adjuvant control cats seroconverted and became
persistently infected within several weeks after challenge.
At 38 weeks after challenge, the 15 protected (uninfected)

cats in vaccine group A and the 13 protected cats in vaccine
group B were given a third booster injection with their
respective FIV vaccines. To avoid confusion, the cat groups
given booster injections were called groups 1A and 1B in
study 2 (Table 2). In both groups given booster injections, a
marked anamnestic antibody response to FIV core and
envelope antigens was elicited (Fig. 1 to 3). Anti-envelope
(SU) peptide and VN antibody titers peaked higher than the
levels reached after the second booster injection (Fig. 3 and
4). Seven weeks after the third booster injection the 28
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FIG. 3. Vaccinated and adjuvant-administered control cats were
tested by ELISA for serum antibodies to viral surface envelope
peptide SU(595-615), at a serum dilution of 1:100. This envelope
sequence has been shown to be immunogenic in cats infected with
the Petaluma isolate (1). By immunoblot analysis, the dilution titers
of vaccinated cats after the second booster injection ranged from
1:50 to 1:5,000. The description of the animals is as described in the
legends to Fig. 1 and 2.

vaccine-protected animals were challenged i.p. with 10 ID50
of the heterologous Dixon strain of FIV. This strain differs
by 11 and 4%, respectively, in the outer envelope and
transmembrane envelope amino acid sequences from the
FIV Petaluma strain (12) (both GenBank no. L00607 and
L00608 for FIV Dixon). In vivo titration of this FIV strain in
eight SPF cats (two per dose from 10-1 to 10-4) established
that a 10' dilution of the stock represented 10 ID50. Five of
five SPF controls were readily infected with this dose of FIV

-9 0 6 30 42 54
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FIG. 4. VN antibody titers of vaccinated and adjuvant-adminis-
tered control cats were tested at -9, 0, 6, 35, 42, 54, and 77 weeks
after homologous FIV Petaluma challenge. The mean VN titers of
six or seven randomly selected cats from the fixed infected-cell and
the inactivated whole-virus groups were averaged. Two unprotected
cats (A40 and 249) (mean VN titer; O) from homologous FIV
challenge and the single unprotected cat (346) (A) from heterologous
FIV challenge were specifically tested for VN titer. Mean VN titers
of seven adjuvant-administered control cats challenged with homol-
ogous FIV Petaluma ( )K ) and two adjuvant-administered control
cats challenged with heterologous FIV Dixon ( x ) are also shown.
Only vaccine-protected cats were given the third booster vaccine at
38 weeks postchallenge, and they were challenged 7 weeks later
with heterologous FIV Dixon. The viral status of the different
groups is presented next to the corresponding mean VN titers. The
VN titer was defined as the reciprocal of the highest final dilution
which gave >50% reduction in reverse transcriptase or ELISA p25
optical density (O.D.) values of the infected control culture which
had no serum exposure (20).

Dixon strain. At 16 weeks after the heterologous FIV
challenge, all but 1 of the 28 vaccinated cats in groups 1A
and 1B remained uninfected (Table 2) and showed a steady
decline in FIV antibody titers. The single infected cat in
vaccine group 1A became positive for infectious FIV by 16
weeks postchallenge and showed an increase in FIV anti-
bodies. The time of virus isolation and positive PCR detec-
tion suggests that this cat was infected with FIV Dixon
instead of FIV Petaluma; however, further studies (i.e.,
sequencing isolated virus from cat 346) will be necessary to
identify the FIV strain.
These results confirm and extend our previous findings

(20) in showing that positive immune protection against
homologous FIV challenge infection can be achieved in cats
by either inactivated infected-cell or cell-free virus vaccines.
The increased efficacy noted in the present study (>90%
versus 75% in the previous study) can probably be attributed
to the use of a stronger immunogen, i.e., increased number

TABLE 1. FIV vaccine protection against homologous FIV challenge

Virus isolated at indicated wk postchallenge No.
Study 1 -1 3 6 9 16 37 protected/

group (n)'2 total no

Vb PCRb V V V V PCR V PCR (%)

A (15)C 15/15 (100)
B (15)d 249, A40- 249, A40 249, A40 249, A40 249, A40 249, A40 249, A40 13/15 (87)
Control (10) 55U, 55X, 354 55U, 55X, 354, 250, 9410, All All All All All 0/10 (0)

A42, JK1, 7K2, DK2
a Vaccinated and adjuvant control cats were challenged i.p. with homologous FIV.
b Virus isolation (V) and PCR were performed as previously reported (20).
c Group A cats were given fixed infected-cell vaccine.
d Group B cats were given inactivated virus vaccine.
' Identification numbers of cats that became positive by virus isolation or PCR.
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TABLE 2. FIV vaccine protection against heterologous FIV challenge

Virus isolated at indicated wk postchallengeb No.
group (n) 3 (48) 5 (50) 8 (53) 16 (61) protected!

V' PCR' V PCR V PCR V PCR (%)

1A (15)d 346e 346 14/15 (93)
1B (13f 13/13 (100)
Control (5)g 2MK, IK2, 2MK 2MK2, IK2, 2MK2, IK2, 2MK2, IK2, 2MK2, 2MK2, IK2, 2MK2, IK2, 0/5 (0)

IK3 IK3 IK3 IK3 IK2, IK3 IK3, IK4 IK3, 2MK6

a For study 2, all protected cats from study 1 were given booster injections at 38 weeks after the homologous FIV challenge and then were challenged 7 weeks
later with heterologous FIV.

b Weeks postchallenge with heterologous virus (weeks postchallenge with homologous FIV).
C Virus isolation (V) and PCR were performed as previously reported (20).
d Cats in group 1A consisted of the 15 cats from study 1, group A, that were protected from homologous FIV challenge.
e Identification number of cat that became positive by virus isolation or PCR.
f Cats in group 1B consisted of the 13 cats from study 1, group B, that were protected from homologous FIV challenge.
g Five naive SPF cats were immunized with adjuvant alone and then were challenged 7 weeks later with heterologous FIV.

of infected cells and amount of cell-free virus antigen per
dose and/or stronger adjuvant preparation. The duration of
protection has not yet been tested, and the antibodies
induced tended to decline rather rapidly, approaching base-
line levels by 6 to 8 months after the last booster injection.
However, the strong anamnestic VN antibody response
observed when the animals were given a booster injection 10
months after their second booster injection indicates that
both vaccines have induced strong B-cell memory. It is not
known, however, whether such a prompt memory cell
response would protect against rechallenge infection in the
absence of a recent booster immunization. It does not seem
likely that this anamnestic response can be attributed to
exposure of these animals to the homologous live-virus
challenge given 38 weeks previously, because there was no
sign of transient or latent infection at that time or thereafter
and the antibody levels progressively declined. Not only do
the current vaccines exhibit enhanced efficacy against the
homologous strain of FIV (Petaluma strain) but they also
protect very well against i.p. challenge infection with a
heterologous (Dixon strain) FIV that differs by 11% in outer
envelope amino acid sequences. This difference is similar to
that between the San Diego (FIV PPR), Glasgow, and
Petaluma strains of FIV (12, 15, 16). However, this differ-
ence is considerably less than the 21 and 22% differences at
the external envelope sequences observed among the FIV
Petaluma and the Japanese (FIV TM2) (11) and Maryland
(FIV MD) (13) isolates, respectively. Preliminary results
showing cross-neutralizing antibody activity between differ-
ent European isolates and FIV Petaluma (18) suggest that
conserved immunodominant regions in the viral envelope
may exist in the present vaccines produced from FIV
Petaluma.
The type of immunity (i.e., without any sign of transient

infection) achieved and the parameters of immune protec-
tion, including protection against heterologous virus strains,
are remarkably similar to those observed with SIV vaccines
(4, 5). In both FIV cat and SIV macaque models, the
mechanism of immune protection achieved by the inacti-
vated whole-virus vaccines remains to be elucidated. Al-
though antibodies to the viral envelope appear most impor-
tant, a protective effect ofVN antibodies in the FIV and SIV
models remains uncertain. In the SIV model, nonviral cel-
lular antigens (i.e., CD4 and HLA classes I and II) picked up
by the virions from the uninfected human T cells that were
used to grow the virus for vaccination and challenge also
appear to contribute significantly to the immune protection

(3, 10, 17). By contrast, in the FIV model, the picture
appears somewhat clearer in that immunization with the
uninfected feline T cells used to grow the vaccine virus does
not protect against challenge infection with FIV grown in the
same cells and protection correlates at least equally well
with antiviral as with anticellular antibodies. The few vacci-
nated cats that failed to be protected against infection had
lower antiviral (anti-SU and VN) antibody titers prior to
challenge than the protected cats, but some vaccinated cats
with extremely low levels of VN antibodies were still pro-
tected from challenge. The threshold of antiviral antibody
response required for protection may vary between individ-
ual animals and thus obscure the correlation between hu-
moral antibody response and protection. The results from
this study clarify and support the importance of vaccine-
induced antibodies in protection. Passive immunization with
pooled sera with high VN antibodies but no cellular antibody
from healthy FIV-infected cats protected all recipients, and
passive transfer of pooled sera from cats hyperimmunized
with the uninfected cats' cells used to grow the vaccine virus
failed to protect against challenge infection (7). The role of
vaccine-induced antibody-dependent cellular cytotoxicity
and antibody complement lysis of virions remains to be
determined.

Initial efforts in Glasgow, United Kingdom, to prepare
similarly efficacious inactivated whole-virus vaccines, using
the FIV Glasgow strain, probably failed because little intact
envelope was present in the vaccine and little or no VN
antibodies were induced (9). Instead of protection, enhance-
ment of infection was elicited by the vaccine (8). Using a
technique for detecting enhancing antibodies to feline infec-
tious peritonitis virus (6), we have been unable to show the
presence of enhancing antibodies in our vaccine sera with or
without added complement (Sa). Using the FIV Petaluma
strain grown in FL-4 cells, investigators from the United
Kingdom have now confirmed our positive vaccine results
(7a).

This work was supported by NIH grants CA-39016, AI30904, and
AI27732 and by a research contract from Synbiotics Corporation.
We thank Renee Nakamura, Violet Martinez, and Sherry Trujillo

for technical assistance.

REFERENCES
1. Avrameas, A., J.-G. Guillet, L. Chouchane, A. Moraillon, P.

Sonigo, and A. D. Strosberg. 1992. Localization of three
epitopes of the env protein of feline immunodeficiency virus.
Mol. Immunol. 29:565-572.

J. VIROL.



NOTES 605

2. Byars, N. E., and A. C. Allison. 1987. Adjuvant formulation for
use in vaccines to elicit both cell-mediated and humoral immu-
nity. Vaccine 5:223-228.

3. Cranage, M. P., L. A. E. Ashworth, P. J. Greenaway, M.
Murphey-Corb, and R. C. Desrosiers. 1992. AIDS vaccine
developments. 355:685-686.

4. Gardner, M. B. 1991. Mini-review. Simian and feline immuno-
deficiency viruses: animal lentivirus models for evaluation of
AIDS vaccines and antiviral agents. Antiviral Res. 15:267-286.

5. Gardner, M. B., and S.-L. Hu. 1991. SIV vaccines, 1991-A
year in review. AIDS 5:S115-S127.

5a.Hohdatsu, T. Unpublished data.
6. Hohdatsu, T., M. Nakamura, Y. Ishizuka, H. Yamada, and H.

Koyama. 1991. A study on the mechanism of antibody-depen-
dent enhancement of feline infectious peritonitis virus infection
in feline macrophages by monoclonal antibodies. Arch. Virol.
120:207-217.

7. Hohdatsu, T., R. Pu, B. A. Torres, S. Trujillo, M. B. Gardner,
and J. K. Yamamoto. Passive protection of cats against feline
immunodeficiency virus infection. Submitted for publication.

7a.Hosie, M., and 0. Jarrett. Personal communication.
8. Hosie, M. J., G. Reid, J. C. Neil, and 0. Jarrett. 1991.

Enhancement of FIV infection after vaccination, p. 64. Proceed-
ings of the First International Conference of Feline Immunod-
eficiency Virus Researchers. University of California, Davis.

9. Jarrett, O., J. K. Yamamoto, and J. C. Neil. 1991. Feline
immunodeficiency virus as a model for AIDS vaccination. AIDS
5(Suppl.):S163-S165.

10. Langlois, A. J., K. J. Winhold, T. J. Matthews, M. L. Green-
berg, and D. P. Bolognesi. 1992. The ability of certain SIV
vaccines to provoke reactions against normal cells. Science
255:292-293.

11. Maid, N., T. Miyazawa, M. Fukasawa, A. Hasegawa, M.
Hayami, K. Mild, and T. Mikami. 1992. Molecular character-
ization and heterogeneity of feline immunodeficiency virus
isolates. Arch. Virol. 123:29-45.

12. Olmsted, R. A., V. M. Hirsch, R. H. Purcell, and P. R. Johnson.

1989. Nucleotide sequence analysis of feline immunodeficiency
virus: genome organization and relationship to other lentivirus.
Proc. Natl. Acad. Sci. USA 86:4355-4360.

13. Olmsted, R. A., R. Langley, M. E. Roelke, R. M. Goeken, D.
Adger-Johnson, J. P. Goff, J. P. Albert, C. Packer, M. K.
Laurenson, T. M. Caro, L. Scheepers, D. E. Wildt, M. Bush,
J. S. Martenson, and S. J. O'Brien. 1992. Worldwide prevalence
of lentivirus infection in wild feline species: epidemiologic and
phylogenetic aspects. J. Virol. 66:6008-6018.

14. Pedersen, N. C., E. W. Ho, M. L. Brown, and J. K. Yamamoto.
1987. Isolation of a T-lymphotropic virus from domestic cats
with an immunodeficiency-like syndrome. Science 235:790-793.

15. Phillips, T. R., R. L. Talbott, C. Lamont, S. Muir, K. Lovelace,
and J. H. Elder. 1990. Comparison of two host cell range
variants of feline immunodeficiency virus. J. Virol. 64:4605-
4613.

16. Rigby, M., H. Cavanagh, J. Neil, and 0. Jarrett. 1991. Variation
of the envelope gene of FIV isolates, p. 43. Proceedings of the
International Feline Immunology and Immunodeficiency Work-
shop, Glasgow.

17. Stott, E. J. 1991. Anti-cell antibody in macaques. Nature
(London) 353:393.

18. Tozzini, F., D. Matteucci, P. Bandecchi, F. Baldinotti, and M.
Bendinelli. 1991. A simple FIV neutralization assay, p. 40.
Proceedings of the International Feline Immunology and Immu-
nodeficiency Workshop, Glasgow.

19. Yamamoto, J. K., C. D. Ackley, H. Zochlinski, H. Louie, E.
Pembroke, M. Torten, H. Hansen, R. Munn, and T. Okuda.
1991. Development of IL 2 independent feline lymphoid cell
lines chronically infected with feline immunodeficiency virus:
importance for diagnostic reagents and vaccines. Intervirology
32:361-375.

20. Yamamoto, J. K., T. Okuda, C. D. Ackley, H. Louie, H.
Zochlinski, E. Pembroke, and M. B. Gardner. 1991. Experimen-
tal vaccine protection against feline immunodeficiency virus.
AIDS Res. Hum. Retroviruses 7:911-922.

VOL. 67, 1993


