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Cell killing by avian leukosis virus subgroup B (ALV-B) in cultures has been extensively studied, but the
molecular basis of this process has not been established. Here we show that superinfection, which has been
linked to cell killing by ALV-B, plays no crucial role in cell death induction. Instead, we show that signaling
by the ALV-B receptor, TVBS3, a member of the tumor necrosis factor receptor family, is essential for
ALV-B-mediated cell death. TVBS® activated caspase-dependent apoptosis during ALV-B infection. Strikingly,
apoptosis induction occurred predominantly in uninfected cells, while ALV-B-infected cells were protected
against cell death. This bystander killing phenomenon was reproduced in a virus-free system by cocultivating
ALV-B Env-expressing cells with TVBS*-expressing cells. Taken together, our results indicated that ALV-B-
mediated apoptosis is triggered by ALV-B Env-TVBS interactions.

Several retroviruses kill target cells in cultures, a phenome-
non called the cytopathic effect. The cytopathicity of these
retroviruses correlates with their pathogenicity in vivo. For
example, human immunodeficiency virus (HIV) (24, 30) and a
feline leukemia virus (FeLV) strain (FeLV-FAIDS) (15) are
highly cytopathic in T cells, and infection of their natural hosts
leads to a severe depletion of T cells, causing immunodefi-
ciency. FeLV subgroup C (FeLV-C) kills erythroid progenitor
cells in cultures and induces fatal aplastic anemia in newborn
cats (5, 34). Furthermore, cytopathic murine leukemia virus
Cas-Br-E kills cultured mouse thymocytes (40) and induces a
neurodegenerative disease in mice (29). Finally, infections by
equine infectious anemia virus (26) and avian leukosis virus
(ALV) subgroup B (ALV-B) (22) exhibit cytopathic effects in
fetal donkey dermal cells and primary chicken embryo fibro-
blasts (CEFs), respectively. Both cytopathic retroviruses in-
duce severe anemia in their respective hosts (18, 35). There-
fore, a comprehensive understanding of the cytopathicity of
these retroviruses in cultures will enhance insight into their
ability to trigger specific diseases.

Cell killing by cytopathic retroviruses has been correlated
with superinfection, that is, repeated rounds of reinfection of
target cells, which results in the accumulation of unintegrated
viral DNA (UVD). For example, superinfection has been as-
sociated with the cytopathicity of HIV type 1 (HIV-1) (36),
spleen necrosis virus (23), equine infectious anemia virus (31,
33), FeLV-FAIDS (15), and ALV-B (38, 39). However, the
contribution of superinfection to retroviral cell killing remains
to be elucidated.

ALV has been used as a model system for retroviral cell
killing and is divided into cytopathic (B, D, and F) and non-
cytopathic (A, C, E, G, H, and I) subgroups (10). Infection of
target cells by cytopathic ALVs leads to substantial cell death
during the acute phase of infection, which is followed by a
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noncytopathic chronic phase (38, 39). Mapping experiments
have indicated that the envelope glycoprotein (Env) of cyto-
pathic ALV-B is essential for cell killing as well as receptor
specificity (16). In addition, determinants for cell killing have
been mapped to Env of different cytopathic retroviruses, in-
cluding HIV-1 (8), avian hemangioma virus (32), murine leu-
kemia virus Cas-Br-E (29), FeLV-C (34), and FeLV-FAIDS
(15). These results suggested a critical role of viral Env-recep-
tor interactions in retroviral cell killing. This suggestion is
further supported by the fact that the receptor for cytopathic
ALV-B, TVB®?, contains three extracellular cysteine-rich do-
mains, a single transmembrane region, and a putative cytoplas-
mic “death domain.” Transient expression of TVB®® in mam-
malian cells activates apoptosis, indicating that TVB®® is a
functional death receptor (6). TVBS? is also able to activate an
NF-kB-mediated antagonistic pathway that blocks apoptosis
(9). Inhibition of this protective pathway by the protein bio-
synthesis inhibitor cycloheximide (CHX) or the I-kB “super-
repressor” renders TVBS*-expressing cells susceptible to kill-
ing by soluble ALV-B Env (9). However, the role of TVB?
signaling in cell death induction during ALV-B infection re-
mains to be determined.

In this study, we examined the contribution of TVBS? sig-
naling to cell killing during ALV-B infection. We showed that
ALV-B infection activates TVB®® signaling and caspase-de-
pendent apoptosis. Strikingly, predominantly uninfected by-
stander cells were killed during ALV-B infection. This by-
stander killing phenomenon was reconstituted by cocultivation
of ALV-B Env-expressing cells with TVB®*-positive cells. Fi-
nally, massive UVD accumulation did not trigger cell death,
indicating that ALV-B Env binding to TVB®?, not superinfec-
tion, plays a crucial role in cell killing by ALV-B.

MATERIALS AND METHODS

Cell lines, plasmids, and viruses. QT6 quail cells and DF-1 CEFs were ob-
tained from the American Type Culture Collection. Human 293-TVBS? and
QT6#24 cells were previously described (7, 14). 293 cells expressing either
ALV-A Env or ALV-B Env (293-Env-A or 293-Env-B cells, respectively) were
kindly provided by W. Mothes (28). Cells were grown in complete Dulbecco
modified Eagle medium (Mediatech, Herndon, Va.) supplemented with 10%
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fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 pg of
streptomycin/ml. QT6 cells, seeded on 100-mm tissue culture plates, were trans-
fected with 10 ug of pBK-TVBS® or pBK-TVBS3-F292A by using 20 ul of
Lipofectamine (Gibco/BRL, Rockville, Md.). Single-cell clones were selected
with 1 mg of G418 (Clontech, Palo Alto, Calif.)/ml and isolated by using cloning
cylinders. Wild-type ALV-B was produced by transfecting DF-1 cells with ALV-
A-green fluorescent protein (GFP) [pRCASBP(A)-eGFP] or ALV-B-GFP
[PRCASBP(B)-eGFP] (28). Supernatants were collected 48 h after transfection
and stored at —80°C. Viral titers were determined by using endpoint dilutions in
DF-1 cells. GFP-positive cells were monitored after 6 to 10 days, and the viral
titers were reported as infectious units per milliliter. Phosphate-buffered saline
(PBS) was obtained from Cellgro.

Assay of cell killing by flow cytometry. A total of 10° DF-1 or QT6 cells
expressing wild-type TVB®S? or signaling-deficient TVBS3-F292A receptors were
plated per well in a 24-well dish. Cells were infected with ALV-A-GFP or
ALV-B-GFP at different multiplicities of infection (MOISs). Five days postinfec-
tion, cells were washed with PBS, trypsinized, and replated for 6 h. Cells were
washed with PBS and trypsinized, and cell counts were determined by flow
cytometry (FACSCalibur flow cytometer; Becton Dickinson Immunocytometry
Systems) of propidium iodine-negative cells (Roche, Indianapolis, Ind.) with
time as a fixed parameter.

Survival curve. A total of 10° DF-1 cells were infected with ALV-A-GFP or
ALV-B-GFP at an MOI of 1. At each time point, cells were washed with PBS,
trypsinized, and replated for 6 h, and surviving cells were counted.

Cell killing by soluble IgG (SU-IgG) proteins. A total of 10° DF-1 cells were
plated per well in a 24-well dish and incubated for 4 days at 37°C. Subsequently,
the cells were treated with 50 ng of soluble ALV-A and ALV-B Env fusion
proteins (SUA-immunoglobulin G [IgG] and SUB-IgG) for 2 days. The numbers
of surviving cells were determined by flow cytometry (see above). Cells were also
processed for in situ cell death detection (see below).

Detection of apoptotic cells and infected cells by flow cytometry. A total of 10°
DF-1 cells in a 24-well plate were infected with ALV-B for 5 days. Cells were
harvested in Ca®>*- and Mg? " -free PBS containing 1 mM EDTA and analyzed by
flow cytometry as described above (41). Samples were analyzed in the FL-1
channel for the detection of GFP-positive cells and in the FL-4 channel for the
detection of apoptotic cells by using an annexin V-Alexa 568 kit (Roche) ac-
cording to the manufacturer’s directions.

Flow cytometry for TVB- and GFP-positive cells. A total of 10° DF-1 cells in
a 24-well plate were infected for 5 days, trypsinized, and replated to ensure the
analysis of surviving cells. After 6 h, the cells were harvested in Ca®*- and
Mg?*-free PBS containing 1 mM EDTA and prepared for flow cytometry as
described previously (41). Briefly, 10° cells were incubated in 1 ml of medium
containing SUB-IgG for 1 h. Subsequently, the cells were incubated with an
anti-rabbit Cy5-labeled secondary antibody for 1 h. Samples were then analyzed
with a FACSCalibur flow cytometer in the FL-1 channel to detect infected cells
(GFP-positive cells) and in the FL-4 channel to detect receptor accessibility
(Cy5-positive cells).

Fluorescence microscopy. Wide-field fluorescence microscopy was performed
by using an Olympus IX70 microscope with filters for the red and green channels.
Pictures were taken by using X20 N.A. 0.4 phase 1 and X40 LWD phase 2 lenses.
Pictures were processed and mounted by using Photoshop software (Adobe
Systems, San Jose, Calif.).

Southern blot analysis. Total genomic DNA was isolated from 2 X 10° in-
fected DF-1 cells by using a genomic tip system (Qiagen, Valencia, Calif.).
Undigested genomic DNA was concentrated by ethanol precipitation, quanti-
tated and separated on 1% agarose gels, and transferred to nylon membranes.
Southern analysis was performed by established procedures (27). A 1.5-kb Sacl/
Sacll fragment derived from the Gag region of plasmid pRCASBP(A)-eGFP was
32P labeled with a random-primed DNA labeling kit (Amersham Pharmacia,
Piscataway, N.J.) and used as a probe to detect viral DNA. Hybridization was
performed at 48°C with Ultrahyb buffer (Ambion, Austin, Tex.). The membranes
were washed at 48°C with 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate and exposed to XAR-5 film (Kodak, Roch-
ester, N.Y.) at —80°C.

Immunoblotting. Cell lines were grown on 100-mm tissue culture plates to a
confluence of 90%. Extracts were prepared with homogenization buffer (10 mM
Tris [pH 7.5], 10 mM NaCl, 1 mM EDTA) containing a cocktail of protease
inhibitors (Roche). Cells were subjected to Dounce homogenization and centri-
fuged at 2,500 X g to obtain postnuclear supernatants. Protein concentrations
were determined by using a bicinchoninic acid protein assay reagent kit (Pierce,
Rockford, IIl.). Ten micrograms of protein was applied to 10% polyacrylamide—
sodium dodecyl sulfate gels under reducing conditions and transferred to nitro-
cellulose membranes. The membranes were probed with SUB-recombinant IgG
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(7) to detect TVBS? and then incubated with horseradish peroxidase-conjugated
anti-rabbit immunoglobulin (Amersham Pharmacia). The TVB®? signal was de-
tected by using an enhanced chemiluminescence kit (Amersham Pharmacia).

In situ cell death detection (terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling [TUNEL] assay). A total of 10° DF-1 cells were
plated per well in a 24-well dish and infected with ALV-A-GFP or ALV-B-GFP
at different MOIs. At 4, 5, and 6 days after infection, samples were fixed with
3.9% paraformaldehyde (Sigma, St. Louis, Mo.) in PBS (Mediatech) for 30 min.
Detection of DNA strand breaks was performed by using an in situ cell death
detection kit (TMR red; Roche) according to the manufacturer’s directions. In
brief, DNA breaks were detected by using terminal deoxynucleotidyltransferase
and rhodamine-labeled dUTP.

Caspase 3 colorimetric assay. A total of 10° DF-1 cells were infected in 24-well
plates with ALV-A and ALV-B at different MOIs. Protein extracts were pre-
pared from infected cells on day 5 postinfection. Caspase 3 activity in cellular
extracts was measured by using a caspase 3 colorimetric kit (R&D Systems, Inc.,
Minneapolis, Minn.) according to the manufacturer’s directions.

RESULTS

Role of superinfection in ALV-B-mediated cell Kkilling.
Weller and coworkers correlated cytopathic effects during
ALV-B infection with the accumulation of unintegrated viral
DNA (UVD), presumably caused by superinfection (38, 39). In
order to test whether cell killing by ALV-B is linked to super-
infection, we tested UVD accumulation and cell death induc-
tion in cultures infected at increasing virus-to-cell ratios
(MOIs).

To analyze cell killing by ALV-B, we established modified
plaque-forming assays. cytopathic effects triggered by ALV-B
have been studied traditionally with plaque-forming assays
(16). In these assays, ALV-infected cells were overlaid with
agar, and plaques were visualized with neutral red (16). We
modified these plaque-forming assays by omitting the addition
of top agar to infected cells; this modification allowed the
quantification and molecular analysis of cell killing during
ALV-B infection. The kinetics of cell killing and plaque for-
mation following ALV-B infection of target cells were identical
in the presence or absence of top agar (data not shown). The
plaque-forming assays were performed with a CEF cell line,
DF-1, which expresses endogenous TVBS® as well as the
ALV-A receptor TVA (2, 22).

To analyze the correlation between superinfection and cell
killing, we challenged DF-1 cells at different MOIs and mea-
sured surviving cells 5 days postinfection by flow cytometry
(Fig. 1A). Cytopathic effects following ALV-B infection were
MOI dependent. The number of surviving cells decreased with
the MOI of the incoming virus, and the lowest cell numbers
were observed at an MOI of 1 (Fig. 1A). The decrease in the
cell number on day 5 was concomitant with massive plaque
formation, suggesting cell death induction by ALV-B. Surpris-
ingly, the cell number increased again after ALV-B challenge
at an MOI of 10 (Fig. 1A), indicating that ALV-B at high
MOIs was not cytopathic. To analyze the inhibition of cell
killing at higher MOIs (Fig. 1A), we challenged DF-1 cells at
MOIs of 5, 10, and 50. ALV-B-mediated cell killing was com-
pletely inhibited at MOIs above 10 (Fig. 1B). As expected, cell
killing was not detected in cells infected by ALV-A, regardless
of the MOI tested (Fig. 1A). In addition, we challenged pri-
mary CEFs with ALV-A and ALV-B at increasing MOIs. As
expected, CEFs showed cytopathic effects following ALV-B
infection in an MOI-dependent fashion (Fig. 1C). In contrast,
CEFs infected by ALV-A did not show cytopathic effects (Fig.
1C).
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FIG. 1. ALV-B infection of target cells at high MOIs prevents
cytopathic effects. (A) DF-1 cells were infected with ALV-A and
ALV-B at different MOIs. Cells were replated and counted by flow
cytometry 5 days postinfection. (B) DF-1 cells were infected with
ALV-B at increasing MOIs. Surviving cells were replated and counted
by flow cytometry 5 days postinfection. (C) Primary CEFs were in-
fected with ALV-A and ALV-B at increasing MOIs and analyzed as
described in Materials and Methods (survival curves). Experiments
were performed in triplicate, and standard deviations are indicated.

To determine the correlation between superinfection and
cytopathic effects during ALV-B infection, we challenged DF-1
cells with ALVs at increasing MOIs (0.1, 1, and 10) and mea-
sured UVD levels. UVD was isolated from adherent cells and
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FIG. 2. ALV-B infection of target cells at high MOIs leads to the
accumulation of unintegrated viral DNA. DF-1 cells were challenged
with ALV-A and ALV-B at different MOIs, and total genomic DNA
was isolated on a daily basis for a period of 6 days (dpi, days postin-
fection). Levels of unintegrated viral DNA were determined by South-
ern blot analysis with a radioactively labeled DNA fragment specific
for the ALV Gag gene.

analyzed by Southern blotting with a radioactive ALV Gag
DNA fragment as a probe (Fig. 2). As expected, UVD levels
increased over time, and the strongest UVD signals were ob-
tained 6 days postinfection (Fig. 2). In agreement with the
findings of other groups, UVD levels were significantly higher
in ALV-B-infected cells than in ALV-A infected cells, regard-
less of the MOI used. UVD levels increased with the MOI, and
the highest UVD accumulation was detected at the highest
MOI. Although ALV-B at an MOI of 10 led to the highest
accumulation of UVD, infection at this high MOI did not
trigger cell death. This result indicated that massive UVD
accumulation was not toxic to cells (Fig. 2) and that a negative
correlation existed between UVD levels and cell killing upon
ALV-B challenge at a high MOI. In addition, maximal cell
killing by ALV-B was observed at an MOI of 1, which led to
significantly less UVD accumulation than ALV-B at an MOI of
10. These UVD levels were only slightly higher than those
observed in ALV-A-infected cells. Taken together, our results
showed that cell killing by ALV-B cannot be explained by the
accumulation of UVD.

TVB®? signaling is required for ALV-B-mediated cell killing.
Since high UVD levels were not toxic to cells, we assessed
whether ALV-B-induced cell killing is mediated by signaling by
the ALV-B receptor, TVB®® (6, 7, 16). To test the involvement
of the death receptor TVB®? in ALV-B-mediated cell killing,
we expressed wild-type or signaling-deficient TVB®® in QT6
cells, which lack endogenous TVBS®. Signaling-deficient
TVB®? contains a substitution of a highly conserved residue in
the cytoplasmic death domain (TVBS*-F292A). Mutation of
this residue inhibits signaling by TVB®? (6, 9), while it has no
effect on ALV-B entry. Receptor expression levels were high in
cell clones QT6-TVBS*#24, QT6-TVBS*-FA211, and QT6-
TVB®%3-FA212 and low in QT6-TVB®*-4 (Fig. 3A), as deter-
mined by Western blotting. To confirm that the expressed
receptors are signaling competent, QT6-TVB%® and QT6-
TVBS-F292A cells were incubated with SU-IgG and the pro-
tein biosynthesis inhibitor CHX. ALV Env fusion proteins are
comprised of the soluble part of ALV Env fused in frame with
the constant region of an immunoglobulin heavy chain (7). As
predicted, QT6-TVB®S® cells were killed in the presence of
SUB-IgG and CHX, while no killing was observed for QT6-
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FIG. 3. TVB® signaling is essential for ALV-B-mediated cell killing. (A) Western blot analysis of protein extracts derived from QT6 cells
expressing either wild-type TVBS®* (TVBS*#24, TVB®-1, and TVB®-4) or mutant TVBS-F292A (TVB%*-FA211 and TVB®*-FA212) was
performed with SUB-IgG to detect TVB®® expression. Western blot analysis identified a 39-kDa band for TVB®* and TVB%*-F292A. (B) QT6 cells
expressing either wild-type TVBS® (TVBS*#24 and TVB>-4) or mutant TVB®-F292A (TVBS3-FA211 and TVB®*-FA212) were infected with
ALV-B at different MOIs. Cells were replated, and cell counts were determined by flow cytometry 5 days postinfection. Experiments were

performed in triplicate, and standard deviations are indicated.

TVB%3-F292A cells (data not shown). Furthermore, no cell
death was induced by SUA-IgG, which was derived from non-
cytopathic ALV-A. These results confirmed that wild-type
TVBS? expressed in QT6 cells is signaling competent.

To determine whether TVB®? signaling is required for ALV-
B-induced cell killing, we challenged QT6-TVB®* or QT6-
TVB%3-F292A cells with ALV-B at different MOIs and mea-
sured surviving cells by flow cytometry at day 5 postinfection.
QT6-TVB®® and QT6-TVB®*-F292A cells did not differ in
their susceptibilities to ALV-B infection and viral spread, as
measured by flow cytometry with ALV-B-GFP (data not
shown). As predicted, QT6-TVBS? cells but not QT6-TVBS*-
F292A cells were killed upon ALV-B infection (Fig. 3B). Kill-
ing of QT6-TVBS? cells was MOI dependent, and maximal cell
killing was observed at an MOI of 10 (Fig. 3B). Viral spread
was slower in QT6 cells than in DF-1 cells, thereby allowing
killing at the higher MOI (i.e., 10). These results suggested that
signaling by TVB®? is essential for cell killing by ALV-B. In-
volvement of the death receptor TVB® in ALV-B-mediated
cytopathic effects implied killing by apoptosis during ALV-B
infection.

ALV-B infection triggers apoptosis. TVB®>, a member of the
tumor necrosis receptor family, triggers apoptosis pathways
upon activation in mammalian cells (6, 9). To study apoptosis
induction during ALV-B infection, we challenged DF-1 cells
with noncytopathic ALV-A (ALV-A-GFP) and cytopathic
ALV-B (ALV-B-GFP) at an MOI of 1. Cytopathic effects
were measured by counting surviving cells over a period of 10
days postinfection. The survival curves for ALV-A- and ALV-
B-infected DF-1 cells were identical during the first 4 days of
infection (Fig. 4A). This initial noncytopathic period of ALV-B
infection was followed by massive cell death induction and
plaque formation 5 days postinfection; maximal cell killing
(60%) occurred 7 days postinfection (Fig. 4A). Following the
acute phase of infection, cells entered the chronic phase, in

which cytopathic effects were not observed and cells resumed
proliferation (Fig. 4A).

We hypothesized that ALV-B infection triggers apoptosis
via TVB®® signaling. Apoptosis induction was measured by
TUNEL and caspase 3 cleavage assays. The TUNEL assay
identifies low-molecular-weight DNA in cells undergoing apo-
ptosis. DF-1 cells infected with ALV-B at an MOI of 1 were
assayed for apoptosis induction 4, 5, and 6 days postinfection
(Fig. 4B). Apoptosis was not observed 4 days postinfection,
consistent with cell-killing measurements (Fig. 4A). However,
substantial apoptosis induction and plaque formation occurred
in ALV-B-infected DF-1 cells at days 5 and 6 postinfection
(Fig. 4B). Apoptotic cells accumulated in the periphery of
plaques, while the central portion of the plaques was nearly
devoid of cells, presumably as a result of massive cell killing
(Fig. 4B).

Mammalian death receptors trigger apoptosis by activating
cellular caspases (1, 19). To test caspase involvement in ALV-
B-mediated apoptosis, we used a colorimetric assay to detect
caspase 3 activity. Protein extracts from DF-1 cells challenged
with ALV-A and ALV-B at different MOIs were assayed for
caspase 3 activity 5 days postinfection (Fig. 4C). Caspase 3
activity was markedly enhanced in ALV-B-infected cultures at
increasing MOIs, and the highest activity was observed at an
MOI of 1 (Fig. 4C). The caspase 3 activity obtained at an MOI
of 1 was comparable to the activity measured in DF-1 cells
treated with the apoptosis inducer staurosporine (Fig. 4C).
Caspase 3 activity was not observed at an MOI of 10, consistent
with the fact that ALV-B at a high MOI does not kill DF-1 cells
(Fig. 1B). As expected, caspase 3 activation was not observed
in ALV-A-infected cells (Fig. 4C). The caspase 3 activation
occurred simultaneous with the reduction in the number of
surviving cells and plaque formation on day 5 (Fig. 4A).

To support the hypothesis that caspases are involved in
ALV-B-mediated cell killing, we used the caspase inhibitor
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FIG. 4. Activation of apoptosis by ALV-B infection of target cells. (A) DF-1 cells were infected with ALV-A and ALV-B at an MOI of 1, and
surviving cells were determined after replating on a daily basis for a period of 10 days as described in Materials and Methods (survival curve).
(B) Apoptosis induction by ALV-B. DF-1 cells were challenged with ALV-B at an MOI of 1. Phase-contrast imaging and TUNEL staining were
performed 4, 5, and 6 days postinfection. (C) Activation of caspase 3 upon ALV-B infection of DF-1 cells. DF-1 cells were challenged with ALV-A
and ALV-B at different MOlIs, and caspase 3 activity in cellular extracts was analyzed by using a colorimetric assay 5 days postinfection. OD 4,
optical density at 405 nm. The apoptosis inducer staurosporine was used as a positive control (1 wM for 3 h [Stau]). (D) DF-1 cells were challenged
with ALV-B at different MOIs and treated with 20 uM zVAD-fmk (caspase inhibitor VI) 4 days postinfection. Cells were replated and counted
5 days postinfection. Experiments were performed in triplicate, and standard deviations are indicated.

zVAD-fmk (Calbiochem, La Jolla, Calif.) (6, 25). DF-1 cells
infected with ALV-B at different MOIs were treated with 20
mM zVAD-fmk 4 days postinfection, and surviving cells were
measured by flow cytometry 6 days postinfection. This caspase
inhibitor reduced ALV-B-mediated cell killing from 70 to 30%
at an MOI of 0.1, supporting the hypothesis that cell killing is
caspase dependent (Fig. 4D). zZVAD-fmk treatment also inhib-
ited plaque formation, indicating that apoptosis induction is
required for plaque formation. Taken together, these results
suggested that the reduction in the number of surviving cells
during the acute phase of ALV-B infection is caused by
caspase-mediated apoptosis via TVBS? signaling.

Bystander killing by ALV-B. To monitor viral spread during
cell death progression, we used ALV-B-GFP (14). Cells in-

fected with ALV-B-GFP were distinguished from uninfected
cells by GFP expression. DF-1 cells infected at an MOI of 1
were analyzed for apoptosis induction by TUNEL staining on
day 5 postinfection. We found that apoptotic (Fig. 5B) and
infected (Fig. 5C) cells accumulated in the periphery of
plaques (Fig. 5A). Surprisingly, the apoptotic and infected cell
populations were not identical (Fig. 5D). In fact, the majority
of apoptotic cells (>95%) were GFP negative (Fig. 5D). These
results indicated bystander killing of GFP-negative, presum-
ably uninfected cells during ALV-B infection. Furthermore,
only a few infected cells (GFP positive) were apoptotic, sug-
gesting that infected cells were protected against cell killing.
To support the hypothesis of bystander killing during
ALV-B infection, we challenged DF-1 cells with ALV-B and
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analyzed viral spread by GFP expression and apoptosis induc-
tion by annexin V binding. Increased cell surface annexin V
binding is caused by a loss of asymmetry in cell membrane
phospholipids during apoptosis induction (37). DF-1 cells in-
fected with ALV-B-GFP at an MOI of 1 were analyzed for
GFP expression and annexin V binding by flow cytometry 5
days postinfection (Fig. 5SE and F). A significant increase in the
number of annexin V-positive cells was detected in ALV-B-
infected DF-1 cells. Consistent with previous observations, the
majority of the apoptotic cells were uninfected (GFP nega-
tive); only a fraction of the apoptotic cells was infected (Fig.
5F).

ALV-B Env-mediated cell killing. To test whether the killing
of uninfected bystander cells was triggered by viral Env-TVB®?
interactions during ALV-B infection, we treated DF-1 cells
with SU-IgG at different time points postplating (days 1 and 4)
and determined cell killing 2 days after SU-IgG treatment.
Surviving cells were measured by flow cytometry, and apoptotic
cells were measured by TUNEL assays (Fig. 6A and B). Mas-
sive cell killing (Fig. 6A) and apoptosis induction (Fig. 6B)
were observed in DF-1 cells treated with SUB-IgG 4 days
postplating. In contrast, cell killing was not observed in DF-1
cells treated with SUB-IgG 1 day postplating. As expected, cell
death induction was not detected with SUA-IgG, which was
derived from noncytopathic ALV-A, regardless of the time
point of SUA-IgG administration (Fig. 6A and B). These re-
sults showed that SUB-IgG-receptor interactions reproduce
cell killing in a virus-free system 4 days postplating.

To determine whether the native ALV-B envelope glyco-
protein expressed on the cellular surface kills uninfected cells,
we performed cocultivation experiments. Human 293-Env-A
or 293-Env-B cells (28) were cocultivated with DF-1 cells at a
1:40 ratio. Massive cell killing and plaque formation were ob-
served in cocultivation experiments with 293-Env-B cells on
day 5 postplating, while cell killing was not detected with 293-
Env-A cells (Fig. 6C). This experiment represented the major
cytopathic effects during ALV-B infection, such as apoptosis
induction and plaque formation (Fig. 6C). Therefore, the by-
stander killing phenomenon could be explained by interactions
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between ALV-B Env-expressing infected cells and TVBS*-ex-
pressing uninfected cells. Taken together, these results sug-
gested that cell killing during ALV-B infection is mediated by
ALV-B Env-TVB®? interactions.

Cell surface accessibility of TVBS* and cell killing by ALV-B.
DF-1 cells infected with ALV-B were resistant to cell killing
(Fig. 5). We hypothesized that ALV-B infection leads to
ALV-B Env expression and a subsequent reduction in TVBS?
cell surface accessibility, which might protect infected cells
from cytopathic effects. In order to measure TVB®* cell surface
accessibility in response to ALV-B Env expression, we trans-
fected 293-TVB®? cells with increasing amounts of ALV-B Env
expression constructs. TVBS? cell surface accessibility was de-
termined by flow cytometry with SUB-IgG. TVB®® was not
accessible on the surface of ALV-B Env-transfected cells, sug-
gesting downregulation from the cell surface, presumably
caused by ALV-B Env-receptor interactions (data not shown).

To test whether TVB®S? cell surface accessibility decreases
during ALV-B-GFP infection, we measured receptor surface
accessibility and GFP expression (viral spread) by flow cytom-
etry. DF-1 cells infected with ALV-B-GFP at different MOIs
were replated 5 days postinfection to analyze surviving cells.
Subsequently, cells were tested for TVBS? cell surface acces-
sibility with SUB-IgG, and infection status was scored by ana-
lyzing GFP expression (Fig. 7). The number of infected cells
increased with the MOI, while the amount of available TVBS?
decreased. At the highest MOI (i.e., 100), 98.5% of cells were
GFP positive and TVBS? negative. These results indicated that
ALV-B infection reduces the amount of free TVB®? receptors
on the surface of infected cells.

Strikingly, after ALV-B challenge at an MOI of 1, a signif-
icant fraction of GFP-negative cells (27.5%) had low TVB®?
cell surface expression levels (Fig. 7). Reduced TVBS® levels
on these GFP-negative cells suggested that these cells were
actually infected. These cells were presumably infected at a
later time point, and GFP expression was below the threshold
of detection. This notion is consistent with the facts that GFP
expression was delayed and was detected only about 48 h after
ALV-B challenge of DF-1 cells (data not shown). Our exper-
iments showed that 93.5% of surviving DF-1 cells challenged
with ALV-B at an MOI of 1 were TVB®* negative and pre-
sumably infected. However, only a fraction of these cells was
GFP positive, indicating that the GFP data underestimate the
actual number of infected cells. In addition, predominantly
GFP-negative cells were killed during ALV-B infection (Fig.
5), and it is possible that some of these cells were actually
infected but expressed TVBS? cell surface levels sufficient to
trigger cell death.

The decrease in TVBS® cell surface accessibility was not
caused by changes in the total cellular levels of TVB®?, as
measured by Western blot analysis (data not shown). Taken
together, our results suggested that highly infected cells are
protected against cell killing by ALV-B as a result of reduced
TVBS? cell surface accessibility, indicating that TVBS® cell
surface expression is essential for cell killing.

DISCUSSION

Role of TVB in cell killing. Cell killing by ALV-B has been
linked to the receptor binding region of ALV-B Env (16),
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suggesting involvement of the ALV-B receptor in this process.
This suggestion is further supported by the fact that the
ALV-B receptor TVB®? belongs to the TNFR family (7) and is
able to activate apoptosis (6, 7). In this work, we presented
several findings that directly link TVBS? signaling to cell killing
by ALV-B. (i) The cytoplasmic death domain of TVB>® was
essential for cell killing by ALV-B. A single point mutation in
the cytoplasmic tail of TVBS?® prevented receptor signaling and
ALV-B-induced cell killing, while it did not interfere with
ALV-B entry. (ii) ALV-B infection triggered apoptosis in a
caspase-dependent fashion, presumably by direct activation of
TVB®. (iii) Binding of soluble ALV-B Env to TVB* activated
apoptosis. (iv) Cytopathic effects and plaque formation could
be reconstituted by cocultivation of ALV-B Env-expressing
cells with TVB®*-expressing cells. (v) Uninfected cells were
major targets for cell killing during ALV-B infection. By-
stander killing was apparently caused by interactions of ALV-B
Env expressed on the surface of infected cells with TVBS?
expressed on uninfected or minimally infected cells. (vi)
TVB®? cell surface accessibility was required for cell killing by
ALV-B. ALV-B infection reduced the amount of free TVB®?
on the surface of infected cells and might protect these cells
from cytopathic effects. Taken together, these results strongly
suggested that the reduction in cell numbers following ALV-B
infection is triggered by TVBS*-mediated apoptosis and not by
cell growth retardation.

ALV-B shares with reovirus serotypes 1 and 3 the ability to
activate death receptor-mediated apoptosis. However, ALV-B
is the only cytopathic retrovirus known to use a death receptor
to enter target cells. The cell-killing mechanism of most cyto-

pathic retroviruses remains to be determined, and it is possible
that other cytopathic retroviruses also interact with death pro-
teins and activate apoptotic pathways.

Initial and acute phases of ALV-B infection. ALV-B Env—
TVB®? interactions appear to be essential for cell killing by
ALV-B. However, these interactions trigger cell death only
under specific conditions, and cell killing is not observed dur-
ing early rounds of ALV-B infection. Chi et al. previously
showed that ALV-B infection of TVB>*-positive cells activates
an NF-kB-mediated protective pathway (9). It is conceivable
that the activation of this antiapoptotic pathway keeps cells
alive during the early phase of ALV-B infection. Suppression
of the protective pathway may occur at the onset of ALV-B-
mediated cell killing. It remains to be determined whether and
how this protective pathway is suppressed during the killing
phase of ALV-B infection. It is possible that proapoptotic
factors, such as Smac/Diablo, override antiapoptotic proteins
during the acute phase of infection and promote cell death
17).

Signaling by TNFR is regulated by phosphorylation, and
apoptosis induction is triggered only by the unphosphorylated
state of the receptor (11, 12). It is conceivable that phosphor-
ylation of the cytoplasmic tail of TVB®® regulates apoptosis
induction. It remains to be shown whether the signaling state
of TVB®? is switched by phosphorylation during ALV-B infec-
tion.

Bystander killing. We observed killing of uninfected or min-
imally infected bystander DF-1 cells during ALV-B infection.
Uninfected or minimally infected cells killed during ALV-B
infection were adjacent to infected cells, suggesting that by-
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stander killing was triggered by interactions between ALV-B
Env-expressing cells and TVBS*-expressing cells (Fig. 8). This
suggestion was supported by the fact that ALV-B Env-express-
ing cells and soluble ALV-B Env were able to kill TVBS*-
expressing avian cells. Retroviral spread requires that viral
producer cells be alive. Therefore, killing of infected cells
would be highly detrimental for viral spread, while bystander
killing would not interfere with virus propagation by already
infected cells. However, bystander killing would still diminish
the number of potential target cells.

Bystander killing has also been postulated in the pathology
of HIV. A massive loss of uninfected CD8" T cells has been
observed in lymph nodes of HIV-1-infected patients. CD8™-
T-cell depletion can be reproduced in vitro by cocultivating
HIV-1l-infected CD8" T cells with macrophages (13, 21).
HIV-1 infection of CD8" T cells does not trigger cytopathic
effects in the absence of macrophages, suggesting that macro-
phage-CD8"-T-cell interactions are essential for T-cell killing
in cultures (20, 21). In addition, neurons are killed by soluble
or membrane-bound HIV Env (3, 4), even though neurons are
not susceptible to HIV infection. These results suggest that
HIV Env binding to a specific neuronal receptor triggers cell
death (3, 4).

Role of superinfection in ALV-B-mediated cell killing. Su-
perinfection and accumulation of UVD have been correlated
with cell killing by a series of cytopathic retroviruses, including
ALV-B (15, 23, 31, 33, 36, 38, 39). In agreement with other
groups, we found that UVD accumulation is significantly
higher in cells infected by ALV-B than in cells infected by
noncytopathic ALV-A. However, we found that the accumu-
lation of UVD does not correlate with cell killing by ALV-B. In

fact, we observed the highest accumulation of UVD in DF-1
cells infected with ALV-B at an MOI that did not promote cell
killing. Therefore, UVD accumulation could be uncoupled
from cell killing by ALV-B. Apparently, superinfection and
UVD accumulation occur in infected cells which are actually
protected against cell killing during ALV-B infection. The in-
volvement of superinfection was further challenged by the by-
stander killing phenomenon, in which uninfected or minimally
infected cells are killed during ALV-B infection. Taken to-
gether, our results showed that TVBS? signaling, not superin-
fection, is essential for cell killing by ALV-B.

ALV-B infected cell

‘ ALV-B Env
T TVB®

1

APOPTOSIS
uninfected cell

FIG. 8. Schematic representation of the bystander killing phenom-
enon during ALV-B infection of target cells. ALV-B Env expressed on
infected cells interacts with TVB®? expressed on uninfected cells and
activates apoptotic pathways.
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