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Vaccinia virus contains a gene, termed SPI-2 or B13R, that is closely related in its sequence to a potent
inhibitor of apoptosis from cowpox virus (crmA). Infection by vaccinia virus protects HeLa cells against
apoptosis that is induced by an immunoglobulin M antibody against the fas receptor or by tumor necrosis
factor alpha. This effect is profoundly reduced when the SPI-2 gene is deleted. The SPI-2 gene, when transiently
expressed in these cells, can also protect against apoptosis mediated by these agents. Given the similarity to
crmA, it seems likely that SPI-2 functions in an analogous fashion, inhibiting the activity of ICE protease family
members and blocking the onset of apoptosis.

Apoptosis, or programmed cell death, has been character-
ized as an important mechanism not only in the development
of multicellular organisms but also in the cytotoxic immune
response. To be eliminated by a cytotoxic T cell, the target cell
must actively participate in its own death (3). Consequently, a
virus can interfere with the immune response by modulating
the host cell’s apoptotic mechanisms. Many viruses have been
found to interfere with programmed cell death or apoptosis
(27). Viral gene products preventing apoptosis have been iden-
tified in adenovirus (35), cytomegalovirus (37), baculovirus (2),
Epstein-Barr virus (11, 12), and others. The crmA gene of
cowpox virus is known to specifically inhibit T-cell-mediated
cytotoxicity (33). crmA also prevents apoptosis induced by tu-
mor necrosis factor alpha (TNFa) and by immunoglobulin M
(IgM) antibodies against the fas receptor (8, 20, 30, 31), which
can mimic aspects of T-cell-mediated cytotoxicity. crmA inhib-
its several proteases that are believed to be part of pathways
leading to apoptosis (16, 25, 26, 32).
A gene of vaccinia virus, called SPI-2 or B13R, is highly

homologous to the cowpox virus gene crmA. A second vaccinia
virus gene, SPI-1 or B22R, is more weakly homologous to both
crmA and SPI-2. All three belong to the class of proteins
termed serpins (a family of proteins comprising serine protease
inhibitors) (17, 28). However, it has been unclear whether
vaccinia virus is capable of preventing apoptosis. In fact, this
virus induces apoptotic cell death in nonpermissive Chinese
hamster ovarian cells (13); and vaccinia virus infection can lead
to lymphopenia in mice that has been ascribed to programmed
cell death (10). To clarify the biological role of vaccinia virus
with respect to apoptosis, we tested whether vaccinia virus
infection or transient expression of the SPI genes will interfere
with apoptosis induction as does crmA.
Semiconfluent HeLa cells (American Type Culture Collec-

tion) were infected with the purified Western Reserve (WR)
strain of vaccinia virus (kindly provided by Bernard Moss and
Carl J. Baldick) at 100 PFU (assayed on BSC-1 cells as previ-
ously described [19]) or mock infected in Dulbecco modified
Eagle medium containing 10% fetal bovine serum. After 14 h,
the cells were challenged with a monoclonal IgM antibody
against the fas receptor (CH-11; Medical and Biological Lab-

oratories; 50 ng/ml) in the same medium with cycloheximide
(40 mg/ml), or TNFa (Boehringer-Mannheim; 10 ng/ml) and
cycloheximide, or cycloheximide alone. Eight hours later, most
noninfected cells treated with anti-fas antibody (Fig. 1c) or
TNFa (Fig. 1e) had undergone morphological changes typical
for apoptosis, whereas the cells treated with cycloheximide
alone did not exhibit any visible changes (Fig. 1a). In contrast,
the vast majority of the vaccinia virus-infected cells were not
affected by the treatment with anti-fas antibody (Fig. 1d) or
TNFa (Fig. 1f) and displayed a morphology virtually undistin-
guishable from that of cells treated with cycloheximide alone
(Fig. 1b). A terminal desoxyribonucleotidyltransferase-medi-
ated dUTP-biotin nick-end-labeling (TUNEL) assay for DNA
fragmentation (37) was performed and revealed that the non-
infected (Fig. 2a to c) but not the infected (Fig. 2d to f) cells
had undergone apoptosis when treated with anti-fas antibody
or TNFa and cycloheximide as described above. We conclude
that infection with vaccinia virus efficiently protects HeLa cells
against apoptosis mediated by fas or TNFa.
Vaccinia virus rapidly shuts off host cell protein synthesis. To

address whether this alone might influence the response of the
infected cells to an inducer of apoptosis, we pretreated cells
with an inhibitor of protein synthesis (cycloheximide at 40
mg/ml) or RNA synthesis (actinomycin D at 0.5 mg/ml) 14 h
before induction of apoptosis. As shown in Fig. 2m through r,
this pretreatment did not prevent apoptosis. Fas-mediated ap-
optosis was even accelerated in these cells, whereas TNF-
mediated apoptosis was slightly delayed by both cycloheximide
and actinomycin D (not shown). Interestingly, pretreatment
with actinomycin D, but not with cycloheximide, increased the
frequency of spontaneous apoptosis in the absence of any
specific inducer (Fig. 2p), as has been reported for insect cells
(6). On the basis of these controls, we conclude that vaccinia
virus inhibits apoptosis not merely by a shutdown of protein
synthesis but rather by a mechanism that is more specifically
directed against programmed cell death.
Our next goal was to identify specific genes within vaccinia

virus that mediate the protective effect of the viral infection
against apoptosis. The inhibitory effect of vaccinia virus infec-
tion on apoptosis was not affected by the addition of an inhib-
itor of viral DNA replication, cytosine-arabinoside (14), to the
culture media at a concentration of 40 mg/ml at the time of
viral infection (Fig. 2s to x). Further, the inhibition of apoptosis
can already be observed at 2 h (but not yet at 1 h) after
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infection, and the effect reaches its maximum at 4 h after
infection (not shown). This suggests that the effect is mediated
by one or several early gene products. Because the cowpox
crmA has been shown to have an antiapoptotic effect, the best
candidate genes within vaccinia virus were SPI-2 and SPI-1:
SPI-2 is 93% identical and 97% similar to crmA at the amino
acid level; SPI-1 is about 40% identical to both crmA and SPI-2
(based on the amino acid sequence of the gene products). Both
SPI-1 and SPI-2 are expressed early after infection (15, 28). To
test whether SPI-2 contributes to apoptosis inhibition, a re-
combinant virus lacking SPI-2 and its revertant (generous gift
from G. L. Smith [15]) were tested for the ability to prevent
apoptosis. Most cells infected with the knockout mutant virus
were induced to undergo apoptosis (Fig. 2g to i), and their light
microscopic appearance was indistinguishable from that of
noninfected apoptotic cells (not shown), whereas the cells in-

fected by the revertant virus were protected (Fig. 2j to l). This
indicates that SPI-2 is responsible for much of the antiapop-
totic effect that is confered by vaccinia virus. However, even
with the virus lacking SPI-2, some cells were protected from
apoptosis, and this number clearly exceeded the surviving cells
after mock infection (not shown). We therefore suggest that
additional portions of the vaccinia virus genome can also con-
tribute to apoptosis inhibition. In any case, our data show that
SPI-2 can protect cells from undergoing apoptosis in the con-
text of a vaccinia virus infection.
To determine whether the SPI-1 and SPI-2 gene products,

like that of crmA, could protect against apoptosis in the ab-
sence of virus, the coding regions of all three genes were
cloned into the eukaryotic expression vector pCI (Promega) to
create the plasmids pCISPI-1, pCISPI-2, and pCIcrmA, re-
spectively. The plasmids were constructed as follows. The cod-

FIG. 1. Protection against apoptosis by vaccinia virus infection. HeLa cells were infected with vaccinia virus strain WR (b, d, and f) or were mock infected (a, c,
and e). Fourteen hours later, apoptosis was induced with anti-fas antibody and cycloheximide (c and d) or TNFa and cycloheximide (e and f). As a control, cells were
treated with cycloheximide alone (a and b). After 8 h, the cells were photographed using phase-contrast microscopy. Morphologic changes indicative of apoptosis could
be observed in the vast majority of the mock-infected cells (c and e) but only rarely in the infected cells (d and f).
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FIG. 2. DNA fragmentation after treatment with agents inducing apoptosis. HeLa cells were treated as described in the legend to Fig. 1 and subsequently assayed
for DNA fragmentation using a TUNEL procedure. After infection, the cells were either treated with cycloheximide (CHX) alone, or with anti-fas antibody (afas IgM),
or with TNFa, each combined with cycloheximide. At 14 h before induction of apoptosis, the cells were treated in the following way: mock infection (a to c); infection
with wild-type vaccinia virus, strain WR (d to f); infection with a recombinant vaccinia virus lacking the SPI-2 gene (g to i); infection with the revertant construct
expressing SPI-2 (j to l); incubation with cycloheximide at 40 mg/ml (m to o); incubation with actinomycin D at 0.5 mg/ml (p to r); infection with wild-type vaccinia virus
and simultaneous incubation with cytosine-arabinoside (ara C) at 40 mg/ml (s to u); mock infection and incubation with ara C (v to x).
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ing regions for SPI-1 and SPI-2 were PCR amplified from viral
genomic DNA isolated from purified vaccinia virus and the
coding region for crmA from a plasmid containing this se-
quence (pHD1.2 [9], gift from J. Yuan). The primer sequences
were: SPI-1, 59 CGGAAATTCGTTATTGGTTTTGGTTGT
ATACC; SPI-1, 39 GCTCTAGATTTATTGCGGATAGCAG
TATTTCC; SPI-2, 59 CGGAATTCGCGCTACACGACCA
ATATCG; SPI-2, 39 GCTCTAAGATGGTTAACAATTAGT
TGTCGGA; crmA, 59 CGGAATTCGACTATCTCTATCG
TCACAC; crmA, 39 GCTCTAGATTTAATTAGTTGTTGG
AGAGC. The PCRs were carried out with Expand high-fidel-
ity DNA polymerase (Boehringer-Mannheim) according to the
manufacturer’s suggestions, with an annealing temperature of
628C and a total of 30 cycles. The PCR products and the vector
were treated with EcoRI and XbaI and ligated to create the
plasmids pCISPI-1, pCISPI-2, and pCIcrmA, respectively. Us-
ing T7 RNA polymerase and a T7 promoter contained within
the vector, the plasmids were used as templates in a coupled in
vitro transcription and translation reaction (TNT system; Pro-
mega), yielding a single protein of the expected size in each
case (data not shown).
Each plasmid was then cotransfected with an equal amount

of a b-galactosidase expression construct (pCMVb-gal; Strat-
agene) into HeLa cells. After 14 h of incubation, the cells were
challenged with anti-fas antibody or with TNFa and cyclohex-
imide as described above. Eight hours later, the dishes were
washed four times with phosphate-buffered saline, removing
most of the apoptotic cells. The cells that still attached to the
plate were fixed and stained in situ for b-galactosidase activity
with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-
Gal) (1). The number of blue survivors remaining on the dish

thus indicated how efficiently a cotransfected plasmid can pro-
vide protection against apoptosis. After transfection of crmA
or SPI-2 along with the b-galactosidase expression construct, a
considerable number of cells remained adherent after treat-
ment with either fas antibody (Fig. 3f and g) or TNFa (Fig. 3j
and k). In contrast, the expression plasmid for SPI-1 did not
protect transfected cells from apoptosis mediated by either fas
antibody (Fig. 3h) or TNFa (Fig. 3l), nor did the vector pCI
alone (Fig. 3e and i). Treatment with cycloheximide alone did
not lead to apparent cell death, and the expression of b-galac-
tosidase did not show substantial differences between the four
constructs cotransfected with the b-galactosidase expression
plasmid (Fig. 3a to d).
To address this phenomenon more quantitatively, the cells

were first transfected and exposed to the apoptosis-inducing
agents or cycloheximide alone as before. Once the nonadher-
ent cells were removed, the remaining cells were harvested,
lysed, and assayed in triplicate for b-galactosidase activity us-
ing a 1,2 dioxetane chemiluminescent substrate (Tropix) and a
luminometer (Analytical Luminescence Laboratories) accord-
ing to the manufacturers’ recommendations. For all four plas-
mid combinations, the b-galactosidase activity that was re-
tained after treatment with apoptosis inducers was calculated
relative to the activity measured after treatment with cyclohex-
imide alone. The cells cotransfected with the crmA expression
plasmid retained 54% of the b-galactosidase activity after
treatment with fas antibody (Fig. 4, column 2) and 33% after
exposure to TNFa (Fig. 4, column 6). Expression of SPI-2
resulted in 31 and 15% retained activity, respectively (Fig. 4,
columns 3 and 7). Expression of SPI-1 or cotransfection with

FIG. 3. Transfection of cells with plasmids expressing crmA or SPI-2 protects them from the induction of apoptosis with anti-fas antibody or TNFa. HeLa cells were
cotransfected with a b-galactosidase expression construct and plasmids expressing crmA (pCIcrmA; b, f, and j), vaccinia virus SPI-2 (pCISPI-2; c, g, and k), vaccinia
virus SPI-1 (pCISPI-1; d, h, and l), or the expression vector alone (pCI; a, e, and i). Each plasmid was cotransfected with an equal amount of a b-galactosidase expression
construct (pCMVb-gal; Stratagene). A suspension of 2 3 106 cells in 0.4 ml of Dulbecco modified Eagle medium–10% fetal bovine serum containing 10 mg of both
plasmids in a cuvette of 0.4 cm gap width was subjected to a voltage pulse (230 V, 960 mF) using a Gene Pulser (Bio-Rad). The cells from one cuvette were allowed
to attach to a dish of 3.5 cm in diameter. Fourteen hours after electroporation, the cells were treated with cycloheximide alone (a, b, c, and d) or with cycloheximide
in combination with anti-fas antibody (e, f, g, and h) or TNFa (i, j, k, and l). Eight hours later, the dishes were washed four times. Cells remaining on the plate were
stained for b-galactosidase expression using an X-Gal substrate.
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the pCI vector did not allow any significant b-galactosidase
activity to be retained (Fig. 4, columns 1, 4, 5, and 8).
These results were confirmed by a TUNEL assay that was

performed along with simultaneous immunostaining using a
monoclonal antibody against b-galactosidase (Promega) and a
secondary antibody coupled to Texas red (Amersham), using
methods described previously (7). When pCI (Fig. 5a and e) or
pCISPI-1 (Fig. 5d and h) were cotransfected with the b-galac-
tosidase expression plasmid and treated with anti-fas antibody
(Fig. 5a to d) or TNFa (Fig. 5e to h), the transfected cells
staining for b-galactosidase (labelled “.1”) also showed DNA
fragmentation (labelled “.2”). In contrast, after transfection
with pCIcrmA (Fig. 5b and f) or pCISPI-2 (Fig. 5c and g), the
signals indicating b-galactosidase and DNA fragmentation
were mutually exclusive. Thus, both crmA and SPI-2 expression
confer protection against apoptosis mediated by fas or TNFa.
These data confirm that expression of either crmA or SPI-2 is
protective against apoptosis, whereas SPI-1 or the expression

FIG. 4. Quantitative assessment of the ability of crmA and SPI-2 to block
apoptosis. HeLa cells were cotransfected with a b-galactosidase expression con-
struct and plasmids expressing crmA (pCIcrmA; columns 2 and 6), vaccinia virus
SPI-2 (pCISPI-2; columns 3 and 7), vaccinia virus SPI-1 (pCISPI-1; columns 4
and 8), or the expression vector alone (pCI; columns 1 and 5). The cells were
then treated with cycloheximide alone or in combination with anti-fas antibody
(columns 1 to 4) or TNFa (columns 5 to 8). Nonadherent cells were removed by
washing. Cells remaining on the plate were lysed, and the lysates were assayed
quantitatively in triplicate for b-galactosidase activity, using a chemiluminescent
substrate. For each plasmid, the ratio of b-galactosidase activity was calculated
between the cells treated with anti-fas-cycloheximide or TNFa-cycloheximide
and the cells treated with cycloheximide alone. The ratios are shown as columns
representing percentages. The triple standard error is indicated by the bars.

FIG. 5. SPI-2 or crmA blocks DNA fragmentation after treatment of cells with anti-fas antibody or TNFa. HeLa cells were cotransfected with a b-galactosidase
expression construct and plasmids expressing crmA (pCIcrmA; b and f), vaccinia virus SPI-2 (pCISPI-2; c and g), vaccinia virus SPI-1 (pCISPI-1; d and h), or the
expression vector alone (pCI; a and e). The cells were subsequently treated with cycloheximide in combination with anti-fas antibody (a, b, c, and d) or TNFa (e, f,
g, and h). Subsequently, the cells were fixed and simultaneously stained for galactosidase expression (labelled “.1”) and for DNA fragmentation (TUNEL; labelled “.2”).

VOL. 70, 1996 NOTES 6483



vector alone is without a detectable effect in this assay. SPI-2
may be somewhat less efficient than crmA but still can clearly
be identified as an inhibitor of programmed cell death.
We have shown that vaccinia virus infection and SPI-2 alone

are both capable of preventing fas- or TNFa-mediated apo-
ptosis. Thus, the expression of SPI-2 is likely one way by which
vaccinia virus can prevent apoptosis. However, it remains pos-
sible that the virus may employ more than just one mechanism
to counteract this or other types of apoptosis. In fact, it is likely
that poxviruses can influence cell death, immunologic re-
sponse, and inflammatory reaction at many different levels, as
exemplified by the secretion of an interleukin-1b binding pro-
tein (29) and as reviewed elsewhere (5, 23).
SPI-2 and crmA are highly homologous, including the region

that is commonly believed to be active as a protease inhibitor
(17). crmA inhibits a variety of proteases that are likely to be
involved in the regulation of apoptosis, including the interleu-
kin-1b-converting enzyme (ICE) (16, 18, 21, 26), Yama/
CPP32b (32), and granzyme B (25). It will be of interest to
determine if SPI-2 is capable of inhibiting the same subset of
proteases or if there are differences in the repertoire of targets
between SPI-2 and crmA.
SPI-1 did not confer protection against apoptosis mediated

by fas or TNFa. This gene may be involved in the regulation of
apoptosis mediated by other types of inducers. Alternatively, it
may regulate cell fusion, as has been shown for the weakly
homologous SPI-3 gene (34). The SPI-1 gene from rabbitpox
virus has been demonstrated to inhibit cell death that other-
wise can be induced by the viral infection itself (4). Further
studies might show if vaccinia virus SPI-1 can substitute for the
rabbitpox gene’s function and what pathway, if any, leading to
apoptosis might be modified by SPI-1.
During cowpox virus infection, crmA is responsible for the

development of hemorrhage in the virus-induced lesions, and
viruses lacking the crmA gene do not produce hemorrhage in
infected animals (24). In contrast, no change in phenotype
could be observed in a murine intranasal model when the SPI-2
gene was deleted from vaccinia virus (15). However, it remains
possible that the choice of animal model affects the outcome of
experiments aimed at finding phenotypical consequences of an
SPI-2 deletion.
The activation of fas, along with the perforin-granzyme path-

way, is believed to be a major mechanism for T-cell-mediated
cytotoxicity (3). The finding that vaccinia virus can inhibit fas-
mediated apoptosis makes it likely that it can suppress the
immune response against an infected cell. This assumption is
supported by the apparent functional parallelism between
SPI-2 and crmA, since crmA has already been directly shown to
prevent the killing of infected cells by cytotoxic T cells (33).
This is of practical relevance, since vaccinia virus has been
widely used as a vaccine against smallpox and shows promise as
a vector for recombinant vaccines against different targets (22).
The deletion of both SPI-1 and SPI-2 has been reported to
result in a suppressed antibody response in certain systems
(36). It is conceivable that by inhibiting apoptosis of infected
cells, the effectiveness of a viral vaccine can be modified.
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