
JOURNAL OF VIROLOGY,
0022-538X/97/$04.0010

July 1997, p. 5658–5662 Vol. 71, No. 7

Copyright © 1997, American Society for Microbiology

Rhabdovirus-Induced Apoptosis in a Fish Cell Line
Is Inhibited by a Human Endogenous Acid

Cysteine Proteinase Inhibitor
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To determine the mechanisms of cell death in rhabdovirus-infected cells, we studied the infection of the
epithelial papilloma of carp cell line with spring viremia of carp virus. Studies using electron microscopy,
confocal microscopy, and agarose gel electrophoresis revealed changes in cell morphology and DNA fragmen-
tation indicative of apoptosis. The virus-induced apoptosis was inhibited in cells treated with a human
endogenous acid cysteine proteinase inhibitor.

Recent studies have shown that apoptosis may play on
important role in many viral infections (9–11, 15, 19, 20, 23,
25, 28, 29). Cell death due to rhabdovirus infection has been
considered to result from necrosis following cell membrane
damage caused by the budding virions (31). Two recent
reports have, however, shown evidence for apoptotic cell
death in vesicular stomatitis virus-infected HeLa cells and in
rabies virus-infected mouse thymocytes (16, 18). The fish-
pathogenic rhabdovirus spring viremia of carp virus (SVCV)
is the causative agent of lethal hemorrhagic swim bladder
inflammation and peritonitis in carp and many other fish
species (31). In this report, we present evidence that apo-
ptosis is involved in the cell death caused by SVCV in the
epithelial papilloma of carp (EPC) cell line. The endoge-
nous acid cysteine proteinase inhibitor (ACPI; also termed
cystatin A), isolated from human palatine tonsils, inhibited
SVCV-induced apoptosis in EPC cells without reducing the
growth of the virus.

EPC cells were grown as monolayers in 24-well tissue
culture plates at 20°C in Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum, 2 mM L-glu-
tamine, 100 IU of penicillin per ml, and 100 mg of strepto-
mycin per ml. The cells were infected with SVCV (ATCC
VR-1390) at a multiplicity of infection of 0.1. At various
times after infection, infected and uninfected cells were
fixed in 3% glutaraldehyde and then treated with 1% os-
mium tetroxide in 0.15 M sodium cacodylate. Ultrathin sec-
tions were stained with uranyl acetate and lead citrate and
then examined with a JEOL JEM-100SX transmission elec-
tron microscope. For studies on the morphology of cell
nuclei, EPC cells were grown on glass coverslips. Infected
and uninfected cells were fixed in 70% ethanol, treated with
RNase, and stained with propidium iodide (50 mg/ml). The
stained DNA was viewed under a Leica TCS confocal scan-
ning microscope.

A virus-induced cytopathic effect (CPE) was first apparent
36 h after infection as focal areas which subsequently en-

larged throughout the entire monolayer. The focal areas of
SVCV-infected cells, exhibiting typical CPE, showed ultra-
structural changes consistent with apoptosis (Fig. 1). The
earliest ultrastructural changes in virus-infected cell cul-
tures involved a reduction of cell volume, protrusions of the
cell surface (blebbing), and breakdown of cells into mem-
brane-bound bodies (Fig. 1B). This stage was rapidly fol-
lowed by a further condensation of the cells with a vacuol-
ization of the cytoplasm and concentration of the chro-
matin into one or several dense bodies (Fig. 1C). These
condensed cells were frequently phagocytized by apparently
normal EPC cells (Fig. 1D). The mitochondria in the con-
densed cells appeared to be of normal size. When stained
with propidium iodide, the SVCV-infected EPC cells
showed prominent condensation and fragmentation of the
cell nuclei (Fig. 2), confirming the ultrastructural observa-
tions.

The viability of the virus-infected cells was assessed by the
trypan blue exclusion assay, and the virus titers were deter-
mined by plaque assay. At 75 h after infection, when the
virus titer had reached a maximum (6.6 3 107 PFU/ml) in
SVCV-infected cells and more than 70% of the cells ap-
peared apoptotic, 72.0% 6 6.6% (mean 6 standard devia-
tion of 12 independent counts on 100 cells each) of SVCV-
infected EPC cells still excluded trypan blue, suggesting that
a large majority of the shrunken cells maintained their mem-
brane integrity.

For studying DNA fragmentation, 105 cells were lysed at
intervals, ranging from 1 to 96 h after infection, in 100 ml of
ice-cold lysis buffer (10 mM Tris-HCl, 0.5% Triton X-100;
pH 8.0) for 30 min on ice. After centrifugation of the lysates
for 15 min at 13,000 3 g and 4°C, the supernatants were
extracted with phenol-chloroform-isoamyl alcohol (25:24:1)
and the DNA was ethanol precipitated in the presence of
300 mM sodium acetate at 270°C. The DNA was resus-
pended in 10 ml of TE buffer (10 mM Tris, 1 mM EDTA; pH
8.0) and treated with RNase A (1.0 mg/ml) for 1 h at 37°C.
Aliquots of 3 ml were electrophoresed in 2% agarose gels in
TAE buffer (400 mM Tris, 200 mM sodium acetate, 20 mM
EDTA; pH 8.0) at 4°C and stained with ethidium bromide.
HindIII-cut lambda DNA and a 50- to 1,000-bp DNA ladder
were used as size markers.

DNA from infected EPC cell cultures showed a 200-bp
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FIG. 1. Ultrastructure of mock-infected control EPC cells (A) and of SVCV-infected EPC cells that were fixed and embedded for electron microscopy at 36 h (B),
48 h (C), and 72 h (D) after infection. The infected cells show blebbing, cell shrinkage, vacuolization of the cytoplasm, condensation and breakdown of the nuclei, and,
later, phagocytosis. These changes are characteristic of apoptosis. Magnification, 33,000.

FIG. 2. Morphology of cell nuclei in mock-infected EPC cells (A) and in EPC cells infected with SVCV (B). The cells were fixed in ethanol and stained with
propidium iodide 72 h after virus infection. Virus-infected cells show breakdown and condensation of nuclei. Bars, 10 mm.
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ladder pattern indicative of oligonucleosomal DNA frag-
mentation. The DNA fragmentation became evident simul-
taneously with the rise in the virus titer (at 24 h after
infection), indicating that active SVCV replication and pro-
duction of progeny virus is necessary to induce apoptosis in
EPC cells (Fig. 3).

Taken together, the results indicate that EPC cells in-
fected with SVCV undergo apoptosis. Infection with two
other fish-pathogenic rhabdoviruses, infectious hematopoi-
etic necrosis virus and viral hemorrhagic septicemia virus,
induced similar morphological changes in EPC cells, includ-
ing fragmentation of DNA into a ladder pattern (results not
shown), suggesting that apoptosis may be a general cell
killing mechanism of rhabdoviruses.

To further characterize SVCV-induced apoptosis in EPC
cells, we examined the effect of zinc, which is known to
inhibit apoptosis-related DNA fragmentation in some cell
systems (6, 28). ZnSO4 and ZnCl2, added to the cell culture
medium at concentrations ranging from 100 to 500 mM 0, 5,
24, and 48 h after infection with the virus, did not inhibit

CPE or DNA fragmentation in SVCV-infected EPC cells
(results not shown).

Proteolysis, through activation of interleukin-1b-convert-
ing enzyme-like cysteine proteinases, has been inferred to
be involved in the process of apoptosis, and proteinase in-
hibitors have been shown to prevent or delay apoptosis in
some cell systems (3, 5, 8, 17, 24, 25, 30). We therefore
tested the effect of some proteinase inhibitors on SVCV-
induced apoptosis in EPC cells. The cysteine proteinase
inhibitors E-64 and the synthetic peptides Z-Phe-Phe-CHN2
and Z-Phe-Ala-CHN2 (20 mM each) did not inhibit the
virus-induced DNA fragmentation (Fig. 4A, lanes 6 to 8) or
the morphological changes (data not shown) in the SVCV-
infected EPC cells. Likewise, the serine proteinase inhibitor
dichloroisocoumarin (100 mM) (Fig. 4A, lane 9) failed to
inhibit the DNA fragmentation and morphological changes.
Treatment of EPC cells with the human endogenous ACPI
at the time of SVCV infection, however, inhibited the DNA
fragmentation (Fig. 4A, lanes 3 to 5) as well as the virus-
induced changes in the morphology of the cell nuclei (Fig.
4C). No cytopathic effect appeared in ACPI-treated (40 nM)
SVCV-infected cells up to 96 h after virus infection, while
the monolayers of the untreated cells were completely de-
stroyed by the virus infection at this time point (data not
shown). At 72 and 96 h after infection, the virus titers
produced by the ACPI-treated and untreated SVCV-in-
fected cells were not significantly different (at 72 h, 5.7 3
106 6 1.1 3 106 and 6.5 3 106 6 2.1 3 106 PFU/ml,
respectively [n 5 4]; at 96 h, 2.4 3 107 6 1.4 3 107 and 2.2 3
107 6 1.4 107 PFU/ml, respectively [n 5 4]), indicating
that the ACPI did not inhibit virus replication in the cells
at these time points (Fig. 5). Treatment of SVCV-infected
cells with cycloheximide (1 mg/ml) also completely inhibited
the DNA fragmentation (Fig. 4A, lane 10), but cyclo-
heximide also inhibited virus replication in EPC cells (re-
sults not shown). The ACPI used in these studies was puri-
fied from human palatine tonsils by papain affinity
chromatography and chromatofocusing (2, 13). Two sepa-
rately purified batches of ACPI were used, and they gave
identical results. Controls with purification buffer lacking
ACPI had no inhibitory effect on apoptosis (results not
shown).

ACPI is a 98-amino-acid, 11-kDa protein that belongs to
the cystatin family of endogenous cysteine proteinase inhib-
itors (1, 4, 21). In contrast to E-64 and the synthetic peptides
Z-Phe-Phe-CHN2 and Z-Phe-Ala-CHN2, ACPI does not
form covalent bonds with cysteine proteinases but instead
covers the active-site cleft of the enzyme, blocking access to
the active site (4). ACPI is known to inhibit mammalian
cysteine proteinases such as cathepsins B, H, L, and S but
not serine proteinases such as trypsin and chymotrypsin
(2). In humans, ACPI is present in squamous epithelial
cells, in antigen-presenting dendritic reticulum cells of lym-
phoid tissues (22, 26), in neutrophils (7), and in reserve cells
of the prostate gland (27). Although ACPI is the oldest
known endogenous inhibitor of cysteine proteinases in
mammals (14) and is one of the major soluble proteins of
squamous epithelial cells, the physiological functions of
ACPI still remain largely unknown (4, 21). The expression
of ACPI has, however, been shown to be elevated in epi-
dermal squamous cells of persons with proliferative disor-
ders such as psoriasis (12). Alterations in the balance be-
tween endogenous cysteine proteinase inhibitors and
cysteine proteinases have also been postulated to contribute
to malignant progression (4). Recently, ACPI-like papain-
inhibiting cysteine proteinase inhibitors were identified in

FIG. 3. Virus growth (A) and time course of DNA fragmentation (B) in
EPC cells infected with SVCV. For determination of virus growth, EPC cells
were grown in 24-well plates (105 cells per well) and infected with SVCV at
a multiplicity of infection of 0.1. At time points ranging from 5 to 96 h after
infection, cell culture supernatants were removed for virus titer determina-
tion. The virus titers were assessed by plaque assay and presented as PFU per
milliliter (A). After the removal of the culture medium for virus titer deter-
mination, the cells from the respective wells were lysed for DNA fragmen-
tation analysis (B) as described in the text. Lanes: M1, lambda-HindIII size
markers; U, DNA from uninfected EPC cells; M2, 50- to 1,000-bp size
markers. Lanes marked 5 to 66 contain DNA from SVCV-infected EPC cells
extracted 5 to 66 h after virus infection. The virus titer starts to increase at
24 h after infection. At the same time, the cells begin showing a characteristic
DNA fragmentation pattern of apoptosis, which becomes more intense as the
virus titer increases.
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epithelial cells of Atlantic salmon (20a), suggesting that
ACPI-like cysteine proteinase inhibitors may be an evolu-
tionarily conserved feature common to vertebrate epithelial
cells.

Our results indicate that ACPI blocks or delays SVCV-
induced DNA fragmentation and apoptosis-related morpho-
logical changes in EPC cells. The present work is the first
report on a potential physiological function of the human
endogenous ACPI as an inhibitor of apoptosis. The specific
mechanisms by which ACPI interferes with SVCV-induced
apoptosis in EPC cells are not known, but it is tempting to
speculate that ACPI may inhibit interleukin-1b-converting
enzyme-like cysteine proteinases. The endogenous cysteine
proteinase inhibitors represent the final posttranslational
level at which cysteine proteinase activity can be regulated
in the cell and may, therefore, have important functions in
cellular homeostasis and apoptosis.

FIG. 4. The effect of proteinase inhibitors on SVCV-induced apoptosis in
EPC cells. (A) DNA fragmentation assay at 72 h after virus infection. Lanes:
M1, lambda-HindIII DNA size markers; 1, SVCV-infected cells; 2, uninfected
cells; lanes 3 to 5, SVCV-infected cells treated with ACPI at 5, 20, and 40 nM,
respectively, at the time of virus infection; 6, SVCV-infected cells treated
with 20 mM E-64; 7, SVCV-infected cells treated with 20 mM Z-Phe-Phe-
CHN2; 8, SVCV-infected cells treated with 20 mM Z-Phe-Ala-CHN2; 9,
SVCV-infected cells treated with 100 mM dichloroisocoumarin; 10, SVCV-
infected cells treated with 1 mg of cycloheximide per ml; M2, 50- to 1,000-bp
size markers. (B) Confocal microscopy image of propidium iodide-stained
nuclei of SVCV-infected EPC cells 72 h after infection. (C) Confocal image
of SVCV-infected EPC cells, treated with 40 nM ACPI at the time of infec-
tion, 72 h after infection. (D) Mock-infected control EPC cells. ACPI inhibits
DNA fragmentation as well as condensation and breakdown of nuclei in
SVCV-infected cells. Bar, 10 mm.

FIG. 5. Growth of SVCV in untreated and ACPI-treated EPC cells. In the
ACPI treatments, 40 nM ACPI was added to the cell cultures at the time of virus
infection. ACPI delayed the growth of SVCV at 48 h after infection. No inhibi-
tion of virus growth was observed at 72 and 96 h after infection. Data are
means 6 standard deviations (n 5 4).

VOL. 71, 1997 NOTES 5661



This research was supported by grant 9115 from the Academy of
Finland.

We thank H. Kirschke, Department of Dermatology, University of
Turku, Finland, for providing the synthetic cysteine proteinase inhib-
itors Z-Phe-Phe-CHN2 and Z-Phe-Ala-CHN2. The inhibitors were
synthesized by E. Shaw, Basel, Switzerland. We acknowledge G. Hen-
riksson and E. Nummelin for technical assistance with electron mi-
croscopy and T. Holmström and T. Bymark for technical assistance
with confocal microscopy.

REFERENCES

1. Barrett, A. J. 1987. The cystatins: a new class of peptidase inhibitors. Trends
Biochem. Sci. 12:193–196.

2. Brömme, D., R. Rinne, and H. Kirschke. 1991. Tight-binding inhibition of
cathepsin S by cystatins. Biomed. Biochim. Acta 150:631–635.

3. Bump, N. J., M. Hackett, M. Hugunin, S. Seshagiri, K. Brady, P. Chen,
C. Ferenz, S. Franklin, T. Ghayr, P. Li, P. Licari, J. Mankovich, L. Shi,
A. H. Greenberg, L. K. Miller, and W. W. Wong. 1995. Inhibition of ICE
family proteases by baculovirus antiapoptotic protein p35. Science 269:
1885–1888.

4. Calkins, C. C., and B. F. Sloane. 1995. Mammalian cysteine protease inhib-
itors: biochemical properties and possible roles in tumor progression. Biol.
Chem. Hoppe-Seyler 376:71–80.

5. Chow, S. C., M. Weis, G. E. N. Kass, T. H. Holmström, J. E. Eriksson, and
S. Orrenius. 1995. Involvement of multiple proteases during Fas-mediated
apoptosis in T lymphocytes. FEBS Lett. 364:134–138.

6. Cohen, J. J., and R. C. Duke. 1984. Glucocorticoid activation of calcium-
dependent endonuclease in thymocyte nuclei leads to cell death. J. Immunol.
132:38–42.

7. Davies, M. E., and A. J. Barrett. 1984. Immunolocalization of human cyst-
atins in neutrophils and lymphocytes. Histochemistry 80:373–377.

8. Enari, M., R. V. Talanian, W. W. Wong, and S. Nagata. 1996. Sequential
activation of ICE-like and CPP32-like proteases during Fas-mediated apo-
ptosis. Nature 380:723–726.

9. Esolen, L. M., S. W. Park, J. M. Hardwick, and D. E. Griffin. 1995.
Apoptosis as a cause of death in measles virus-infected cells. J. Virol.
69:3955–3958.

10. Gougeon, M., and L. Montagnier. 1993. Apoptosis in AIDS. Science 260:1269–
1270.

11. Hinshaw, V. S., C. W. Olsen, N. Dybdahl-Sissoko, and D. Evans. 1994.
Apoptosis: a mechanism of cell killing by influenza A and B viruses. J. Virol.
68:3667–3673.

12. Hopsu-Havu, V. K., T. A. Joronen, M. Järvinen, and A. Rinne. 1983. Cysteine
proteinase inhibitors in psoriatic epidermis. Arch. Dermatol. Res. 2:305–309.

13. Järvinen, M. 1976. Purification and properties of two protease inhibitors
from the skin inhibiting papain and other SH-proteases. Acta Chem. Scand.
Ser. B 30:933–940.

14. Järvinen, M., and V. K. Hopsu-Havu. 1975. a-N-Benzoylarginine-2-naphth-
ylamide hydrolase (cathepsin B1) from rat skin. II. Purification of the en-
zyme and demonstration of two inhibitors in the skin. Acta Chem. Scand.
Ser. B 29:772–780.

15. Jeurissen, S. H. M., F. Wagenaar, J. M. A. Pol, A. J. van der Eb, and
M. H. M. Noteborn. 1992. Chicken anemia virus causes apoptosis of

thymocytes after in vivo infection and of cell lines after in vitro infection.
J. Virol. 66:7383–7388.

16. Koyama, A. H. 1995. Induction of apoptotic DNA fragmentation by the
infection of vesicular stomatitis virus. Virus Res. 37:285–290.

17. Lazebnik, Y. A., S. H. Kaufmann, S. Desnoyers, G. G. Poirier, and W. C.
Earnshaw. 1994. Cleavage of poly(ADB-ribose) polymerase by proteinase
with properties like ICE. Nature 371:346–347.

18. Marcovistz, R., A. L. Bertho, and D. C. S. Matos. 1994. Relationship between
apoptosis and thymocyte depletion in rabies-infected mice. Braz. J. Med.
Biol. Res. 27:1599–1603.

19. Ohno, K., Y. Okamoto, T. Miyazawa, T. Mikami, T. Watari, R. Goitsuka, H.
Tsujimoto, and A. Hasegawa. 1994. Induction of apoptosis in a T lympho-
blastoid cell line infected with feline immunodeficiency virus. Arch. Virol.
135:153–158.

20. Pekosz, A., J. Phillips, D. Pleasure, D. Merry, and F. Gonzalez-Scarano.
1996. Induction of apoptosis by La Crosse virus infection and role of neu-
ronal differentiation and human bcl-2 expression in its prevention. J. Virol.
70:5329–5335.

20a.Rinne, A. Unpublished data.
21. Rinne, A. 1995. Cystatin A. In A. Haeberli (ed.), Human protein data, 3rd

installment. VCH Verlagen GmbH, Weinheim, Germany.
22. Rinne, A., M. Alavaikko, M. Järvinen, J. Martikainen, T. Karttunen, and

V. K. Hopsu-Havu. 1983. Demonstration of immunoreactive acid cysteine
proteinase inhibitor in reticulum cells of lymph node germinal centres. Vir-
chows Arch. B 43:121–126.

23. Rojko, J. L., R. M. Fulton, L. J. Rezanka, L. L. Williams, E. Copelan, C. M.
Cheney, G. S. Reichel, J. C. Neil, L. E. Mathes, T. G. Fisher, and M. W.
Cloyd. 1992. Lymphotoxic strains of feline leukemia virus induced apoptosis
in feline T4-thymic lymphoma cells. J. Clin. Invest. 66:418–426.

24. Sarin, A., D. A. Adams, and P. A. Henkart. 1993. Protease inhibitors selec-
tively block T cell receptor-triggered programmed cell death in murine T cell
hybridoma and activated peripheral T cells. J. Exp. Med. 178:1693–1700.

25. Sarin, A., M. Clerici, S. P. Blatt, C. W. Hendrix, G. M. Shearer, and P. A.
Henkart. 1994. Inhibition of activation-induced programmed cell death and
restoration of defective immune responses of HIV1 donors by cysteine
protease inhibitors. J. Immunol. 153:862–872.

26. Sarsfield, P., A. Rinne, D. B. Jones, P. Johnson, and D. H. Wright. 1996.
Accessory cells in physiological lymphoid tissue from the intestine: an im-
munohistochemical study. Histopathology 28:205–211.
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