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The ability of many retroviruses to cause disease can be correlated to their cytopathic effect (CPE) in tissue
culture characterized by an acute period of cell death and viral DNA accumulation. Here, we show that mutants
of a subgroup B avian retrovirus (4lpharetrovirus) cause a very dramatic CPE in certain susceptible avian cells
that is coincident with elevated levels of apoptosis, as measured by nuclear morphology, and persistent viral
DNA accumulation. These mutants also have a broadly extended host range that includes rodent, cat, dog,
monkey, and human cells (31). Previously, we have shown that the mutants exhibit diminished resistance to
superinfection. The results presented here have important implications for the process of evolution of retro-

viruses to use distinct cellular receptors.

Avian retroviruses cause a variety of diseases in vivo. Sub-
group B and D avian (Alpharetrovirus) retroviruses and retic-
uloendotheliosis virus cause a wasting syndrome in chickens
characterized by anemia (36), stunted growth, and atrophy of
lymphoid organs leading to immunosuppression. Other al-
pharetroviruses have been shown to cause obesity, metabolic
defects, myocarditis, osteopetrosis, and immunosuppression,
as well as a variety of malignancies (30).

Subgroup B, D, and F alpharetroviruses cause plaques in
cultured cells overlaid with agar, while subgroup A, C, and E
viruses cannot (12, 14, 20, 23). While most studies defining
these subgroups as cytopathic have relied on plaque assays,
some reports have described a cytopathic effect (CPE) exhib-
ited by cells grown in normal liquid culture. Cells infected with
reticuloendotheliosis virus and some isolates of subgroup B, D,
and F alpharetroviruses exhibit a generalized CPE character-
ized by a transient decrease in cell number in the first few days
postinfection, followed by normal growth. The CPE correlates
well with a transient accumulation of integrated and uninte-
grated viral DNA in cells infected with these viruses (21, 38, 42,
43). An early study of subgroup B alpharetrovirus-induced
CPE documented cells that exhibited rounding up, detach-
ment, and DNA laddering (43), features now known to be
characteristic of cells undergoing apoptosis (19).

Viral DNA accumulation can be correlated with CPE and
apoptosis in other groups of retroviruses as well. Variants of
feline leukemia virus that cause feline AIDS show accumula-
tion of both unintegrated and integrated viral DNA in vivo (25,
33). Similar mutants cause CPE in cultured cells resulting in a
1,000-fold decrease in cell number, and this effect probably
maps to the SU subunit of the envelope (Env) glycoprotein
(26). Similarly, T cells infected with human immunodeficiency
virus (HIV) IIIB accumulate up to 80 copies of viral DNA per
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cell, while cells treated with neutralizing antibody after infec-
tion only accumulate 4 copies (32), again implying a role for
SU in the process (8, 9). A T-cell line infected with HIV-1
accumulated viral DNA and exhibited CPE, but treatment with
zidovudine to inhibit reinfection abrogated the CPE without
having a major effect on HIV production by infected cells (29).
Mink cell focus-forming murine leukemia virus has been
shown to cause accumulation of unintegrated viral DNA as
cells undergo CPE involving apoptosis (44). Recent reports
describe the role of mutations in variable regions of murine
leukemia virus in expanding host range and increasing syncy-
tium formation and cytopathogenicity (17, 18).

Receptors for subgroup B, D, and E alpharetroviruses have
been cloned and shown to belong to the tumor necrosis factor
(TNF) receptor superfamily (1, 2, 7). These receptors are en-
coded by various alleles of the gene fv-b in chickens and ho-
mologous genes in other avian species. These proteins contain
extracellular cysteine-rich domains and cytoplasmic death do-
mains typical of death receptors. The subgroup B receptor can
mediate apoptosis in cells stimulated by subgroup B SU, dem-
onstrating that the death domain is functional and that virus
binding can trigger a proapoptotic signal (11). Further, incu-
bation of cells susceptible to alpharetrovirus subgroup B-me-
diated killing with nonsusceptible cells expressing subgroup B
env led to cell death characterized by apoptosis (11). These
results have led to the hypothesis that ALV-B kills cells as a
result of signals mediated by Env-receptor interaction and that
infected cells can kill uninfected cells in a “bystander killing”
model (11). In contrast, another report has recently shown that
alpharetrovirus cytopathic effects can be triggered in the ab-
sence of death receptor signaling (22). Further, a noncyto-
pathic subgroup E SU can send proapoptotic signals in the
presence of cycloheximide and subgroup E receptor (6). All
tv-b-related receptors cause apoptosis when overexpressed,
presumably by clustering of death domains in a manner similar
to normal signaling resulting from cross-linking of death re-
ceptors by natural ligands (6). These findings suggest that re-
ceptor interaction is involved in the CPE documented for sub-
group B alpharetroviruses. The ability of subgroup E receptor
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to send proapoptotic signals despite its inability to cause a CPE
underscores that receptor interaction is not the whole story.
Other factors, such as superinfection and accumulation of viral
DNA, must be involved in making the CPE subgroup specific.

Recently, CPE resulting from alpharetrovirus infection has
been shown to occur in the absence of death receptors (22).
This effect can be caused by alpharetroviruses of subgroups A,
B, and E and has been documented under conditions of high
receptor expression and with viruses that grow to very high
titers. In these experiments, elevated levels of viral DNA are
strongly correlated with the observed CPE. This study demon-
strates that CPE can result from high levels of infection and
DNA accumulation alone but indicate that under normal rep-
licative conditions, the receptor probably plays a role in con-
cert with viral DNA to send coordinated signals leading to
apoptosis and death (22).

Previously, we have described two groups of variants that
expand host range. The first of these variant viruses is NTRE4,
a recombinant between Prague Rous sarcoma virus B (PrB),
and Rous-associated virus 0, with a subgroup B/E chimeric
envelope that has the combined host range of these subgroups.
NTREA4 reciprocally interferes with superinfection by viruses
from both of its parental subgroups, indicating that it is capable
of using both a subgroup B and E receptor (13, 41). The second
virus, PrB LT154/155SI, expands host range to avian cells lack-
ing tv-b, as well as to mammalian cells (37). We have shown
that the L154S mutation is sufficient to expand host range,
while the T1551 mutant has the same host range as wild-type
PrB. Infection of cells with L154S and LT154/155SI induces
strong interference to subgroup B virus, but interference is
diminished in the reciprocal situation (31). This result implies
that host range extension mutants retain the ability to use the
subgroup B receptor but can exploit an alternate means of
entry.

In this work, we characterize CPE caused by host range
extension mutants of subgroup B alpharetrovirus. We measure
viral replication, cell viability, nuclear morphology, and viral
DNA accumulation in a single course of infection for the host
range extension mutants compared to classic cytopathic and
noncytopathic alpharetroviruses. We found that the host range
extension mutants cause a dramatic CPE in DF1 cells, an
immortalized line of chicken embryo fibroblasts (CEFs), but
not in a CEF cell strain. The level of CPE correlated with
elevated levels of viral DNA accumulation and apoptosis, as
measured by nuclear morphology. Finally, we show that a small
fraction of infected DF1 cells survives the initial infection but
becomes sensitive to induction of apoptosis by cycloheximide
treatment, as do cells chronically infected with wild-type (WT)
subgroup B and host range extension mutant viruses.

MATERIALS AND METHODS

Cells and viruses. All cells were grown in modified Richter’s minimal essential
medium (Tufts Formulation, Irvine Scientific) supplemented with 10% fetal calf
serum (Sigma). C/E CEFs were prepared from fertilized eggs from Lansing line
0 chickens (USDA Poultry Station, East Lansing, MI). QT6 cells (QT6/BD) are
a continuous cell line derived from a fibrosarcoma induced by methylcholan-
threne in Japanese quail (24). Q24 cells (a generous gift from Jiirgen Brojatsch)
are QT6 cells that have been stably transfected with a vector expressing the tv-b*3
gene, encoding susceptibility to subgroup B and D viruses (31). DF1 cells are a
continuously dividing C/E line derived from a spontaneous transformant of
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Lansing line 0 CEFs (3, 15, 34). Viruses were harvested from chronically infected
Q24 cells as previously described (31).

Infections. Cells were infected with equal reverse transcriptase (RT) units of
virus for 1 h at 37°C in the presence of 1.5-pg/ml polybrene (Aldrich). No
polybrene was used for RCASBP(A) infections (40). From the measurement of
viral production over time (Fig. 1), it is clear that a minority of cells was infected
in the initial round, given that it took 6 to 8 days (CEF) or 8 to 12 days (DF1)
for the cultures to become completely infected and for viral production to
plateau. Cells were passaged every 3 to 4 days, when mock-infected cultures were
confluent. At each passage, cells were counted and replated at a standard con-
centration (1 X 10° or 2 X 10° cells/100-mm dish). At each passage and every 1
to 2 days between passages, adherent and nonadherent cells were pooled and
processed for Hoechst staining and DNA isolation, and medium was sampled for
RT assays. Material for all assays was obtained from the same set of infected cells
over a single time course experiment.

RT assay. Virus-containing cell supernatant was harvested and frozen in 10-p.l
aliquots. All samples to be compared to each other were assayed on the same
day. A total of 50 pl of reverse transcriptase assay buffer, consisting of 50 mM
Tris (pH 8.3), 1% B-mercaptoethanol, 10 mM MgCl,, 6.5 mM NaCl, 100 uM
ATP, 0.2% NP-40, 0.91-U/ml poly(A)/oligo(dT) (Sigma), and 2-ul/ml
[«-*?P]dTTP (3,000 Ci/mmol) was added to each 10-pl sample of virus and
incubated at 37°C for 1 h. The samples were then transferred to DEAE filters
and washed under vacuum with 2 SSC (0.3 M NaCl and 0.03 M Na citrate; 1X
SSCis 0.15 M NacCl plus 0.015 M sodium citrate). Incorporated radioactivity was
determined by scintillation counting.

Total cellular DNA isolation. Adherent and nonadherent cells were pooled,
washed in phosphate-buffered saline (PBS), resuspended in lysis buffer (10 mM
Tris [pH 7.5]-1 mM EDTA [TE], 100 mM NaCl, 1-mg/ml pronase, 1% sodium
dodecyl sulfate), and incubated at 37°C for 1 to 4 days. The samples were
extracted with phenol:chloroform:isoamyl alcohol (25:24:1) and then chloro-
form:isoamyl alcohol (24:1) and ethanol precipitated. The pellets were dissolved
and treated with RNase (TE with 100-png/ml RNase A and 0.1% sodium dodecyl
sulfate), extracted, precipitated as described above, and dissolved in TE. DNA
concentration was assayed, adjusted to a standard concentration, and assayed
again to determine that all concentrations were equal.

Southern blotting and hybridization. A total of 5 pg of genomic DNA was
subjected to electrophoresis through 0.8% agarose gels at 20 V for 20 to 30 h at
4°C. Linearized PrB plasmid DNA standards were run on each gel for quanti-
tation. The gels were soaked in 0.25 N HCI, in denaturation solution (1.5 M
NaCl, 0.5 N NaOH), twice in neutralization buffer (1 M Tris [pH 7.5], 1.5 M
NaCl), and finally in 10X SSC. The DNA was transferred to charged nylon
membranes (Schleicher & Schuell) and UV cross-linked using a Stratalinker
(Stratagene). The 1.2-kb Sacll gag fragment from PrB plasmid DNA was labeled
by random priming using the Primelt RmT kit (Stratagene) according to the
manufacturer’s instructions. The probe was purified on a Sephadex G50 spin
column (Roche) and 2 X 10° counts/min/ml were used for hybridization over-
night at 42°C in 50% formamide. The blots were washed with a final stringency
of 0.1xX SSC at 65°C/15 min and exposed to phosphorimager screens. Using
ImageQuant 2 software (Molecular Dynamics), intensities of integrated and
unintegrated species of viral DNA were obtained and compared to a standard
curve of viral DNA loaded onto every gel.

Hoechst staining. Adherent and nonadherent cells were pooled and fixed in
0.5% glutaraldehyde—-1X PBS for 5 min and then stained in 1-wg/ml Hoechst
dye-1X PBS for 3 min. The cells were then washed twice in 1X PBS and
mounted on slides to be scored by fluorescence microscopy. For each sample, the
percentage of morphologically apoptotic nuclei was scored by averaging three
counts of at least 200 cells. The results were graphed using Prism 3 (Graphpad).
To represent the total amount of apoptosis that had occurred in each sample
over the course of the experiment, the integral of each curve was calculated from
time zero until time x and the cumulative area under the curve was plotted as a
function of time using Prism 3 (Graphpad).

Cycloheximide treatment. Chronically infected DF1 cells were plated at 2 X
10° cells/100-mm dish and allowed to attach overnight. Cycloheximide (10 pg/ml)
was added to half of the dishes, and adherent and nonadherent cells were
harvested at 24-h intervals, pooled, and processed for Hoechst staining as de-
scribed above.

RESULTS

Growth and rebound of mutant viruses. To compare the
growth of virus on DF1, a cell line derived from CEF, with that
on a related cell strain, we infected CEF and DF1 cells with the
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FIG. 1. Viral replication and cell growth. Cells were infected and passaged at equal density every 3 to 4 days. RT activity was measured and
plotted to give viral growth curves for the DF1 cell line (A) and a CEF cell strain (B). The average of three viable cell counts was used to determine
the relative increase in cell number for the DF1 cells (C) and CEF cells (D). Results are the average of three replicates (* standard error of the
mean [SEM]) from a single experiment, representative of three independent experiments. The interval during which the strongest CPE was evident
for DF1 cells infected with L154S and LT154/155S1 is indicated (A and C).

wild-type, recombinant, and mutant viruses and used RT as-
says to determine virus production over time, allowing us to
measure and compare their rate of spread. With the data
shown in Fig. 1A and B, we demonstrate the growth curves of
NTREA4, PrB, L154S, T155I, and LT154/155S1, as well as that
of a noncytopathic subgroup A control [RCASBP(A)]. In both
cell types, the viruses infected a minority of cells in the first
round of infection and then spread throughout the cell cul-
tures, reaching a peak level at 6 to 12 days postinfection. In
DF1 cells, L154S and LT154/155SI showed reduced RT activity
16 to 27 days postinfection, immediately following the peak
level of virus production. This reduction in RT concentration
occurred despite normalization of viable cell concentrations
among all infected cultures each time they were passaged.
The reduction in virus concentration in DF1 cultures in-
fected with L154S and LT154/155SI coincided with a steep
decrease in the growth rate of the infected cells (Fig. 1C and
D). In DF1 cells infected with L154S and LT154/155SI, viable
cells increased only about fivefold during the CPE interval.
The DF1 cells that were left uninfected or infected with other
viruses, by contrast, grew by an average of 300 fold during this
time. DF1 cells infected with the host range extension point
mutants had largely recovered by 27 days postinfection, dou-
bling during the 2 days following this time point, identical to
cells infected with the other viruses. CEF cells, on the other

hand, showed no major difference in viability among any of the
infected cultures and the uninfected control, even up to 2
weeks after virus production had plateaued in the cultures. It is
noteworthy that we did not observe any CPE in CEF or DF1
cells infected with wild-type PrB. It is important to bear in
mind that recent studies of CPE with wild-type subgroup B
viruses have been conducted with RCAS vectors, which have
been engineered to replicate to very high levels. The studies
presented here use a viral isolate (PrB), which replicates to
much lower levels and only has very mild CPE in infected cells,
requiring agar overlays and neutral red staining for reproduc-
ible CPE measurement (14, 20, 23). Therefore, the CPE that
we observed with host-range-extended mutant PrB viruses in
infected cultures represents a dramatic increase in cytopatho-
genicity, allowing clear direct observation of CPE in a manner
similar to, and exceeding in magnitude, that which has been
observed with engineered RCAS-based viruses.

Next, we documented visual characteristics of cells infected
with the panel of viruses throughout the time course study.
Figure 2 shows the cell cultures at the onset of the CPE inter-
val for DF1 and for an analogous time point for CEF. It was
clear that cultures of DF1 cells infected with L154S and LT154/
155SI were much more sparsely populated and a higher pro-
portion of the cells were rounded up than in the other cultures.
DF1 cells infected with the other viruses and all of the CEF
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FIG. 2. Micrographs of infected cells. Cells were examined using phase-contrast microscopy and photographed with a charge-coupled device
camera. Typical fields are shown for cells infected with each virus for DF1 (16 days) and CEF (14 days) cells. Black bars, 100 pm.

cultures were similar to mock-infected cultures. Notably, no
syncytia were observed during the course of these experiments,
indicating that syncytium induction could not account for the
decrease in cell viability observed.

Apoptosis in infected cultures. Brojatsch et al. (7) reported
that cells infected with subgroup B virus undergo apoptosis
under some circumstances. Given that DF1 cells infected with
the extended-host-range mutant viruses exhibited many char-
acteristics of apoptosis, including rounding up, shriveling, and
detachment from the plate, we decided to examine the levels of
apoptosis in our system. At regular intervals, adherent and
nonadherent cells were collected, pooled, and scored for nu-
clear morphology consistent with apoptosis by being stained
with Hoechst 33342 dye (Fig. 3). L154S- and LT154/155SI-
infected DF1 cells showed elevated levels of apoptosis, partic-
ularly during the time period during which the CPE was most
visible. Uninfected DF1 cells (Fig. 3A) had a background level
of around 1.5% apoptotic nuclei at any given time, ranging
from 0.5% to 2.5% positive nuclei over the course of the assay.
L154S-infected cells exhibited elevated levels of apoptosis
throughout the entire time course, peaking at 8%. LT154/
155SI-infected cells underwent apoptosis at background levels
except during the CPE period, where they peaked at 5%. This
level of apoptosis was four- to sixfold over background. CEFs
(Fig. 3B) did not exhibit any differences in apoptosis levels
among infected cells and uninfected controls, consistent with
the similar rate of viable cell growth in all cultures (Fig. 1D).
The background level of apoptosis in these cells was higher
than in DF1, averaging 2.5% in both mock and infected cells,
with values ranging from 1% to 4% apoptosis.

To more clearly demonstrate the differences in apoptosis
among DF1 cells infected with L154S and LT154/155SI versus
the other viruses, we integrated (determined the area under
the curve) the apoptosis plots around the time period flanking
maximal CPE (Fig. 3C), yielding a cumulative sum of apoptosis
over time. Cumulative apoptosis in uninfected cells and cells
infected with RCASBP(A), NTRE4, PrB, and T1551 increased
linearly with time at very similar rates, reflecting the low con-
stant level of apoptosis observed with these cultures. Infection

with L154S and LT154/155SI, on the other hand, led to a clear
increase in slope preceding the onset of the CPE interval and
leveling off just prior to the cells returning to normal growth.
The correlation between apoptosis and the CPE interval
clearly showed that the events were related. A similar analysis
of infected CEF cells showed no differences among infected
and uninfected cultures (Fig. 3D).

Accumulation of viral DNA. Viral DNA accumulation is a
hallmark of CPE caused by alpharetroviruses and other retro-
viruses (18, 21, 25, 29, 42-44). In situations in which CPE can
be observed for subgroup B viruses, viral DNA accumulation
accompanies this phase and resolves as the effect goes away. It
is believed that this accumulation of DNA results from re-
duced superinfection resistance early after infection, since in-
cubation of infected cells with neutralizing antibodies blocks
both accumulation of viral DNA and the cytopathic effect (42,
44). To determine whether DNA accumulation in our mutants
correlated with CPE, we examined the DNA forms present in
cells infected with our panel of viruses. We harvested total
cellular DNA from pooled adherent and nonadherent cells
throughout the course of infection and analyzed it by gel elec-
trophoresis without restriction digestion, followed by Southern
blotting and hybridization with a virus-specific probe (Fig. 4A).
This assay was used to determine the levels of integrated and
unintegrated viral DNA present over time. Figure 4B to E
shows quantitation of these results normalized to a loading
control present on every gel.

PrB and RCASBP (A) (Fig. 4B and D) gave results similar
to those reported previously (43), with an initial peak of unin-
tegrated DNA 5 to 10 days after infection, followed by a de-
crease of unintegrated DNA to below the level of detection.
T155I-infected cells had a profile similar to that of cells in-
fected with PrB. With our cell viability and apoptosis assays, we
were unable to observe any cytopathic effects caused by PrB or
T1551I under these conditions (Fig. 1 and 3). This result is not
surprising, given the limited cytopathogenicity under normal
culturing conditions exhibited by the wild-type isolate used in
this study.

DF1 cells infected with NTRE4, L154S, and LT154/155S]1,
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FIG. 3. Apoptosis in infected cultures. Adherent and nonadherent cells were pooled and stained with Hoechst 33342 dye. Apoptotic nuclei were
scored as a percentage of total nuclei by fluorescence microscopy. (A) DF1 cell line. The interval with the strongest CPE is indicated. (B) CEF
cell strain. Results are the average of three counts (= SEM) from a single experiment, representative of two independent experiments. The area
under the curve was determined to indicate cumulative apoptosis levels (arbitrary units) in infected cells and plotted versus time for DF1 (C) and

CEF (D) cells.

by contrast, had persistent unintegrated DNA that peaked 15
to 26 days after infection, correlating perfectly with the CPE
interval (16 to 27 days postinfection), and persisted at low
levels for >2 months. Levels of integrated DNA corresponded
to those of unintegrated DNA, leveling off at about 0.5 to 1
copy per cell for the noncytopathic infections and 5- to 10-fold
more for DF1 cells infected with L1548 viruses. The reduction
of the number of copies of integrated DNA in the latter cells
was most likely due to overgrowth of a small fraction of cells
that survived the infection. Although persistent unintegrated
viral DNA was also present in NTRE4-infected cells during
this time, its level was less than in cells infected with the other
mutants, correlating with the lack of CPE.

CEF cells infected with the host range extension mutants
had a pattern of accumulation of viral DNA similar to that of
DF1, with a virtually identical initial peak at 5 to 10 days.
However, although unintegrated viral DNA persisted in CEF,
it did so at a level 5- to 15-fold lower than in DF1 cells, similar
to conditions in which we did not see CPE in DF1 cells.

As has been reported previously, the transient accumulation
of unintegrated DNA was higher in subgroup B viruses than in
the noncytopathic RCASBP(A) (42, 43). Interestingly, this
transient first wave of viral DNA accumulation was similar in

the two cell types and was not associated with elevated levels of
apoptosis. In DF1 cells infected with L154S and LT154/155S],
there were several apparent waves of both unintegrated and
integrated viral DNA accumulation. The first wave corre-
sponded to that seen with WT PrB, NTRE4, and T155I, 5 to 10
days postinfection. Subsequent waves could be observed at 14
to 16, 18 to 22, and 22 to 27 days postinfection (Fig. 4B and C).
The dramatic CPE observed for the L154S and LT154/155S1
viruses correlated well with very high levels of viral DNA
present in the second and subsequent waves. This comparison
suggests that accumulation of viral DNA must persist over a
longer period of time and at a higher level for the dramatic
CPE caused by the host range extension mutants to take place.

Apoptosis in cycloheximide-treated chronically infected
cells. We next wanted to determine the ability of viral Env
proteins to trigger apoptosis. We hypothesized that receptor
signaling acts in concert with DNA damage signals to lead to
apoptosis in cells infected with the host range extension mutant
viruses. If this hypothesis is correct, one would predict that the
mutant Env proteins in chronically infected cells would be
competent to trigger apoptosis, but that because these cells
lack the high levels of viral DNA observed earlier in the course
of infection, no apoptosis occurs. Cells chronically infected
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DNA copy number was obtained by comparison to a standard curve present on every gel. Results are presented from a single experiment,

representative of two independent experiments.

with a subgroup B alpharetrovirus (J. Brojatsch, personal com-
munication) or cells treated with a soluble form of SU (7, 11)
undergo apoptosis in the presence of cycloheximide, while cells
infected with noncytopathic viruses do not. To determine
whether the host range extension mutant Env proteins could
trigger apoptosis, chronically infected DF1 cells were treated
with cycloheximide 60 days postinfection.

Cells that were not treated with cycloheximide showed the
normal background levels of apoptosis typical for DF1 cells
(0.5 to 2%) when harvested after 24, 48, and 72 h of growth
(Fig. 5). For some viruses, cycloheximide treatment led to
elevated levels of apoptosis at all three time points, with an
increase in apoptosis over time. Cells infected with L154S
showed the highest levels of apoptosis by the end of the 72 h,

with LT154/155SI- and PrB-infected cells showing slightly
lower levels. T155I-infected cells showed only very low apo-
ptosis levels throughout the experiment, correlating with a
lower level of functional envelope protein on such cells (31).
NTRE4 induced lower levels of apoptosis than PrB, correlat-
ing with its decreased ability to use Tv-b*> as a receptor (31).
Finally, mock-infected cells and cells infected with the noncy-
topathic RCASBP(A) did not show any increase in apoptosis
levels upon cycloheximide treatment.

DISCUSSION

Host range point mutant viruses cause a dramatic CPE in
DF1 but not CEF cells. In previous studies, we identified an
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FIG. 5. Induction of apoptosis by cycloheximide in chronically in-
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were treated with cycloheximide (10 wg/ml), harvested at indicated
times, and scored for apoptosis as described in the legend to Fig. 3.
Results are the average of three replicates (= SEM) from a single
experiment, representative of three independent experiments.

alpharetrovirus mutant with expanded host range attributable
to a single base change (L154S) in the hrl region of env (31,
37). During the course of measuring the replication of this
mutant on various cell types, we observed a dramatic CPE in
DF1 cells, a cell line derived from CEF cells. This CPE affected
a larger fraction of cells in the culture than that caused by
other cytopathic retroviruses, leading to a >50-fold decrease in
viable cells 16 to 27 days after infection, compared to a typical
2-fold reduction in viability resulting from infection of CEF
with subgroup B, D, and F alpharetroviruses (42). The reduc-
tion in viability was associated with a substantial accumulation
of both unintegrated and integrated viral DNA. The levels of
apoptosis, as measured by nuclear morphology, in DF1 cells
infected with the host range mutants increased 15 days after
infection, immediately before the reduction in cell viability was
observed (16 days after infection), suggesting that induction of
apoptosis was responsible for this loss of cell viability. Simi-
larly, levels of apoptosis decreased 23 to 27 days postinfection,
immediately preceding the return to normal growth rate of
these cultures around 27 days postinfection. Following this
period, the cultures resumed normal growth and virus produc-
tion as the fraction of cells that survived and contained re-
duced amounts of viral DNA expanded. We favor a model in
which cells that are resistant to superinfection and killing are
selected over a model in which less-cytopathic viral variants
develop, because we have performed bulk sequencing of the
SU regions of the viruses at the beginning and end of the time
course and found no sequence difference (data not shown).
The dramatic killing effect was specific for DF1 cells infected
with the extended-host-range mutants and was not observed in
CEF cultures derived from the same line of chickens or in an
established quail cell line (our unpublished results). This ob-
servation suggests that some difference in replicative behavior
between these two cell culture systems was responsible for the
difference observed in their cytopathogenicity. Such a differ-
ence most likely affects the proclivity of the cells to accumulate
viral DNA over multiple waves of infection but could also
affect the sensitivity of the cell to apoptotic signals related to
interaction of the virus with its receptor, Tvb. One possibility
that could account for greater superinfection of DF1 cells
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would be higher levels of receptor expression. However, stud-
ies of SU binding to cells demonstrated that CEFs have about
twice as many binding sites as DF1 cells for all of the PrB-
derived SU proteins described here, arguing against a role for
expression level of Tvb or some other CPE variant receptor in
enhancing superinfection of DF1 cells (data not shown). Ge-
netic lesions resulting from, and possibly related to, isolation of
DF1 as a permanent cell line may underlie this difference. In
support of the latter hypothesis, DRS, the putative human
homologue of Tvb, has been shown to induce apoptosis in
tumor cells but not in normal cells (27). As an immortal cell
line, DF1 may have some characteristics in common with tu-
mor cells and distinct from CEF. It is important to remember,
however, that PrB and the T1551 mutant also use Tvb as a
receptor but do not cause observable CPE in these cells under
the conditions of the experiments presented. We conclude that
DF1 cells serve as a sensitive system in which to test the
cytopathic nature of alpharetrovirus variants, amplifying their
cytopathogenicity relative to that observed in primary cells.
Clearly, experiments with DF1 cells demonstrate the ability of
these viruses to exhibit greatly enhanced cytopathic behavior.
Further studies with chickens are required to validate any
increased pathogenic potential these viruses may exhibit in
vivo. Previously, another group observed higher susceptibility
to virus-mediated killing for DF-1 cells than for CEFs; how-
ever, no direct comparison was presented (15).

Interestingly, we did not observe CPE induced in either cell
type by wild-type PrB, a virus that has been characterized as
cytopathic. The reason for this discrepancy is likely that reports
that found CPE caused by subgroup B viruses have largely
relied on plaque assays (12, 14, 15, 20, 23). While providing a
useful quantitative measure of cytopathogenicity, plaque as-
says likely contribute to the cytopathic effect that they are
designed to measure by promoting high local concentrations of
virus and overconfluency of cells. Further, inclusion of stains,
such as neutral red, that make the plaques easier to observe
may contribute to the observed CPE. A few reports have de-
scribed CPE in cell culture, but these have employed different
subgroup B viral strains that may have higher replicative ca-
pacity (11, 42, 43).

Relationship of viral DNA to CPE and apoptosis. A hall-
mark of retrovirus-induced CPE is the accumulation of large
amounts of viral DNA (25, 26, 42, 44). The dramatic CPE
caused by the host range extension mutants was accompanied
by persistently high levels of both integrated and unintegrated
viral DNA species. The profiles of both forms of viral DNA
were quite similar to each other and to the apoptosis profile.
The major difference between these DNA forms was the level
observed within infected cells. Interestingly, DF1 cells that
grew out and survived as chronically infected cells in which no
CPE was apparent continued to contain elevated levels of viral
DNA compared to that in WT PrB, but much lower levels of
DNA than we observed during the peak of CPE. This lower
level of viral DNA in the surviving cells suggests that viral
DNA must be present above a certain threshold to be associ-
ated with apoptosis and cell killing. The lower amounts of viral
DNA in the surviving cells are likely due to a reduced suscep-
tibility to superinfection.

Mechanism of apoptosis induction. Tvb, the receptor used
by subgroup B alpharetroviruses, is a member of a family of
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proteins involved in proapoptotic signaling in response to li-
gands like TNF and TNF-related apoptosis-inducing ligand (7,
28). Consistent with this relationship, it has been observed that
cells can be driven into apoptosis by infection with subgroup B
virus or interaction of subgroup B Env proteins with cellular
receptors containing death domains (6, 11). Recent evidence
has been presented indicating that infected cells can kill unin-
fected cells in a “bystander killing” mechanism (11). However,
the killing observed with host range extension mutant alpharet-
roviruses far exceeds that observed with WT subgoup B vi-
ruses, consistent with the idea that other triggers may contrib-
ute to this effect. We observed induction of apoptosis in
cycloheximide-treated DF1 cells infected with NTRE4, PrB,
and the point mutants. This result is consistent with the ability
of SU from viruses that interact with Tvb to cause apoptosis in
those cells (6, 7, 11), indicating that the viruses are capable of
triggering apoptosis via an Env-receptor interaction. DNA re-
pair mechanisms are capable of sending signals leading to cell
growth arrest or apoptosis, depending upon the degree of
damage (4, 10, 35, 39). These signals may play a role in the
apopotosis that we observe, either by shifting the balance of
the Tvb-mediated signal toward apoptosis or by acting inde-
pendently of Tvb and triggering apoptosis on their own. Con-
sistent with this idea, cells that overexpress receptors for cyto-
pathic and noncytopathic alpharetroviruses devoid of signaling
capacity can still lead to apoptosis and death when high levels
of superinfection are achieved (22).

The data presented here suggest a model where relative
insensitivity to superinfection resistance by the host range mu-
tants leads to massive superinfection, causing a buildup of viral
DNA forms that alone or in collaboration with Tvb triggers
apoptosis and cell death. Other possibilities such as more po-
tent receptor triggering by the mutants cannot be excluded, nor
can some unknown cause that leads to all of these phenomena,
creating a strong correlation among them. However, given our
study of CEFs, a very similar system where we do not observe
CPE, the correlation between the growth characteristics of the
viruses and CPE is quite striking. In CEFs, interference with
superinfection is apparently stronger, with the accumulation of
much less viral DNA that persists for a shorter time, no de-
tectable increase in apoptosis, and no CPE, despite the pres-
ence of the same receptors in CEF and DF1 cells.

Host range extension and viral evolution. Among all viruses
known, alpharetroviruses and gammaretroviruses are unique
in their ability to adapt to the use of different cell surface
proteins as primary receptors. Clearly, these viruses have re-
sponded to selective pressures to be able to replicate in a
variety of hosts. The selective pressure for host range variation
is most likely due to both innate superinfection resistance due
to expression of endogenous proviruses (5) and genetic poly-
morphism in receptors (16). Evolution of alpharetroviruses to
recognize novel receptors has been accompanied by extensive
modification of hrl and hr2 sequences in env and must there-
fore have proceeded sequentially through a series of interme-
diates. To better understand this process, we have manipulated
selective pressures in the laboratory to isolate the expanded
host range viruses used in this study (37). Initially, it would
seem that such viruses would have a significant selective ad-
vantage over their more restricted parents, and it is surprising
that such viruses have not been isolated from nature, particu-
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larly since they differ from the wild type by only one or two
amino acids. The results presented here, however, suggest that
although such viruses may be intermediate forms in evolution,
enhanced cytopathogenicity may be detrimental to their sur-
vival in the long term. Therefore, it is likely that these mutants
rapidly undergo additional mutations to attenuate their cyto-
pathogenicity and focus in on a discreet subset of available
receptors in their changing environment.
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