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We established a porcine lung epithelial cell line designated St. Jude porcine lung cells (SJPL) and
demonstrated that all tested influenza A and B viruses replicated in this cell line. The infectivity titers of most
viruses in SJPL cells were comparable to or better than those in MDCK cells. The propagation of influenza
viruses from clinical samples in SJPL cells did not lead to antigenic changes in the hemagglutinin molecule.
The numbers of both Sia2-3Gal and Sia2-6Gal receptors on SJPL cells were greater than those on MDCK cells.
Influenza virus infection of SJPL cells did not lead to apoptosis, as did infection of MDCK cells. No porcine
endogenous retrovirus was detected in SJPL cells, and in contrast to MDCK cells, SJPL cells did not cause

tumors in nude mice.

The isolation and propagation of influenza viruses from clin-
ical samples are important in surveillance, studies of host range
and pathogenesis, and vaccine production. However, the num-
ber of primary cell types and continuous cell lines that support
influenza virus replication is limited (8, 10, 20, 31). The pri-
mary epithelial cells of human adenoid and primary rhesus
monkey kidney tissue support replication of influenza viruses
(6, 21). Cell lines such as Vero, MRC-5, Madin-Darby canine
kidney (MDCK), and baby hamster kidney (BHK) also support
the growth of influenza viruses, but of these cell lines, MDCK
is the best for isolation and propagation of influenza viruses (8,
10, 11, 31).

One important issue regarding the pathogenesis of influenza
viruses is how influenza viruses that infect one species acquire
the ability to infect another. Pigs are regarded as possible
“mixing vessels” in which human-avian influenza A virus reas-
sortants are generated (36). Therefore, a porcine lung epithe-
lial cell line would be very useful in studying factors that in-
fluence interspecies transmission.

A porcine lung epithelial cell line could also be useful in
producing more effective influenza virus vaccines. Currently,
available vaccine is produced in embryonated eggs using egg-
adapted variants of the influenza virus. Adaptation of human
influenza A and B viruses in eggs can result in the selection of
variants that contain hemagglutinin (HA) molecules that are
antigenically and structurally different from those of the orig-
inal influenza viruses in the clinical samples (16, 33, 35). Be-
cause of the antigenic changes in the HA molecule of the
vaccine virus, the vaccine may not offer complete protection
against infection by the circulating influenza virus. HA mole-
cules of influenza virus isolated and grown in mammalian cells
have been shown to be identical to those of the original influ-
enza viruses in clinical samples (17, 32). Currently, no mam-
malian cell line is licensed for use in the production of human
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influenza vaccine. Therefore, an alternative mammalian cell
line that supports the replication of all subtypes of influenza
viruses is needed for vaccine production. A porcine lung epi-
thelial cell line could fulfill this need.

There are two major morphologically and biochemically dis-
tinct modes of cell death: apoptosis (programmed cell death)
and necrosis (5, 42). Apoptotic cells retain membrane integrity
even after disintegration into apoptotic bodies (42). Apoptotic
bodies and cells are phagocytosed by macrophages, which pre-
vent an inflammatory reaction (30), while cells dying by necro-
sis lose membrane integrity, which results in inflammation
(42). It was reported that infection of epithelial cells such as
MDCK and HeLa cells by influenza viruses leads to apoptosis
(38). However, it is not clear whether infection of epithelial
cells of respiratory tracts by influenza viruses results in apo-
ptosis or necrosis.

An epithelial cell line (St. Jude porcine lung [SJPL] cells)
was spontaneously established from the normal lungs of a
normal 4-week-old female Yorkshire pig as previously de-
scribed (37) at St. Jude Children’s Research Hospital. This cell
line was continuously cultured in Dulbecco’s modified Eagle’s
medium (DMEM,; Life Technologies, Gaithersburg, Md.) sup-
plemented with 10% fetal bovine serum, 1% sodium pyruvate,
1% 1-glutamine, 1.4% MEM nonessential amino acids, and 1%
antibiotic-antimycotic solution (Sigma Chemical Co., St. Louis,
Mo.). SJPL cells were epithelial cell-like, and the morphology
was not changed at passage 60. SJPL cells were positive for an
epithelial cell marker, cytokeratin (data not shown).

Expression of influenza virus proteins and influenza virus-
induced CPE in SJPL cells. To determine the cytopathic effect
(CPE) of influenza virus in SJPL cells, confluent monolayers of
SJPL cells in a six-well plate (Becton Dickinson, Franklin
Lakes, N.J.) were infected with A/Sydney/5/97 (H3N2) (multi-
plicity of infection [MOI], 2), and DMEM containing 0.3%
bovine serum albumin (Life Technologies) and 1 wg of TPCK
(tosylsulfonyl phenylalanyl chloromethyl ketone)-treated tryp-
sin per ml were added to each well. CPE was determined 48 h
after infection.

MDCK cells infected with influenza viruses show marked
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FIG. 1. CPE and nucleoprotein expression of SJPL cells infected with A/Sydney/5/97 (H3N2). (A and B) Confluent monolayers of SJPL cells
in six-well plates were infected with A/Sydney/5/97 (H3N2) (MO, 2), and 48 h later CPE was evaluated (B). Uninfected cells were used as a control
(A). Magnification, X5 (A and B) and 232% further (insets). (C and D) Confluent monolayers of SJPL cells in two-well Lab-Tek chamber slides
were infected with A/Sydney/5/97 (H3N2) (MO, 5), and 16 h later the cells were incubated with a monoclonal antibody to nucleoprotein and a
secondary FITC-labeled goat anti-mouse immunoglobulin antibody (D). Uninfected cells were used as a control (C). Magnification, X20.

cytopathogenicity. SJPL cells infected with A/Sydney/5/97
(H3N2) (MOI, 2) showed a strong CPE (Fig. 1B), but un-
infected cells showed no sign of cell damage (Fig. 1A). The
indication of CPE in MDCK cells and SJPL cells infected with
influenza viruses was different. Approximately 16 h after infec-
tion, pores on the monolayer of MDCK cells started to appear,
and the size of pores increased until the entire monolayer was
destroyed and detached from the surface of the flask. In con-
trast, the apical surfaces of SJPL cells started to be destroyed
at 18 h after infection, and the area of the apical surface that

was destroyed continued to increase, but some cells (20%)
remained attached to the flask surface even after 72 h.

To determine whether the newly established SJPL cell line
could express structural proteins of influenza virus, we used a
monoclonal antibody to nucleoprotein in an indirect immuno-
fluorescent assay to detect the viral protein in SJPL cells that
had been infected with A/Sydney/5/97 (H3N2). SJPL cells in-
fected with an H3N2 (A/Sydney/5/97) influenza virus (MOI, 5)
for 1 h were incubated overnight at 37°C before they were fixed
with 80% cold acetone in water. The fixed cells were incubated
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TABLE 1. Comparison of replication efficiencies of mammalian
influenza A and B viruses in SJPL cells with those in MDCK cells

Virus titer
Virus strain (logyp TCIDso/ml)”

SJPL MDCK
A/PR/8/34 (HINI) 4.5, 4.0 3.0, 2.75
A/Bel/42 (HIN1) 2.5,2.0 —
A/Japan/305/57 (H2N2) 5.0, 4.75 3.5,3.0
A/Korea/68 (H2N2) 5.5,5.0 4.0, 3.75
A/HK/1/68 (H3N2) 4.5, 4.0 3.75, 3.5
A/Port Chalmers/1/73 (H3N2) 6.25, 6.5 4.0, 4.25
B/Lee/40 5.5,5.0 3.75, 3.5
A/Swine/Ned/3/80 (HIN1) 6.0, 6.25 4.25, 4.0
A/Swine/Guelph/41848/97 (H3N2) 6.5, 6.0 3.5,3.25
A/Swine/TX/4199-2/98 (H3N2) 6.0, 6.25 5.5,5.0
A/Swine/NC/35922/98 (H3N2) 3.75, 3.75 2.0, 1.75
A/Equine/KY/1/81 (H3NS8) 2.0, 2.0 2.0, 1.75
A/Equine/Prague/1/56 (H7N7) 1.0, 1.0 1.0, 1.0
A/Equine/Alaska/29759/91 (H3NS) 3.25, 3.50 3.0, 3.0
A/Equine/London/1416173 (H7N7) 3.5,3.25 3.0, 3.25

“ Values of two independent experiments are given — the levels of virus were
below the limit of detection (<0.1).

on ice with a mouse monoclonal antibody to nucleoprotein of
influenza A virus for 30 min and then incubated on ice with
fluorescein isothiocyanate (FITC)-labeled goat anti-mouse im-
munoglobulin G for 30 min before cells were evaluated by
using a fluorescence microscope. The results showed that the
cytoplasms and nuclei of infected cells contained nucleopro-
tein (Fig. 1D) but similar regions of uninfected cells did not
(Fig. 1C).

Replication efficiencies of mammalian, avian, and the highly
pathogenic H5N1 influenza viruses in SJPL cells. We com-
pared the replication efficiencies of human, swine, equine, and
highly pathogenic H5N1 influenza viruses in SJPL cells with
those in MDCK cells. Confluent monolayers of SJPL and
MDCK cells were infected with 10 50% egg-infective doses
(EIDs,) of each virus. Viral titration was performed by using
SJPL cells for viruses that had been grown in SPJL cells and
MDCK cells for viruses that had been grown in MDCK cells.
SJPL and MDCK cells (5 X 10° per well) were seeded in
six-well tissue culture plates and allowed to grow to confluence.
Cells were washed with phosphate-buffered saline (PBS, pH
7.2) twice and infected with 10 EIDs, (i.e., 10 times the virus
dose that will infect 50% of the eggs in a population) for 1 h at
37°C in a humidified incubator containing 5% CO,. Superna-
tants containing viruses were collected 50 h after infection for
virus titration. Supernatants from virus-infected cells were se-
rially diluted 10-fold in medium (DMEM for SJPL-grown virus
and MEM for MDCK-grown virus) containing 0.3% bovine
serum albumin and 1 pg of TPCK-trypsin per ml, and 0.1 ml of
the dilutions was added to four replicate wells in a 96-well
plate. Seventy-two hours after infection, the presence of virus
was determined by HA with 0.5% chicken red blood cells. The
virus titers were expressed as the log,, 50% tissue culture
infective dose (TCIDs,) per milliliter.

Most of the human viruses grew to higher titers in SJTPL cells
than in MDCK cells (Table 1). The titers of human viruses
grown in SJPL cells ranged from 2.00 to 6.50 log,, TCIDs,/ml,
whereas the titers of the same viruses grown in MDCK cells
ranged from <0.1 to 4.25 log,, TCIDs,/ml. Although A/Bel/42
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(HIN1) did not grow to detectable levels in MDCK cells, it
replicated in this cell line when higher doses of virus were used
for infection. Replication efficiency of swine influenza viruses
was also greater in SJPL cells than in MDCK cells (Table 1).
The virus titers in SJPL cells ranged from 3.75 to 6.50 log,,
TCIDs,/ml, whereas the titers for the same viruses in MDCK
cells ranged from 1.75 to 5.50 log,, TCIDs,/ml. The replication
efficiencies of equine influenza viruses were lower than those
of the swine viruses in SJPL cells and in MDCK cells. The
range of titers was 1.00 to 3.50 log,, TCIDs,/ml. We assessed
the difference in replication efficiencies of the mammalian vi-
ruses in the two cell lines by performing analysis of variance for
the two-way layout with replicates. Sufficient evidence was
found at the 0.05 level of significance to conclude that the
replication efficiencies of mammalian influenza viruses are
significantly higher in SJPL cells than in MDCK cells (P <
0.0001).

Avian species harbor all subtypes of influenza A viruses (12).
Because avian influenza viruses are potential pandemic influ-
enza viruses in humans, we determined the replication efficien-
cies of avian viruses in SJPL cells and in MDCK cells. All
representative avian influenza viruses replicated in SJPL cells;
the range of titers was 1.50 to 5.25 log;, TCIDs,/ml. In MDCK
cells, most representatives of the avian virus subtypes repli-
cated, but the avian influenza viruses A/Mallard/Alberta/
119/98 (HIN1), A/RuddyTurnstone/DE/259/98 (HIN9), A/
Mallard/Alberta/223/98 (H10N8), and A/Shorebird/DE/224/97
(H13N6) did not grow in MDCK cells when the cells were
inoculated with a dose of 10 EIDs,. Higher inoculating doses
of these viruses resulted in their replication in MDCK cells.
The virus titers in MDCK cells ranged from <0.1 to 5.25 log,,
TCIDsy/ml (Table 2). The replication efficiencies of avian in-
fluenza viruses in SJPL cells were higher than in MDCK cells
(P < 0.0001).

We compared the replication efficiencies of the highly path-
ogenic H5N1 influenza viruses in SJPL cells with those of the
same viruses in MDCK cells. A/HK/156/97 (H5N1), which was

TABLE 2. Comparison of replication efficiencies of avian influenza
viruses in SJPL cells with those in MDCK cells

Virus titer
Virus strain (log,p TCIDso/ml)*
SJPL MDCK
A/Mallard/Alberta/119/98 (HIN1) 3.5,3.0 —
A/Mallard/Alberta/205/98 (H2N9) 4.5, 4.75 5.0, 5.25
A/Shorebird/DE/207/98 (H3N8) 3.0, 3.0 25,25
A/Mallard/Alberta/47/98 (H4NT) 5.0, 5.25 2.25,2.0
A/Duck/Singapore/3/97 (H5N3) 45,4.0 3.0, 3.0
A/Ruddy Turnstone/DE/69/98 (HONS) 3.75, 3.5 3.0, 2.75
A/Chicken/NY/13307-3/95 (H7N2) 4.25,4.5 2.0, 2.0
A/Red Knot/DE/254/94 (H8N4) 45,40 1.0, 1.0
A/Ruddy Turnstone/DE/259/98 (HON2) 3.0, 2.75 —
A/Mallard/Alberta/223/98 (H10NS8) 3.0, 3.0 —
A/Shorebird/DE/11/95 (H11N9) 5.0, 4.75 45,4.0
A/Mallard/Alberta/52/97 (H12NS) 2.0, 2.25 1.0, 1.0
A/Shorebird/DE/224/97 (H13N6) 1.5, 1.75 —
A/Mallard/Astrakhan/263/82 (H14N5) 5.0, 5.25 4.5, 4.25
A/Wedgetailed Shearwater/Western 5.25,5.0 5.0, 4.75

Australia/2576/79 (H15N9)

“ Values of two independent experiments are given. —, the levels of virus were
below the limit of detection (<0.1).
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TABLE 3. Comparison of replication efficiencies of H5SN1 influenza
viruses in SJPL cells with those in MDCK cells

Virus titer (log;, TCID5y/ml)*

Virus strain
SJPL MDCK
A/Chicken/HK/258/97 6.5, 6.5 (6.5) 5.0,4.75 (4.5)
A/HK/156/97 5.0,5.0 (5.5) 5.0,5.25 (5.0)
A/Goose/HK/W374/97 5.5,5.0(5.5) 5.0,5.25 (5.0)
A/Goose/HK/437-4/99 3.0,3.25 (3.5) 2.0,1.75 (3.0)
A/Chicken/HK/728/97 1.5,1.0 (2.5) 1.75,2.0 (1.5)

¢ Values of two independent experiments are given. The values in parentheses
are the virus titers after 1 pg of TPCK-treated trypsin per ml was added to the
infection media.

originally isolated from a 3-year-old boy, replicated well in
MDCK cells and in SJPL cells; the titers ranged from 5.0 to
5.25log,, TCIDs/ml (Table 3). The addition of 1 wg of TPCK-
treated trypsin per ml to the infection media did not make a
difference in viral yield in either cell line. The replication
efficiencies of the highly pathogenic H5N1 viruses were signif-
icantly greater in SJPL cells than in MDCK cells (P = 0.0021).

Kinetics of influenza virus replication in SJPL cells. To
determine the kinetics of virus replication in SJPL cells, we
compared the growth curve of representative virus in SJPL
cells with that of the same representative virus in MDCK cells.
An influenza virus, B/Memphis/1/84, was used. To minimize
the effect that the species difference in cell lines might have on
virus replication, we used SJPL cells to determine the titer of
viruses that were initially grown in SJPL cells and MDCK cells
to determine the titer of viruses that were initially grown in
MDCK cells. We titrated B/Memphis/1/84 in eggs by using
serial 10-fold dilutions. Monolayers of SJPL and MDCK cells
in a six-well plate were infected with 10 EIDs, of virus and
were incubated at 37°C in 5% CO,. At different times after
infection, 50 pl of supernatant was removed. The presence of
viruses in supernatant was determined by TCIDs,,. The growth
pattern of B/Memphis/1/84 in SJPL cells was similar to that in
MDCK cells (Fig. 2). The time of peak viral growth in both
SJPL and MDCK cells was 50 h after infection, and after that
time, the viral titers started to decline. At 72 h after infection,
the infectious viral titers were approximately 10*- to 10*-fold
less than those at 50 h after infection.

Primary influenza virus isolation from human clinical sam-
ples and antigenic stability of cultured viruses. Because some
strains of human influenza viruses from clinical samples do not
grow in eggs, MDCK cells are often used for the growth and
isolation of influenza viruses from human clinical samples.
Recently isolated human influenza viruses require adaptation
to eggs before their variants can grow in eggs. We determined
whether SJPL cells could be used to grow and isolate influenza
viruses from clinical gargle samples. MDCK cells were used for
comparison. Confluent monolayers of SJPL and MDCK cells
in a 24-well tissue culture plate were infected with 0.1 ml of
human clinical sample collected in sterile PBS. Fourteen in-
fluenza viruses in 20 human clinical samples were grown and
isolated in SJPL cells and in MDCK cells. Results of hemag-
glutination inhibition assays indicated that all the isolates were
influenza A viruses (H3N2). The viral titers in both cell lines
ranged from 2.0 to 4.5 log,, TCIDs,/ml, with means of 3.196
(MDCK cells) and 3.300 (SJPL cells) log,, TCIDsy/ml.
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FIG. 2. Influenza virus growth in SJPL and MDCK cells. Monolay-
ers of SJPL (@) and MDCK () cells in a six-well plate were infected
with 10 EIDs, of B/Memphis/1/84, and aliquots were harvested on
different days after infection. The results are from three independent
experiments.

The hallmark of influenza virus propagation in mammalian
cells is that the growth of human influenza viruses in this type
of cell usually does not lead to antigenic change; this result is
in contrast to the antigenic changes that occur in influenza
viruses cultured in eggs (34). To determine whether the growth
of influenza A virus from clinical samples can lead to changes
in amino acids of HA1, SJPL and MDCK cells were inoculated
with clinical gargle samples from which A/Memphis/4/99
(H3N2) had been isolated. As a control, the virus in the clinical
samples was adapted to eggs. After three passages, the viral
RNA was isolated with the RNeasy mini kit (Qiagen, Santa
Clara, Calif.), subjected to reverse transcription-PCR (RT-
PCR; SuperScript preamplification system; Life Technolo-
gies), and the gene segment encoding the HA1 region was
sequenced. Critical amino acids (Lys-154, Gln-156, Lys-173,
Ser-186, Leu-194, Ser-199, Arg-220, Asn-246, and Thr-248) of
the HAL1 in the virus from the original clinical sample were
identical to those of the HA1 in the viruses passaged three
times in MDCK cells and in SJPL cells (Table 4). In addition,
the rest of the predicted amino acid sequences within HA1
were identical in the original virus and those grown in SJPL
cells and in MDCK cells. Unlike the viruses grown in MDCK
cells and in SJPL cells, influenza virus passaged in eggs con-

TABLE 4. Comparison of critical amino acids in the HA1 region of
viruses grown in MDCK cells, in SJPL cells, and in eggs®

Amino acid at the indicated position in HA1
Source of virus

154 156 173 186 194 199 220 246 248

Original salivasample K Q K S L S R N T
MDCK K Q K S L S R N T
SJPL K Q K S L S R N T
Eggs K Q K S 1T S S N T

“ Human H3N2 (A/Memphis/4/99) influenza virus was passaged three times in
MDCK cells, in SJPL cells, and in eggs before the nucleotide sequences were
determined. Boldface indicates variation from the original sequence.
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FIG. 3. Influenza virus receptors on SJPL and MDCK cells. SJPL cells, MDCK cells, and Mv1Lu cells (3 X 10° of each) were incubated with
the DIG-labeled lectins Maackia amurensis agglutinin (MAA), which binds specifically to Sia2-3Gal, and Sambucus nigra agglutinin (SNA), which
binds specifically to Sia2-6Gal. The cells were incubated with a FITC-labeled anti-DIG antibody and then subjected to flow-cytometric analysis.
(A) Mv1Lu cells after MAA binding; (B) Mv1Lu cells after SNA binding; (C) MDCK cells after MAA binding; (D) MDCK cells after SNA binding;
(E) SJPL cells after MAA binding; (F) SJPL cells after SNA binding. The controls for SIPL, MvILu, and MDCK were populations of cells that
were stained only with FITC-labeled anti-DIG antibody (unshaded profiles).

tained two amino acid substitutions in the HA (194L—1I and
220R—S).

Influenza virus receptors on SJPL cells. Influenza viruses
enter cells by binding to sialylglycoconjugates on the surface (3,
4,9, 26, 29). We determined whether influenza virus receptors
were present on the newly established SJPL cell line. Receptor
specificity was evaluated by incubating the cells with digox-
igenin (DIG)-labeled lectins and FITC-labeled anti-DIG
antibody (DIG glycan differentiation kit; Roche Molecular
Biochemicals, Indianapolis, Ind.) and then performing flow-
cytometric analysis (Fig. 3). MDCK cells and Mv1Lu cells were
included as controls. SJPL, MDCK, and Mv1Lu cells expressed

Sia2-3Gal- and Sia2-6Gal-containing sialylglycoconjugates on
their surfaces, but the numbers of receptors on the cell surface
differed among the cell lines (Fig. 3). The peak log intensity of
Sia2-3Gal-containing receptors on the surfaces of Mv1Lu cells
was 1.4, and that of Sia2-6Gal-containing receptors was 1.7; the
peak log intensity of Sia2-3Gal-containing receptors on the
surfaces of MDCK cells was 1.65, and that of Sia2-6Gal-con-
taining receptors was 2.3; and the peak log intensity of Sia2-
3Gal-containing receptors on the surfaces of SJPL cells was
2.3, and that of Sia2-6Gal-containing receptors was 2.75. There-
fore, SJPL cells have more Sia2-3Gal- and Sia2-6Gal-contain-
ing receptors than the other two cell lines (Fig. 3E and F).
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FIG. 4. Annexin V-Fluos assays and propidium iodide staining of SJPL and MDCK cells infected with A/Sydney/5/97 (H3N2). Ten hours after

the cells were infected with A/Sydney/5/97 (H3N2) (MO, 5), they were incubated with annexin V-Fluos and propidium iodide. (A) Uninfected
SJPL cells; (B) infected SJPL cells; (C) uninfected MDCK cells; (D) infected MDCK cells.

Influenza virus-induced damage in SJPL cells and in
MDCK cells. It has been reported that influenza infection of
epithelial cells leads to apoptosis (13, 38). Using an annexin V
binding assay, a propidium iodide staining assay (Annexin-V-
Fluos staining kit; Roche Molecular Biochemicals), and a DNA
fragmentation assay, we determined whether influenza virus
infection of the newly established porcine lung epithelial cell
line also causes apoptosis. Annexin V is a Ca®*-dependent
phospholipid-binding protein with a high affinity for phospha-
tidylserine that translocates from the inner side of the plasma
membrane to the outer side during an early stage of apoptosis
but not during necrosis (7, 25). Propidium iodide binds to
DNA of necrotic cells, which have damaged membranes, but
does not bind to DNA of apoptotic cells with intact mem-
branes. Ten hours after infection, 43% of SJPL cells infected
with A/Sydney/5/97 (H3N2) influenza virus were stained with
propidium iodide, but less than 1% of the population was
detected with the Fluos-conjugated annexin V (Fig. 4B). Ap-
proximately 60% of MDCK cells infected with A/Sydney/5/97
(H3N2) bound to annexin V, and less than 1% were weakly
stained with propidium iodide (Fig. 4D). Uninfected SJPL
cells and MDCK cells did not either bind to annexin V or stain
with propidium iodide (Fig. 4A and C).

We also determined DNA fragmentation of SJPL cells in-
fected with influenza viruses. The fragmentation of cellular
DNA was determined as described previously (13, 14) but with
slight modifications. Approximately 5 X 10° MDCK cells and
5 X 10° SJIPL cells were infected with influenza viruses (MOI,
5), and cells were harvested 18 h after infection. The harvested
cells were washed in PBS and resuspended in 500 .l of ice-cold
lysis buffer (10 mM Tris [pH 7.5], 0.5% Triton X-100 [Sigma])

before they were incubated on ice for 30 min. The lysates were
centrifuged for 10 min at 12,000 X g at room temperature to
remove cellular debris and high-molecular-weight DNA, and
the supernatants were extracted once with buffered phenol and
once with buffered phenol-chloroform. DNA in the superna-
tants was collected by ethanol precipitation with 3 M sodium

Ma b c d e f g h

1500 —
1000 —

500 —

FIG. 5. DNA fragmentation in SJPL and MDCK cells. SJPL cells
and MDCK cells were infected with A/Sydney/5/97 (H3N2), A/Chick-
en/NY/13307-3/95 (H7N2), or A/Swine/IA/17672/88 (HIN1) (MO, 5),
and 18 h later DNA was collected for analysis. The collected DNA was
subjected to electrophoresis through a 2% agarose gel. The lanes
contained DNA from the following sources: M, molecular marker;
a, uninfected SJPL cells; b, SJPL cells infected with A/Sydney/5/97
(H3N2); ¢, SJPL cells infected with A/Chicken/NY/13307-3/95 (H7N2);
d, SJPL cells infected with A/Swine/IA/17672/88 (HIN1); e, uninfected
MDCK cells; f, MDCK cells infected with A/Sydney/5/97 (H3N2);
g, MDCK cells infected with A/Chicken/NY/13307-3/95 (H7N2);
h, MDCK cells infected with A/Swine/IA/17672/88 (HINT1).



VoL. 75, 2001

A
£
S 1.5
n
o
<
-t
©
2
7] 14
c
[
[a]
©
=
2 0.5-
o
(7
0 L T T T — T
HIV RT activity Supernatant of Background

SJPL cells

acetate (pH 5.2). DNA was dissolved in 20 pl of sterile water,
treated with RNase A (Sigma), and subjected to electro-
phoresis through 2% agarose (GTG SeaKem agarose; FMC
BioProducts, Rockland, Maine). SJPL cells infected with A/
Sydney/5/97 (H3N2), A/Chicken/NY/13307-3/95 (H7N2), and
A/Swine/IA/17672/88 (HIN1) did not show signs of DNA frag-
mentation (Fig. 5), whereas MDCK cells infected with A/
Sydney/5/97 (H3N2), A/Chicken/NY/13307-3/95 (H7N2), and
A/Swine/IA/17672/88 (HIN1) exhibited DNA fragmentation.
Uninfected SJPL cells and MDCK cells did not show signs of
DNA fragmentation.

Reverse transcriptase assay, RT-PCR analysis to detect
PERYV, and tumorigenicity. Recent progress in the field of
xenotransplantation has raised concerns about the possible
transmission of porcine endogenous retrovirus (PERV) to hu-
mans. Results of previous studies showed that PERV from a
porcine kidney cell line (PK15) can infect many types of human
cell lines (kidney, lung, muscle, and lymphoid) in vitro (22, 28,
41). If PERV from the SJPL cell line is present in the growth
medium, then the SJPL cell line would not be a suitable can-
didate for use in influenza virus vaccine production. Because of
this possibility of PERV contamination, we assayed the level of
reverse transcriptase activity in tissue culture supernatant of
SJPL cells using a nonradioactive reverse transcriptase assay
kit (Roche Molecular Biochemicals); with this assay, we could
detect any type of retrovirus that was present. Reverse tran-
scriptase activity was not detected in supernatants of SJPL
cells, i.e., the levels of activity were similar to background
levels (optical density at 450 nm of 0.05). In contrast, high
levels of reverse transcriptase activity (optical density at 450
nm of 1.5) were detected in medium containing the positive
control HIV-1 reverse transcriptase (Fig. 6A).

We also tested the presence of PERV in SJPL cells using
PERV-specific polymerase primers (41). As a positive control,
the porcine kidney cell line PK-15 was used. RNA was ex-
tracted from cell culture supernatant using the RNeasy mini
kit, and total cellular RNA was collected from cells using
TRIzol reagent (Life Technologies). RNA was reverse tran-
scribed with a SuperScript first-strand synthesis system for
RT-PCR (Life Technologies) using random hexamers (50 ng).
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FIG. 6. Reverse transcriptase assay and RT-PCR analysis. (A) Re-
verse transcriptase activity in the supernatant of SJPL cells was eval-
uated by using a nonradioactive reverse transcriptase assay. HIV-1
reverse transcriptase (0.125 ng/well in a 96-well plate) was used as a
positive control, and ABTS [2',2-azino-di(3-ethyl-benzthiazoline-6-sul-
fonic acid)] solution alone was used as a negative control. The sample was
tested by the assay four times. (B) Tissue culture supernatants and
cellular RNAs were collected from SJPL cells and PK-15 cells. RT-
PCR was performed as described in the text. Lanes: M, 100-bp DNA
marker; 1, tissue culture supernatant of SJPL cells; 2, cellular RNAs of
SJPL cells; 3, cellular RNAs of SJPL cells without reverse transcrip-
tase; 4, cellular RNAs of SJPL cells with B-actin primers; 5, tissue
culture supernatant of PK-15 cells; 6, cellular RNAs of PK-15 cells; 7,
cellular RNAs of PK-15 cells without reverse transcriptase; 8, cellular
RNAs of PK-15 cells with B-actin primers.

The ¢cDNA was amplified with the PERV-specific primers
PB905 (5'CCGCAGGGATGGGTTTGGCAAAGCA3') and
PB906 (5’ACGTACTGGAGGAGGGTCACCTGA') for 30
cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min (41).
The PCR products were electrophoresed on a 1.5% agarose
gel. A DNA ladder (100 bp) was used as a marker. PERV was
detected in both tissue culture supernatants and cellular RNAs
of PK-15 cells (Fig. 6B, lanes 5 and 6) but was not detected in
either tissue culture supernatants or cellular RNAs of SJPL
cells (Fig. 6B, lanes 1 and 2). PCR products were sequenced to
identify PERV-specific sequences (data not shown). To con-
firm that PERV was from cellular RNAs rather than genomic
DNAs, reverse transcriptase was omitted during cDNA syn-
thesis (Fig. 6B, lanes 3 and 7). As an internal control, B-actin
primers were used (Fig. 6B, lanes 4 and 8). PERV-specific
protease primers were also used as described previously (28).
We could amplify PERYV in tissue culture supernatants and
cellular RNAs of PK-15 cells but not in SJPL cells (data not
shown).

It is known that MDCK cells cause tumors in nude mice
(10). We decided to test whether SJPL cells could cause tu-
mors in nude mice. SJPL or MDCK cells (3 X 10°/mouse) were
inoculated into the dorsal necks of six nude mice, and tumor
development was monitored daily. The nude mice inoculated
with MDCK cells developed tumors around the neck and
shoulders 3 weeks postinfection, and all six nude mice devel-
oped tumors by 5 weeks postinfection. In contrast, the six nude
mice inoculated with SJPL cells did not develop tumors (data
not shown).

Efforts have been made to find cell lines that support the
productive replication of influenza virus and allow the virus to
maintain its original antigenicity. African green monkey kidney
(Vero) cells fully support replication of influenza A and B vi-
ruses (10), but influenza viruses have to be extensively adapted
before they can be grown in this cell line. Repeated addition of
trypsin to the culture medium is also needed for multicycle
growth of the influenza viruses (18). BHK cells also support
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replication of influenza viruses, but growth in BHK cells, like
that in eggs, results in the selection of receptor-binding vari-
ants of human influenza viruses (11). MDCK cells are consid-
ered to be the best cell line for supporting the growth of
influenza viruses, but this cell line causes cancer in nude mice
(105 this study); MDCK cells have not been licensed for use in
the production of vaccine. Cold-adapted influenza virus vac-
cine can be produced in specific-pathogen-free eggs, but in a
pandemic, the supply of this type of egg would not be sufficient
to meet demand.

An important advantage of SJPL cells for use in influenza
vaccine production is that propagation of human influenza A
viruses in these cells did not lead to antigenic changes in the
HA molecule. Current vaccines prepared from human influ-
enza viruses adapted for growth in eggs contain variants whose
HA molecules differ from that of the original human virus by
at least one or two amino acids (16, 33). This variation may
result in the immune escape of influenza viruses in immunized
humans. In a mouse model of influenza virus infection, a single
amino acid substitution in the HA molecule rendered a can-
didate vaccine for an influenza A virus (H3) ineffective (19). In
that study, the virus with a substitution at Lys-156 in the HA
molecule was poorly immunogenic and did not prevent infec-
tion by viruses that had been grown in MDCK cells. SJPL cells
may be a good candidate for use in producing a better human
vaccine that maintains the antigenicity of the original virus.

SJPL cells express Sia2-3Gal- and Sia2-6Gal-containing sia-
lylglycoconjugates, which serve as receptors for influenza virus.
Ito et al. reported that receptors for human and avian influenza
viruses are present on the surfaces of pig tracheal cells and
suggested that this finding may explain how pigs serve as mix-
ing vessels in which influenza viruses that can cause pandemics
are created (15). However, MvlLu and MDCK cells also ex-
press both receptors on their cell surface. It is possible that
unknown cellular factors in addition to receptors on the cell
surface are responsible for creating an environment within the
pig for the generation of human-avian virus reassortants.

Replication of influenza viruses, even those of the same
subtype, appeared to differ in SJPL and MDCK cells. Most
subtypes of avian H5N1 influenza viruses isolated during an
outbreak in the Hong Kong poultry markets in 1997 grew well
in SJPL cells and in MDCK cells, but the titers of A/Chicken/
HK/728/97 in SJPL cells and in MDCK cells and those of the
A/Goose/HK/437-4/97 in MDCK cells were 10- to 10%°-fold
less than those of other viruses (Table 3). Matrosovich et al.
(27) reported that the receptor binding properties of HSN1
viruses isolated from humans and birds in the Hong Kong
markets in 1997 are typical of avian but not human viruses.
These H5N1 viruses predominantly bind to Sia2-3Gal-contain-
ing sialylglycoconjugates. HSN1 viruses with a carbohydrate at
position 158 of HA bind more weakly to ovomucoid containing
Sia2-3Gal determinants than do H5NI1 viruses without a car-
bohydrate at the same residue. Because A/Chicken/HK/728/97
(H5N1) does not contain a carbohydrate at position 158 of its
HA molecule, the low titer of this virus in the SJPL and
MDCK cells is probably not due to weak binding to the surface
receptors. In both cell lines, the titers of A/Chicken/HK/258/97
(H5N1) with a carbohydrate at position 158 of HA were higher
than those of other H5N1 viruses. In addition to receptor
binding, other factors, including the set of genes within the
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virus, also appear to be important in supporting replication in
cell culture and, possibly, in vivo.

Our findings indicate that influenza virus-induced damage of
SJPL cells is due to necrosis rather than apoptosis; however,
previous studies showed that influenza virus infection of
MDCK and HeLa cells results in apoptosis (13, 38). The pos-
sible mechanisms of apoptosis in HeLLa and MDCK cells were
reported. Influenza virus infection of HeLa cells triggered the
expression of Fas and Fas ligand on the cell surface. Fas
(CD95) is a cell surface receptor that transduces apoptotic
signal (2, 40). Apoptosis occurred in infected MDCK cells with
low levels of Bcl-2, but apoptosis was inhibited when MDCK
cells were stably transfected with a Bcl-2 expression plasmid
(13). Bcl-2 is known to regulate the mitochondrial permeability
transition pore (23, 24, 43). The difference in influenza virus-
induced damage among cell lines may be due to the origins of
the cells. However, at this time, we do not know why SJPL cells
do not undergo apoptosis like MDCK or HelLa cells.

Our study indicates that SJPL cells do not express PERVs. It
was reported that the established porcine cell lines express
PERVs. (1, 39). The reason why SJPL cells do not express
PERVs may be differences in the source of the original tissues.
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