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Feline immunodeficiency virus (FIV) provides a model system with which the significance of neutralizing
antibody (NA) in immunosuppressive lentivirus infections may be studied. To date, no detailed analysis of the
neutralization properties of primary FIV isolates has been reported. In this study, we have conducted the first
comprehensive study of the sensitivity to autologous and heterologous neutralization in a lymphoid cell-based
assay of 15 primary FIV isolates and, for comparison, of one tissue culture-adapted strain. Primary isolates in
general proved highly NA resistant, although there was considerable individual variation. Variation was also
observed in the capacity of immune sera to neutralize heterologous FIV isolates. The ability of sera to
neutralize isolates or for isolates to be neutralized by sera did not correlate with epidemiological and genetic
relatedness or with the quasispecies complexity of the isolates. From the study of specific-pathogen-free cats
experimentally infected with viral isolates associated with NA of different breadths, it appears that the
development of FIV vaccines cannot rely on the existence of viral strains inherently capable of inducing

especially broad NA responses.

Feline immunodeficiency virus (FIV) is a lentivirus that is
regarded as the feline counterpart of human immunodefi-
ciency virus (HIV) because it produces persistent infections of
domestic cats which, after an incubation period of several
years, progress to clinical manifestations of immunodeficiency
and neurological damage that closely resemble those observed
in HIV-infected humans. FIV is therefore a valuable model for
investigating many aspects of AIDS pathobiology and control,
including vaccination (4, 11, 39, 56).

Based on DNA phylogenesis, FIV isolates worldwide have
been classified into at least five distinct genetic subtypes, des-
ignated A to E, with uneven geographical distributions (2).
While there is little hope of developing a monovalent vaccine
capable of protecting across different FIV subtypes, a more
reasonable goal is the development of one or several protective
immunogens for each subtype and subsequent selection of the
immunogens on the basis of the subtypes prevalent in the area
where the vaccine is to be used (56). However, because genetic
diversity is also high within a subtype, especially in the env
region (2, 42), successful vaccines will have to induce immune
responses effective against a wide range of antigenically diverse
strains. Mapping the immunological relatedness of FIV strains
belonging to the same genetic subtype therefore represents a
prerequisite for identifying shared critical protective epitopes
and an essential step for ongoing vaccine development efforts.
Similar problems exist for HIV vaccine development (33).

Although the humoral and cell-mediated immune responses
that will eventually prove important for vaccine-induced pro-
tection against lentiviruses are unresolved (3, 7, 17), the ability
to evoke a broadly reactive neutralizing-antibody (NA) re-
sponse would seem to be an advantageous feature of candidate
immunogens because it would at least contrast the dissemina-
tion of the initial viral inoculum from the site of entry (8, 9). In
previous studies, we found that cats immunized with a fixed-
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cell vaccine were protected against FIV challenge in the ap-
parent absence of NA (27, 28), but it is possible that a detect-
able NA response could be elicited with improved vaccines,
adjuvants, and immunization regimens.

FIV vaccines must be designed to protect against strains of
FIV as they circulate in nature. For this reason, it is important
to learn more about the immunobiological properties of fresh
clinical isolates, including their ability to evoke and interact
with NA and their neutralizing determinant(s). Here we report
on the sensitivity of 15 FIV isolates subjected to minimal pas-
sage in culture to neutralization by autologous and heterolo-
gous immune sera. Primary FIV isolates proved only slightly
prone to inhibition by immune sera. However, certain isolates
were more neutralizable by heterologous sera than others and
certain infected cat sera neutralized fairly large numbers of
primary isolates. A relationship was also sought between neu-
tralization properties of the isolates and immune sera and a
number of factors that theoretically might influence the induc-
tion or the activity of cross-reactive NA, including epidemio-
logical and genetic relatedness and quasispecies complexity of
the isolates. Finally, to ascertain whether the cross-neutralizing
potency of anti-FIV antibody was dependent on properties of
the viruses that had induced their formation, we studied the
NA response of specific-pathogen-free (SPF) cats inoculated
with selected FIV isolates.

MATERIALS AND METHODS

Cells and FIV isolates. MBM cells are a line of CD3" CD4~ and CD8™ T
lymphocytes originally established from the peripheral blood mononuclear cells
(PBMC) of an FIV-negative and feline leukemia virus-negative cat (26). They
are routinely grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 5 pg of concanavalin A, and 20 U of recombinant human interleukin-2
per ml.

The 15 primary isolates studied were designed by an M followed by a number.
The M2 and M3 isolates were obtained from SPF cats that had been inoculated
with blood from a naturally infected cat and with supernatant of primary MBM
cultures, respectively. All the others were derived directly from randomly se-
lected feline leukemia virus-negative, FIV-seropositive domestic cats from two
Italian regions. Isolation was performed by standard coculture of the PBMC with
MBM cells (13). As summarized in Table 1, eight isolates were obtained from
cats living in an open shelter, four were obtained from free-roaming cats living
in the same geographical area (maximum distance, 20 miles), and three were
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TABLE 1. Primary FIV isolates used in this study

Growth characteristics®

S . a Shortened Health conditions of
ource and official name b Genotype
name donor cat D RT Syncytia

Open-shelter cats
ITTO017PIU M17 Asymptomatic 14 21.0 No B
ITTO019PIU M19 Asymptomatic 15 9.9 No B
ITTO022PIU M22 Asymptomatic 18 2.9 No B
ITTO026PIU M26 Asymptomatic 35 4.7 No B
ITTO045PIU M45 FAIDS 7 1.9 No B
ITTO064PIU Mo64 Asymptomatic 19 0.7 No B
ITTO073PIU M73 Asymptomatic 35 6.3 No B
ITTO082PIU M82 Asymptomatic 10 5.7 No B

Free-range cats living within 20 miles from shelter
ITTO002PIU M2 Asymptomatic 10 33 No B
ITTO003PIU M3 Asymptomatic 33 1.5 No B
ITTOO8SPTIU MS8 Secondary infections 10 5.0 Yes B
ITTO089PIU M89 Kidney failure 15 11.7 No B

Free-range cats from distant sites
ITER091PIU MoI1 Stomatitis 12 1.7 No B
ITER092PIU M92 Stomatitis 33 59.2 No B
ITER097PIU M97 Stomatitis 38 2.5 No B

“ The first two capital letters indicate the country of origin; the next two define the region of origin (TO, Tuscany; ER, Emilia Romagna); the numbers indicate the
reference number of the isolate; the last three letters indicate the study source (Pisa University).

> At the time of virus isolation.

¢ Growth characteristics in isolation cultures: D, day of first positivity; RT, RT activity when first positive, expressed as 10° counts per minute.

obtained from free-roaming cats living in distant areas (minimum distance, 100
miles). The duration of infection for these cats was not known. However, nine
were apparently healthy, five presented symptoms compatible with feline AIDS-
related complex, and one was in the AIDS stage. The isolates varied considerably
with regard to the time the cultures were first positive and to the levels of reverse
transcriptase (RT) produced at isolation (Table 1); however, three to five pas-
sages in MBM cells were sufficient to expand the virus and accumulate viral
stocks of suitable titer. Only one isolate (M88) produced clearly distinguishable
syncytia in MBM cells. Isolates M45, M73, and M82 were characterized as
belonging to genotype B by sequencing a 308-bp gag segment specifically for this
study. The others had been characterized previously and were also of subtype B
(42). The Petaluma (Pet) strain, a genotype A virus, consisted of cell-free su-
pernatant from chronically infected FL4 cells (59; kindly provided by J. K.
Yamamoto) at their 181st passage.

Viral stocks consisted of supernatant fluids clarified at 350 X g for 15 min,
stored in 1-ml aliquots in liquid nitrogen until use, and subjected to titer deter-
mination at least twice by end-point dilution in quadruplicate in a microtiter
MBM cell assay after 1 h at 4°C, i.e., under the same incubation conditions used
for the neutralization test. Titers were remarkably similar, ranging between 2 X
10? and 1 X 10® 50% tissue culture infective doses (TCIDs,)/ml.

Serum samples. Immune sera were obtained from the same donors from
which the primary FIV isolates had been obtained, from the same venipuncture
as the viral isolates or after an interval of 3 to 12 months, and were given the
same identification numbers. Anti FIV-Pet serum was obtained from an SPF cat
infected 11.5 months earlier with the supernatant of FL4 cells at their 181st
passage. Normal cat serum (NCS) was pooled from 10 adult SPF cats. Before
use, all the sera were treated at 56°C for 30 min and checked for infectious FIV
by standard culture.

Neutralization assay. Virus neutralization was performed against 10 TCIDs,
of FIV by using MBM cells as indicator cells, with quantitation of RT activity in
the supernatant as an end point. Each isolate, diluted to 200 TCIDs,/ml, was
incubated with fourfold serial dilutions of sera (as reported in reference 3,
plasma could not be used because it is toxic to MBM cells) at 4°C for 1 h and then
inoculated (100 wl/well) into 2 to 4 wells of 96-well flat-bottom microplates
containing 10° cells in 100 wl. The medium was RPMI 1640 supplemented with
10% fetal bovine serum, 6% NCS, 5 pg of concanavalin A (Sigma, St. Louis,
Mo.) per ml, and 20 U of recombinant human interleukin-2 (Boehringer, Mann-
heim, Germany) per ml. Four days after inoculation, 100 wl of supernatant was
removed from each well and replaced with fresh medium (input virus-immune
serum mixtures were not washed away from the cells because, as reported
previously [3], this step resulted in complete ablation of neutralization). Growth
of the cultures was stopped on day 8, when newly produced RT was clearly
evident. RT values were chosen rather than p25 antigen values as an indicator of
viral replication because the high titer of anti-p25 antibodies in immune sera
interfered with p25 determination at the end of the experiment while careful
controls showed that residual immune serum did not significantly interfere with

RT determination. In each assay, the titer of the input virus was determined in
quadruplicate, and if the titer differed by more than threefold, the assay was
considered invalid. All experiments were repeated at least twice. In general, the
reproducibility was satisfactory since NA titers with a given virus-serum combi-
nation exhibited a maximum twofold deviation between experiments, which is
within the expected error of neutralization assays with the format used.

Since preliminary experiments had shown that NA titers rarely exceeded 128,
immune sera were used diluted 1:8, 1:32, and 1:128 (dilutions before the addition
of virus and cells). Despite the presence of 6% NCS in the assay medium, we
noticed that FIV preincubation with NCS produced nonspecific effects, occa-
sionally reducing but more often facilitating the growth of FIV. For this reason,
each experiment included control cultures receiving virus incubated with fourfold
dilutions of NCS, and the percent inhibition of RT production by immune sera
was calculated with respect to the corresponding dilution of NCS, using the
formula [(mean cpm in cultures inoculated with FIV and immune serum — mean
cpm of noninfected cultures)/(mean cpm of cultures inoculated with FIV and the
corresponding dilution of NCS — mean cpm of noninfected cultures)] X 100. NA
titers were defined as the reciprocal of the serum dilution required to reduce the
levels of RT activity produced by =50% and calculated by the method of Reed
and Muench (44). As recently pointed out by Moore et al. (35), the biological
relevance of a twofold reduction in viral infectivity is unclear, but we could not
adopt a higher cutoff because it would have almost completely obscured the
neutralizing activity of immune sera.

As discussed below, some immune serum-virus combinations showed levels of
RT higher than those produced by the control cultures incubated with the
corresponding dilution of NCS. This effect was considered significant and scored
as virus enhancement when the increase was at least twofold.

SSCP analysis. RNA extracted from aliquots of the viral stocks was reverse
transcribed and amplified for 35 cycles (denaturation at 94°C for 30 s, annealing
at 52°C for 30 s, and primer extension at 72°C for 45 s) with outer primers
(TGTTATGTAGACAGAGTAGAT, positions 7113 to 7133, and TGCAAGA
CCAATTTCCAGCA, positions 7847 to 7866) covering a 753-bp fragment en-
compassing the V3 and V4 regions of the env gene. Two second-round PCRs
were then performed for each sample, one with a V3-specific antisense primer
(CTTGAACTTCTCATTGCAAA, positions 7535 to 7554) and the other with a
V4-specific sense primer (AACCTTTGCAATGAGAAGTT, positions 7532 to
7551), to obtain 441- and 334-bp fragments of the V3 and V4 regions, respec-
tively. The resulting amplicons were separated on a 1.5% agarose gel, extracted
from the gel, and purified with the QIAquick gel extraction kit (Qiagen, Chats-
worth, Calif.). Asymmetric PCRs were then carried out with 5 pl of the purified
product with the same parameters and conditions as above, except for the use of
the inner antisense primers only. Single-strand conformation polymorphism
(SSCP) analysis was performed essentially as described previously (22). Briefly,
1 volume of the single-stranded DNA products was mixed with 2 volumes of
formamide loading dye (95% deionized formamide, 20 mM EDTA, 0.05% bro-
mophenol blue, 0.05% xylene cyanol) and electrophoresed in a 10% nondena-
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FIG. 1. Neutralization curves of 15 primary FIV isolates reacted with autol-
ogous sera. Sera were obtained before or contemporaneously with (A) or 3 to 12
months after (B) virus isolation. Dashed lines represent the 50 and 90% neu-
tralization levels.

turing polyacrylamide gel containing 0.5X TBE buffer, 1.5% N,N’-methylenebi-
sacrylamide, and 5% glycerol. Electrophoresis was carried out immediately after
loading at 23°C at 40 mA for 4 to 5 h. Finally, the gels were visualized by silver
staining and dried on Whatmann 3MM paper. The electrophoretic mobility of
the products was identified with a GDS 7500 gel documentation system (UVP,
Cambridge, England), and the numbers of SSCP bands were analyzed with the
GelBase Pro software program (UVP).

Infection of SPF cats. SPF cats were infected with selected FIV isolates by
intravenous inoculation of 10° infected autologous cells. The inocula were pre-
pared by culturing the PBMC of each individual animal in concanavalin A for 3
days, infecting 14 X 10° to 26 X 10° cells with 6 X 10> TCIDsj, of the viral isolates
under scrutiny, and harvesting after an additional 8 days of incubation, when 55
to 80% of the cells were FIV positive by surface immunofluorescence.

RESULTS

Overall, primary FIV isolates proved weakly sensitive to
neutralization. Throughout the experiments, 90% neutraliza-
tion was observed only with one virus-serum combination and,
as shown in Table 2, which summarizes the mean NA titers
obtained with the primary isolates and the immune sera in at
least two independent checkboard analyses, even 50% inhibi-
tion was sporadic and produced NA titers that remained fre-
quently of borderline significance.

Neutralization by autologous immune sera. We could test
autologous sera for all 15 primary isolates. As depicted in Fig.
1, despite the use of fourfold dilutions, neutralization curves
were often irregular in shape. Of the eight isolates reacted with
serum collected before or at the same time as virus isolation
(Fig. 1A), only M89 was significantly (>50%) neutralized,
whereas of the seven isolates reacted with serum taken 3 to 12
months after virus isolation, five were neutralized (Fig. 1B).
The maximum mean NA titer observed with primary isolates
was 45. In contrast, the tissue-culture-adapted FIV-Pet yielded
a mean titer of 304 (Table 2), thus confirming its pronounced
susceptibility to homologous NA (3).

Neutralization by heterologous immune sera. Sera M91 and
M92 could not be tested with heterologous viruses due to
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FIG. 2. Representative neutralization curves of primary FIV isolates reacted
with heterologous immune sera. The viral isolates are indicated in the right
upper corner of each panel; immune sera are shown outside the panels. Dashed
lines represent the 50% and 90% neutralization levels.

insufficient volumes. Figure 2, which depicts representative
data, shows that heterologous neutralization curves were again
irregular in shape and frequently plateaued between 1:32 and
1:8, without reaching the 50% neutralization level. Significant
cross-neutralization was observed in 34 of 142 of the virus-
serum combinations tested (24%), and in general the mean
NA titers were in the same range as those observed in autol-
ogous neutralizations (Table 2). However, individual primary
isolates varied considerably in their sensitivity to heterologous
neutralization. Thus, certain isolates (M45, M73, M88, and
M89) were inhibited by multiple sera, others were highly re-
sistant (M3, M17, M22, M91, and M97), and still others
showed intermediate sensitivity. As shown in Table 2, FIV-Pet
exhibited a diffuse and relatively high sensitivity to cross-neu-
tralization.
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TABLE 2. Results of checkboard neutralization assays performed with 15 primary FIV isolates and autologous and heterologous immune
sera and results with the tissue culture-adapted strain FIV-Pet (for comparison)

Immune NA titer with indicated isolate®
serum | M7 MI9  M22  M26  M45 M6+  M73  MS2 M2 M3 MS8  M8S9 M9l  M92  M97  Pet
M17 @ _ _ _ _ 11 _ _ - _ _ _ _ _ 32
M19 1 11 128 23 _ _ - _ _ _ 32
M22 _ 11 ~ _ 45 128 _ _ _ 8 _ _ _ 45
M26 _ _ El 13 _ _ 8 _ 11 _ _ 45 _ 19
M45 _ _ _ 32 - _ _ 11 _ _ 10
Mé64 _ _ _ 32 @ _ _ _ 11 32 _ _ _ 45
M73 _ _ _ _ _ _ D _ _ _ _ 11 _ _ _ _
M82 _ _ _ _
M2 _ 10 _ _ 9 _ 19 _ _ _ 13 _ 8 _ _
M3 _ _ _ 8 _ 38 _ _ @ _ 1 _ _ >128
Ms8 _ _ ~ 11 _ _ _ _ 11 _ _ _ 19
M89 _ _ _ 11 @ 8
M97 _ _ _ _ >128 _ _ 11 8 _ _
Pet - - _ _ _ _ _ _ _ _ _ _ - _ _

“ Values shown are the geometric means of the titers obtained in two or three independent assays. Dashes indicate that no neutralizing activity was detected; mean
titers of <8 were not considered significant and scored as negative. The large box encloses the virus-immune serum sets obtained from cats living in the same shelter.
Autologous virus-immune serum combinations are enclosed in a circle (sera obtained before or contemporaneously with virus isolation) or in a small box (sera

obtained 3 to 12 months after virus isolation).

The cross-neutralizing capabilities of immune sera also ex-
hibited a wide spectrum. Some sera had a relatively broad
neutralizing activity, inhibiting up to 40% of the isolates, while
others showed few or no cross-neutralizing effects. Among the
most cross-neutralizing sera were M2, M19, M26, and M89,
while among the least neutralizing were M17, M73, and M82.
No correlation was noted between the sensitivity of a virus
isolate to cross-neutralization and the ability of the corre-
sponding serum to cross-neutralize. For example, isolates M73
and M8&9 were neutralized by several sera, but the correspond-
ing sera inhibited 7 and 40% of the heterologous isolates
tested, respectively. Conversely, isolates M17 and M97 ap-
peared refractory to cross-neutralization and the correspond-
ing sera showed widely divergent neutralizing breadth. Impor-
tantly, cross-neutralization was generally unidirectional, since
reciprocal reactivity was seen with two isolate-serum pairs only.
Also of interest is that serum FIV-Pet, which neutralized the
homologous virus at high titer, lacked detectable cross-neutral-
izing activity for the heterologous fresh isolates.

Infection enhancement. Facilitation of infection was infre-
quent, since only 5 of the 546 virus-immune serum dilutions
tested yielded a reproducible =2-fold increase of viral replica-
tion over the corresponding NCS control that could be scored
as enhancement (Fig. 1A), with no differences in the frequency
or magnitude of the phenomenon between autologous and
heterologous virus-serum combinations. Moreover, the effect
was often seen with a given serum dilution but not with the
other dilutions of the same serum (data not shown).

Cross-neutralization and relatedness of the isolates. All the
primary isolates included in this study had been characterized
as belonging to genotype B, based on sequencing of a specific
segment of the gag gene. The gag segment considered is most
probably not involved in serum neutralization but provides a

reliable estimate of the genetic divergence between FIV strains
(42); therefore, we used the gag sequence data to evaluate
whether there was a relationship between cross-neutralization
and genetic relatedness of the isolates. The average genetic
distance of the cross-neutralizing combinations, determined by
the DNADIST program of the PHYLIP software, version 3.5¢c
(12), was 0.0474 = 0.0205, whereas it was 0.0478 = 0.0230 in
the nonneutralizing combinations. Also, no correlation be-
tween cross-neutralization and genetic distance was found by
using the CLIQUE program of the PHYLIP package (this
program assumes that each character and different lineages
evolve independently and uses the compatibility method for
two-state characters to produce unrooted trees; input data
consisted of a compatibility matrix created with the FACTOR
program and containing the genetic distances evaluated by the
DNADIST program and a series of two-state characters for the
neutralization data; characters 1, 0, and ? were assigned to the
neutralizing combinations, nonneutralizing combinations, and
untested combinations, respectively).

Eight isolate-serum sets were obtained from cats living in an
open shelter, and the others were obtained at random from
cats living at more or less distant locations. There was, how-
ever, no obvious correlation between epidemiological linkages
and cross-neutralization. For example, a preferential cross-
neutralization among the isolates from cats living in the shelter
would have been indicated by a higher frequency of neutral-
ization within the boxed area compared to the rest of Table 2.

Cross-neutralization and viral quasispecies complexity. We
also compared the genetic polymorphism of the FIV strains
under scrutiny. RNA samples extracted from the culture fluids
used as the test virus in the NA assays were reverse transcribed
and amplified in the V3 and V4 regions of the env gene, and
the resulting amplicons were examined by SSCP analysis. As
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TABLE 3. Quasispecies composition in the V3 and V4 regions of the env gene of the 15 primary FIV isolates examined, grouped by
sensitivity to cross-neutralization, and the genetic polymorphism of the tissue culture-adapted FIV-Pet

Sensitivity to cross-

No. of variants®

Category of virus neutralization Isolate V3 region Va rogion
Primary High (neutralized by =30% M19 11 3
of test sera)
M45 10 4
Mo4 11 8
M73 10 8
MS88 11 3
M89 10 2
Mean = SD 105 = 0.54° 4.6 * 2.65
Low (neutralized by <10% M2 7 9
of test sera)
M3 6 23
M17 8 7
M22 13 9
M26 9 8
MS82 6 6
M91 4 7
M92 5 ND¢
M97 6 2
Mean = SD 7.1 = 2.66 8.8 = 6.12
Tissue-culture adapted High Pet 2 3

“ Variants detected in at least two independent assays.

’ Significantly different from the low-sensitivity group (P < 0.01, Student’s ¢ test).

“ND, not done.

expected from previous results (20), all the isolates were in the
form of a mixture of genetic variants (quasispecies) and there-
fore produced SSCP bands which varied in number (Table 3)
as well as in relative intensities and positions (data not shown).
The quasispecies complexity of the viral isolates and NA
breadth of the corresponding immune sera did not appear to
correlate. As shown in Table 3, a difference was observed
between sensitivity to cross-neutralization and quasispecies
complexity, in that isolates neutralized by at least 30% of the
heterologous sera tested exhibited larger numbers of variants
than did isolates neutralized by 10% or less of the sera; how-
ever, the difference was modest and limited to the V3 region.
Moreover, the highly NA-sensitive, tissue-culture-adapted
strain FIV-Pet showed the lowest quasispecies complexity
among the strains examined.

NA response of SPF cats infected with selected FIV isolates.
In these studies, we investigated whether FIV isolates obtained
from cats whose sera showed different cross-neutralizing po-
tencies differed in the ability to induce the production of cross-
neutralizing antibodies when injected into naive cats. To this
end, isolates M2 and M26, obtained from animals whose sera
neutralized 36 and 33% of the isolates, respectively, and iso-
lates M17 and M73, obtained from animals whose sera neu-
tralized 8 and 7% of the FIV isolates tested, respectively, were
used to infect SPF cats (two animals per isolate). To obviate
the possible influence of any host cell-dependent epigenetic
factor on the subsequent NA assays to be carried out with the
sera of these animals, the inocula consisted of cultured autol-
ogous PBMC infected and incubated in vitro for 8 days and
diluted to contain 10° FIV-positive cells as determined by
immunofluorescence. All the cats became infected, as deter-
mined by virus reisolation and enzyme-linked immunosorbent
assay serology, and all developed some NA activity (Fig. 3).
Homologous NA were generally first detected in the 6-month

sera, and their titers remained low. Cross-reactivity developed
after a similar delay and was sporadic, also low in titer, and
often directed to different viruses even in sera collected from
one cat at different time points. Most importantly, cross-reac-
tive NA were detected in three of four cats inoculated with
isolates obtained from animals with broadly cross-reactive NA
(Fig. 3, left) versus two of four cats inoculated with isolates
obtained from cats with poorly cross-reactive NA (Fig. 3,
right). It should be noted that among the latter cats, those
infected with M17, for reasons that have remained unclear,
showed an abnormally weak immune response, since after the
third month the postinfection ELISA titers declined instead of
increasing as in the other animals.

DISCUSSION

To date, most studies on FIV neutralization have been car-
ried out with tissue culture-adapted strains of the virus and
fibroblastoid Crandell feline kidney (CrFK) cells or lymphoid
cells as substrates. The results have shown that NA assessed in
lymphoid cells are considerably more isolate specific, lower in
titer, and less targeted to the V3 region of the surface glyco-
protein than NA measured in CrFK cells (3, 21, 37, 45, 50).
While the reasons for these discrepancies remain unclear, it is
likely that NA assays performed with lymphoid cells are espe-
cially relevant to immunity in vivo, as suggested by the fact that
protection conferred by experimental FIV vaccines also tends
to be isolate specific (18, 60). By using a lymphoid cell-based
assay, in this study we have examined the neutralization prop-
erties of 15 primary FIV isolates subjected to minimal passage
in culture and therefore as close as possible to in vivo strains.

In general, primary FIV isolates proved hard to neutralize,
as shown by the virtual absence of 90% inhibition of viral
replication and by the low NA titers obtained with the less
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FIG. 3. Development of NA in cats infected with selected FIV isolates. Groups of two SPF cats were infected with isolates obtained from animals with broadly (left
panels) or poorly (right panels) cross-reactive NA. At the times indicated, injected cats were examined for anti-FIV enzyme-linked immunosorbent assay (ELISA)
antibodies with gradient-purified, disrupted whole M2 virus as the antigen (@) and for NA antibodies to the homologous virus (open columns) and to selected
heterologous isolates (filled columns: E, M2; m, M17; B, M26; &, M45; N, M92); cross-reactive NA to M73 tested constantly negative.

stringent 50% end point. Similar results have been reported for
primary isolates of HIV-1 and have raised considerable con-
cern (19, 35, 36, 43) despite speculations that current assays for
functional NA may not be particularly sensitive (14, 32, 41, 61,
62). Of note, only one of eight fresh FIV isolates tested against
autologous sera collected before or at the time of virus isola-
tion were neutralized, in contrast to five of seven reacted with
autologous sera taken 3 or more months after virus isolation,
thus indicating that FIV NA are specific to virus circulating
earlier in the course of infection rather than to the virus co-
existing with the NA. This is in agreement with findings show-
ing that NA to contemporaneous, autologous HIV-1 isolates
are generally absent or present only in low titer (31, 51, 53, 57)
and suggests that FIV persistence in vivo occurs at least partly
via the generation of neutralization escape mutants.
Consistent neutralization of primary FIV isolates by heter-
ologous immune sera was observed in about one-fourth of the
virus-serum combinations tested. This is a significant fre-
quency, especially if one considers that cross-neutralizing titers
were in the same range as in autologous reactions, and sup-
ports the concept that conserved epitopes that elicit and are
target for effective NA exist at least in some isolates. However,
in our checkboard analyses, cross-neutralization was predom-
inantly unidirectional and showed no recognizable pattern.
Moreover, the cross-neutralization frequency did not correlate
with the epidemiological and genetic relatedness of the isolates
examined or with the extent of viral glycoprotein binding mea-
sured by a recently described method (46) at the corresponding
virus-serum combinations (data not shown). This indicates that

delineation of conserved neutralization epitopes of FIV and
antigenic grouping of FIV may not be realistic tasks at present
and will probably require more refined reagents such as neu-
tralizing and subtype-restricted monoclonal antibodies. Studies
with patient sera have shown that neutralization clusters of
HIV-1 are recognizable but coincide with genetic subtypes only
partially, if at all (19, 23, 35, 52, 55).

Infection-enhancing antibodies have been observed in FIV-
infected or vaccinated cats (3, 48) as well as in HIV-1-infected
and vaccinated people (29). In the present study, antibody-
dependent enhancement was an infrequent finding. This is
probably due to our assay conditions (for example, the use of
an NCS control for each immune serum dilution may have
reduced possible artifacts due to nonspecific effects of sera on
virus replication [19, 58]), as well as to the stringent criterion
adopted to define an increase of FIV replication as enhance-
ment (=twofold increase of RT production). Although en-
hancement is often seen at subneutralizing concentrations of
test sera (49), we exclude the possibility that our immune sera
were tested too concentrated to observe the phenomenon,
since on repeated occasions they were diluted further with no
evidence of more frequent or potent enhancement (data not
shown). It has been suggested that lentivirus-infected subjects
produce mixed populations of antibodies exerting contrasting
functions (19, 48). However, from the present results, it would
seem that the net effect of antibodies produced during natural
infections is to more often inhibit than enhance FIV replica-
tion. Interestingly, one isolate (M88) proved unusually suscep-
tible to enhancement, since its replication was augmented by
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three immune sera whereas we found no immune sera that
increased the infection of multiple isolates. Thus, enhance-
ment appears to be dependent on some inherent property of
the FIV isolate under study more than on the characteristics of
the immune sera. It has been suggested that in humans, HIV
variants with increased susceptibility to enhancing antibodies
are selected over time from infection and eventually may be-
come predominant in the host (16).

Individual primary isolates of FIV varied considerably in
their sensitivity to neutralization by heterologous immune sera:
while certain isolates appeared refractory to inhibition or were
inhibited infrequently, others were inhibited by one-third of
the immune sera tested or more. As for HIV-1 (35, 55, 57), the
reasons for this diversity are not clear. In an SSCP analysis of
the V3 and V4 regions, i.e., two env domains that have been
implicated in FIV neutralization (5, 10, 21, 25, 38, 47, 54), we
found no relationships between FIV quasispecies complexity
and sensitivity to cross-neutralization, except that the variants
detected in V3 were slightly more numerous in the cross-
neutralization-sensitive than in the nonsensitive isolates. Thus,
NA susceptibility did not appear to be a function of a low
degree of genetic polymorphism in the env regions examined,
at least in primary isolates. In contrast to most primary isolates,
FIV-Pet, which had an extensive passage history in culture, was
neutralized by many heterologous sera even though they were
from animals infected with another subtype. This indicates that
tissue-culture adapted FIV strains can be abnormally sensitive
not only to homologous NA (3; see above) but also to heter-
ologous NA, thus underlining the need to exert great caution
in interpreting the significance of NA results obtained with
these strains (24), and implies that the failure of heterologous
sera to neutralize the primary isolates was not due to a lack of
potentially inhibitory antibodies but to the absence or inacces-
sibility of appropriate epitopes on the surface of primary iso-
lates (33).

Considerable variation was also observed in the ability of
individual immune sera to neutralize heterologous strains, thus
again reproducing what was observed with HIV (55, 57). Pos-
sible reasons include a peculiar immune responsiveness or
repeated exposure to multiple viruses of the donor cats and a
particularly long duration of infection at the time of serum
collection. The first explanation seems unlikely because the
cross-neutralizing potency did not correlate with the extent of
binding to whole FIV antigen and to an immunodominant
peptide of the transmembrane glycoprotein (1) that we used as
a measure of the general reactivity of sera (data not shown).
The selection pressure exerted by the immune system is con-
sidered a major force leading to genetic heterogeneity of per-
sistent viruses, and quasispecies complexity can therefore be
viewed as an indirect measure of the host immune responsive-
ness. Thus, the observation that FIV isolates had similar qua-
sispecies complexities regardless of the cross-neutralizing
breadth of the corresponding sera also argues against marked
differences in the immune responsiveness of donor cats. The
risk that donor cats were exposed to multiple viruses exists,
especially if one considers that several lived in a shelter with a
high FIV infection rate. However, in sequencing the gag region
for subtyping the isolates, we noted no ambiguities suggestive
of the existence of dual infections. The duration of infection
was not known for most of the cats, but the sera of animals that
were symptomatic at the time of serum collection were among
the more cross-neutralizing, suggesting that NA can indeed
increase in breadth with evolution of infection. However, our
study was not designed to address this issue, and prospective
long-term follow-up studies of larger numbers of animals are
needed to clarify this aspect. Although not a constant finding

NEUTRALIZATION OF PRIMARY FIV ISOLATES 2205

(15), NA of HIV-1l-infected long-term nonprogressors had
broader reactivity with primary HIV isolates than did NA from
patients with standard clinical progression (6, 30).

We finally considered the possibility that the varying breadth
of the NA present in different immune sera was generated by
differences in the isolates that had induced their production.
This was a compelling question because identifying FIV strains
capable of evoking broad NA responses would be valuable in
the present struggle to develop vaccines. We therefore com-
pared the NA-inducing properties of the viral isolates obtained
from two animals with broadly reactive NA and from two
animals with poorly cross-reactive NA, by infection of SPF cats
and subsequent analysis of the NA response elicited for a
period of 9 months. Similar to what was observed in primary
HIV infections (32, 34, 40), NA were detected after a delay of
several months. The strength and breadth of the NA response
showed no major differences among the isolates, provided that
these induced normal antibody responses, and also varied con-
siderably between cats infected with the same isolate, suggest-
ing that they do not depend on special properties of the in-
fecting virus.

In summary, these data show that the neutralization prop-
erties of primary FIV isolates are very similar to those reported
for primary HIV isolates. Thus, their study may offer unique
opportunities for understanding the scope of humoral immune
responses in infections by immunosuppressive lentiviruses and
for directing vaccine efforts appropriately. If the findings of this
study can be extrapolated to HIV, there would appear to be
little hope of identifying naturally occurring HIV strains that
are inherently capable of consistently inducing broadly reactive
NA within time limits exploitable for vaccine development. As
recently suggested (33), engineering viruses in such a way as to
expose conserved NA epitopes might be more fruitful.
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