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SARS Coronavirus Induces Apoptosis
in Vero E6 Cells
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Severe acute respiratory syndrome (SARS) is an
emerging infectious disease. Its etiological agent
has been convincingly identified as a new
member of family Coronaviridae (SARS-CoV). It
causes serious damage to the respiratory system
yet themechanism is not clear. Infection-induced
apoptosis or necrosis is suspected but no direct
evidence for this yet exists. To date, Vero E6 cells
are the only cell line that could be used to
replicate the virus with obvious CPE (cytopathic
effect) in vitro. It is known for some viruses
(includingmembersof familyCoronaviridae) that
CPE can be caused either by virus-induced
apoptosis (active death) or cell necrosis (passive
death). In this study, we examined the apoptosis
in the SARS-CoV infected Vero E6 cells. Indeed,
the results do show that the CPE was induced by
apoptosis rather than necrosis, shown by typical
DNA fragmentation, through the existence of
apoptotic bodies and swollenmitochondria. This
observation has some implications for the SARS-
CoVpathogenicity: SARS-CoVdoes induce apop-
tosis in cell cultures and might have the same
effect in vivo, responsible for the severe damage
of the respiratory system. J. Med. Virol.
73:323–331, 2004. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Severe acute respiratory syndrome (SARS) is a newly
identified emerging infectious disease and its causative
agent has been convincingly identified as a newmember
of family Coronaviridae (SARS-CoV) within a record
time [Drosten et al., 2003a,b; Ksiazek et al., 2003; Rota
et al., 2003]. It has also been shown that its genomic
sequence is unrelated to any known coronaviruses
isolated either from humans or animals though a
closely-related virus has been isolated recently from
some wild animals, e.g., civet cat [Guan et al., 2003;

Marra et al., 2003; Rota et al., 2003]. The disease has
been reproduced in monkeys, therefore the Koch’s post-
ulates was fulfilled by proxy [Fouchier et al., 2003].
Currently, the virus biology, pathogenesis, pathogeni-
city and preventive measures, including vaccine devel-
opment, are under detailed scrutiny. It is as yet unclear
why such an acute virus infection becomes so severe and
why the respiratory system is heavily damaged, causing
patients a fatal consequence.

Virus-induced apoptosis is a well documented phe-
nomenon in many viruses, especially RNA viruses,
including the members of family Coronaviridae [Taki-
zawa et al., 1993; Hinshaw et al., 1994; Esolen et al.,
1995; Mori et al., 1995; Shen and Shenk, 1995; Haag-
mans et al., 1996; Hardwick, 1997; O’Brien, 1998;
Hofmann et al., 1999; Kang et al., 1999; Eleouet et al.,
2000; Aleman et al., 2001; Liu et al., 2001; Brydon et al.,
2003; Clarke and Tyler, 2003; Vuorinen et al., 2003].
This was first observed from work on an adenovirus in
1981 [Pilder et al., 1984]. Apoptosis is an active and
physiological type of cell death, which is different
fundamentally from necrosis (passive accidental death)
[White, 1996; Peter et al., 1997]. It is characterised
morphologically by nuclear fragmentation and cellular
breakdown into apoptotic bodies [Kerr et al., 1972] and
biochemically by chromosomal DNA fragmentation into
oligonucleosomes [Wyllie, 1998]. It canbe inducedeither
directly by the virus itself to assist virus dissemination,
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or by triggering inadvertently cellular sensors that
initiate cell death [O’Brien, 1998; Koyama et al., 2000].
No matter what mechanism is involved, virus-induced
apoptosis is recognised as a normal response in the
virus-infected cells, but in general could be detrimental
to the host, e.g., the influenza virus damages epithelial
cells in the human and animal respiratory tracts
through apoptosis [Hinshaw et al., 1994; Julkunen
et al., 2001; Ito et al., 2002; Brydon et al., 2003; Lowy,
2003], leading to the respiratory system failure. Apop-
tosis is a common event in lytic viral infection [Shen and
Shenk, 1995; O’Brien, 1998]. As SARS-CoV is observed
as an acute lytic infection [Drosten et al., 2003a;
Fouchier et al., 2003; Rota et al., 2003; Zhao et al.,
2003], apoptosis-induced cell damage might be respon-
sible for the severe clinical manifestations.
Recently, two reports from Chinese literatures on

SARS patients showed that lung epithelial cells had
undergone apoptosis [Lang et al., 2003; Zhang et al.,
2003]. This implies that SARS-CoV could be a pro-
apoptotic agent. Therefore, we examined the apoptotic
effect of SARS-CoV in the in vitro cell line, Vero E6 cells,
which is the only CPE-induced cell line for SARS-CoV
available to date. The results show that SARS-CoV
induced apoptosis in Vero E6 cells is evident due to the
observed DNA fragmentation, existence of apoptotic
body and swollenmitochondria. Thismight explainwhy
SARS-CoV induces respiratory epithelial cell damage
similar to that observed in influenza infection through
apoptosis. The mechanism under which the apoptosis
occurs and its effect on theSARSpatients, could lead to a
greater future understanding of its pathology.

MATERIALS AND METHODS

Cells and Viruses

The Vero E6 cell line was obtained from the American
TypeCulture Collection (ATCC) (Rockville,MD). SARS-
CoV isolationwasundertaken fromablood specimenof a
fatal SARS case in Hubei province belonging to the
original case cluster fromBeijing, China as described by
Ksiazek et al. [2003]. The virus isolate was verified by
electron-microscopy (EM), indirect fluorescence anti-
body test and RT-PCR as described previously [Drosten
et al., 2003a; Ksiazek et al., 2003]. This virus isolatewas
named after WHU strain and its genomic sequence was
deposited in GenBank with Accession No. AY394850.
For viruspropagation, SARS-CoV-WHUwasgrown in

VeroE6 cells andwas harvested 3–5 days post-infection
(p.i.). Virus induced cytopathic effect (CPE) was ob-
served under reverse-phase light microscope. Virus
titres were determined by TCID50 test with Vero E6
cells (TCID50 was virus titres causing 50% of CPE on
Vero E6 cell monolayer). To infect cells, cell monolayer
was washed with phosphate-buffered saline (PBS) and
then was incubated with viruses in MEM–2.5% fetal
calf serum (FCS) at a multiplicity of infection (MOI) of
0.1 for 1–2 hr at 378C. The monolayer was washed and
incubated with MEM with 2.5% FCS at 378C in an
incubator with 5% CO2. Vero E6 cells were maintained

in MEM containing 10% FCS. Virus-infected cells were
grown in MEM containing 2.5% FCS.

Purification of Cellular Genomic
DNA and Electrophoresis

Cellular genomic DNAs were purified as described
previously (Zhang et al., 2002). Briefly the confluent
Vero E6 cells in T25 (25 cm2) flasks were infected with
SARS-CoV-WHU at an MOI of 0.1. At 0, 12, 24, 48 and
72 hr p.i., cells were washed twice with PBS without
Mg2þ or Ca2þ and then were incubated in a 0.5 ml
solution containing 10 mM Tris-HCl (pH 7.8), 1 mM
EDTA, 10 mM NaCl, 1% (w/v) SDS and 1 mg/ml
proteinase K at 608C for 2 hr. Cell lysates were
harvested into Eppendorf-tubes and extracted twice
with phenol:choloroform (1:1 v/v), followed by precipita-
tion with ethanol overnight at �208C. The precipitates
were washed with 70% ethanol. Pellets were air dried
and re-dissolved in100ml ofTris-EDTAand10ml of 1mg/
ml RNAse at 378C for 30 min. Electrophoresis was
performed on 2% agarose gels with DNA-size markers.

Hoechst 33258 Staining and Indirect
Fluorescence Staining of the Infected Cells

Confluent Vero E6 cells in 96-well plates were infect-
ed with SARS-CoV-WHU at an MOI of 0.1 as described
above. At 0, 12, 24, 48 and 72 hr p.i., cells were fixed
without disruption in 2% paraformaldehyde in PBS (pH
7.4) for 10min, permeabilisedwith 0.1%Triton X-100 in
PBS for 3 min, and washed with PBS containing 1%
bovine serumalbumin. Two-colour immunofluorescence
was used to detect cell infection and cell nuclei simul-
taneously with different excitation light. Cell infection
was localised with serum from a convalescent patient
(in dilution of 1:100) and followed by fluorescein
isothiocyanate (FITC)-conjugated goat anti-human
IgG (Southern Biotechnology, Inc., Birmingham, Ala.).
Nuclei were stained with Hoechst 33258 as described
previously [Zhang et al., 2002; Zhou et al., 2002]. A
NikonEclipseTE300microscope equippedwith a digital
camera was used for image capture and collection.
Images of FITC fluorescence were collected with a B
filter group. Images of Hoechest 33258 stained nuclei in
the same area as FITC images were collected with UV
filter group and CPE images were taken under phase
contrast light.

Propidium Iodide (PI) Staining
and DNA Content Assay

ForPI staining, confluentVeroE6 cells inT25 (25 cm2)
flasks were infected with SARS-CoV-WHU at anMOI of
0.1. At 0, 12, 24, 48 and 72 hr p.i., cells were trypsinised
and collected. The harvested cells were then centrifuged
at 250g for 10 min at 48C and were washed with PBS
between each step. The cells were fixed with 75%
ethanol at �208C overnight, then were centrifuged and
washed with PBS twice. For detecting DNA content,
cells were incubated with 500 ml of a 50 mg/ml con-
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centration of PI (Sigma-Aldrich, St. Louis, MO) and
0.1% of RNAse A for 30 min at 258C. The stained cells
were analysed by using FACscan (Becton Dickinson,
San Jose, CA). The percentage of apoptotic cells
was determined using the CellQuest program (Becton
Dickinson).

Electron Microscopy (EM)

Vero E6 cells grown in T25 (25 cm2) flasks were
infectedwithSARS-CoV-WHUatanMOIof 0.1.At 48hr
p.i., cells were scraped off and collected. The harvested
cells were fixed with 2.5% glutaraldehyde, rinsed, and
post-fixed in 1.5% osmium tetroxide. Then the cells were
dehydrated in a graded ethanol series and embedded in
spur resin.Ultra-thin sectionswere cut andstainedwith
lead citrate andwere then viewed under aHitachi H800
transmission electron microscope.

RESULTS

DNA Fragmentation of SARS-CoV
Infected Vero E6 Cells

A number of viruses had been shown to cause cell
death by induction of apoptosis, including the members
of the familyCoronaviridae [e.g., Shen andShenk, 1995;
Haagmans et al., 1996; Hardwick, 1997; Teodoro
and Branton, 1997; O’Brien, 1998; Sur et al., 1998;
Eleouet et al., 2000; Liu et al., 2001]. SARS-CoV, which
causes severe acute respiratory syndrome, may infect
human lung tissue causing diffuse alveolar damage,
abundant foamy macrophage, and multinucleated syn-
cytial cells in the infected lung tissues [Lang et al., 2003;
O’Donnell et al., 2003; Zhang et al., 2003; and Website:
http://www.afip.org/Departments/Pulmonary/SARS/
pathogen1b.html]. To test whether the cell damage and
death are due to induction of apoptosis, the presence of
fragmented chromosome DNA in SARS-CoV-infected
cells were examined. Vero E6 is the only cell line to
support the SARS-CoV replicationwith obvious CPE. In
this study, Vero E6 cells were mock infected or were
infected with SARS-CoV-WHU, and were subsequently
harvested at different time point p.i. Genomic DNAwas
purified as described in ‘‘Materials and Methods’’ and
was resolved in 2% agarose gels (Fig. 1). DNA fragmen-
tationwas seen inVeroE6 cells from24 hr p.i. Increased
amount of fragmented DNA was detected with longer
infection times, suggesting that SARS-CoV induced
apoptosis in Vero E6 cells. The fragments formed a
typical apoptotic ladder in the gel, withmost of the DNA
accumulated in the lower bands at 48 and 72 hr p.i. No
fragmentation phenomenon was detected in uninfected
cells (Fig. 1).

Virus Multiplication and Apoptosis

To confirm further that Vero E6 CPE and death were
due to induction of apoptosis in SARS-CoV-infected cells
and to quantify the apoptosis, indirect immunofluores-
cence staining andHoechst 33258 staining were carried
out for infection and nuclei morphologic observation

respectively. The characteristic CPE of SARS-CoV
infection in vitro for Vero E6 is cellular round-up and
shrinkingwithout production of syncytia (Fig. 2, column
A). Infection (Fig. 2, columnB) could be detected as early
as 12 hr after infection, but no apparent CPE and
apoptosis was observed (condensed nuclei) (Fig. 2,
column C). Most of the cells were infected as shown
with indirect immunofluorescence staining 24 hr after
infection but only a few cells (about 5%) developed CPE
and nuclei with condensed chromatin (Fig. 2, 3rd row).
More cells (about 16%) showed CPE and nuclei with
condensed chromatin 48 hr p.i. (Fig. 2, 4th row). Most of
the infected cells underwent CPE and shrinkge 72 hr
p.i., in which almost all cells with CPE contained nuclei
with condensed chromatin, or fragmentation into
apoptotic bodies (Fig. 2, 5th row). Detection of cells
developing nuclei with condensed chromatin, or frag-
mentation into apoptotic bodies increased with linger
infection times (Fig. 3). This result illustrates that
apoptotic cells can also be infected with the SARS-CoV.

Further Evidence of Apoptosis
Rather Than Necrosis

The ability of SARS-CoV to induce apoptosis in Vero
E6 was further confirmed by PI staining and analysed
using a flow cytometer. Apoptotic cells show a decreased
DNA content below the G0/G1 level. Sub-G1 is one of
the reliable biochemical markers of apoptosis and this

Fig. 1. DNA fragmentation (‘‘DNA ladder’’) observed in SARS-CoV
infected Vero E6 cells at different times post infection (p.i.). Increased
amount of fragmented DNAwas detected with the increase of infection
time. A: Uninfected cells; (B) 24 hr p.i.; (C) 48 hr p.i.; (D) 72 hr p.i.;
(E) DNA markers as indicated in bp (basepairs).
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Fig. 2. SARS CoV infected Vero E6 cells observed simultaneously
for CPE, infection and nuclei morphology at 0, 12, 24, 48, 72 hr p.i.
Column A: SARS CoV induced CPE in Vero E6 cells; column B:
Infected Vero cells were shown by indirect fluorescence (IF) antibody
staining using the sera from a convalescent patient; column C: SARS

CoV induced apoptosis in Vero E6 cells by observation of nuclei with
condensed chromatin. Many more cells showed nuclei with condensed
chromatin, or fragmentation into apoptotic bodies at 72 hr p.i. Inset
picture at 72 hr showed the nuclei with clear condensed chromatin at
higher magnification.
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technique also discriminates between apoptosis and
necrosis [Zhou et al., 2002]. Figure 4 illustrates changes
in DNA content distribution in SARS-CoV infected Vero
E6 cells at different time point p.i. The histograms of
DNA content frequency distribution clearly indicates
that the SARS-CoV infection results in the appearance
of cells with a fractional DNA content, which was
defined as ‘‘sub-G1’’ peak, 24 hr p.i. Furthermore, as
the infection progressed, the percentage of cells in sub-
G1 was increased accordingly. This is typical character-
istic of apoptosis rather than necrosis.

EM Ultra-Structural Evidence of SARS-CoV
Induced Apoptosis

EM experiments were carried out as described in the
‘‘Materials and Methods’’ section. In the Vero E6 cell
section, coronavirus particles could be seen, which
confirmed SARS-CoV-WHU cell infection (Fig. 5A).
Typical swollen mitochondria, with an irregular
widened space between the cristae could also be seen
easily in the infected cells (Fig. 5A). A puffed nuclear
membrane was also observed (Fig. 5A,B). SARS-CoV
infected cells show distinctive condensation and mar-
gination of chromatin in the nuclei (Fig. 5C), which is
another hallmark of apoptotic pathways, whilst unin-
fected cells appear healthy (Fig. 5D). All these ultra-
structural changes indicate that apoptosis occurs in the
infected cells.

DISCUSSION

In this study, apoptosis was observed in SARS-CoV
infectedVeroE6cells as confirmedbymorphological and
biochemical analyses. Taking into account the recent
reports on the apoptosis pattern of SARS-CoV infected
cells in vivo [Lang et al., 2003; Zhang et al., 2003], it is
clear that SARS-CoV is a pro-apoptotic agent. Apoptosis
was observed in patient’s lung epithelial cells [Lang

et al., 2003; Zhang et al., 2003] and other types of cells,
including monocytes. This might explain the severe
damage of the respiratory system in SARS patients as
reported for the influenza virus, which induces lung
epithelial cell apoptosis responsible for severe damage of
the respiratory system in influenza infection [Hinshaw
et al., 1994; Mori et al., 1995; Julkunen et al., 2001; Ito
et al., 2002; Brydon et al., 2003].

Virus-induced apoptosis is a common phenomenon in
viral infection, especially RNA virus infections, includ-
ing some coronaviruses (e.g., swine transmissible
gastroenteritis virus, avian infectious bronchitis virus
and feline infectious peritonitis virus) [Esolen et al.,
1995; Shen and Shenk, 1995; Haagmans et al., 1996;
Hardwick, 1997; O’Brien, 1998; Everett andMcFadden,
1999; Hofmann et al., 1999; Kang et al., 1999; Eleouet
et al., 2000;Koyamaetal., 2000;Liuet al., 2001;Schultz-
Cherry et al., 2001; Cuconati and White, 2002; Clarke
and Tyler, 2003; Koyama et al., 2003; Markotic et al.,
2003; Maruoka et al., 2003; Schlitt et al., 2003; Shafee
and AbuBakar, 2003]. As observed in our study, SARS-
CoV replicates while cells undergoing apoptosis. This is
consistent with some other previous observations, e.g.,
some animal viruses can produce considerable amounts
of progeny virus in ongoing apoptotic cells [O’Brien,
1998; Koyama et al., 2000]. SARS-CoV was also ob-
served in macrophages or T cells and infection of these
cells were suspected [Lang et al., 2003; O’Donnell et al.,
2003; Zhang et al., 2003]. The apoptotic cells are
subjected to phagocytosis by macrophages, therefore it
is possible for the SARS virus seen inmacrophages to be
the consequence of phagocytosis of theapoptotic infected
cells by macrophages. This needs to be addressed
further in the future.

Apoptosis is a ‘‘double-edged’’ sword for virus infec-
tion: it is used by the host to remove infected cells by
committing suicide, thereof clearing the virus, and for
the virus to assist itself dissemination by the release of
viral particles, thereof facilitating its survival in vivo
[Shen and Shenk, 1995; Krakauer and Payne, 1997;
O’Brien, 1998; Everett and McFadden, 1999; Koyama
et al., 2000; Aubert and Blaho, 2003]. Therefore,
apoptosis can have two opposite roles on the pathogeni-
city of viral infection, enhancing or suppressing the
infection. In the case of SARS, as observed in human
patients [Lang et al., 2003; Zhang et al., 2003], the
apoptosis occurs massively, thus SARS-CoV induced
apoptosis would certainly have a deleterious pathogenic
role in the patients, leading to severe tissue damage.
This might be one of the explanations of the serious
nature of SARS infection as observed in clinics. In most
cases of animal virus-induced apoptosis, enhancing
infection and detrimental effects are common [Shen
and Shenk, 1995; Hardwick, 1997; O’Brien, 1998; Ever-
ett and McFadden, 1999; Koyama et al., 2000]. Though
killing off the infected cellsmight beamechanism for the
body to limit the spread of thevirus, it is still detrimental
if the lung cells are destroyed.

Future studies ned to be designed to elucidate the
mechanism of SARS-CoV induced apoptosis, e.g., the

Fig. 3. Percentage of SARSCoV induced apoptosis inVeroE6 cells by
observation of nuclei with condensed chromosome at different time
points p.i. Data are summaries of the results from analysing the cells at
time the points indicated. Samples were triplicates. Error bars are
standard errors of means.
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Fig. 4. DNA content analysis onFACScan.A: 0 hr; (B) 12 hr; (C) 24 hr; (D) 48 hr; (E) 72 hr of p.i.M1, sub-
G1 phase cells (apoptosis);M2,G1 phase cells;M3, S phase cells;M4,G2/Mphase cells. Sub-G1peakappears
evidently from 48 hr p.i.
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pro-apoptotic components of the virus genes and
the apoptosis pathway. It has been shown that in other
coronaviruses, e.g., avian infectious bronchitis virus
[Liu et al., 2001] and swine transmissible gastroenter-
itis virus [Eleouet et al., 2000], that apoptosis is induced
by a caspase-dependent mechanism. Similar mechan-

ism could exist for SARS-CoV-induced apoptosis and
should be considered for future work. It is also essential
to understand the relationships between apoptosis in
vivo and the severe outcome of SARS-CoV infection in
the human population in order for the rational design of
clinical medical treatment strategy.

Fig. 5. Electronmicroscopy (EM) ofSARSCoV infectedVeroE6cells.
A: SARS-CoV-WHU infected Vero E6 cells showed swollen mitochon-
dria (vertical arrow) and nuclear membrane puff (horizontal arrow).
Black arrowhead indicates virus particles (approximately 90–110 nm
in size). Bar, 500 nm. B: Evident nuclear membrane puff was observed

in SARS CoV infected Vero E6 cell. Bar, 500 nm. C: Margination and
condensation of chromatin can be seen in SARS CoV infected Vero E6
cell nuclei. Bar, 1,000 nm.D: Normal nuclei was observed in uninfected
Vero E6 cells. Bar, 1,000 nm.

SARS-CoV Induced Apoptosis 329



ACKNOWLEDGMENTS

GFG is a guest professor atWuhanUniversity and the
stay in China was supported by The National Natural
Sciences Foundation of China (NSFC) (Grant No.
30228025). We are thankful to Catherine Zhang for
critical reading of the article.

REFERENCES

AlemanN, QuirogaMI, Lopez-PenaM, Vazquez S, Guerrero FH, Nieto
JM. 2001. Induction and inhibition of apoptosis by pseudorabies
virus in the trigeminal ganglion during acute infection of swine.
J Virol 75:469–479.

Aubert M, Blaho JA. 2003. Viral oncoapoptosis of human tumor cells.
Gene Ther 10:1437–1445.

Brydon EW, Smith H, Sweet C. 2003. Influenza A virus-induced
apoptosis in bronchiolar epithelial (NCI-H292) cells limits pro-
inflammatory cytokine release. J Gen Virol 84:2389–2400.

Clarke P, Tyler KL. 2003. Reovirus-induced apoptosis: A minireview.
Apoptosis 8:141–150.

Cuconati A, White E. 2002. Viral homologs of BCL-2: Role of apoptosis
in the regulation of virus infection. Genes Dev 16:2465–2478.

DrostenC,Gunther S, PreiserW, van derWerf S, BrodtHRS,Becker S,
Rabenau H, Panning M, Kolesnikova L, Fouchier RA, Berger A,
Burguiere AM, Cinatl J, Eickmann M, Escriou N, Grywna K,
Kramme S, Manuguerra JC, Muller S, Rickerts V, Sturmer M,
Vieth S, Klenk HD, Osterhaus AD, Schmitz H, Doerr HW. 2003a.
Identification of a novel coronavirus in patients with severe acute
respiratory syndrome. N Engl J Med 348:1967–1976.

DrostenC, PreiserW,Gunther S, SchmitzH,DoerrHW. 2003b. Severe
acute respiratory syndrome: Identification of the etiological agent.
Trends Mol Med 9:325–327.

Eleouet JF, Slee EA, Saurini F, Castagne N, Poncet D, Garrido C,
Solary E, Martin SJ. 2000. The viral nucleocapsid protein of
transmissible gastroenteritis coronavirus (TGEV) is cleaved by
caspase-6 and -7 during TGEV-induced apoptosis. J Viol 74:3975–
3983.

Esolen LM, Park SW, Hardwick JM, Griffin DE. 1995. Apoptosis
as a cause of death in measles virus-infected cells. J Virol 69:
3955–3958.

Everett H, McFadden G. 1999. Apoptosis: An innate immune response
to virus infection. Trends Microbiol 7:160–165.

Fouchier RA, Kuiken T, Schutten M, van Amerongen G, van Doornum
GJ, van denHoogen BG, PeirisM, LimW, Stohrs K, Osterhaus AD.
2003. Aetiology: Koch’s postulates fulfilled for SARS virus. Nature
423:240.

GuanY, ZhengBJ,HeYQ, Liu XL, Zhuang ZX, CheungCL, Luo SW, Li
PH, Zhang LJ, Guan YJ, Butt KM, Wong KL, Chan KW, Lim W,
Shortridge KF, Yuen KY, Peiris JS, Poon LL. 2003. Isolation and
characterization of viruses related to the SARS coronavirus from
animals in Southern China. Science 302:276–278.

Haagmans BL, Egberink HF, Horzinek MC. 1996. Apoptosis and
T-cell depletion during feline infectious peritonitis. J Virol 70:
8977–8983.

Hardwick JM. 1997. Virus-induced apoptosis. Adv Pharmacol 41:295–
336.

HinshawVS,OlsenCW,Dybdahl-SissokoN,EvansD. 1994. Apoptosis:
A mechanism of cell killing by influenza A and B viruses. J Virol
68:3667–3673.

Hofmann J, Pletz MW, Liebert UG. 1999. Rubella virus-induced
cytopathic effect in vitro is caused by apoptosis. J Gen Virol 80(Pt
7):1657–1664.

Ito T, Kobayashi Y, Morita T, Horimoto T, Kawaoka Y. 2002. Virulent
influenza A viruses induce apoptosis in chickens. Virus Res 84:27–
35.

Julkunen I, Sareneva T, Pirhonen J, Ronni T, Melen K, Matikainen S.
2001. Molecular pathogenesis of influenza A virus infection and
virus-induced regulation of cytokine gene expression. Cytokine
Growth Factor Rev 12:171–180.

Kang JI, Park SH, Lee PW, Ahn BY. 1999. Apoptosis is induced by
hantaviruses in cultured cells. Virology 264:99–105.

Kerr JF, Wyllie AH, Currie AR. 1972. Apoptosis: A basic biological
phenomenonwithwide-ranging implications in tissue kinetics. Br J
Cancer 26:239–257.

Koyama AH, Fukumori T, Fujita M, Irie H, Adachi A. 2000.
Physiological significance of apoptosis in animal virus infection.
Microbes Infect 2:1111–1117.

Koyama AH, Irie H, Kato A, Nagai Y, Adachi A. 2003. Virus
multiplication and induction of apoptosis by Sendai virus: Role of
the C proteins. Microbes Infect 5:373–378.

Krakauer DC, Payne RJ. 1997. The evolution of virus-induced
apoptosis. Proc R Soc Lond B Biol Sci 264:1757–1762.

Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S,
TongS,UrbaniC,Comer JA,LimW,RollinPE,Dowell SF,LingAE,
Humphrsey CD, Shieh WJ, Guarner J, Paddock CD, Rota P, Fields
B, DeRisi J, Yang JY, Cox N, Hughes JM, LeDuc JW, Bellini WJ,
Anderson LJ. 2003. A novel coronavirus associated with severe
acute respiratory syndrome. N Engl J Med 348:1953–1966.

Lang Z, Zhang L, Zhang S, Meng X, Li J, Song C, Sun L, Zhou Y. 2003.
Pathological study on severe acute respiratory syndrome.ChinMed
J (Engl) 116:976–980.

Liu C, XuHY, Liu DX. 2001. Induction of caspase-dependent apoptosis
in cultured cells by the avian coronavirus infectious bronchitis
virus. J Virol 75:6402–6409.

Lowy RJ. 2003. Influenza virus induction of apoptosis by intrinsic and
extrinsic mechanisms. Int Rev Immunol 22:425–449.

Markotic A, Hensley L, Geisbert T, Spik K, Schmaljohn C. 2003.
Hantaviruses induce cytopathic effects and apoptosis in continuous
human embryonic kidney cells. J Gen Virol 84:2197–2202.

MarraMA, Jones SJ, Astell CR, Holt RA, Brooks-Wilson A, Butterfield
YS,Khattra J,AsanoJK,Barber SA,ChanSY,CloutierA,Coughlin
SM,FreemanD,GirnN,GriffithOL, Leach SR,MayoM,McDonald
H, Montgomery SB, Pandoh PK, Petrescu AS, Robertson AG,
Schein JE, Siddiqui A, SmailusDE, Stott JM,YangGS, PlummerF,
Andonov A, ArtsobH, Bastien N, Bernard K, Booth TF, Bowness D,
CzubM,DrebotM, Fernando L, Flick R, GarbuttM, GrayM,Grolla
A, Jones S, Feldmann H, Meyers A, Kabani A, Li Y, Normand S,
Stroher U, Tipples GA, Tyler S, Vogrig R, Ward D, Watson B,
Brunham RC, Krajden M, Petric M, Skowronski DM, Upton C,
Roper RL. 2003. The Genome sequence of the SARS-associated
coronavirus. Science 300:1399–1404.

Maruoka S, Hashimoto S, Gon Y, Nishitoh H, Takeshita I, Asai Y,
Mizumura K, Shimizu K, Ichijo H, Horie T. 2003. ASK1 regulates
influenza virus infection-induced apoptotic cell death. Biochem
Biophys Res Commun 307:870–876.

Mori I, Komatsu T, Takeuchi K, Nakakuki K, SudoM,KimuraY. 1995.
In vivo induction of apoptosis by influenza virus. J Gen Virol 76(Pt
11):2869–2873.

O’Brien V. 1998. Viruses and apoptosis. J Gen Virol 79(Pt 8):1833–
1845.

O’Donnell R, Tasker RC, Roe MF. 2003. SARS: Understanding the
coronavirus: Apoptosis may explain lymphopenia of SARS. Bmj
327:620.

PeterME,Heufelder AE,HengartnerMO. 1997. Advances in apoptosis
research. Proc Natl Acad Sci USA 94:12736–12737.

Pilder S, Logan J, Shenk T. 1984. Deletion of the gene encoding the
adenovirus 5 early region 1b 21,000-molecular-weight polypeptide
leads to degradation of viral and host cell DNA. J Virol 52:664–671.

Rota PA, ObersteMS,Monroe SS, NixWA, Campagnoli R, Icenogle JP,
Penaranda S, Bankamp B, Maher K, Chen MH, Tong S, Tamin A,
Lowe L, Frace M, DeRisi JL, Chen Q, Wang D, Erdman DD, Peret
TC, BurnsC, KsiazekTG,Rollin PE, SanchezA, Liffick S,Holloway
B, Limor J, McCaustland K, Olsen-Rasmussen M, Fouchier R,
Gunther S, Osterhaus AD, Drosten C, PallanschMA, Anderson LJ,
Bellini WJ. 2003. Characterization of a novel coronavirus asso-
ciated with severe acute respiratory syndrome. Science 300:1394–
1399.

Schlitt BP, Felrice M, Jelachich ML, Lipton HL. 2003. Apoptotic cells,
including macrophages, are prominent in Theiler’s virus-induced
inflammatory, demyelinating lesions. J Virol 77:4383–4388.

Schultz-Cherry S, Dybdahl-Sissoko N, Neumann G, Kawaoka Y,
Hinshaw VS. 2001. Influenza virus ns1 protein induces apoptosis
in cultured cells. J Virol 75:7875–7881.

Shafee N, AbuBakar S. 2003. Dengue virus type 2 NS3 protease and
NS2B-NS3 protease precursor induce apoptosis. J Gen Virol 84:
2191–2195.

Shen Y, Shenk TE. 1995. Viruses and apoptosis. Curr Opin Genet Dev
5:105–111.

Sur JH, Doster AR, Osorio FA. 1998. Apoptosis induced in vivo during
acute infection by porcine reproductive and respiratory syndrome
virus. Vet Pathol 35:506–514.

330 Yan et al.



Takizawa T, Matsukawa S, Higuchi Y, Nakamura S, Nakanishi Y,
Fukuda R. 1993. Induction of programmed cell death (apoptosis) by
influenza virus infection in tissue culture cells. J Gen Virol 74(Pt
11):2347–2355.

Teodoro JG, Branton PE. 1997. Regulation of apoptosis by viral gene
products. J Virol 71:1739–1746.

Vuorinen T, Peri P, Vainionpaa R. 2003. Measles virus induces
apoptosis in uninfected bystander T cells and leads to granzyme B
and caspase activation in peripheral blood mononuclear cell
cultures. Eur J Clin Invest 33:434–442.

White E. 1996. Life, death, and the pursuit of apoptosis. Genes Dev
10:1–15.

Wyllie A. 1998. Apoptosis. An endonuclease at last. Nature 391:20–21.

Zhang X, Zhang H, Zheng C, Li C, Xiong W. 2002. Extremely low
frequency (ELF) pulsed-gradient magnetic fields inhibit malignant

tumour growth at different biological levels. Cell Biol Int 26:
599–603.

ZhangQL, Ding YQ,He L,WangW, Zhang JH,WangHJ, Cai JJ, Geng
J, Lu YD, Luo YL. 2003. Detection of cell apoptosis in the
pathological tissues of patients with SARS and its significance. Di
Yi Jun Yi Da Xue Xue Bao 23:770–773 (in Chinese with English
abstract).

Zhao Z, Zhang F, Xu M, Huang K, Zhong W, Cai W, Yin Z, Huang S,
Deng Z,WeiM,Xiong J,Hawkey PM. 2003. Description and clinical
treatment of an early outbreak of severe acute respiratory
syndrome (SARS) in Guangzhou, PR China. J Med Microbiol 52:
715–720.

Zhou H, Zheng C, Zou G, Tao D, Gong J. 2002. G(1)-phase specific
apoptosis in liver carcinoma cell line induced by copper-1,10-
phenanthrsoline. Int J Biochem Cell Biol 34:678–684.

SARS-CoV Induced Apoptosis 331


