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ABSTRACT Apoptosis can be a potent weapon against
viral infection and consequently has selected for viruses
carrying antiapoptosis genes. Two baculovirus proteins, IAP
and p35, can prevent insect cells from dying in response to
infection. p35, which interferes with members of the Ced-3
family of cysteine proteases, can also function in mammalian
cells. We investigated the ability of IAP from Orgyia pseudo-
tsugata nuclear polyhedrosis virus to prevent death of mam-
malian cells. IAP was transiently expressed in mammalian
cells and its ability to block cell death caused by expression of
interleukin-13 converting enzyme (ICE), FADD, or the ICE
homologues ICH-1 and ICE-Lap3, was investigated. IAP
strongly inhibited ICE- and ICH-1-induced cell death but
protected only partially against death by overexpression of
FADD and not at all against death due to enforced ICE-Lap3
expression. These results demonstrate that a baculoviral IAP
protein can functionally interact with conserved components
of the apoptosis machinery in mammalian cells.

Apoptosis is used in a variety of situations. These include
normal processes such as development and homeostasis, but
also as a defence, both against infectious agents and danger-
ously altered cells of the organism itself. When the apoptosis
machinery fails to act and unwanted cells survive, cancer or
autoimmune disease can result. Conversely, there are examples
of diseases that result from cells dying inappropriately (for
review, see refs. 1 and 2). Apoptosis occurs in distantly related
organisms by mechanisms that are largely conserved. There is
evidence from Caenorhabditis elegans, Drosophila, and mam-
mals for the existence of a common process in which an
intracellular or extracellular trigger sends a signal that leads to
activation of effector cysteine proteases in the cytoplasm.
These proteases cleave substrates within the cell, ultimately
causing the structural changes morphologically recognisable as
apoptosis (for review, see refs. 2 and 3).

The proteases that act at the effector stage of apoptosis are
members of a cysteine protease family that resemble the C.
elegans protein Ced-3 (4-17). All of these cysteine proteases
are produced as precursors that must be cleaved at aspartate
residues to become active, and once activated each of them
also cleaves to the carboxyl side of aspartic acid (15, 18-21).
The first described mammalian member of this family was
interleukin 1B-converting enzyme (ICE). Like other family
members, ICE is translated as an inactive precursor (p45).
Cleavage at aspartate residues produces a shorter polypeptide
that is further processed into p20 and p10 molecules. Assembly
of two of each of these subunits into a heterotetramer is
required to yield the active enzyme (22, 23). Further ICE
homologues have been identified (4—17) that have been shown
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to stimulate cell death in various circumstances. The homo-
logues described to date can be grouped, based on amino acid
homology, into three subfamilies (16) with ICE and its close
relatives ICE-Relll and ICE-Rellll/ICH-2/TX (8, 10, 11) as
the first. ICH-1 (12) and its previously described murine
homologue Nedd-2 (13) make up another of the ICE/ced-3
subfamilies. The longer transcript of ICH-1 kills when expres-
sion is enforced in cells (12), and full-length murine Nedd-2
can also trigger apoptosis upon transfection (13). ICE-Lap3/
Mch-3 (16, 17), CPP32/YAMA//apopain (7, 14, 15), Mch-2
(6), and Ced-3 (4), make up the third subfamily. Overexpres-
sion of ICE-Lap3 lacking the amino-terminal 53-amino acid
pro-domain in MCF?7 cells causes apoptosis, whereas expres-
sion of the full-length proICE-Lap3 or a mutant in which the
cysteine at the active site was changed to alanine does not
cause cell death (16). The pro-form of ICE-Lap3 is cleaved
into the active p12 and p20 proteins upon stimulation of Jurkat
T cells and BJAB B cells with antibodies against CD95
(Fas/APO-1) or MCF7 cells with tumor necrosis factor «
(TNF-a) (16).

Apoptosis is induced in many cell types by the binding of the
CD?95 ligand to CD95 (24), a member of the TNF receptor
family of cell surface proteins. Evidence from mice in which
the ICE gene has been deleted demonstrates that ICE is
required for death of T-lineage cells caused by signaling
through CD95 (25). The cytoplasmic domain of CD95 bears a
region termed the “death domain” that allows it to interact
with the death domain of another protein, FADD/MORT-1
(26, 27). It is thought that FADD may transmit the apoptotic
signal from CD95, as overexpression of FADD itself can
induce apoptosis (26, 27). In MCF7, BJAB, 1929-Fas, and
Rat-1-Fas cells, death induced by CD95 or by FADD can be
blocked by the ICE inhibitor CrmA (27-29). FADD has also
been implicated in signaling downstream of the TNF receptor
1 (p55) (30).

Upon viral infection, cells that die by apoptosis limit the
ability of the virus to replicate. There is consequently a
selective advantage for viruses that can subvert the apoptotic
process. Several viruses carry genes that either resemble host
antiapoptotic genes or encode proteins that interfere with
the host’s apoptotic machinery (1). Genes for two distinct
sets of cell death inhibitors, termed p35 and IAP proteins,
have been found in insect viruses (31). p35 proteins do not
resemble any other known proteins but can block apoptosis
in nematode, insect, and mammalian cells (32-35). p35,
which acts as a protease inhibitor (36, 37), is a substrate for
the Ced-3-like death effector cysteine proteases that, when
cleaved, forms a stable complex with the protease. Mutation
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of the cleavage site of p35 prevents it from protecting against
cell death.

IAP proteins contain two structural motifs: a pair of
repeats designated baculovirus IAP repeats (BIRs) and a
RING finger (31, 38). We were interested to determine
whether IAP, like p35, could suppress apoptosis in mam-
malian cells. We tested the ability of IAP from Orgyia
pseudotsugata nuclear polyhedrosis virus to inhibit death
caused by four stimuli: enforced expression of one member
of each of the ICE/ced-3 subfamilies (ICE, ICH-1, and
ICE-Lap3) and of the CD95 signaling molecule FADD. The
results demonstrate that baculovirus IAP can function in
mammalian cells to prevent apoptosis due to ICE and ICH-1
expression but affords only partial protection against death
by FADD and does not protect against death induced by
enforced expression of ICE-Lap3.

MATERIALS AND METHODS

Cell Lines and Plasmids. The p45ICE-, p32ICE-lacZ
fusion plasmids, pBactM10Z and pBactM11Z (5), and ICH-
LacZ plasmid, ppactH37Z (12), were provided by Junying
Yuan (Massachusetts General Hospital, Boston). The
FADD expression construct FADD-AU1 (27) and the ICE-
Lap3 p28 cDNA (16) were obtained from Vishva Dixit
(University of Michigan, Ann Arbor). The eukaryotic ex-
pression vector pEF was constructed by inserting the region
from pEFBOS (39) encompassing the elongation factor
EF-1a enhancer, stuffer, and poly(A) into a Bluescript
plasmid (Stratagene) containing a PGKpuro cassette (D.
Huang, S. Cory, and J. Adams, personal communication).
The stuffer region [between the EF-la enhancer and
poly(A) sequence] was replaced by a multiple cloning site,
into which fragments encoding Bcl-2, CrmA, p35 from
Autographa californica nuclear polyhedrosis virus, and TAP
from O. pseudotsugata nuclear polyhedrosis virus were in-
serted for expression from the elongation factor promoter. A
fragment encoding B-galactosidase was expressed from the
murine cytomegalovirus (CMV) promoter (40). The trun-
cated OpIAP plasmid was constructed by digestion of the
pEF vector containing full-length IAP with Nrul and Smal
and religating. This deleted sequences 3’ of the Nrul site in
the OpIAP gene that encode the RING finger domain.

Transfections. For the ICE experiments, nearly confluent
HeLa or CHO cells, grown in RPMI 1640 medium with 10%
fetal calf serum, were transfected with 0. 1 ug of ICE/lacZ
plasmid and 1 pg of test plasmid using 3 ul of LipofectAmine
(GIBCO/BRL) per well in 12-well tissue culture dishes. In
the control transfections, 0. 1 ug of lacZ plasmid and 1 ug
of test plasmid were used. After 16 hr of incubation, the cells
were fixed (2% formaldehyde/0. 2% glutaraldehyde in PBS)
for 5 min and stained for B-galactosidase expression with
0.1% 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal)/5
mM potassium ferricyanide/5 mM potassium ferrocya-
nide/2 mM MgCl, in PBS. The blue cells were visually scored
as alive or dead. For all experiments, transfections and
scoring were carried out on randomized coded wells.

The analysis of protection against ICH-1-induced death was
performed essentially as above. Cells were transfected with
0.1 pg of ICH-1/lacZ plasmid and 1 pg of test or control
plasmid, allowed to express the transgenes, stained, and
scored.

Analysis of protection against ICE-Lap3 induced death
was performed the same way. The p28ICE-Lap3 pcDNA3
plasmid (0.1 ng), lacZ plasmid (0.1 pg), and either IAP or
p35 plasmids (0.8 ug) were cotransfected into HeLa cells or
the human embryonic kidney cell line 293T (a simian virus
40-transformed subline of 293 cells). For 293T transfections,
6 pl of LipofectAmine was used per well. Staining was
carried out after 48 hr expression of the transfected genes.
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To assess protection against FADD expression, HeLa cells
or CHO cells were transfected with 0.1 ug of lacZ plasmid, 0.45
pg of a FADD expression plasmid, and 0.45 g of test plasmid
as above. In the control transfections to assess background
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Fi16. 1. ICE-mediated apoptosis of HeLa cells. X-Gal-stained
HeLa cells transiently transfected with the following plasmids: lacZ
(a), ICE/lacZ (b and c), and ICE/lacZ (d and ¢) with pEF-OpIAP.
Cells were scored as dead or alive based upon their appearance by
phase contrast (Left) or conventional (Right) microscopy, as described
by Miura et al. (5). Live cells (arrows without tails) were large and flat
with an irregular shape and smooth edges. Dead cells (arrows with
tails) were small, refractile, and round, with irregular “blebbed”
membranes. Some had detached from the culture dish.
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F1G. 2. Inhibition of ICE-mediated cell death by IAP expression. (4) HeLa cells were transiently cotransfected with a p32ICE-lacZ fusion

plasmid and with expression plasmids carrying either no insert, bcl-2, crmA, p35, OpIAP, or truncated IAP lacking the sequences encoding the
RING finger (designated noRF). Parallel wells of HeLa cells were cotransfected with the same test plasmids and a lacZ plasmid. At least five cultures
were transfected and counted blind for each test plasmid; as for all figures, values indicate the percentage of X-Gal-stained cells that were dead
(mean *= 2 SEM) for each set of replicates. (B) CHO cells transfected with lacZ plasmid and empty pEF vector (lane 1) and cotransfections of
ICE/lacZ and either pEF, p35, or OpIAP expression plasmids. Three transfections of CHO cells were performed for each test plasmid.

death, 0.1 pg of lacZ plasmid and 0.9 pg of empty pEF plasmid
were used.

RESULTS

DNA fragments encoding the p35 protein from A. californica
nuclear polyhedrosis virus, the IAP protein from O. pseudo-
tsugata nuclear polyhedrosis virus (OpIAP), CrmA from Cow-
pox virus, and human Bcl-2 were inserted into pEF, a eukary-
otic expression vector. These plasmids were transfected into
HeLa cells with a construct that expresses a fusion protein of
ICE (p32) and B-galactosidase. Transient expression of ICE
caused death of HeLa cells, as when cells were transfected with
the ICE/lacZ construct, 80% of the X-Gal-staining cells had
died at 18 hr, whereas when B-galactosidase was expressed
alone only a quarter of the transfected (blue) cells were dead
(see Fig. 1 for examples). These observations confirm the work
of others who have previously characterized this system by
showing that apoptosis caused by overexpression of ICE
induces all of the classical morphological and biochemical
changes indicative of apoptosis in both HeLa and other cell
types (11, 12, 41). Furthermore, apoptosis induced in this way
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Fic. 3. Protection from ICH-1-induced death by OpIAP. HeLa
(A) or CHO (B) cells were cotransfected with the ICH-1/lacZ plasmid
and empty vector, p35, or OpIAP expression constructs. A cotrans-
fection in which the lacZ plasmid and pEF vector were introduced into
cells reflects the background death due to transfection (bar on the left
panel).

requires active cysteine protease to be produced from the
transfected plasmid, as apoptosis does not occur if the con-
served cysteine residue is mutated (5). Coexpression of either
Bcl-2 or CrmA, but not an empty vector control, was able to
reduce the proportion of blue cells that were dead (Fig. 2). The
baculovirus apoptosis inhibitory genes p35 and OpIAP were
able to reduce markedly the number of cells killed by ICE.
That this protection was specific for the anti-apoptosis genes,
rather than an artefact of transfection, was supported by the
lack of protection afforded by an OpIAP gene from which the
RING finger had been deleted (Fig. 24) and transfections with
constructs bearing other nonprotective genes (data not
shown). To assess the background level of death caused by the
transfection itself and to determine if any of the apoptosis
inhibitory genes influenced the amount of death in the absence
of transfected ICE, the vectors carrying the test genes and
control plasmids were cotransfected with a vector bearing the
lacZ gene alone, in a parallel set of transfections (Fig. 2A4).
None of the genes affected the level of cell death caused by the
transfection procedure itself. OpIAP was also shown to sup-
press ICE-induced apoptosis in CHO cells (Fig. 2B), indicating
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Fic. 4. Inability of IAP to prevent death due to expression of

ICE-Lap3. Cells, either 293T (A4) or CHO (B) were cotransfected with
ICE-Lap3 p28 plasmid, lacZ, and either empty vector or a plasmid
bearing p35 or IAP. Two days after the addition of serum after
transfection, the cells were stained and the blue (transfected) cells
were scored for viability. At least three wells for each plasmid
combination were transfected and scored blind.
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Fi1G. 5. Partial suppression of death due to FADD expression by OpIAP. Plasmids expressing Bcl-2, CrmA, p35, IAP, only the amino-terminal
half of OpIAP, or the empty vector were cotransfected into HeLa cells with a lacZ plasmid and a FADD expression plasmid (A). Parallel control
wells were also transfected with the test plasmids and lacZ plasmid. At least five wells for each test plasmid were transfected and scored blind. The
empty vector, p35, and OpIAP plasmids were also cotransfected with the lacZ and FADD plasmids into CHO cells in the same manner as the HeLa

transfection (B).

that the protection afforded by OpIAP was not cell line-
specific.

These results indicate that OpIAP is able to function in
mammalian cells to block their death by ICE and, therefore,
must interfere with some step in the pathway of apoptosis
involving ICE. OpIAP can protect against overexpression of a
fusion gene between full-length ICE (p45) and lacZ (data not
shown). Because OpIAP can also confer protection against
p32 ICE (Fig. 2) it does not act by inhibiting removal of this
pro sequence but must act either to prevent generation of the
active enzyme from the p32 subunit or prevent the active
(p10p20), enzyme from cleaving substrates.

To examine whether the protection afforded by IAP against
ICE reflects a general ability to inhibit all Ced-3-related
cysteine proteases, we analyzed the ability of OpIAP to
prevent death due to overexpression of the cysteine proteases
ICH-1 and ICE-Lap3. As in the ICE experiment, a plasmid
encoding a fusion protein between ICH-1 and lacZ was
introduced into HeLa or CHO cells with either OpIAP or p35
plasmids or empty vector. After 16 hr of expression time, the
cells were stained and those that were blue were scored for
viability. Both OpIAP and p35 were capable of substantially
reducing the death caused by expression of ICH-1 in the cell
lines studied (Fig. 3). A plasmid bearing the ICE-Lap3 p28
DNA was cotransfected into 293T cells or CHO cells with the
lacZ plasmid and the test plasmids and controls. ICE-Lap3
requires a longer time than ICE to achieve efficient death (ref.
17 and data not shown). Two days after the cells were
transfected, they were stained with X-Gal and the blue (trans-
fected) cells were scored. In the two cells lines studied that
differed in their susceptibility to killing by ICE-Lap3, p35 was
able to block ICE-Lap3 induced death, but OpIAP was not
(Fig. 4).

FADD interacts with the cytoplasmic domain of CD95 and
acts immediately downstream of it to transduce a signal leading
to apoptosis after binding of CD95 to its ligand (26, 27).
Transient expression of FADD has been shown to cause cell
death in the absence of signaling through CD95, presumably by
self-association through its death domains (26, 27). We per-
formed cotransfections of HeLa cells with a FADD expression
construct, a lacZ plasmid, and the constructs bearing the
apoptosis inhibitory genes, to determine whether IAP could
also protect against FADD-induced death (Fig. 5). Bcl-2,
CrmA, and p35 were effective in protecting against FADD and
decreased the proportion of transfected cells that were dead to
background levels. OpIAP reproducibly and significantly re-
duced the amount of apoptosis caused by FADD, but the

protection afforded was consistently only partial. In a second
cell line, CHO cells, OpIAP was unable to prevent death due
to expression of FADD (Fig. 5B), possibly indicating that the
signal from FADD is stronger in these cells. Interestingly p35
was not able to prevent FADD-induced death in CHO cells
either, presumably due to higher levels of activated cystine
proteases in CHO cells after FADD expression or activation of
cysteine proteases in CHO cells that are not blocked by p35.

DISCUSSION

These studies demonstrate that the IAP protein from O.
pseudotsugata nuclear polyhedrosis virus can inhibit mamma-
lian cell death caused by overexpression of ICE and ICH-1.
Several cell types normally express ICE homologues but
remain alive, so why should transfection of cells with ICE-like
precursor proteins be sufficient to cause apoptosis? One
possibility is that protease activation signals are constitutively
present but are insufficient to activate the endogenous levels
of Ced-3 homologue precursors. However, these constitutive
activation signals may be able to produce enough active
proteases to cause apoptosis when cells are transfected with
large amounts of, e.g., p32 ICE precursor.

OpIAP could act to inhibit apoptosis caused by ICE homo-
logues in one of two ways. The first possibility is that it could
function downstream of ICE/ICH-1 proteases to block them
directly or interfere with steps after protease activation. It is
difficult to explain the limited ability of OpIAP to prevent
FADD-induced death according to this model. As ICE is
required for CD95 killing, at least in some cell types (25), and
CD?95 signaling appears to work via FADD (26, 27), it is
reasonable to assume that FADD causes death by activating
ICE. If this is also true for the cell types used in these assays
and if IAP proteins act downstream of ICE, we would have
expected OpIAP to provide more effective protection against
FADD-mediated apoptosis.

The finding that p35 is incapable of inhibiting FADD-
mediated death was somewhat surprising. p35 functions by
directly interacting with Ced-3-related cysteine proteases and
must be present in at least equimolar amounts to inhibit their
actions (37). The ability of p35 to prevent death caused by
FADD expression in HeLa but not CHO cells may reflect an
increased production of active proteases in CHO cells com-
pared with HeLa cells to the extent that the molar amount of
ced-3 homologues exceeds that of p35 protein or that CHO
cells use a protease that is not blocked by p35.
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Rather than acting downstream of the proteases, OpIAP
may act upstream of ICE and ICH-1, to inhibit steps required
for their activation. According to this model, OpIAP can
efficiently block the low level of constitutive endogenous
activation signals that are required for activation of transfected
protease precursors but are only marginally effective at block-
ing the greater level of signaling due to the overexpressed
FADD transgene. The varying ability of IAP to protect against
FADD-induced death in different cell lines may reflect dif-
fering strengths of the activation signals coming from FADD
in the different cells. If OpIAP does act upstream of ICE to
subdue the endogenous activation signals, the inability of
OpIAP to prevent death caused by ICE-Lap3 expression may
mean that the signals that lead to the activation of ICE and
ICH-1 differ from those that activate ICE-Lap3.

The ability of baculovirus OpIAP protein to protect against
cell death in mammalian cells is an example of conservation of
apoptotic mechanisms between distantly related species. Pre-
vious demonstrations of this conservation include the ability of
the mammalian protein Bcl-2 to prevent cell death in nema-
todes (42, 43) and the finding that the baculovirus gene p35
protects mammalian neurons from death due to growth factor
withdrawal (34). That a baculovirus OpIAP protein can func-
tion to inhibit apoptosis of mammalian cells demonstrates that
components of the mammalian cell death machinery exist that
can interact with IAP proteins. Two groups have recently
demonstrated that mammalian homologues of OpIAP can
prevent cell death in mammalian cells (44, 45), confirming the
functional conservation of the pathway in which OpIAP and its
homologues act during evolution. Some of the mammalian
IAP proteins can interact with TRAF-1 and TRAF-2 (45, 46),
components of the TNF signaling complex that associate with
TNFR2 (47), and although the OpIAP protein seems unable
to interact with the TR AFs characterized to date (45), this may
imply that OpIAP acts to block upstream signaling events
leading to cell death.
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