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Feline panleukopenia virus (FPLV) was shown to induce apoptosis to feline lymphoid cells and to reduce the
expression of interleukin-2 receptor a on the cells. FPLV-induced apoptosis might be a key element in the
pathophysiology of atrophy of lymphoid tissues associated with feline panleukopenia caused by FPLV.

Feline panleukopenia virus (FPLV) and canine parvovirus
(CPV) are classified as host range variants of feline parvovirus
(FPV). FPLV causes acute depression, gastroenteric symp-
toms such as diarrhea and vomiting, and lymphopenia, with a
high mortality rate among nonimmune kittens (26). In vivo
infectivity studies demonstrated that FPLV targets particularly
lymphoid tissues and rapidly dividing cells such as those of
the thymus, bone marrow, spleen, mesenteric and other lymph
nodes, and the intestinal epithelium (27, 32, 35). Recently, we
isolated FPVs from the peripheral blood mononuclear cells
(PBMCs) of cats and wild felids, suggesting that FPV is lym-
photropic in naturally infected animals (13, 16).

Apoptosis, or programmed cell death, is a physiological pro-
cess important for normal cellular turnover and is character-
ized by pronounced morphological changes and internucleo-
somal DNA degradation (36). Studies have shown that it can
be triggered by several viruses, and there is mounting evidence
that induction of apoptosis contributes directly to the patho-
genesis of a number of viruses, such as feline leukemia virus
subgroup C (30), feline immunodeficiency virus (FIV) (24),
influenza A and B viruses (8), measles virus (4), and, most
significantly, human immunodeficiency virus type 1 (HIV-1)
(7). In FPLV-infected cats, the decrease leukocyte counts is
marked and lymphocytes disappear from the circulation,
lymph nodes, bone marrow, and thymus (11, 26). It is probable
that polymorphonuclear leukocyte stem cells are also de-
stroyed (11, 26). On the other hand, in CPV-infected dogs,
acute myocarditis and hemorrhagic enteritis are generally ob-
served, while lymphopenia is not so regularly seen as it is in
FPLV-infected cats (26). Although many of the clinical man-
ifestations of parvovirus infection are thought to be caused by
the lytic properties of the virus, there are limited reports re-
garding the mechanism of FPLV-induced lymphopenia. Fur-
thermore, the reason why CPV does not regularly cause severe
lymphopenia in dogs remains obscure. The purpose of the
present study was to clarify the effects of FPLV and CPV
infections on feline and canine lymphoid cells.

Feline PBMCs from a specific-pathogen-free cat and canine
PBMCs from conventional dogs were purified by centrifuga-
tion over Ficoll-Paque (Pharmacia Biotech, Tokyo, Japan) and
stimulated with 10 mg of concanavalin A (ConA) per ml for 3

days, as described previously (17). The ConA-stimulated feline
and canine PBMCs and a feline T-lymphoblastoid cell line,
MYA-1, were maintained in RPMI 1640 growth medium sup-
plemented with 10% fetal calf serum (FCS), antibiotics, 50
mM 2-mercaptoethanol, 2 mg of Polybrene per ml, and 100
units of recombinant human interleukin-2 (IL-2) per ml (18).
Feline and canine T-lymphoblastoid cell lines, FL74 and CL-1,
respectively, were cultured in growth medium without recom-
binant human IL-2 (22, 31). Crandell feline kidney (CRFK)
cells (3) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 8% FCS. The TU1 strain of FPLV (14) and
the Cp49 strain of CPV (2) were used in this study. TU1 and
Cp49 were classified as FPLV and CPV type 2, respectively, by
using monoclonal antibodies (MAbs) (20). To prepare stock
viruses, CRFK cells were inoculated with TU1 or Cp49. The
infected cells were passaged twice at intervals of 5 days. After
the second passage, the cultures were incubated further for
4 days and then frozen and thawed once, followed by centrif-
ugation. The resulting supernatants were passed through 0.20-
mm-pore-size filters and stored at 280°C as stock viruses. The
viruses were titrated on CRFK cells, and the virus antigens
were detected by an indirect immunofluorescence assay with a
MAb described below. To examine the susceptibility of the
feline and canine cells to FPLV and CPV, the cells were inoc-
ulated with TU1 or Cp49 at a multiplicity of infection (MOI)
of 0.2. After adsorption for 2 h at 37°C, the cells were washed
three times with phosphate-buffered saline (PBS) and sus-
pended at a concentration of 2 3 105 cells per ml in growth
medium.

For detection of FPLV or CPV antigen, anti-FPLV VP2
MAb 2D9, which reacted with both FPLV and CPV, was used
(21). To detect feline IL-2 receptor a (IL-2Ra) on the infected
cells, we used MAb 9F23 (23). MAbs f43 and vpg15, which
reacted with feline CD5 and CD9, respectively, were used for
control antibodies (1, 10). The indirect immunofluorescence
assay was performed for detection of FPLV or CPV antigens.
FPLV- or CPV-inoculated cells were washed twice in PBS and
fixed on glass slides with acetone. After incubation with MAb
2D9 for 30 min at 37°C, the cells were washed with PBS. Then,
the cells were incubated with goat anti-mouse immunoglobulin
G conjugated with fluorescein isothiocyanate for 30 min at
37°C and washed with PBS. The stained cells were observed
under a UV microscope. Flow cytometric analysis was per-
formed to analyze the antigen-positive rates in the inoculated
cells. Cells were washed once in cold sorter buffer (PBS con-
taining 3% FCS and 0.1% NaN3) and incubated with MAbs
2D9, 9F27, f43, and vpg15 for 30 min on ice. After a wash with
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the sorter buffer, the cells were incubated with fluorescein
isothiocyanate-conjugated goat anti-mouse immunoglobulin G
for 30 min on ice and washed again with the sorter buffer. The
cells were then analyzed by FACScan (Becton Dickinson, To-
kyo, Japan).

A DNA fragmentation assay was performed to determine
whether DNA fragmentation occurred in the FPLV- or CPV-
inoculated cells. The FPLV- or CPV-inoculated cells (107)
were harvested and washed three times with PBS. The cells
were resuspended in 0.1 M Tris-HCl (pH 9.0) containing 1%
sodium dodecyl sulfate, 0.1 M NaCl, 1 mM EDTA and 100 mg
of proteinase K per ml and incubated at 50°C for 1 h. DNA
was extracted and purified with phenol, phenol-chloroform,
and ether and precipitated with ethanol. Three micrograms
of the extracted DNA was subjected to electrophoresis in a
1.7% agarose gel. Terminal deoxynucleotidyltransferase-medi-
ated dUTP nick end labeling (TUNEL) assays were carried out
according to the manufacturer’s protocol (In Situ Cell Death
Detection Kit [fluorescein]; Boehringer, Mannheim, Germa-
ny). Briefly, the FPLV- or CPV-infected cells were washed
three times with PBS, fixed with PBS containing 4% parafor-
maldehyde for 30 min at room temperature, washed with PBS,
permeabilized in 0.1% sodium citrate containing 0.1% Triton
X-100 for 2 min on ice, and then treated with TUNEL reaction
mixture. After the final washes with PBS, the cells were pho-
tographed under a UV microscope or analyzed by FACScan
(Becton Dickinson).

The morphologies of FPLV-infected feline PBMCs were
examined by electron microscopy. Feline PBMCs inoculated
with strain TU1 at an MOI of 0.2 were maintained for 2 days,
and then the cells were collected and fixed in 2.5% glutaral-
dehide in PBS. The cells were postfixed in 1% osmium tetrox-
ide, embedded in Epok 812 (Ohken Co. Ltd., Tokyo, Japan),
and processed for transmission electron microscopy.

Susceptibility of feline lymphoid cells to FPLV. FPLV-spe-
cific antigens in the inoculated cells were sequentially analyzed
by flow cytometric analysis by using anti-VP2 MAb. As shown
in Fig. 1A, FPLV antigen was detected in the inoculated cells
at 1 day postinoculation (p.i.). The antigen-positive rates in-
creased rapidly and reached more than 80, 60 and 80% at 2
days p.i. in the infected PBMCs, MYA-1 cells, and FL74 cells,
respectively. The FPLV-infected PBMCs showed cytopathic
effects (CPEs) such as cell rounding and nuclear disintegration
from 3 days p.i. (Fig. 1B), and most of the cells died within 8
days. The infected MYA-1 cells showed similar CPEs at 3 days
p.i. (data not shown), and most of the cells died within 6 days.
In FL74 cells, remarkable CPEs appeared from 1 day p.i. (Fig.
1B), and most of the cells were killed in 3 days. As shown in
Fig. 1C, the DNA from FPLV-infected feline PBMCs demon-
strated characteristic 180- to 200-bp nucleosomal ladders. The
ladders were seen in samples of cellular DNA obtained at 2
days p.i. and were clearly visible at 4 days p.i. In the FPLV-
infected MYA-1 and FL74 cells, the oligonucleosome-length
ladders were clearly visible at 4 and 2 days p.i., respectively
(Fig. 1C). Although an apparent discrepancy was observed
between the low MOI with FPLV and the high FPLV antigen-
positive rate in the infected lymphoid cells (Fig. 1A), this might
have been due to the fact that virus titers were not determined
in lymphoid cells but in CRFK cells, which are less sensitive to
FPV (12).

Morphologies of FPLV-infected lymphocytes. To reveal the
proportion of cells undergoing apoptosis among FPLV-infect-
ed cells, TUNEL assays, which identify cells containing DNA
strand breaks, were performed on the FPLV-inoculated feline
PBMCs and MYA-1, FL74, and CRFK cells. As shown in Fig.
2A, the FPLV-inoculated feline PBMCs and MYA-1 cells at 2

days p.i. showed many brightly stained cells compared with
mock-inoculated cells. In the inoculated FL74 cells, brightly
stained cells appeared as early as 1 day p.i. (Fig. 2A). We could
not rule out the possibility that the TUNEL assay would detect
viral DNA. However, no brightly stained cells were observed
among the infected CRFK cells at 8 days p.i., in which the
FPLV antigen-positive rate reached more than 50%, suggest-
ing that detection of viral DNA by the TUNEL assay might be
negligible. Flow cytometric analysis revealed that the percent-
age of TUNEL-positive cells increased gradually after FPLV
infection (Fig. 2B). Electron microscopic analysis revealed that
the FPLV-inoculated PBMCs showed chromatin condensing
along the inner aspect of the nuclear membrane (Fig. 2C).

Effects of FPLV infection on feline lymphoid cells. To ex-
amine the effects of FPLV infection on the cell surface anti-
gens of infected feline cells, flow cytometric analyses with anti-
feline CD5, CD9, and IL-2Ra MAbs were performed using
FPLV-inoculated feline PBMCs and MYA-1 cells. As shown
in Fig. 3, the mean fluorescence intensities of IL-2Ra of the
inoculated cells decreased as early as 2 days p.i. compared with

FIG. 1. Susceptibilities of feline cells to FPLV. (A) Growth curves of strain
TU1 in feline lymphoid cells. Feline cells were inoculated with TU1 and collected
at the indicated times. FPLV antigen-positive rates in the cells were measured
with an anti-FPLV VP2 MAb. Symbols: E, mock-inoculated cells; F, TU1-
infected cells. (B) CPEs observed in FPLV-inoculated feline PBMCs and FL74
cells. FPLV-inoculated or mock-inoculated feline PBMCs and FL74 cells were
harvested at 2 days and 1 day p.i., respectively. (C) Electrophoresis of total
cellular DNA. Cellular DNA was extracted from cultures of inoculated or mock-
inoculated PBMCs and MYA-1 and FL74 cells. Lanes 1, FPLV-inoculated cells
at 1 day p.i.; lanes 2, 2 days p.i.; lanes 3, 3 days p.i.; lanes 4, 4 days p.i.; Mock,
mock-inoculated cells at 4 days p.i. The extracted DNAs were analyzed by 1.7%
agarose gel electrophoresis.
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those of mock-inoculated cells. However, the IL-2Ra-positive
rates were almost the same between FPLV-inoculated and
mock-inoculated cells. On the other hand, when anti-feline
CD5 and CD9 MAbs were used for flow cytometric analysis, no
significant differences in these cell surface antigens were ob-
served even 3 days after FPLV inoculation.

Susceptibility of feline and canine lymphoid cells to CPV. To
examine the infectivity of CPV for feline and canine lymphoid
cells, feline and canine PBMCs and MYA-1, FL74, and CL-1
cells were inoculated with strain TU1 or strain Cp49 at an MOI
of 0.2. The cytotoxic activities of the two strains were sequen-
tially examined by trypan blue dye exclusion. As shown in Fig.
4A, the effects of CPV infection on the viabilities of the feline
cells were similar to those observed in FPLV infection. The
CPEs observed in the CPV-inoculated feline cells were almost
the same as in FPLV infection. On the other hand, the viability
of CL-1 cells was reduced by CPV inoculation but was not
affected by FPLV inoculation (Fig. 4A). The CPEs observed in
the CPV-inoculated CL-1 cells are shown in Fig. 4B. Although
no FPLV antigen was detected in the FPLV-inoculated CL-1
cells at 2 weeks p.i., CPV antigen was observed in the CPV-
inoculated CL-1 cells at 4 days p.i. In contrast, the viability of

the FPLV- or CPV-inoculated canine PBMCs was more than
85%, and no FPLV or CPV antigen was detected in the cells at
2 weeks after FPLV or CPV inoculation. These results indicate
that TU1 can infect neither canine PBMCs nor CL-1 cells and
that Cp49 can infect CL-1 cells but not canine PBMCs. Next,
we examined by DNA fragmentation assays whether CPV in-
fection induced apoptosis of the infected cells. As shown in Fig.
4C and D, the DNAs isolated from CPV-inoculated feline and
CL-1 cells showed characteristic nucleosomal ladders, as ob-
served in FPLV-inoculated feline cells, while the DNAs from
both FPLV- and CPV-inoculated canine PBMCs did not show
the characteristic ladders.

In the present study, we demonstrated that FPLV- or CPV-
induced CPEs in the infected T-lymphoid cells were associated
with apoptosis. As derangements of apoptosis contribute to the
pathogenesis of several diseases (4, 7, 8, 24, 30), it might be
possible that the induction of apoptosis in FPLV infection is a
key element in the pathophysiology of atrophy of lymphoid
tissues associated with feline panleukopenia caused by FPLV.

Induction of apoptosis has been well studied in HIV-1 sys-
tems (9, 28). A recent study of HIV-1 indicated that not only
infected but also uninfected CD41 T cells die in HIV-1-in-
fected patients (9). As shown in Fig. 1A, FPLV antigen was
detected in the infected feline cells at 1 day p.i., and the FPLV
antigen-positive rates increased rapidly. However, the TUNEL-
positive cell rates in FPLV-infected feline cells increased ra-
ther slowly and the ladders of DNA from FPLV-infected feline
cells were clearly visible only at 2 to 4 days p.i. (Fig. 1C and
2B). These results suggest that FPLV-induced programmed
cell death might result from direct infection of lymphocytes.
Therefore, it is suggested that activation of an endogenous cell
suicide program in FPLV-infected cells might serve as a host
defense mechanism against viral proliferation. HIV-1-infected
patients have also been reported to show both impaired ex-
pression rates of IL-2 receptor and a reduced proliferative
response to IL-2 (29, 34). FIV infection was reported to sup-
press the mean fluorescence intensity of IL-2Ra expression
(25), although suppressive effects on the expression of IL-2
receptor were smaller than those observed in HIV-1 infection.
As shown in Fig. 3, almost the same results as those reported
for FIV infection were observed in FPLV-infected lympho-
cytes. Therefore, it is possible that FPLV-induced apoptosis in
the infected lymphocytes was partly due to a defect in the IL-2
signal transduction pathway.

Although FPLV and CPV have greater than 98% sequence

FIG. 3. Effects of FPLV infection on feline IL-2Ra of inoculated feline
lymphoid cells. Flow cytometric analysis was performed with FPLV-inoculated
feline PBMCs and MYA-1 cells at 2 or 3 days p.i. Three independent experi-
ments were performed, and the averages and standard deviations of mean flu-
orescence intensities (MFI) are presented. The results of flow cytometric anal-
yses are representative of one of the three independent experiments.

FIG. 2. Morphologies of FPLV-infected lymphocytes. (A) Detection of DNA
strand breaks in FPLV-inoculated cells by the TUNEL assay. FPLV-inoculated
or mock-inoculated PBMCs and MYA-1, FL74, and CRFK cells were harvested
at 2, 2, 1, and 8 days p.i., respectively (B) Flow cytometric analysis of TUNEL-
positive rates in the inoculated cells. The inoculated cells were collected at the
indicated times and analyzed by FACScan. Symbols: E, mock-inoculated cells; F,
TU1-inoculated cells. (C) Electron microscopic analysis of infected PBMCs.
FPLV-inoculated or mock-inoculated PBMCs were harvested at 2 days p.i.
Arrowheads indicate cells showing chromatin condensation along the inner as-
pect of the nuclear membrane. Bars, 1 mm.
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identity (15, 32, 33), the host ranges of these viruses are com-
plicated in vivo (6, 7, 19, 20, 32, 33). CPV does not regularly
cause profound lymphopenia in dogs (26), while FPLV gener-
ally causes severe leukopenia in cats (11, 26). In the present
study, FPLV was shown to grow efficiently in feline PBMCs but
CPV was unable to infect canine PBMCs. These in vitro data
seem to explain the phenomena observed in in vivo studies
(26). However, Truyen and Parrish (32) reported that CPV
strain CPV-d (CPV type 2) was able to grow efficiently in
canine PBMCs. These conflicting data may be due to variabil-
ities among CPV and FPLV isolates (20). The definite reason
for the mild lymphopenia caused by CPV infection in dogs
requires further studies using many FPLV and CPV isolates.

Recently, we isolated FPV strains from the PBMCs of do-
mestic cats and wild felids with high levels of virus-neutralizing
antibodies (13, 16). These observations indicate that FPV is

more lymphotropic than we had considered and can persis-
tently infect lymphocytes in vivo even in the presence of high
levels of virus-neutralizing antibodies. In the present study, we
report the apoptosis of lymphocytes induced by FPV infection.
Thus, further studies using lymphoid cells will be necessary to
assess the mechanisms of induction of apoptosis and persistent
infection by FPV in cats.
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