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Infection of human erythroleukemic K562 cells by encephalomyocarditis virus readily resulted in establish-
ment of persistently infected cultures. In contrast to the usual typical lytic infection by encephalomyocarditis
virus, in which trypan blue staining of cells reaches close to 100% by about 15 h postinfection, K562 cell
cultures required 3 to 4 days postinfection to reach a maximum of about 80 to 90% cell staining. The proportion
of K562 cells taking up stain gradually decreased to about 10% of those present by about 13 days postinfection;
during this time, virus yield per day measured by either plaque or hemagglutination titration fell about 10-fold.
The decrease in percent staining was followed by waves of increased staining accompanied by increased virus
production. Virus-producing cultures were maintained for over 3 months. Evolution of both virus and cells
accompanied establishment of persistence in that plaque size changed from about 7 mm in diameter for the
original virus to less than 1.5 mm by day 20 postinfection and most of the cells cloned from persistently infected
cultures were resistant to superinfection with the original virus. Resistance was due, at least in part, to reduced
virus attachment in that binding of 3H-labeled virus to cloned resistant cells was about 2% of that to uninfected
cells.

The receptor for the picornavirus encephalomyocarditis
(EMC) virus on human erythrocytes is glycophorin A, the
major erythrocyte sialoglycoprotein (3). However, since
human erythrocytes do not support EMC virus growth, it is
debatable whether glycophorin A can be regarded as an
authentic receptor.

Glycophorin A is found on the surface of human erythro-
leukemic K562 cells (13). Therefore, we decided to examine
whether K562 cells can support EMC virus growth and, if
so, whether glycophorin A is the receptor used by the virus
to gain access to the cell interior. During these studies, we
found that EMC virus could infect K562 cells but at a rate
much slower than that found for infection of all types of cells
previously examined. Further, since EMC virus has the
reputation for being a highly cytolytic virus, we were sur-
prised to find that the infected cultures were not completely
destroyed but showed the ability to recover to some extent
and that persistently infected cultures were readily estab-
lished. We describe here some of the properties of the
system.

MATERIALS AND METHODS

Virus. The K2 strain of EMC virus was grown in Krebs
ascites tumor cells and purified as described previously (4).
3H-labeled virus was produced by addition of 3H-labeled
leucine (Dupont, NEN Research Products) to the culture
medium during virus growth.
K562 cell line. A seed of human erythroleukemic cell line

K562, originally isolated by Lozzio and Lozzio (18), was
kindly supplied by Alan Schecter, National Institutes of
Health, Bethesda, Md. The cells were grown in suspension
in RPMI 1640 medium (Flow Laboratories, Inc.) supple-
mented with 10% fetal bovine serum, 100 U of penicillin per

ml, and 100 ,ug of streptomycin per ml. Cell viability was

measured by mixing equal volumes of a cell suspension with
0.1% trypan blue in phosphate-buffered saline (PBS) and
counting total and unstained cells in a hemacytometer.

* Corresponding author.

Plaque assays. Plaque assays were performed in 60-mm-
diameter tissue culture dishes on confluent L-cell monolay-
ers under a 5-ml overlay containing 0.85% agar in Dulbecco
minimal essential medium-1% heat-inactivated horse se-

rum-0.015% DEAE-dextran (Sigma Chemical Co.)-100 U of
penicillin per ml-100 ,ug of streptomycin per ml. Plates were

incubated for about 40 h at 37°C in 5% CO2 before the cells
were stained with 0.01% neutral red in PBS.

Cell cloning by limiting dilution. Cells were diluted to 10/ml
in RPMI 1640 containing 10% fetal bovine serum, and 0.1 ml
of this suspension was added to each well of a 96-well tissue
culture plate. The plates, which were maintained at 37°C in
5% C02, were routinely examined under a microscope to
identify wells containing single colonies. Individual clones
were suspended in RPMI 1640-fetal bovine serum after 3 to
4 weeks and transferred first to 24-well and then to 6-well
tissue culture plates to achieve suitable cell numbers for
experiment.

Cloning in soft agar. To 5 ml of 0.3% agar in RPMI 1640
medium at 43°C was added 0.1 ml of a cell suspension
containing 50 or 100 cells, and after rapid mixing, the
suspension was immediately transferred to 60-mm-diameter
plates. The plates were incubated in 5% CO2 at 37°C, and
after about 2 weeks, colonies were counted and individual
clones were transferred in RPMI 1640 medium to 24-well
tissue culture plates for amplification.

Protein A binding. To approximately 2 x 106 packed K562
cells was added 50 pl of rabbit anti-glycophorin serum
diluted 1/10 in PBS. After incubation for 1 h at room
temperature, cells were washed twice in PBS to remove
unadsorbed antibody and 100 [lI of [35S]protein A (Amer-
sham Radiochemicals Ltd.) diluted 1/1,000 in PBS (approx-
imately 14,000 cpm) was added. Incubation was continued
for 1 h at room temperature, and then samples were made up
to 1 ml with PBS, the cells were spun down, and the
supernatant was collected. Cells were washed with 1 ml of
PBS, which was saved, and the cells were suspended in 1 ml
of PBS before measurement of the radioactivity in the cell
sample, supernatant, and wash in 10 ml of Aquasol-2 (Du-
pont, NEN). Percent protein A binding was taken as the
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FIG. 1. (a) Establishment of persistent

K562 cells as monitored by the percentage

permeable to trypan blue (0) and the

hemagglutinating units (HAU)(O) released

medium. (b) Comparison of the courses

K562 cells in washed cultures (0) whose

fresh medium daily and in nonwashed

was supplemented with fresh medium

tain a cell density of close to 2 x 106/ml.

EMC virus infection of K562 cells maintained

conditions and monitored by staining

ratio of radioactivity in the cell sample

recovered.
Virus attachment. To measure virus 3H-labeled

virus diluted to approximately 4,500

was added to 2 x 106 packed cells.

min at room temperature, the sample

1 ml with PBS before measurement of

cell sample, wash, and supernatant

surement of protein A binding.

RESULTS

Establishment of persistently infected

course of EMC virus infection can be

or hemagglutination assay or, more

suring cell viability by trypan blue staining.

virus causes cytolytic infection, resulting

staining of cells in suspension culture

one-step growth conditions (25).

It was surprising, therefore, to find

infection of K562 cell suspension cultures

slowly, requiring 3 to 4 days to reach

and that about 1 week later, cell viability

recover, reaching 80 to 90% at about

(Fig. la). This time schedule refers

which the total supernatant fluid

replaced with fresh, uninfected medium.

cells was not required to establish

situation reported for poliovirus (21).

tures, to which fresh medium was added about every 4 days
to maintain a cell density of approximately 2 x 106/ml and
released virus remained in contact with cells, viral persis-
tence developed but recovery of maximum cell viability took
closer to 3 weeks (Fig. lb).
The phase in which cells recovered maximum viability

was followed by alternating waves of decreased and then
increased viability, the phases becoming successively less
synchronized (Fig. lc).

Plaque and hemagglutination assays of washed culture
supernatants, each of which represented the total virus
output in the preceding 24-h period, revealed that maximum
virus release occurred on day 2 postinfection and before
uptake of stain reached its maximum (Fig. la); typical titers
on day 2 were 1 x 108 to 4 x 108 PFU/ml and 720
hemagglutinating units/ml. Virus yield then decreased on
successive days until cell viability had recovered to 80 to
90%, by which time virus yield was less than 5% of maxi-
mum or about 2 x 106 PFU/ml and less than 40 hemagglu-
tinating units/ml. However, virus yield again increased a few
days later and before the next wave of increased permeabil-
ity to stain by the cells, reaching 5 x107 PFU/ml and 480
hemagglutinating units/ml (Fig. la). Virus output was not
monitored routinely after this phase, because plaque size
became minute, as explained below, and output was difficult
to quantitate. However, a 3-month-old persistently infected
culture still produced virus levels of about 5 x 106 PFU/ml
per day.

Investigation of reasons for recovered cell viability. The
number of K562 cells permeable to stain increased 3 to 5
days postinfection with EMC virus, in some cases to as high
as 95%, which meant that about 1 105 to 2 x105 cells per
ml were viable, if trypan blue dye exclusion and viability are
equated. After this phase there was apparent recovery, and
about a week later, permeability to stain fell to 10 to 20%, or
about 2 x 106 cells were viable (Fig. la). Possible reasons for
recovery were that either cells became cured or a small
percentage of resistant cells outgrew sick cells and took over
the culture. To determine whether K562 cell growth rate was
sufficient fori05 cells to give rise to 2 x cells in less than
2 weeks, the rates of K562 cell growth in uninfected and
virus-infected cultures were measured.

Uninfected cells seeded at 105/Ml grew with a mean
generation time of about 1.2 days (Fig. 2), which was
sufficient for105 cells to give rise to 2 x 106 cells in less than
6 days. Since there were close to105 viable cells per ml in
persistently infected cultures at about 3 to 5 days postinfec-
tion, these could theoretically give rise to 2 x 106 cells per ml
by 9 to 13 days postinfection growing at the rate of unin-
fected cells. In fact, infected cell cultures took slightly longer
to reach this density of viable cells (Fig. 1). To determine
why, the growth pattern of infected cultures was examined.

Within 24 h of infection, K562 cells showed a marked
decrease in growth rate, the minimum coinciding with max-
imum permeability to stain at approximately 3 to 5 days
postinfection (Fig. 2). This was followed by a lag period of 2
to 4 days, after which the rate of cell growth increased and a
generation time of about 1.4 days was attained. Thus, the
reason why it took infected cultures longer than uninfected
ones to reach similar cell densities was the effect of a lag
period and a slightly slower growth rate. Nevertheless, it
seems reasonable to assume that the recovery of cell viabil-
ity observed by about 2 weeks postinfection was due to
self-renewal of cells rather than stained cells becoming
cured. However, some stained K562 cell cultures did seem
to recover viability, as the following studies suggested.
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TABLE 1. Percent attachment of 3H-labeled virus
to K562 cell clones

Cell line or % 3H-labeled % Virus
clone no. virus attachment attachmenta

K562 52.5 100.0
1 37.7 71.8
2 54.1 103.0
3 62.1 118.3
4 59.3 113.0
5 58.0 110.5
6 47.1 89.7
7 61.6 116.4

" Normalized to 100% for parental K562 cell attachment.

FIG. 2. Comparison of growth rates of infected and uninfected
cell cu
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Iltures. EMC virus-infected (- and A) and uninfected (O and staining for clones 4, 6, and 7 (Fig. 3b) were roughly
;562 cell cultures containing 105 cells per ml were maintained intermediate between those for clones 1 to 3 and 5 (Fig. 3a).

washed conditions (see the legend to Fig. lb for a definition), Despite this heterogeneity, all infected clones showed the

e number of viable cells per milliliter, as indicated by trypan propensity to recover viability, at least to some extent,
ye exclusion, was recorded daily. during the 10 days when they were observed (Fig. 3a and b).

The number of cells permeable to stain fell from 59 to 17%
gin of cells apparently resistant to virus infection. To in infected clone 5 between days 2 and 3 postinfection (Fig.
nine whether the parental K562 cell line contained a 3a) and from 44 to 7% for infected clone 7 between days 7
proportion of resistant cells which gave rie to the and 8 (Fig. 3b). These two clones behaved similarly in a

cells in the persistently infected culture or whether repeat experiment (data not shown). This change in staining

resistant cells arose spontaneously and continuously, pattern could not have been brought about by cell growth in
oned the parental cells in soft agar and tested each the 24-h period and must have resulted from decreased
for susceptibility to infection. permeability in previously permeable cells. This suggests
infection, the seven clones isolated followed a course that some apparently nonviable cells became cured.
ly seen in the parental line, i.e., the percentage of cells The rate of progression and extent of infection varied
up stain reached a maximum a few days postinfection, between clones. For instance, after 24 h of infection, clones
ved by recovery of viability which was so complete that 3, 5, and 7 were less than 20% stained but clones 1 and 2
al infected cultures of cloned cells attained levels Of were over 70% stained. The possibility that this variability

lg seen in uninfected cell controls (clones 4, 5, and 7) reflected differences in the numbers of virus receptors on the

3a and b). Thus, it appeared that cells impermeable to surface of the cells was considered. To test this possibility,

in infected cultures were generated continuously and 3H-labeled EMC virus binding to the different cell clones
not derived from a few resistant cells in the parental was measured. However, little difference in virus binding

was observed between the clones (Table 1), and the slight
seven clones showed considerable heterogeneity in differences seen, if real, bore little relationship to differences

course and extent of infection. Clones 1 to 3 reached in staining pattern exhibited by the infected cultures (Fig. 3a
evels of cell staining (Fig. 3a) which remained high for and b).
ger time than that usually found for the parental line Nature of viable cells in persistently infected K562 cell
la and b). In contrast, uptake of stain by infected clone cultures. The number of cells impermeable to stain in per-
similar to that in uninfected cell controls, except for sistently EMC virus-infected K562 cultures increased to 80

', when staining reached 60% (Fig. 3a); this higher to 90% by 2 to 3 weeks postinfection, despite the presence of
hgon day 2 was observed in a repeat experiment with infectious virus in the culture medium (Fig. la to c). To

5 (data not shown). The time course and extent Of explore the nature of this apparent resistance to infection,
cell clones were isolated from a culture (Fig. lc) at 17 days
postinfection by limiting dilution to examine their properties.
The 20 clones isolated were all resistant to EMC virus

a. b. infection on the basis of their appearance under a light
microscope and cell staining, except for clone 4A which, for\7 example, at 5 days postinfection contained 64% stained cells

3 compared with 90% in the uncloned, parental culture in-

,VIRRb4\6% fected at the same time (Table 2).

The parental culture from which the resistant clones were

2 obtained and the clones themselves were maintained for
more than 70 days in culture and routinely examined by light
microscopy and cell staining. During this time, the parental

2 4 6 8 10 0 2 4 6 8 10 culture went through several crises and staining frequently
reached 60 to 80% (Fig. lc). In contrast, the cloned cells

Days post infection apparently remained healthy on the basis of their appearance

3. Course of EMC virus infection as measured by cell under a microscope and impermeability to stain (data not
ig in arbitrarily numbered cell clones isolated from the paren- shown), which was similar throughout to that of uninfected
62 cell line. a, Clones 1 to 3 and 5; b, clones 4, 6, and 7. cultures (i.e., less than 5%). These observations suggest that
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TABLE 2. Effect of EMC virus on clones isolated from
persistently infected K562 cell cultures

Cells infected % of cells % 3H-labeled % Glyco-staineda virus attachment phorinb
K562 90.0 47.2 100
Clone 4A 64.0 28.9 132
Other clonesc 1.9 2.1 131

a At 5 days postinfection.
b Compared with uninfected K562 cells.
c Averages for 19 clones are shown.

unlike the parental culture, the cloned cells apparently did
not carry virus.
To determine whether the resistance of most of the cloned

cells to EMC virus infection was related to the lack of virus
receptors on the cells, 3H-labeled EMC virus binding to all
20 clones was measured. Under standardized conditions,
about 50% of the radioactivity in 3H-amino acid-labeled
EMC virus preparations bound to K562 cells (Table 2). In
contrast, binding of 3H-labeled virus to most of the cell
clones from persistently infected K562 cell cultures was
close to background levels. The exception was clone 4A,
which bound about 30% of the virus added or about 60% of
that bound to parental K562 cells (Table 2).
EMC virus attaches to glycophorin A on human erythro-

cytes (3). Since K562 cells also contain glycophorin A (13),
it was of interest to determine whether the lack of EMC virus
binding to K562 cell clones was related to their glycophorin
A content. All of the clones apparently contained slightly
more glycophorin A than did parental K562 cells (Table 2).
Thus, glycophorin content on the cell surface was not related
to susceptibility to EMC virus infection or the ability of cells
to bind virus (Table 2).
Changes in virus in persistently infected cultures. Under

standard conditions, EMC virus produces 7-mm-diameter
plaques on mouse L-cell monolayers. During the first few
days of infection, virus grown in K562 cells also produced
7-mm-diameter plaques but this gradually changed so that
virus produced plaques of 3 to 4 mm in diameter by about 10
days postinfection and 1 to 2 mm or even smaller by about 20
days postinfection.

DISCUSSION
Picornaviruses have the reputation of causing cytolytic

rather than persistent infections. However, there are numer-
ous reports of persistent infections caused by picornavi-
ruses, including foot-and-mouth disease virus (14, 27), Theil-
er's virus (6, 17), coxsackievirus (22), and poliovirus (24) in
animals and foot-and-mouth disease virus (10, 11), Theiler's
virus (23), coxsackievirus (5, 19), echovirus (15), and polio-
virus (1, 16) in cell culture. It should not be surprising to find
that EMC virus can also cause persistent infections under
the right conditions. In fact, EMC virus has previously been
shown to infect mice (8) and selected Chinese hamster ovary
cells (26) persistently.
An unusual feature of the establishment of persistently

EMC virus-infected K562 cells was the ease with which
persistence was initiated. In contrast to EMC virus infection
of CHO cells, which infrequently resulted in persistence
(26), we found that infection of K562 cells invariably gave
persistently infected cultures. K562 cells obviously have the
tendency to become persistently infected readily, since this
also happens with herpesvirus 1, measles virus, and mumps
virus (7, 12).

The molecular basis of viral persistence is not well under-
stood (20). It has been reported that coevolution of virus and
cells occurs in cultures persistently infected with reovirus (2)
or foot-and-mouth disease virus (10). The results presented
in the present report are consistent with continuous evolu-
tion of virus and cells. We believe that most of the K562 cells
in the original cultures were susceptible to EMC virus
infection. However, a few cells resisted infection and con-
tinued to grow, taking over the culture, and therefore
apparently largely recovered viability as measured by rela-
tive impermeability to stain. In the meantime, the virus itself
was evolving and variants able to overcome the inhibition in
the resistant cells were produced. As a result, the cultures
went through another crisis until a few cells resistant to the
variant virus grew and reestablished the culture. These cells
remained the predominant form until yet again new virus
variants arose when most of the cells succumbed to the new
variants, and so the process was repeated again.

Certainly, there was evidence that EMC virus evolved
rapidly in K562 cell cultures, giving rise to small-plaque
variants, a feature also seen for persistent infections with
foot-and-mouth disease virus (9), coxsackievirus (5), and
poliovirus (16). In addition, it was apparent that the K562
cells also evolved, since cloned cells gave rise to mixtures
containing some cells resistant and some susceptible to
infection.
Our studies are continuing. The basis of the resistance to

infection in this erythroleukemic K562 cell line, which might
be related to a change at the receptor level (Table 2), remains
to be determined, as does the nature of the change(s) in the
virus leading to small-plaque morphology.
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