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Lentiviruses are nononcogenic retroviruses that cause persistent infections and slowly progressive diseases.
Visna virus, a lentivirus of sheep, persists in cells of the macrophage lineage despite the presence of neutralizing
antibodies in the animal. These antibodies are measured by prevention of virus replication in sheep fibroblast
cell cultures. In this study we have compared the antiviral properties of the antibodies in sheep fibroblast and
macrophage cell cultures, the latter being more relevant to infection in the animal. Using infectivity assays,
binding of radiolabeled virus to cell membranes, cellular processing of labeled virus into acid-precipitable and
acid-soluble components, and in situ hybridization of viral nucleic acid, we show that the antibodies prevented
virus replication in both fibroblasts and macrophages. However, the site of neutralization differed between the
two cell types. In fibroblasts, the site of virus neutralization was at the cell membrane, when the antibodies
prevented virus attachment. In macrophages, virus incubated with the antibodies was phagocytized rapidly,
followed by uncoating of the virions. However, virus RNA was not transcribed. Despite this ability of the
antibodies to abort virus replication in macrophages, the kinetics of binding of the antibodies to the virus was
much slower than the binding of virus to the macrophages. Therefore, persistent virus replication in immune
sheep may be the result of virus spreading from macrophage to macrophage before the agent can be neutralized

by antibodies in the plasma.

Lentiviruses are nononcogenic, exogenous retroviruses
which cause visna (wasting) and maedi (dyspnea) in sheep
(19, 42, 43), arthritis-encephalitis in goats (6, 7), infectious
anemia in horses (3, 4), and acquired immune deficiency
syndrome in humans (12, 16). These diseases are character-
ized by long incubation periods, insidious onset, and slowly
progressive clinical courses. Infection is persistent, but only
a few hosts ever develop clinical disease (9, 10). Replication
of the virus is restricted in the host (21), and pathologic
responses are immune mediated (2, 8, 37) rather than caused
by the direct effects of the virus.

Visna virus causes a productive, lytic infection in cultures
of sheep choroid plexus (SCP) fibroblasts (44, 45). In previ-
ously reported studies, we used these cells as indicators for
measuring infectivity and specific neutralizing antibodies in
studies of infection in sheep (17). These studies showed that
the animals produced small amounts of virus neutralizing
antibodies 4 weeks or more after inoculation, but the virus
could still be obtained from the animal by cocultivation of
peripheral blood leukocytes with the fibroblasts. In some
persistently infected sheep, virus in cells coexisted indefi-
nitely with neutralizing antibodies in plasma, whereas in
other sheep, nonneutralizable mutant viruses, in addition to
the parental virus, were obtained from the peripheral blood
leukocytes (30, 31). This development of antigenic mutants,
selected by neutralizing antibodies, represents a unique
mechanism for survival of the agent in an immune environ-
ment.

Recent studies have shown that the target cells of the virus
in the persistently infected animal are monocyte macro-
phages (34, 36) and not fibroblastic cells. Since macrophages
have important roles in immunologically specific defenses as
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well as the nonspecific defenses of the host, we have
reexamined the neutralization of visna virus in sheep to
determine whether the macrophage target cell may have a
role in the ability of the virus to persist in the animal in the
face of neutralizing antibodies. Using plaque-purified, cell-
free visna virus, serum from a sheep hyperimmunized with
visna virus, and fibroblast and macrophage cell cultures, we
show here that antibodies to the virus were effective in
neutralization, irrespective of the target cell. However, the
site of neutralization differed in the two cell types. Neutral-
ization occurred at the cell surface of fibroblasts and
intracellularly in macrophages. Surprisingly, however, the
virus had a greater affinity for macrophage target cells than
did antibodies for the virus. This may thus provide a
mechanism for the ability of these agents to replicate persis-
tently in the immune host whether or not antigenic drift in
the virus occurs.

MATERIALS AND METHODS

Cell cultures. SCP fibroblasts were derived from early
subcultures of the choroid plexus of a newborn, colostrum-
deprived lamb. The cells were grown in minimum essential
medium (MEM) plus 10% fetal bovine serum and maintained
in MEM plus 1 or 2% lamb serum heated for 30 min at 56°C
as previously described (33).

Sheep alveolar macrophages immortalized with simian
virus 40 were used in this study. The establishment and
characterization of the cell line (transformed macrophages,
TM) was reported previously (14). The macrophages were
cultivated as confluent monolayers in Dulbecco MEM
(DMEM) supplemented with 20% lamb serum and were
maintained in DMEM plus 2% lamb serum. The cells were
shown to be macrophages by phagocytic properties, pres-
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ence of Fc receptors, presence of nonspecific esterases, and
ultrastructural morphology. Infection of these macrophages
with different strains of lentiviruses resulted in productive
virus replication for all strains (14).

Virus. Icelandic visna virus strains 1514 was used through-
out the study (39). The virus was plaque purified in SCP cell
cultures as described previously (32). In this study infectiv-
ity was measured by plaque formation or quantal assays in
SCP cultures. The methods were interchangeable because 1
PFU was equivalent to one 50% tissue culture infectious
dose (TCIDso)

Radiolabeled virus. SCP fibroblast cultures in tissue cul-
ture flasks (150 cm?) were infected with virus 1514 at a
multiplicity of 0.1. When 50% of the monolayer showed
cytopathic effect (CPE), the cells were washed with Hanks
balanced salt solution, and 0.25 mCi of [**S]methionine
(1,000 Ci/mmol; Amersham Corp., Arlington Heights, Ill.) in
S ml of methionine-free MEM was added. The flasks were
rocked overnight at 37°C in 5% CO,. The medium was then
removed and stored at 4°C, and 10 ml of methionine-free
medium was added to the cultures. The medium was
changed at 4- to 6-h intervals twice, and the supernatant
fluids were stored at 4°C. The cultures were then relabeled
with isotope overnight as described above, and the medium
was removed and pooled with the other supernatant fluids at
4°C.

The pooled, labeled virus supernatants were clarified at
1,500 X g for 20 min at 4°C and centrifuged at 18,500 X g for
2 h at 4°C. The labeled virus pellets were suspended in NET
buffer (50 mM NaCl, S mM EDTA, 10 mM Tris hydrochlo-
ride, pH 7.4) and added to a step gradient of 5 ml of 55%
(wt/wt) sucrose and 7 ml of 20% (wt/wt) sucrose which was
centrifuged at 40,000 x g for 2 h at 4°C in a vertical rotor.
The virus was collected at the interface of the two sucrose
solutions and dialyzed against NET plus 1% lamb serum in a
microconcentrator (Centricon; Amicon, Danvers, Mass.).
The labeled virus preparation was divided into 100-pl sam-
ples and stored at —70°C. The infectivity of the preparation
was determined by assay in monolayer cultures of SCP cells
as previously described (32). The amount of radioactivity in
the labeled virus preparation was determined in a liquid
scintillation counter to determine the ratio of counts per
minute in infectious units (cpm/TCIDs).

Immune serum. A purified virus suspension containing
approximately 108 TCIDs, of strain 1514 was treated with
Nonidet P-40 detergent at a final concentration of 0.5%. A
2-ml volume of this material was emulsified in 2 ml of
complete Freund adjuvant and injected intradermally into
four sites of a sheep. Three similar injections of virus antigen
emulsified in incomplete adjuvant were given sequentially 2
to 3 weeks apart and followed by two intravenous injections,
1 week apart, of 5 ml of pure antigen. The sheep was bled for
serum 7 days after the last injection (30). Normal serum was
a lot of commercial lamb serum (GIBCO Laboratories,
Grand Island, N.Y.) which had been screened for the
absence of neutralizing antibodies to strain 1514. All sera
were heated for 30 min at 56°C before use to inactivate
mycoplasmas and serum-bovine viruses.

Serum neutralization. Virus 1514 (1,000 TCIDs,) was
mixed with doubling dilutions of serum and incubated for 30
min at 37°C. Four replicates of each dilution were added to
confluent layers of SCP cells in a 96-well microtiter plate.
Plates were evaluated for CPE after 10 to 14 days.

Kinetics of neutralization. Serum diluted 1:50 in 10 ml of
MEM and 10° TCIDs, of virus 1514 in 10 ml of MEM plus 1%
lamb serum were warmed to 37°C and then mixed. At
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various intervals, 1-ml samples were taken and added to 100
ml of MEM at 8°C. Half-log;y dilutions were made from
these samples, and residual infectivity was measured by
quantal assay in a 96-well microtiter plate.

Determination of labeled virus binding to cells. Cells were
cultivated in 35-mm tissue culture dishes, inoculated with 1
ml of labeled virus at a multiplicity of 0.2 to 0.4, and
incubated either at 37°C in a CO, incubator or at 8°C in
sealed chambers containing 95% air and 5% CQO,. Labeled
virus inocula were removed at sequential intervals from
individual dishes, and 200-pl samples were transferred to 5
ml of scintillation fluid (Liquiscent; National Diagnostics,
Somerville, N.J.). The cell monolayers were washed three
times with DMEM and lysed with 0.5 ml of 1% sodium
dodecyl sulfate in deionized, distilled water. Cell lysates
were transferred to liquid scintillation vials containing 5 ml
of scintillation fluid. An additional 5 ml of scintillation fluid
was added to each tissue culture dish and then transferred to
a scintillation vial. Radioactivity in these samples and in the
labeled virus inocula was determined as described above.

Determination of the effect of temperature on virus binding.
Confluent monolayers of cells in tissue culture dishes were
inoculated with labeled virus as described above and incu-
bated at 8°C for 14 h. The inocula were then removed and
saved. Cells were washed three times with DMEM, replen-
ished with 1 ml of maintenance medium, and transferred to
37°C. At sequential intervals, the supernatant fluids and
lysates of washed cells were saved to determine whether the
inoculated virus was present in the supernatant fluid, on the
cell surface, or intracellularly. To distinguish between
virions adherent to the cell surface and endocytosed virions,
inoculated cell cultures at 8 or 37°C were washed three times
with DMEM and treated with 0.5 mg of trypsin and 0.2 mg of
EDTA (GIBCO) at 37°C for 10 min (SCP fibroblasts) or 30
min (TM). Cell suspensions, dissociated by the trypsin, were
washed twice in MEM plus 5% fetal bovine serum and then
lysed and counted as described above. Labeled virions
which could not be removed from the cells with trypsin-
EDTA were considered either irreversibly bound to the cell
surface or endocytosed virus.

Determination of acid-soluble radioactivity in cultures in-
fected with labeled virus. Appearance of acid-soluble cpm in
supernatant fluids was considered to be indicative of cellular
uncoating of virions. This measurement was performed by
adding 1 ml of 0.01 M sodium pyrophosphate and 1 ml of
3.5% perchloric acid in 0.01 M sodium pyrophosphate se-
quentially to 100-nl samples of labeled virus inocula or cell
culture supernatants at 4°C. The samples were mixed on a
Vortex mixer and incubated on ice for 30 to 50 min. The
precipitates were collected by vacuum on glass-fiber filters
and rinsed with 0.01 M sodium pyrophosphate and 0.1 M
HCI, then with 95% ethanol to facilitate drying. Filters were
dried and placed in liquid scintillation vials to which 5 ml of
4% PPO (2,5-diphenyloxazole) in toluene (Omnifluor; New
England Nuclear Corp., Boston, Mass.) was added. Counts
quantified in the liquid scintillation counter represented
acid-precipitable radioactivity. Acid-soluble radioactivity
was determined by subtracting acid-precipitable cpm from
the total radioactivity of a 100-ul sample in liquid scintilla-
tion fluid.

Statistics. All experiments were performed in triplicate,
and the statistical significance of the data was evaluated by a
three-way analysis of variance.

In situ hybridization studies. In situ hybridization studies
were performed at 37°C using cultured macrophages which
had been inoculated with virus or virus preincubated with
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neutralizing antibodies. At 48 h after inoculation, cells were
trypsinized, cytocentrifuged onto pretreated slides (13), and
processed for in situ hybridization.

Cloned DNA of virus 1514 (28a) was radiolabeled by nick
translation using [**S]JdATP and [*S]dCTP (Amersham
Corp.), as described previously (Moench et al., in press).
Probe with a specific activity of 4 x 108 to 6 X 10® cpm/pg
was applied to cytocentrifuged preparations in hybridization
protocols designed to detect either viral DNA or RNA after
autoradiography (20, 28a).

RESULTS

Virus assay. The purified, [**S]methionine-labeled virus
1514 preparation had an infectivity titer of 108 TCIDsy/ml.
Comparison of the initial radioactivity with the infectivity
showed a ratio of 0.5 cpm/PFU.

Neutralization of virus 1514 by immune serum in SCP and
TM cultures. The highest dilution of the immune serum
which protected SCP cells against virus-induced CPE was
1:320. Since the virus did not cause clear-cut CPE in TM
cultures, supernatant fluids from these cultures that had
been inoculated with mixtures of virus and diluted serum 2
weeks previously were transferred, well for well, to
confluent SCP cultures. Here, CPE developed only in the
cultures receiving virus plus serum diluted more than 1:320.
Thus, the neutralizing capacity of the serum for virus 1514
was similar when measured in SCP or TM cultures.

Neutralization kinetics. Neutralization kinetics was deter-
mined to learn the rate at which neutralizing antibodies
inactivated virus 1514 infectivity. The immune serum was
diluted 1:50 in DMEM, mixed with equal volumes of virus
suspension containing 10° PFU, and incubated at 37°C.
Samples (1 ml) were removed at regular intervals, diluted
1:100 in DMEM at 4°C, and assayed for residual infectivity
in SCP cells. No reduction of viral infectivity occurred
during the first 15 min of incubation (Fig. 1). Ninety-nine
percent of viral infectivity was lost after 60 min, and no
infectivity was detected after 90 min.

Virus 1514 binding to cells at 37°C. Confluent monolayers
of SCP fibroblasts and TM (7 x 10° cells per tissue culture
dish) were inoculated with labeled virus in DMEM plus 2%
normal lamb serum (multiplicity of infection = 1) at 37°C to
determine the rate of binding of virus to the cells. Counts
representing nonspecific binding (number of cpm in cultures
after addition and immediate removal of inocula followed by
three washings) were subtracted from sequential determina-
tions of cell-associated radioactivity. Counts were converted
to PFU based on the relation of infectivity to radioactivity,
which was adjusted to allow for the decay of the
[*3SImethionine. Virus began to attach to the cells during the
first 5 min of incubation, and by 15 min 4,500 and 8,200 PFU
had bound to SCP fibroblasts and TM, respectively (Fig. 1).
Thus the rate of virus binding to cells was faster than the rate
of neutralization.

Effect of the immune serum on binding of labeled virus to
SCP fibroblasts. Using information from the kinetics of
neutralization study, we diluted the immune serum 1:50 and
incubated this with labeled virus for 90 min at 37°C, then
cooled the mixtures to 8°C before adding them to SCP cells
at 8°C. In control experiments, the labeled virus was incu-
bated with normal lamb serum diluted 1:50 and treated
similarly. Increasing numbers of cpm adsorbed to the cells
with time. Of the 45,000 cpm added to each tissue culture
dish, an average of 11,133 = 1,553 cpm bound to the SCP
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FIG. 1. Comparison of kinetics of neutralization of virus 1514
with serum from a hyperimmunized sheep with the rate of adsorp-
tion of the virus to SCP fibroblasts and TM at 37°C. Immune serum
was mixed 1:1 with 10° PFU of virus 1514 at 37°C. At intervals,
samples were removed, diluted 100-fold, and assayed for residual
infectivity (A). In virus-cell interaction studies, SCP fibroblasts ()
and TM (O) in 35-mm dishes were inoculated with 7 X 10° PFU of
[*SImethionine-labeled virus 1514 and incubated at 37°C. Radioac-
tive counts that bound to the cells were determined sequentially.
Counts were converted to PFU using the ratio of infectivity to
radioactivity, adjusted for the decay of [**S]methionine.

cells in the presence of control serum (Fig. 2A), but only
6,718 = 569 cpm bound in the presence of immune serum
(Fig. 2B) after 24 h at 8°C. Further, approximately 40% of
the adsorbed cpm from the virus-control serum mixture was
irreversibly bound to the SCP cells, in contrast to 11% of the
cpm from the immune serum mixture. Only minimal
amounts of acid-soluble radioactivity were detected in the
inocula of these cultures, indicating that no virus had pene-
trated and uncoated at 8°C.

Although preincubation of labeled virus 1514 with neutral-
izing antibodies effectively inhibited irreversible binding of
the virus to SCP cells by 87%, a small number of cpm had
become irreversibly bound to the cells. To determine
whether the virus would penetrate the cells, the cultures
were shifted to 37°C after washing with DMEM. Before the
temperature shift in this experiment, an average of 4,038 +
1,853 cpm had adsorbed to the SCP cells, but during the first
15 min of incubation at 37°C, more than 50% of this amount
had eluted into the culture medium. Less than 9% of this
amount was acid soluble (Fig. 3B). The number of acid-
soluble cpm did not increase significantly in the culture
medium during further incubation. In contrast, 50% of the
cpm that bound initially to control cultures at 8°C (9,343 =
3,815 cpm) was present in the culture medium 6 h after the
temperature shift, and 44% of this was acid soluble (Fig. 3A).
Thus, the small amount of virus that bound to the SCP cells
in the presence of neutralizing antibodies did not penetrate
the cells.

To determine whether the immune serum would prevent
virus replication of adsorbed virus, we added labeled virus at
a multiplicity of infection of 0.4 to the SCP fibroblasts and
incubated the culture at 8°C for 14 h. The cultures were then
washed three times with DMEM at 8°C, and 1 ml of medium
containing either 2% control serum or 2% immune serum
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FIG. 2. Rate of adsorption of [**S]methionine-labeled virus 1514 preincubated with normal lamb serum (A) and immune serum (B) to SCP
fibroblasts at 8°C. (@) Percent of acid-soluble cpm (right axis) in the supernatant fluid. (O——QO) Percent of radioactive cpm bound to the cells
(left axis). (O---O) Percent of cpm irreversibly bound to the cells (left axis). Labeled virus was incubated with serum for 90 min at 37°C, cooled
to 8°C, and then added to the dishes of SCP fibroblasts at 8°C. At indicated intervals, supernatant fluids were removed. Total and perchloric
acid-precipitable cpm were determined for each sample and the percent of acid-soluble cpm was determined by subtracting acid-precipitable

cpm from total cpm.

was added to each dish. Half of each of the two sets of
cultures were shifted to 37°C immediately, and the other half
were incubated for 4 h at 8°C to allow time for neutralizing
antibodies to bind to virus. These cultures were then shifted
to 37°C. Approximately 4,000 cpm (4,386 + 396 cpm) of
labeled virus 1514 bound to the SCP fibroblasts after 14 h at
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8°C. The adsorbed virus penetrated and uncoated at similar
rates at 37°C whether the cultures were treated with control
or immune serum. This process was not altered by the
further incubation of neutralizing antibodies with adsorbed
virus at 8°C. Within 6 h after the temperature shift to 37°C,
approximately 52% of the cpm that had bound to the cells at
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FIG. 3. Rate of penetration and uncoating of [>**S]methionine-labeled virus 1514 preincubated with normal lamb serum (A) and immune
serum (B) in SCP fibroblasts at 37°C. (@) Percent of acid-soluble cpm (right axis) in the supernatant fluid. (O——O) Percent of radioactive
cpm bound to the cells (left axis). (O---O) Percent of cpm irreversibly bound to the cells (left axis). Labeled virus was incubated with serum
for 90 min at 37°C, and the mixtures were cooled to 8°C and added to dishes of SCP fibroblasts at 8°C. These were incubated for 14 h at 8°C.
Inocula were then removed in three consecutive washes with cold medium. Cultures were replenished with maintenance medium and shifted
to 37°C. As indicated in the figures, the cultures were examined sequentially for radioactivity that bound and irreversibly bound to the cells
and for acid-soluble cpm in the supernatant fluids as indicated in the legend of Fig. 2.
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FIG. 4. Rate of adsorption of [>**S]methionine-labeled virus 1514 preincubated with normal lamb serum (A) and immune serum (B) to TM
at 8°C. (@) Percent of acid-soluble cpm (right axis) in the supernatant fluid. (O——O) Percent of radioactive cpm bound to the cells (left axis).
(O---O) Percent of cpm irreversibly bound to the cells (left axis). The protocol was similar to that described in the legend of Fig. 2.

8°C in both groups was found in the culture medium, and
43.5 = 2.2% of this was acid soluble. Continuous incubation
of replicates of these cultures resulted in development of
CPE within 48 h. These results indicated that neutralizing
antibodies had no effect on virus replication if the agent had
already bound to the cell surface.

Effect of the immune serum on binding of labeled virus to
TM. To determine whether the mechanism of neutralization
of virus 1514 was the same in TM as in SCP fibroblasts, the
binding experiments described above were repeated in mac-
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rophage cultures. Labeled 1514 virus was preincubated with
normal or immune serum and added to TM at 8°C as
described above. At 6 h, an equivalent amount of virus
(average of 5,360 + 2,251 cpm) adsorbed to the cells in the
presence of either normal or immune serum (Fig. 4). How-
ever, the percent of irreversibly bound cpm was higher with
the immune serum mixture (39.8%) than with the control
mixture (28.2%). To determine whether the enhanced num-
ber of radiolabeled irreversibly bound virus in the virus-
immune serum mixture penetrated and uncoated, the above
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FIG. 5. Rate of penetration and uncoating of [**S]methionine-labeled virus 1514 preincubated with normal lamb serum (A) and immune
serum (B) in TM at 37°C. (@) Percent of acid-soluble cpm (right axis) in the supernatant fluid. (O——O) Percent of radioactive cpm bound
to the cells (left axis). (O---O) Percent of cpm irreversibly bound to the cells (left axis). The protocol was similar to that described in the legend

of Fig. 3.
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experiments were repeated and the cultures were incubated
at 8°C for 14 h. An average of 8,000 cpm (8,441 = 3,821 cpm)
bound during this period. Cultures were then washed and
shifted to 37°C. At 2 h after the shift to 37°C, 50% of the cpm
that had adsorbed at 8°C appeared in the culture medium.
Sixty percent of this was acid soluble (Fig. SB). In contrast,
only 40% of the cpm in the supernatant fluids from cultures
with normal serum was acid soluble after as long as 4 h of
incubation at 37°C (Fig. 5A). Thus, the immune serum not
only enhanced the binding of labeled virus to TM, but also
expedited penetration and uncoating of the virus in these
cells.

Since the immune serum had prevented replication of
infectious virus but nevertheless potentiated binding, pene-
tration, and uncoating of the agent in macrophages, we
asked whether the antibody-induced block in replication
occurred at the stage of reverse transcription of viral RNA to
DNA or at a later stage in the virus life cycle. When cultures
of TM inoculated with virus-immune serum mixtures were
examined for viral DNA by in situ hybridization 48 h after
infection at 37°C, less than one grain per cell was detected.
In contrast, cultures inoculated with virus and control serum
had an average count of 40 grains per cell. Thus virus
neutralization in the macrophage occurred at a stage be-
tween uncoating of the virion and transcription of the viral
RNA.

Statistics. A three-way analysis of variance was performed
to test for significance in the interactions among the three
variables: (i) the four different treatments of cells (labeled
virus + normal serum; labeled virus + normal serum +
trypsin-EDTA; labeled virus + immune serum; labeled virus
+ immune serum + trypsin-EDTA); (ii) changes in cpm of
[**SImethionine-labeled virus 1514 associated with cells at
different time intervals; and (iii) replicate experiments on
different days. The interactions examined were treatments
versus time (i X ii), treatments versus replicates (i X iii), and
time versus replicates (ii X iii). The P values were <0.001 for
each of the three interactions when determined for experi-
ments involving either cell type. This meant that the three
interactions were highly significant and permitted data from
replicate experiments to be averaged. Data were graphed as
the percent of cpm added which was cell associated.

DISCUSSION

Sheep infected with visna virus develop serum neutraliz-
ing antibodies gradually during 2 to 4 weeks after virus
inoculation (33). The antibodies are found almost exclusively
among the immunoglobulin G1 molecules, a class of antibod-
ies that binds complement (but not Staphylococcus aureus
protein A) (38). Sheep do not produce detectable amounts of
neutralizing immunoglobulin M antibodies to visna virus
(38), although such claims have been reported (28). Demon-
stration of specificity of low concentrations of neutralizing
antibodies, as found in early immune sera, often requires a
degree of purification of the immunoglobulin from serum
proteins because undiluted serum from uninfected sheep
(and from most other species) causes nonspecific inhibition
of replication of the virus in cell cultures. Whereas addition
of antiglobulins to virus-antibody mixtures enhances virus
neutralization (35), addition of complement does not affect
neutralization, and complement does not confer virus-
neutralizing properties to dilutions of postinfectious sera in
the absence of specific neutralizing immunoglobulin in the
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serum (24, 33, 35). Therefore, a role for complement in the
neutralization of visna virus may not be critical.

Neutralization of visna virus with postinfectious serum
requires prolonged incubation of virus-antibody mixtures
(39). To examine the best possible effects of such antibodies,
we used a hyperimmune serum with kinetics of neutraliza-
tion much faster than those of postinfectious sera to show in
this study that the antibodies block replication of the agent in
both fibroblasts and macrophages by preventing virus ad-
sorption to the former and by interfering with viral RNA
transcription in the latter. Despite the effectiveness of these
antibodies in neutralization, binding of antibodies to the
virus in the neutralization process was slower than binding
of virus to the target cells. Therefore, in the three-way
interaction among virus, neutralizing antibodies, and target
cells, it is theoretically possible for virus to infect cells in the
presence of neutralizing antibodies.

To identify the stage of the virus life cycle interrupted by
neutralizing antibodies in fibroblasts and macrophages, it
was necessary to establish criteria for measuring adsorption,
penetration, and uncoating of the virus and the transcription
of viral genome. Labeled virus bound poorly to SCP fibro-
blasts and TM at 8°C; after 24 h, more than 75% of the added
cpm was still present in the inoculum. However, low tem-
peratures are known to inhibit adsorption of other retrovi-
ruses to target cells (1). Nevertheless, this procedure was
necessary to prevent endocytosis and processing of the
virus.

Shift of the inoculated SCP and TM from 8 to 37°C
resulted in a sharp rise in acid-soluble cpm in the medium.
This showed that the virions had been endocytosed and
proteolytic digestion of the viral proteins had begun. Within
6 h after the shift, approximately 50% of the cpm bound to
both cell types was present in the medium. Lack of further
production of acid-soluble radioactivity after 6 h at 37°C
suggested that virus 1514 which had adsorbed to the cells at
8°C had been endocytosed and uncoated within this period.

Proteolytic enzymes are the agents of choice for removal
of viruses adsorbed to cell surfaces (15, 23), and trypsin has
been used in previous studies to assess the binding of
retroviruses (1). In this manner, labeled virus attached to the
cell surface could be distinguished from virus which had
been endocytosed and thereby protected from the protease.
In this study, trypsin failed to remove approximately 50 and
30% of the cpm bound to SCP fibroblasts and TM, respec-
tively, after the inoculated cultures had been incubated at
8°C for 14 h. These counts were considered irreversibly
bound and probably represented virus which had fused to
the cell surfaces and was no longer susceptible to the
enzymatic activity of trypsin. Visna-maedi virus is known to
cause cell fusion ‘‘from without’’ when inoculated at high
multiplicities (22), and this fusion process may be an integral
part of the replication cycle (5).

The irreversible binding of labeled virus to SCP fibroblasts
was inhibited by more than 80% when the virus was pre-
treated with immune serum. Neutralizing antibodies there-
fore inhibited replication of the virus in these cells by
preventing binding of the virus to putative cellular receptors.
Inhibition of virus attachment is one of the classic explana-
tions of virus neutralization, although this is usually seen
under conditions in which excess antibodies are used (27,
41). It is unlikely that the antiserum used in this study had
antibodies in great excess since the serum had a neutralizing
titer of only 1:320 and was used at 1:50. The failure of the
antibodies to prevent infection after virus had adsorbed to
the cell emphasized the transient period of potential effec-
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tiveness of the antibodies in curtailing replication and
showed that after fusion of the virus to the cell surface had
occurred, neutralizing antibodies were no longer effective.

In contrast to the effect of neutralizing antibodies on
infection of SCP fibroblasts, the antibodies enhanced bind-
ing, endocytosis, and uncoating of the virus in macrophages.
Since virus replication did not occur in these cells and since
virus DNA was not found in the cells by in situ hybridiza-
tion, the block in the virus life cycle probably occurred at a
stage between uncoating of the virion and transcription of
the viral RNA. It is possible that these events, mimicking
those of the early stages of virus replication, may have been
mediated by Fc receptors on the surface of the macrophages.
Phagocytosis of immune complexes via these receptors may
thus have circumvented antibody inhibition of binding of
virus to cellular receptors as seen in the SCP fibroblasts.
This will be tested in future experiments using F(ab’),
fragments from the immune serum.

The requirement for prolonged incubation (15 min at 37°C)
of virus and antibodies before neutralization occurred sug-
gests that more than one molecule of antibody is necessary
to neutralize a virion (25) and that the interaction between
neutralizing antibodies and virus particles may be initially
reversible (11). This implies that the affinity of the antibodies
for the infectious virion may be low. The unusually slow
development of neutralizing antibodies in sheep infected
with visna virus (17, 18, 39) and the small amounts (low
titers) of these antibodies in the serum after prolonged
infection support the concept of low affinity. Such antibodies
may be a common response in lentiviral infections, and this
may provide an explanation for lack of detectable neutraliz-
ing antibodies in goats infected with caprine arthritis-
encephalitis virus (24, 35) as well as the low amounts of
neutralizing antibodies in many humans infected with the
acquired immune deficiency syndrome retrovirus (40, 47).

In view of the strong tropism of the ruminant lentiviruses
for cells of the monocyte-macrophage lineage, it is possible
that infection in these cells may be the major determinant for
persistence of the viruses in the animal. This is supported by
the fact that virus persists irrespective of whether the animal
fails to develop neutralizing antibodies, as seen in goats
infected with caprine arthritis encephalitis virus or in visna
virus-infected sheep, which do develop neutralizing antibod-
ies. Despite the susceptibility of visna virus to neutralization
in macrophages, the greater affinity of the virus for the cell
than of the antibody for the virus would favor spread of the
agent in the presence of neutralizing antibodies. This pro-
vides a mechanism for the known ability of the virus to
persist for years in the presence of neutralizing antibodies
(32, 46). It also offers an explanation for the failure of
nonneutralizable mutants of visna virus to replace the
neutralizable parental virus in immune sheep in which anti-
genic drift of the virus had occurred (26). Thus, the ability of
these lentiviruses to induce neutralizing antibodies in natural
hosts offers no guarantee of cure of the infection. Similarly,
the presence of neutralizing antibodies in the immunized
host may not necessarily protect against invading virus
because the kinetics of neutralization may be too slow to
protect target cells.
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