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Sera from feline immunodeficiency virus (FIV)-infected cats exhibited extremely low levels of neutralizing
antibodies against virus passaged a few times in vitro (low passage), when residual infectivity was assayed in
the CD3+ CD4- CD8- MBM lymphoid cell line or mitogen-activated peripheral blood mononuclear cells. By
sharp contrast, elevated titers of highly efficient neutralizing activity against FIV were measured, by use of
high-passage virus, in assays on either the fibroblastoid CrFK or MBM cell line. However, high-passage virus
behaved the same as low-passage virus after one in vivo passage in a specific-pathogen-free cat and reisolation.
Subneutralizing concentrations of infected cat sera enhanced the production of low-passage virus by MBM
cells, an effect not seen with high-passage virus in CrFK cells. These qualitative and quantitative discrepancies
could not be attributed to differences in the amount of immunoreactive viral material, to the amount of
infectious virus present in the viral stocks, or to the presence of anti-cell antibodies. The observed effects were
most likely due to the different passage history of the viral preparations used. The observation that neutralizing
antibodies detected with high-passage virus were broadly cross-reactive in assays with CrFK cells but isolate
specific in MBM cells suggests also that the cell substrate can influence the result of FIV neutralization assays.
This possibility could not be tested directly because FIV adapted to grow in CrFK cells had little infectivity for
lymphoid cells and vice versa. In vitro exposure to infected cat sera had little or no effect on the ability of in
vivo-passaged FIV to infect cats. These data reveal no obvious relationship between titers against high-passage
virus and ability to block infectivity of FIV in cats and suggest caution in the use of such assays to measure
vaccine efficacy. In conclusion, by contrast with what has been previously reported for the use of CrFK cells and
high-passage virus, both natural and experimental infections of cats with FIV generate poor neutralizing
antibody responses with regard to in vivo protection.

The importance of humoral antibody responses in protec-
tion against lentiviruses is unclear. For example, human im-
munodeficiency virus (HIV)-infected patients and simian im-
munodeficiency virus-infected macaques that developed
antibodies capable of neutralizing these viruses in vitro were
reported to survive longer than hosts who did not (9, 16, 21),
and in certain vaccine experiments protection of primates
against HIV type 1 (HIV-1) or simian immunodeficiency virus
correlated with induction of neutralizing antibodies (NA) (3,
15, 30). Other studies, in contrast, failed to demonstrate a
positive correlation between protection and presence of serum
NA (5, 10, 18, 25, 31, 36). More importantly, reports of the 6th
Annual Conference on Advances in AIDS Vaccine Develop-
ment suggest that HIV vaccines that generated NA in humans
against laboratory strains of HIV all failed to neutralize fresh
HIV isolates (7). Factors which might contribute to blurring
the picture are numerous: selection of highly neutralizable
variants of the virus with repeated in vitro propagation,
presence in the sera of anti-cell antibody and infection-
enhancing antibodies which can interfere with neutralization,
emergence of escape mutants during the neutralization assay,
use of improper methods for measuring NA, etc. (for reviews,
see references 28, 29, and 32).
The feline immunodeficiency lentivirus (FIV) produces clin-

ical symptoms in domestic cats similar to those of human
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AIDS. As already demonstrated for other aspects of AIDS
pathogenesis (35), studies of FIV may help our understanding
of the role and properties of NA especially in regard to their
protective action in vivo. This laboratory previously described
a neutralization assay for FIV which exploits the ability of the
virus to induce syncytia in the Crandell feline kidney fibroblas-
toid cell line (CrFK) (43). The NA detected by that method
develop within weeks of infection and plateau at high titers in
4 to 6 months. Interestingly, such NA are broadly cross-
reactive, as shown by their presence in field cats of different
geographical origin and in specific-pathogen-free (SPF) cats
infected with FIV isolates from different geographical regions
(26, 44). Similar conclusions were reached by Fevereiro et al.
(13, 14) using a slightly different method. Such broad cross-
reactivity is at variance with those of HIV and simian immu-
nodeficiency virus, whose sensitivity to antibody-mediated neu-
tralization is largely strain specific (28, 29, 32). As the
effectiveness of NA to the latter viruses is generally evaluated
in cultures of T lymphocytes (45), we reasoned that diver-
gences between neutralization of FIV and neutralization of
primate lentiviruses might stem from the different cellular
substrates used to measure the residual infectivity of the
viruses following exposure to putative neutralizing sera. This
study compared the ability of sera of infected cats to inhibit
FIV infectivity for CrFK cells, the recently established T-null
cell line MBM (27), primary blasts (PB) obtained by polyclonal
stimulation of peripheral blood mononuclear cells (PBMC),
and cats. The results demonstrate that serum neutralization of
FIV is dependent upon (i) the cells on which the assay is
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TABLE 1. Passage history and other characteristics of the stocks of FIV used

Virus stock Passage history Source" Titer (ml') p24
content"

FIV-M2CAT 10 times in SPF cats PL 103 CID50 <3
FIV-M2MBM Isolated from 8th passage in SPF cats and passaged 4 times in MBM cells CF 102-5 TCID50 4 ± 0.4
FIV M2MBM/crFK As FIV-M2MBM and passaged 17 times in low-serum CrFK cells CF 103-3 SFU 42 ± 7
FIV-PetFLA 181st subculture of persistently infected FL4 cells CF 104-5 TCID50 39 + 4
FIV PetFL4/MBM As FIV-PetFLA and passaged 3 times in MBM cells CF 104-0 TCID50 9 ± 2
FIV PetFLA/CAT As FIV-PetFLA and passaged 1 time in SPF cats WB >l1020 CID50 NDc
FIV PetFLA/CAT/MBM Isolated from an SPF cat infected with FIV-PetFII and passaged 3 times in CF 102.50 TCID50 ND

MBM cells
FIV PetFLA/crFK As FIV-PetFIA and passaged 23 times in low-serum CrFK cells CF 103.6 SFU 55 + 1
FIV-PetCrFK 76th subculture of persistently infected CrFK cells CF 102.0 CID50 ND

a PL, plasma; CF, tissue culture fluid; WB, whole blood.
b p24 antigen content in virus suspensions concentrated 10 times compared with those used in neutralization assays and expressed as nanograms per milliliter ±

standard deviation.
c ND, not determined; used only for infecting cats as long-term-infected donors of serum.

performed, (ii) the strain of the virus used to infect serum
donors, (iii) the challenge strain of virus, and (iv) whether the
challenge virus has been propagated in cats or cell culture.

MATERIALS AND METHODS

Cats and sera. SPF cats were purchased from Iffa Credo
(L'Asbrege, France), caged individually in pathogen-free quar-
ters, and infected when 5 to 7 month old. Immune sera were
obtained from SPF animals inoculated intravenously with
various stocks of FIV 1 to 28 months earlier and, when
indicated, from random-source naturally infected field cats.
They contained high titers of FIV-specific antibody according
to a commercial enzyme-linked immunosorbent assay (ELISA;
IDEXX, Portland, Maine), an in-house ELISA (24), and
Western immunoblotting. Normal sera were obtained from
noninfected SPF cats and were nonreactive in the above assays.
All cats were negative for feline leukemia virus according to
ELISA (IDEXX). Prior to neutralization assays, the sera were
treated at 56°C for 30 min and checked for infectious FIV by
standard culture and, in the case of the in vivo assay, also by
inoculation into SPF cats.

Cell cultures. CrFK cells were grown in Eagle's minimal
essential medium supplemented with 0.5% fetal bovine serum
and additional supplements (43). The interleukin-2- and con-
canavalin A-dependent feline cell line MBM has been estab-
lished from the PBMC of an FIV- and feline leukemia
virus-negative SPF cat, has been phenotyped as CD3+ CD4-
CD8- by use of appropriate anti-feline sera (27), and is grown
in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 5 ,ug of concanavalin A (Sigma, St. Louis, Mo.) per ml,
and 20 U of recombinant human interleukin-2 (Boehringer,
Mannheim, Germany) per ml. Feline PBMC were obtained by
Ficoll (1,077 mg/ml) density gradient separation and exten-
sively washed. PB were obtained by prestimulating PBMC of
SPF cats with 5 ,ug of concanavalin A (Sigma) per ml in RPMI
1640 supplemented as described above and infected at day 3 of
culture (26).

Viruses. The local Pisa-M2 isolate of FIV (FIV-M2), ob-
tained from an asymptomatic FIV-seropositive feline leukemia
virus-negative field cat, has been freed of the initially present
feline syncytium-forming spumavirus by two consecutive pas-
sages of cell-free plasma in cats (26). The Petaluma strain
(FIV-Pet) isolated in California was obtained from N. C.
Pedersen as persistently infected CrFK cells and from J.
Yamamoto as persistently infected FL4 cells. The passage
histories, sources, titers, and p24 antigen contents of the virus

stocks used are given in Table 1. All virus preparations were
filtered and stored at -80°C in 1-ml aliquots until use. Titers in
MBM and PB were determined by inoculating 100 ,ul of
10-fold dilutions of the virus stocks into quadruplicate wells of
96-well microplates containing 5 x 10' cells in 100 ,ul of RPMI
1640 medium. The cultures were monitored by measuring
Mg2+-dependent reverse transcriptase (RT) and FIV p24
antigen in the supernatants after 8 days of incubation at 37°C
in 5% C02, and virus titers were expressed as 50% tissue
culture infective doses (TCID50) calculated by the Reed and
Muench method (39). Titers in CrFK cells were determined as
described elsewhere (43) and expressed in syncytium-forming
units (SFU). Titers in vivo were determined by inoculating 1 ml
of 10-fold dilutions of virus intravenously into groups of four
SPF cats, which were then monitored for seroconversion and
virus isolation for 6 months, and expressed as 50% cat infec-
tious doses (CID50).

Neutralization assays. The assay on CrFK cells was per-
formed as described elsewhere (43) against 100 SFU of virus.
Briefly, equal volumes of twofold dilutions of sera and FIV-
M2MBM/CrFK or FIV-PetFL4/CrFK diluted to contain 1,000
SFU/ml were mixed, incubated at room temperature for 1 h,
and then inoculated into duplicate wells (200 ILI per well) of
24-well plates which where seeded with 104 CrFK cells in 500
,ul of RPMI 1640 medium. Six days later, the plates were
stained with 0.2% crystal violet in 30% methanol and examined
microscopically for syncytia. NA titers are expressed as the
reciprocal of the highest dilution of serum that completely
prevented the formation of syncytia.

For the assays on MBM cells and PB, FIV-M2MBM or the
indicated stock of FIV-Pet diluted to 200 TCID5Jml was
incubated with an equal volume of twofold dilutions of sera at
37°C for 1 h and then inoculated (100 ,ul per well) into
quadruplicate wells of 96-well flat-bottomed microplates con-
taining 5 x 10' cells in 100 ,ul. NA titers are expressed as the
reciprocal of the highest dilution of serum which reduced by
50% the levels of RT activity or FIV p24 antigen detected in
the supernatant of the test cultures at day 8 of incubation, as
compared with control cultures receiving FIV incubated with
medium. All experiments were repeated at least twice.

For the neutralization assay in cats, pooled sera diluted 1:8
were mixed with an equal volume of FIV-M2cAT (final con-
centration, 10 CID5Jml of mixture) and incubated at 37°C for
1 h. The mixtures were then injected intravenously into groups
of 4 SPF cats (1 ml per cat), which were monitored as
described above for 7 months. Each neutralization assay
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TABLE 2. Neutralization of FIV-M2MBM/CrFK and FIV-PetFL4/CrFK
by sera of experimentally infected SPF cats, with CrFK cells as the

host system

Virus infecting Cat Neutralizing titer
serum donors no. FIV M2MBM/c'rlK FIV PetFL4/trIK

FIV M2C AT 258 1,024 1,024
708 256 256
1374 4,096 4,096
4216 1,024 1,024
4270 1,024 1,024
4282 1,024 1,024

FIV-PetFLA 338 4,096 4,096
867 512 512
871 512 512
2906 4,096 4,096
3368 4,096 4,096
3522 512 256
3524 512 1,024

FIV-PetCrFK 1696 1,024 1,024

FIV PetFL4/CATI 3735 32 32
3788 512 256

included the appropriate controls for cells, virus, immune
serum, and normal serum.
FIV isolation and quantitation of viral burden in infected

cats. These assays were performed by coculturing freshly
harvested PBMC with MBM cells (27). Each batch of cocul-
tures included sham-infected cells as negative controls and was

monitored for FIV growth by measuring RT and p24 antigen in
the supernatants once a week. Negative cultures were termi-
nated 5 or more weeks after initiation. Results are expressed as

number of infected cells per 10" PBMC.
RT and p24 antigen assays. RT activity was measured as

previously described (2). The p24 antigen was measured with
an in-house capture ELISA based on two monoclonal antibod-
ies which recognize different epitopes (24). The cultures were

considered positive for FIV when RT counts per minute and
p24 antigen optical density readings were fivefold and twofold
higher, respectively, than the corresponding values given by
supernatants of mock-infected cultures.

RESULTS

FIV neutralization with CrFK cells as the host system.
Previous studies had shown that sera of FIV-infected cats
inhibit the production of syncytia by FIV in CrFK cells and that
the effect is due to true neutralization of virus infectivity, since
it correlates with inhibition of virus production (13, 14, 26, 43,
44). In such studies, the infectivities for CrFK cells of FIV-Pet
and the Dutch isolate Amsterdam 6 (FIV-A6) were neutral-
ized with similarly high efficiencies (44). Initially, FIV-M2 did
not grow on CrFK, but after several passages in MBM cells it
could be propagated also in CrFK, where it produced syncytia
at least as effectively as did FIV-Pet (42). This property made
it possible to measure the neutralizing activity of sera against
FIV-M2 with CrFK cells as a host system. Table 2 shows titers
obtained by simultaneously titrating a anel of representative
immune sera against FIV-M2MBM/CrF and FIV-PetFL4/CrFK.
All of the immune sera tested consistently neutralized the two
viral strains with similar efficiencies. Also, no differences were

seen in the kinetics of neutralization over incubation periods
ranging from 1 to 30 min (42). These findings confirmed that
the NA measured in the CrFK assay are broadly cross-reactive.
Sera of noninfected cats were devoid of neutralizing activity for
both viral strains (data not shown).
FIV neutralization with the lymphoid T cell line MBM as

the host system. Sera that had exhibited high NA titers in the
CrFK assay were examined for NA against FIV-M2MBM with
MBM cells as substrate. Table 3 shows representative results
obtained with sera from SPF cats infected with FIV-M2CAT or

TABLE 3. Neutralization of FIV M2MBM by sera of SPF cats infected for various periods with different preparations of FIV-M2, with CrFK
or MBM cells as the host system

Neutralizing titer on:
Virus V irsds sdCtTime

infecting Virus dose used Cat postinfection MBM
serum donors (mo) CrFK

RT p24

FIV M2CAT 1,000 CID50 4282 1 1,024 <8 <8
7 1,024 16 16

708 7 1,024 8 8
12 256 8 32

258 13 1,024 8 16
18 1,024 <8 128

1694 19 >2,048 8 8
2986 25 1,024 <8 <8

27 >2,048 <8 8
2576 28 >2,048 <8 <8

20 CID9, 4216 9 1,024 <8 32
4270 9 1,024 8 32

10 CID50 3575 7 >2,048 <8 32
3581 7 >2,048 <8 16

1 CID50 3590 7 >1,024 <8 8
3591 7 > 1,024 <8 <8

FIV M2MBM 100 TCID90 2863 5 >2,048 <8 <8

J. VIROL.
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FIG. 1. Neutralization of FIV-M2MBM by the serum of a cat infected with FIV-M2 'AT with MBM cells as the host system. Virus (1(1 TCID5,()
was incubated for 1 h at 37°C with the indicated dilutions of serum from a long-term-infected (IS) or a normal cat (NS) or with medium alone
(M) and then inoculated into MBM cultures. (A and B) Means + standard deviations of RT and p24 antigen content in the supernatant of the
test cultures, respectively. (C) Residual virus content at the end of the 1-h incubation period, on the basis of the RT readings done at day 8, 12,
or 15 of virus titration on MBM cells. The immune serum completely neutralized FIV infectivity for CrFK cells up to a dilution of 1:1,024, whereas
the normal serum diluted 1:8 did not. ID5), 50% infectious dose.

FIV-M2M M, including the animal from which FIV-M2 was
isolated in culture (cat 258). With the 50% inhibition of RT
production as an end point to monitor virus neutralization, the
titers ranged between <8 and 16. With the 50% inhibition of
p24 antigen production as an end point, the titers were slightly
higher but were again much lower than those found in CrFK
cells. That the presence of anti-p24 antibody in sera may
sometimes lead to an overestimate of the NA when evaluated
with the latter end point readout is intuitively plausible and
also has been documented by others (4). In subsequent exper-
iments, the NA titers obtained with both methods are reported
for the sake of comparison; however, interpretation of neutral-
ization is mainly based on the titers obtained with RT levels.

In the experiment depicted in Fig. 1, the neutralizing activity
of one immune serum (NA titer on CrFK cells, 1,024) was
determined as above and also by titrating the residual viral
infectivity for MBM cells found in the virus-serum mixtures at
the end of the 1-h incubation period. The serum inhibited RT
and p24 production in the test cultures at the expected
dilutions (Fig. lA and B). A dilution of 1:8 also reduced the
residual viral infectivity, but the effect was visible only when the
virus titers were calculated from the readings of day 8 of
titration. The residual infectivities determined on later read-
ings were identical, regardless of whether the virus had been
incubated with immune serum, normal serum, or medium (Fig.
IC). Subneutralizing dilutions of sera obtained from cats
infected with the homologous virus often led to increased
production of FIV-M2 (Fig. IB, serum at 1:32; Fig. 2). The
effect was occasionally seen also at the lowest dilutions of
immune sera tested but was not observed with normal sera
(Fig. 2) or with sera of cats infected with other FIV isolates
(not shown).

Additional studies showed that the neutralizing effect disap-
peared completely when the virus-antibody inocula were re-
moved from the host cultures after 24 h of incubation. Pro-
longing the time of exposure of FIV to immune sera or
incubating the virus-serum mixtures with a polyclonal anti-cat
immunoglobulin serum or with cat complement for an addi-
tional 1 h prior to inoculation into the test cultures failed to
augment the neutralizing activity (data not shown). Interest-
ingly, sera obtained from SPF cats infected with FIV-Pet or
from naturally infected field cats behaved like normal sera, in
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FIG. 2. Enhancement of FIV-M2 production by MBM cells in the
presence of subneutralizing concentrations of sera from cats infected
with FIV-M2'A . Virus (10 TCID50) was incubated for I h at 37°C
with the indicated dilutions of sera from five long-term-infected cats
(A, *, *, *, and +) or from five normal cats (shaded area) and then
inoculated into MBM cells. The levels of p24 in the supernatants of the
cultures were measured 12 days later. The results are expressed as the
ratio of the optical density (OD) given by the supernatants of the
cultures inoculated with virus preincubated with the sera to that given
by the supernatants of the cultures inoculated with virus preincubated
with medium alone. The infected cat sera used completely neutralized
FIV infectivity for CrFK cells up to dilutions of 1:1,024 or higher,
whereas normal cat sera diluted 1:8 did not.
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TABLE 4. Neutralization of FIV-M2MBM by sera of SPF cats
infected with heterologous virus strains, with CrFK or MBM cells as

the host system

Neutralizing titer on:
Virus infecting Cat MBM
serum donors no. CrFK

RT p24

FIV-PetFL4 338 4,096 <8 <8
867 512 NDa <8
871 512 <8 8
2906 4,096 <8 <8
3522 512 <8 <8
3368 4,096 <8 <8
3524 512 <8 <8

FIV-PetCrFK 1696 1,024 ND <8

FIV PetFL4/CAT 3788 512 <8 <8
3735 32 <8 <8

Fieldb 1 1,024 <8 <8
2 1,024 <8 8
3 1,024 <8 <8
4 1,024 <8 <8
5 32 <8 8
6 512 <8 <8
7 >128 <8 8
8 512 <8 <8
9 128 <8 <8
10 <32 <8 <8

"ND, not determined.
b Random-source naturally infected field cats.

that they completely failed to neutralize FIV-M2 or had
extremely low titers although this isolate was effectively neu-

tralized by the same immune sera in CrFK cells (Table 4).
Thus, the FIV neutralizing activity demonstrable in the MBM
cells not only was weak but also was virus strain specific.

Because the results obtained with FIV-M2 were in conflict
with published data obtained with FIV-Pet (47), we decided to
examine our immune sera for NA against FIV-Pet, using MBM
cells as the host system. As shown in Table 5, sera of cats
infected with FIV grown in FL4 or CrFK cells neutralized
FIV-PetFLA effectively, with titers that resembled those re-
ported in previous studies (17, 47). Such high NA titers
remained unchanged when the virus-serum inocula were
washed off the test cultures (data not shown). In contrast, two
serum samples obtained from cats infected with FIV-Pet
passaged once in vivo (FIV-PetFL4/CAT) showed no neutral-
izing activity. Sera from cats infected with FIV-M2CAT or
from field cats also had little neutralizing activity if any. Thus,
FIV-Pet appeared to exhibit a higher sensitivity to neutraliza-
tion than FIV-M2; however, this occurred only with sera taken
from cats infected with the homologous virus that had
been grown in tissue culture. As shown in Table 6, FIV-Pet
passaged once in cats and then reisolated in MBM cells
(FIV-PetFL4/CAT/MBM) was not sensitive to neutralization,
similar to FIV-M2MBM (Table 3). That the reversal to low
susceptibility to neutralization was due to the passage in vivo
and not to growth in MBM was shown by the fact that FIV-Pet
passaged in MBM cells but not in vivo (FIV-PetFL4/MBM) was

as neutralizable as FIV-PetFL4.
FIV neutralization with PB as the host system. To exclude

the possibility that the lower NA titers in MBM cells were due
to some unique property of these cells, we titrated a number of
immune sera against FIV-M2 with fresh PB as the host system.

TABLE 5. Neutralization of FIV-PetFL4 by sera of infected SPF
and field cats, with MBM cells as the host system

Virus infecting Cat Neutralizing titer
serum donors no. RT p24

FIV-PetFIA 338 >512 >512
867 >2,048 128
871 >2,048 256
2906 >512 >512
3368 >512 >512
3522 32 32
3524 >2,048 >2,048

FIV-PetCrFK 1696 >64 64

FIV PetFL4/CAT 3735 <8 <8
3788 <8 <8

FIV-M2CAT 258 <8 NDa
708 <8 ND
4216 <8 ND
4270 <8 ND
4282 <8 ND

FieldW 1 <8 8
2 <8 <8
3 <8 <8
4 <8 <8
5 <8 16
6 <8 <8
7 <8 16
8 <8 <8
9 <8 <8
10 <8 <8

"ND, not determined.
h Random-source naturally infected field cats.

Figure 3 depicts one experiment similar to that in Fig. 1, except
that PB were used instead of MBM cells. The results were
superimposable on those obtained with MBM cells; the same
was true for all other sera tested (data not shown). Thus, the
NA titers obtained with MBM cells accurately reflect those
obtained with fresh PB.
FIV neutralization with cats as the host system. To deter-

mine whether NA in CrFK or in MBM cells more accurately
reflect the situation in vivo, we exposed in vivo-grown FIV-M2
to pooled sera from cats experimentally infected with the
homologous virus, pooled sera from naturally infected cats, or

TABLE 6. Neutralization of FIV-PetFIA, FIV-PetFL4/MBM, and FIV-
PetFLA/CAT/MBm by sera of SPF cats infected with FIV-PetFL4 or

FIV-PetCrFK

Neutralizing titer on MBM cells

Virus infecting Cat FIV-PetFL4 FIV PetFL4/ FIV-PetFL4/
serum donors no. MBM CAT/MBM

RT p24 RT p24 RT p24

FIV-PetFM4 338 >512 >512 >256 >256 <8 8
871 >2,048 256 >256 >256 <8 <8
2906 >512 >512 >256 >256 <8 <8
3368 >512 >512 >256 >256 <8 <8
3522 32 32 >256 >256 <8 <8
3524 >2,048 >2,048 >256 >256 <8 <8

FIV PetCrFK 1696 >64 64 ND ND <8 <8

J. VIROL.
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FIG. 3. Neutralization of FIV-M2 with PB cells as the host system by the serum of a cat infected with FIV-M2CAT. The experiment was

performed exactly as in Fig. 1, except that the host system was PB rather than MBM cells. ID50, 50% infectious dose.

pooled sera from noninfected cats. The stock of virus used
(FIV-M2CAT) in the assay was plasma from SPF cats infected
with FIV-M2 passaged only in vivo and harvested at 2 weeks of
infection when the levels of actively produced anti-FIV anti-
body in serum are only beginning to appear (44). The immune
sera chosen were among those with the highest NA titers, both
in the CrFK assay and in the MBM assay. As shown in Table
7, the neutralizing effect of pooled homologous immune sera
was low if there was any (2 of 4 cats became infected), while
there was no indication that heterologous sera obtained from
naturally infected field cats, living in the area where FIV-M2
had been isolated, reduced infectivity (3 of 4 cats became
infected, as in the group inoculated with FIV preincubated
with pooled normal serum). In the three groups, all infected
cats seroconverted at approximately the same time and exhib-
ited similar virus burdens.

DISCUSSION

When assayed in the fibroblastoid cell line CrFK, sera from
infected cats exhibited elevated titers of highly efficient, widely
cross-reactive neutralizing activity against FIV. They neutral-
ized effectively and at similarly high titers the Californian
isolate FIV-Pet, the Dutch isolate FIV-A6, and the Italian
isolate FIV-M2, which differ substantially in the amino acid
sequence of the surface glycoprotein (40). Neutralization was
not affected by washing off the input virus-serum mixtures after
adsorption to the cells (this study and references 13, 14, 26, 43,
and 44). The presence of a linear epitope involved in this
broadly reactive neutralizing effect in the third variable region
of the surface glycoprotein of FIV has been described previ-
ously (23).

Neutralization with the T-null lymphoid cell line MBM or
PB as substrate yielded strikingly different results in that (i) the
titers of NA were surprisingly low, (ii) neutralization was

evident only with sera derived from cats infected with the
homologous virus isolate, (iii) neutralization was lost if cells
treated with virus-serum mixtures were incubated for 12 to 15
days instead of the standard 8-day assay, and (iv) neutralization
was readily reversed by removing the virus-serum mixtures
after adsorption to the test cultures.
The reasons why antibody-mediated neutralizations of FIV

infectivity are quantitatively and qualitatively different depend-
ing on whether residual FIV infectivity is measured on lym-
phoid or on CrFK cells can be several. The differences were
not artifacts due to variations in the ratio of defective virus
and/or immunoreactive viral material to infectious virus
present in the FIV preparations used in the various assays, as

the extent of neutralization did not correlate with their content
in p24 antigen (Table 1) and RT (data not shown). Cellular
molecules incorporated into the viral envelope may contribute
to neutralization of HIV and simian immunodeficiency virus
(1, 33), and anti-cell antibodies have been implicated in the
protection conferred by certain experimental vaccines against
such viruses (8, 22). That anti-cell antibody might contribute
also to FIV neutralization is suggested by the results obtained
when sera derived from cats infected with FIV-Pet grown in
tissue cultures were tested on MBM cells for NA to FIV-
PetFL4 (Table 5). In these cases, the neutralizing activity
reached titers of 2,048 or more, but one passage in vivo of
FIV-PetFL4 before its use for infecting the serum donor
lowered the NA titers detected to the levels found with
FIV-M2. However, a major role for anti-cell antibodies in FIV

TABLE 7. Neutralization of FIV-M2CAT by sera of infected cats, with SPF cats as the host system

Virus infecting No. of No. of cats Wk postinfection No. of FIV-positive Viral burden"
serum donors cats/group seronverted at seroconversion cats'

Nonec 4 3 4, 4, 8 3 50, 50, 500
FIV-M2CATd 4 2 6, 8 2 500, 500
Fielde f 4 3 4, 6, 6 3 50, 50, 5,000

"Based on repeated virus isolations performed up to 7 months postinfection.
"Infected cells per 106 PBMC at 6 months postinfection.
Pool of five normal SPF cat serum samples. NA titers on CrFK and MBM cells were <8.

" Pool of sera of five SPF cats infected 8 to 13 months earlier. NA titers ranged from 8,192 to 16,384 on CrFK cells and from 8 to 32 on MBM cells.
e When injected into naive cats, these serum pools proved noninfectious.
fpOOl of sera of infected field cats. NA titers ranged from 1,024 to 8,192 on CrFK cells and were <8 in MBM cells.
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neutralization on CrFK cells is ruled out by the observation
that high titers of NA were present also in random-source-
infected cats, most of which were never exposed to tissue-
culture-grown vaccines.
We must conclude that the discrepancies observed between

neutralization on CrFK and on lymphoid cells are due to
differences in the viral preparations or in the cells used. These
possibilities could not be tested directly because FIV adapted
to produce syncytia in CrFK cells proved very poorly infectious
for lymphoid cells and vice versa (data not shown). It is clear,
however, that the high-passage FIV used in the CrFK assay
might be more neutralizable than the low-passage FIV used
for the MBM and PB assays. This scenario is supported by the
observation that the high-culture-passage FIV L4, which was

effectively neutralized by homologous immune sera in MBM
cells, lost its sensitivity to neutralization almost completely
once reisolated from an infected cat (Table 6). Evidence
suggests that FIV evolution is driven by the selective pressure
of host immune response (34, 41). As it is likely that the
opposite process may also take place, repeated passages in
culture in the absence of immunological pressure might pro-
gressively narrow the antigenic polymorphism of the virus (46).
Abundant evidence shows that the host is an integral part of

virus neutralization reactions and may markedly influence
their outcome (for a review, see reference 11). That the host
cell can influence the result of FIV neutralization is suggested
by the observation that NA detected by use of high-passage
virus were broadly reactive in CrFK cells and isolate specific in
MBM cells. Generally, the influence of target cells on neutral-
ization has been attributed to the fact that the virus uses
different receptors to infect the cells (11). Our present under-
standing of FIV receptor(s) is limited; nonetheless, a recently
described monoclonal antibody which is thought to recognize
the FIV receptor (20) prevented FIV infection of MBM cells
as effectively as infection of CrFK cells (data not shown),
suggesting that FIV receptors on these two cell types are

similar. It should be noted, however, that in a previous study
antibodies that neutralized HIV-1 in CD4+ lymphocytes were
inactive on CD4-expressing HeLa cells, implying that the
environment of the receptor is also important (6). Alterna-
tively, since sera of hosts infected with lentiviruses are known
to contain infection-enhancing as well as infection-inhibiting
antibodies (29), it is possible that CrFK cells do not permit the
action of the former kind of antibody because of the absence of
appropriate Fc receptors or for other reasons. In this study,
subneutralizing concentrations of heated immune sera exerted
a substantial enhancement of FIV infectivity for lymphoid
cells, an effect not seen with CrFK cells (13, 14, 43, 44). As
enhancement of infection has been noted in cats treated with
putative FIV vaccines (19), the FIV system might be ideal for
understanding the role of enhancing antibody in lentiviral
pathogenesis.

This study also shows that exposure to anti-FIV antibody has
little effect on the ability of FIV to infect cats, at least when the
virus used has been propagated in vivo. Virtually no protection
was observed in the cats injected with 10 CID50 of FIV
preincubated with a pool of homologous immune sera that
neutralized FIV at high titers in CrFK cells and also had some
neutralizing activity on MBM cells. Thus, neutralization assays

performed on lymphoid cells seem to reflect the situation in
vivo more closely than assays on CrFK cells. This has practical
implications because cell systems which reflect the situation in
vivo should preferably be used in neutralization assays (11).
The CrFK assay conserves, however, a considerable value as a
confirmatory test for infection.
The in vivo experiment reported here represents the first

attempt to evaluate the biological significance of antibody-
mediated in vitro neutralization of FIV. The poor neutraliza-
tion observed contrasts with the results of a passive immuni-
zation study in which adoptive transfer of sera obtained from
FIV-infected or -vaccinated animals effectively protected cats
against subsequent challenge with the homologous strain of
FIV (17). Protection has been reported in most (12, 37, 38) but
not all (36) the published attempts to neutralize the infectivity
of primate lentiviruses in vivo by preincubating the viruses in
vitro or pretreating animals with immune sera. However, to
our knowledge the present study is the first of its kind to make
use of virus derived directly from infected animals. The
relevance of this study is suggested by reports from the 6th
Annual Conference on Advances in AIDS Vaccine Develop-
ment that NA measured with culture-adapted HIV do not
reflect the ability of sera to neutralize real-world HIV (7). We
feel, therefore, that our results may be representative of what
occurs under natural circumstances of infection, thus casting
further doubts on the feasibility of protecting hosts against
lentiviral infections with antisera that contain NA or vaccines
that elicit NA.

ACKNOWLEDGMENTS

This work was supported by grants from the Ministero della
Sanita-Istituto Superiore di Sanita "Progetto Allestimento Modelli
Animali per l'AIDS" and by the Ministero della Universita e Ricerca
Tecnologica, Rome, Italy.
We are grateful to Niels C. Pedersen, University of California at

Davis, and Janet K. Yamamoto, University of Florida at Gainesville,
for providing infected cell lines; to Margaret J. Hosie for the kind gift
of monoclonal antibody vpgl5; and to Steven Specter, University of
South Florida at Tampa, for critically reviewing the manuscript.

REFERENCES
1. Arthur, L. O., J. W. Bess, R. C. Sowder II, R. E. Benveniste, D. L.

Mann, J.-C. Cherman, and L. E. Henderson. 1992. Cellular
proteins bound to immunodeficiency viruses: implications for
pathogenesis and vaccines. Science 258:1935-1938.

2. Bandecchi, P., D. Matteucci, F. Baldinotti, G. Guidi, F. Abramo, F.
Tozzini, and M. Bendinelli. 1992. Prevalence of feline immuno-
deficiency virus and other retroviral infections in Italy. Vet.
Immunol. Immunopathol. 31:337-345.

3. Berman, P. W., T. J. Gregory, L. Riddle, G. R. Nakamura, M. A.
Champe, J. P. Porter, F. M. Wurm, R. D. Hershberg, E. K. Cobb,
and J. W. Eichberg. 1990. Protection of chimpanzees from infec-
tion by HIV-1 after vaccination with recombinant glycoprotein
gpl20 but not gpl60. Nature (London) 345:622-625.

4. Burns, D. P. W., and R. C. Desrosiers. 1992. A caution on the use
of SIV/HIV gag antigen detection systems in neutralization assays.
AIDS Res. Hum. Retroviruses 8:1189-1192.

5. Carlson, J. R., T. P. McGraw, E. Keddie, J. L. Yee, A. Rosenthal,
A. J. Langlois, R. Dickover, R. Donovan, P. A. Luciw, M. Jennings,
and M. Gardner. 1990. Vaccine protection of rhesus macaques
against simian immunodeficiency virus infection. AIDS Res. Hum.
Retroviruses 6:1239-1246.

6. Chesebro, B., and K. Wehrly. 1988. Development of a sensitive
quantitative focal assay for human immunodeficiency virus infec-
tivity. J. Virol. 62:3779-3788.

7. Cohen, J. 1993. Jitters jeopardize AIDS vaccine trials. Science
262:980-981.

8. Cranage, M. P., L. A. E. Ashworth, P. J. Greenaway, M. Murphey-
Corb, and R. C. Desrosiers. 1992. AIDS vaccine developments.
Nature (London) 355:684-686.

9. Daniel, M. D., N. L. Letvin, P. K. Sehgal, G. Hunsmann, D. K.
Schmidt, N. W. King, and R. C. Desrosiers. 1987. Long term
persistent infection of macaque monkeys with the simian immu-
nodeficiency virus. J. Gen. Virol. 68:3183-3189.

10. Desrosiers, R. C., M. S. Wyand, T. Kodama, D. J. Ringler, L. 0.
Arthur, P. K. Sehgal, N. L. Letvin, N. W. King, and M. D. Daniel.
1989. Vaccine protection against simian immunodeficiency virus

J . VlIROL.



FIV NEUTRALIZATION 4579

infection. Proc. Natl. Acad. Sci. USA 86:6353-6357.
11. Dimmock, N. J. 1993. Neutralization of animal viruses. Curr. Top.

Microbiol. Immunol. 183:1-149.
12. Emini, E. A., P. L. Nara, W. A. Schleif, J. A. Lewis, J. P. Davide,

D. R. Lee, J. Kessler, S. Conley, S. Matsushita, S. D. Putney, R. J.
Gerety, and J. W. Eichberg. 1990. Antibody-mediated in vitro
neutralization of human immunodeficiency virus type 1 abolishes
infectivity for chimpanzees. J. Virol. 64:3674-3678.

13. Fevereiro, M., C. Roneker, and F. De Noronha. 1993. Enhanced
neutralization of feline immunodeficiency virus by complement
virus lysis. Vet. Immunol. Immunopathol. 36:191-206.

14. Fevereiro, M., C. Roneker, A. Laufs, L. Tavares, and F. de
Noronha. 1991. Characterization of two monoclonal antibodies
against feline immunodeficiency virus gag gene products and their
application in an assay to evaluate neutralizing antibody activity. J.
Gen. Virol. 72:617-622.

15. Girard, M., M.-P. Kieny, A. Pinter, F. Barre-Sinoussi, P. Nara, H.
Kolbe, K. Kusumi, A. Chaput, T. Reinhart, E. Muchmore, J.
Ronco, M. Kaczorek, E. Gomard, J.-C. Gluckman, and P. N. Fultz.
1991. Immunization of chimpanzees confers protection against
challenge with human immunodeficiency virus. Proc. Natl. Acad.
Sci. USA 88:542-546.

16. Ho, D. D., M. G. Sarngadharan, M. S. Hirsch, R. T. Schooley, T. R.
Rota, R. C. Kennedy, T. C. Chanh, and V. L. Sato. 1987. Human
immunodeficiency virus neutralizing antibodies recognize several
conserved domains on the envelope glycoproteins. J. Virol. 61:
2024-2028.

17. Hohdatsu, T., R. Pu, B. A. Torres, S. Trujillo, M. B. Gardner, and
J. K. Yamamoto. 1993. Passive antibody protection of cats against
feline immunodeficiency virus infection. J. Virol. 67:2344-2348.

18. Homsy, J., M. Meyer, and J. A. Levy. 1990. Serum enhancement of
human immunodeficiency virus (HIV) infection correlates with
disease in HIV-infected individuals. J. Virol. 64:1437-1440.

19. Hosie, M. J., R. Osborne, G. Reid, J. C. Neil, and 0. Jarrett. 1992.
Enhancement after feline immunodeficiency virus vaccination.
Vet. Immunol. Immunopathol. 35:191-197.

20. Hosie, M. J., B. J. Willett, T. H. Dunsford, 0. Jarrett, and J. C.
Neil. 1993. A monoclonal antibody which blocks infection with
feline immunodeficiency virus identifies a possible non-CD4 re-
ceptor. J. Virol. 67:1667-1671.

21. Kestler, H., T. Kodoma, D. Ringler, M. Marthas, N. Pedersen, A.
Lackner, D. Regier, P. Sehgal, M. Daniel, N. King, and R.
Desrosiers. 1990. Induction of AIDS in rhesus monkeys by mo-
lecularly cloned simian immunodeficiency virus. Science 248:1109-
1112.

22. Le Grand, R., B. Vaslin, G. Vogt, P. Roques, M. Humbert, D.
Dormont, and A. M. Ambertin. 1992. AIDS vaccine development.
Nature (London) 355:684.

23. Lombardi, S., C. Garzelli, C. La Rosa, L. Zaccaro, S. Specter, G.
Malvaldi, F. Tozzini, F. Esposito, and M. Bendinelli. 1993.
Identification of a linear neutralization site within the third
variable region of the feline immunodeficiency virus envelope. J.
Virol. 67:4742-4749.

24. Lombardi, S., A. Poli, C. Massi, F. Abramo, L. Zaccaro, A.
Bazzichi, G. Malvaldi, M. Bendinelli, and C. Garzelli. 1994.
Detection of feline immunodeficiency virus (FIV) p24 antigen and
p24-specific antibodies by monoclonal antibody-based assays. J.
Virol. Methods 46:287-301.

25. Luke, W., G. Voss, C. Stahl-Hennig, C. Coulibaly, P. Putkonen, H.
Petry, and G. Hunsmann. 1993. Protection of cynomolgus ma-
caques (Macaca fasciclularis) against infection with the human
immunodeficiency virus type 2 strain ben (HIV-2ben) by immuni-
zation with the virion-derived envelope glycoprotein gpl30. AIDS
Res. Hum. Retroviruses 9:387-394.

26. Matteucci, D., F. Baldinotti, P. Mazzetti, M. Pistello, P. Bandec-
chi, R. Ghilarducci, A. Poli, F. Tozzini, and M. Bendinelli. 1993.
Detection of feline immunodeficiency virus in saliva and plasma by
cultivation and polymerase chain reaction. J. Clin. Microbiol.
31:494-501.

27. Matteucci, D., P. Mazzetti, F. Baldinotti, L. Zaccaro, and M.
Bendinelli. The feline lymphoid cell line MBM and its use for
feline immunodeficiency virus isolation and quantitation. Vet.

Immunol. Immunopathol., in press.
28. McKeating, J. A. 1992. Neutralization of human immunodefi-

ciency virus. Rev. Med. Virol. 2:35-42.
29. Montefiori, D. C. 1993. In vitro correlates of HIV and SIV

humoral immunity and infection enhancement. AIDS Res. Rev.
3:161-182.

30. Montefiori, D. C., V. M. Hirsch, and P. R. Johnson. 1991. AIDS
response. Nature (London) 354:339-340.

31. Murphey-Corb, M., L. N. Martin, B. Davison-Fairburn, R. C.
Montelaro, M. Miller, M. West, S. Ohkawa, G. B. Baskin, J. Y.
Zhang, S. D. Putney, A. C. Allison, and D. A. Eppstein. 1989. A
formalin-inactivated whole SIV vaccine confers protection in
macaques. Science 246:1293-1297.

32. Nara, P. L., R. R. Garrity, and J. Goudsmit. 1991. Neutralization
of HIV-1: a paradox of humoral proportions. FASEB J. 5:2437-
2455.

33. Orentas, R. J., and J. E. K. Hildreth. 1993. Association of host cell
surface adhesion receptors and other membrane proteins with
HIV and SIV. AIDS Res. Hum. Retroviruses 9:1157-1165.

34. Pancino, G., C. Chappey, W. Saurin, and P. Sonigo. 1993. B
epitopes and selection pressures in feline immunodeficiency virus
envelope glycoproteins. J. Virol. 67:664-672.

35. Pedersen, N. C. 1993. Feline immunodeficiency virus infection, p.
181-228. In J. A. Levy (ed.) The Retroviridae, vol. 2. Plenum
Press, New York.

36. Prince, A. M., B. Horowitz, L. Baker, R. W. Shulman, H. Ralph, J.
Valinsky, A. Cundell, B. Brotman, W. Boehle, F. Rey, M. Piet, H.
Reesink, N. Lelie, M. Tersmette, F. Miedema, L. Barbosa, G.
Nemo, C. L. Nastala, J. S. Allan, D. R. Lee, and J. W. Eichberg.
1988. Failure of a human immunodeficiency virus (HIV) immune
globulin to protect chimpanzees against experimental challenge
with HIV. Proc. Natl. Acad. Sci. USA 85:6944-6948.

37. Prince, A. M., H. Reesink, D. Pascual, B. Horowitz, I. Hewlett,
K. K. Murthy, K. E. Cobb, and J. W. Eichberg. 1991. Prevention
of HIV infection by passive immunization with HIV immunoglo-
bin. AIDS Res. Hum. Retroviruses 7:971-973.

38. Putkonen, P., R. Thorstensson, L. Ghavamzadeh, J. Albert, K.
Hild, G. Biberfeld, and E. Norrby. 1991. Prevention of HIV-2 and
SIVsm infection by passive immunization in cynomolgus monkeys.
Nature (London) 352:436-438.

39. Reed, L. J., and H. Muench. 1938. A simple method of estimating
fifty percent endpoints. Am. J. Hyg. 27:493-502.

40. Rigby, M. A., E. C. Holmes, M. Pistello, A. Mackay, A. J. Leigh
Brown, and J. C. Neil. 1993. Evolution of structural proteins of
feline immunodeficiency virus: molecular epidemiology and evi-
dence of selection for change. J. Gen. Virol. 74:425-436.

41. Siebelink, K. H. J., G. F. Rimmelzwaan, M. L. Bosch, R. H.
Meloen, and A. D. M. E. Osterhaus. 1993. A single amino acid
substitution in hypervariable region 5 of the envelope protein of
feline immunodeficiency virus allows escape from virus neutraliza-
tion. J. Virol. 67:2202-2208.

42. Tozzini, F. Unpublished data.
43. Tozzini, F., D. Matteucci, P. Bandecchi, F. Baldinotti, A. Poli, M.

Pistello, K. H. J. Siebelink, L. Ceccherini-Nelli, and M. Bendinelli.
1992. Simple in vitro methods for titrating feline immunodefi-
ciency virus (FIV) and FIV neutralizing antibodies. J. Virol.
Methods 37:241-252.

44. Tozzini, F., D. Matteucci, P. Bandecchi, F. Baldinotti, K. Sie-
belink, A. Osterhaus, and M. Bendinelli. 1993. Neutralizing
antibodies in cats infected with feline immunodeficiency virus. J.
Clin. Microbiol. 31:1626-1629.

45. Vujcic, L., D. Katzenstein, M. Martin, G. Quinnon, and collabo-
rating laboratories. 1990. International collaborative study to
compare assays for antibodies that neutralize human immunode-
ficiency virus. AIDS Res. Hum. Retroviruses 6:847-853.

46. Weiss, R. A. 1993. How does HIV cause AIDS? Science 260:1273-
1279.

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

VOL. 68, 1994


