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Interactions of rodent malarial parasites with Friend
erythroleukemia cells in vitro
H. EISEN,1 M. FURUSAWA,2 K. TANABE,3 S. TAKADA,4 & W. OSTERTAG 5

The ability of Plasmodium chabaudi and P. yoelii to bind to Friend erythroleukemia
cells in vitro was examined. Extensive binding of P. yoelii and weaker binding of
P. chabaudi was observed. Binding to mouse fibroblasts was not seen, although there was
some binding to cells ofa mouse mastocytoma. The binding of P. yoelii to Friend cells was
sensitive to specific antiserum. The development of P. berghei and P. yoelii in Friend cells
was followed by microscopic examination and measurement of the infectivity of those cells
in mice. Friend cells infected with both species appeared to develop morphologically normal
intracellular forms of the parasites. P. yoelii-infected cells were infective in sensitive mice
for 3 days after addition of the parasites, and this infectivity was not sensitive to treatment
in vitro with mouse anti-P. yoelii serum.

As yet little is known about the molecular mecha-
nisms by which malarial parasites invade their host
cells and develop in them. This lack of knowledge is
due mainly to the lack of convenient in vitro tech-
niques for cultivation of the parasites. Recently, in
vitro culture systems have been developed for the
cultivation of Plasmodium falciparum in human and
monkey erythrocytes (1,2). However, as yet such
culture has not been possible with rodent malaria,
presumably because of the great fragility of rodent
erythrocytes.

In an attempt to develop an in vitro culture system
for rodent malarial parasites, we have examined the
susceptibility of an established murine erythroleuke-
mia cell line to attack by three species of rodent
malarial parasites (P. berghei, P. chabaudi, and
P. yoelii). Friend virus transformed erythroleukemia
cells (FL cells) are transformed pre-globinized ery-
throid precursors. In the absence of stimulation, the
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cells exhibit few erythroid characteristics (3). They
do, however, contain small quantities of the ery-
throid membrane protein spectrin (4). The addition
of inducers, such as dimethylsulfoxide (DMSO) re-
sults in erythroid differentiation of the cells, leading
to the production of small normoblast-like cells
containing appreciable quantities of haemoglobin,
spectrin, and erythrocyte surface antigens (3, 4, 5).
The FL cells thus offer an appealing system for the
investigation of parasite cultivation. We report here
the binding of plasmodia to the FL cells and their
apparent development within these cells.

MATERIALS AND METHODS

Cell cultures
FL cells and cells of the DBA/2 mastocytoma

P815 were cultured as described previously (5). FL
clones 745A, F4N, and B8/3 have been described
previously (3, 6). Clone F4D5 is a subclone of F4N,
which has been selected for resistance to inducers of
erythroid differentiation. Fibroblasts 3T3 (Balb/c)
and L (E3H) were cultivated in Dulbecco's modified
Eagle's medium. All cells were cultivated at 37°C in
an atmosphere of 5% CO2 in air.

Parasites
P. berghei (strain NK65) was maintained by week-

ly passage in adult Balb/c mice. P. chabaudi and
P. yoelii were maintained by weekly passage in mice

3617 -367-



H. EISEN ET AL.

of strain 129. Blood was withdrawn into heparinized
tubes from the brachial arteries of etherized mice.
The erythrocytes were washed to remove the buffy
coat. For preparation of free intracellular forms of
P. berghei and P. yoelii, 2.5 volumes of cold 0.75%
ammonium chloride in 0.017 mol/litre Tris-HC1,
pH 7.6, were added per volume of erythrocytes. The
freed parasites were collected by centrifugation for
5 min at 400 g, washed once in cold minimal
essential medium (MEM), resuspended in MEM,
and stored for no longer than 30 min in ice. Purified
intracellular forms of P. yoelii and P. chabaudi were
prepared as described (7).

Infection
Logarithmically growing cells were washed once

and resuspended at cell concentrations of 5 x 105-106
per ml. Then 5 ml of the cell suspensions were
inoculated into 60-mm plastic tissue culture dishes.
Freshly prepared parasites were then added at levels
of infection of 10-40 parasites per cell and the
infected cells were incubated at 37°C in an atmo-
sphere of 5% CO2 in air. When differentiating FL
cells were to be tested, the cells were treated for
3 days prior to infection with 1-2% DMSO. This
treatment resulted in 50-80% haemoglobin, spectrin,
and glycophorin-positive cells. At intervals after
infection, cells were removed, washed, placed on
microscope slides, and air-dried. The dried cells were
fixed for 2 min in a mixture of 3 parts methanol and
1 part acetic acid, and treated for 12 min with
1 mol/litre HCl at 60°C. The cells were then stained
for 15 min with 3% Giemsa solution, pH 7.2, and
examined by light microscopy.

Antisera
Anti-P. chabaudi and P. yoelii sera were prepared

in adult Swiss mice. The immunization regime was
as follows. The first injection consisted of 0.25 mg of
purified intracellular parasites in complete Freund's
adjuvant. A portion of each sample (0.05 ml) was
injected intradermally in the back, and the remainder
into the footpads and back muscles. This procedure
was repeated after 5 weeks. Further injections of
1 mg of parasites without adjuvant were given at 2-
week intervals, and animals were bled 1 week after
each injection. Sera were heated for 30 min at 56°C
and were absorbed with one-half of their volume of
washed erythrocytes from mice of strain 129.

Fluorescent staining
The cells to be stained were washed in Earle's salt

solution (ESS) containing 10% bovine serum albu-

min (BSA). They were then placed on microscope
slides, air-dried, fixed for 5 min in methanol at
-20°C, and immediately placed in cold phosphate-
buffered saline (PBS). A drop of immune mouse
antiplasmodium serum diluted 1: 10-1: 50 in PBS
containing 10% BSA was placed on the cells and left
at room temperature for 20 min. The slides were
washed for 10 min in cold PBS, after which a drop of
rhodamine-conjugated rabbit anti-mouse immuno-
globulin (RaMIg) was placed on the cells and left for
20 min at room temperature. The slides were again
washed in cold PBS -and examined with a fluores-
cence microscope.

Binding ofparasites to cells
Purified erythrocytic forms of P. yoelii or P. cha-

baudi were added to FL cells of clone F4N (either
uninduced or induced for 2 days in 1.25% DMSO)
at a density of 10 parasites per cell in MEM
containing 10% fetal calf serum (FCS). After 1 h at
37°C, the infected cells were centrifuged at 200 g for
5 min and the cell pellet was resuspended in PBS
containing 10 %. The resuspended cells were layered
on a discontinuous gradient of BSA and centrifuged
at 40 000 g for 30 min. Under these conditions, the
free parasites remain at the top of the tube while the
cells enter the gradient. The cell band was collected
and the cells were placed on microscope slides, air
dried, and fixed in methanol at -20°C. Bound
parasites were visualized by indirect fluorescent
staining with serum prepared as described above.

Intracellular development ofparasites
We have also examined the ability of the parasites

to develop in various clones of the FL cells. FL cells
at densities of 0.5-1 x 106 cells per ml were infected
with free intracellular forms of P. berghei and
P. yoelii at levels of infection of 10-40 total parasites
per cell. It was not known what fraction of the
parasite preparations were mature enough to give
infectious forms. At various times, samples of the
infected cells were removed, stained, and examined
microscopically for the presence of intracellular
parasites.

RESULTS

Binding ofparasites to cells
When binding of P. yoelii-which grows in vivo in

reticulocytes-was examined, it was found that the
parasites bound to both uninduced and induced FL
cells with the same efficiency. It was found that
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80-100% of the cells had parasites bound to their
surfaces. A typical rosette formed by parasites bound
to an FL cell is shown in Fig. 1. P. chabaudi, which
normally grows in erythrocytes, bound poorly to
uninduced FL cells (30-50% of the cells showed
bound parasites) and somewhat better to the induced
cells (50-75% of the treated cells formed rosettes).
Neither parasite was able to bind to 3T3 cells.
However, both parasites showed low binding to cells
of the murine mastocytoma P815. In this case,
10-15% of the infected cells bound parasites. Treat-
ment of P. yoelii with specific antiserum prior to its
addition to the FL cells completely blocked its
ability to bind to the cells. It thus appears that the
parasites are able to bind specifically to FL cells.

Intracellular development ofparasites
Early judgment of intracellular parasites was diffi-

cult for two reasons. First, the large numbers of
parasites bound to the outside of the cells made it
difficult to distinguish intracellular forms. Secondly,
the large nuclei of the FL cells take up most of the
cell volume, thus masking the intracellular parasites.
Therefore estimations of the number of cells contain-
ing one or two parasite nuclei can only be minimal
estimates. Within 24 hours of infection, the nuclei of
virtually all the infected FL cells were seen to have
condensed and were generally pushed against the cell
membrane. In this case it was easier to estimate the
number of cells containing intracellular parasites.
The results of infection are shown in Table 1. While
all the Fl cell clones tested showed significant num-
bers of cells containing intracellular parasites after
24-48 h, they did not show the same sensitivity. The
highest infectivity was found in cells of clone F4N
(the wild type) and its DMSO-resistant subclone,
F4D5. In the case of clone F4D5, up to 30% of the
infected cells show intracellular parasites. Photo-
graphs of the infected cells are shown in Fig. 2 and 3.
In cells examined 4 h after infection, only isolated
parasites were found and fewer than 0.1 % of the
infected cells contained multiple nuclei. However,
48 h after infection, 2-5% of the cells contained
schizont-like forms with up to 20 nuclei. The slow
increase in the number of cells containing intracellu-
lar parasites is rather surprising, considering the
instability of free infectious forms. As mentioned
above, this may be due to the early masking effects
of the cell nuclei. It is also possible that bound
parasites are somehow protected from inactivation
and that penetration into the FL cells is a slow
process.

Fig. 1. Binding of P. chabaudi to FL cells of clone F4D5.

Table 1. Presence of intracellular parasites in cells
infected with P. berghei and P. yoelii

Percentage of cells
DMSO containing intracellular

Cell type Infected with: (%) parasites

4 h 24 h 48 h

745A P. berghei - 1.3 1.8 4.3

2 1.1 1.4 2.2

B8/3 - 0.9 1.4 4.1

2 1.6 4.2 6.8

P. yoelii - 0.6 2.3 3.4

"1" 1.5 1.7 5.4 7.9

F4N P. berghei - 1.8 3.2 9.5

"1"2 1.2 2.6 6.4

P. yoelii - 2.2 5.9 12.1

"1" 1.5 0.4 2.3 5.8

F4D5 P. berghei - 1.6 10.8 20.0

"1"2 1.4 8.9 7.7

P. yoelii - 4.7 15.2 29.8

"1"2 3.5 7.3 10.3

L P. berghei - 0 0 0

"1 P. yoelii - 0 0 0

3T3 P. berghei - 0 0 0

P. yoelii - 0 0 0

P815 P. berghei - 0.6 3.3 2.6

"1 P. yoelii - 0.4 1.7 2.1

369



370 H. EISEN ET AL.

....... .............................
XX`. ..... ... X.

-X -X-.X-X-V-X-:
-X

.:-
.:, -X

........................

X

x

.....

........X.:

X
X. ......

X

X ::;

X.

X.;

X.
:X:

X

X.
X ....

..........
-X

-X

X.,
-X

X

X..:

-X

X.:

X

X

..X
..X

...

Fig. 3 Appearance of P. yoe/ii-infected cells of clone
F4D5: (a) after 4 h; (b) after 48 h.

When mouse fibroblasts (3T3 cells and L cells)
were incubated with the parasites, no intracellular
forms were found. Surprisingly, infection of cells of
the mastocytoma line P815 resulted in the appear-
ance of some intracellular parasites. However, the
intracellular parasites appeared to be dead and never

formed schizont-like structures. Attempts to infect
normal nucleated mouse bone marrow cells werec unsuccessful.

lthough berghei and yoelii appeared to

develop in the FL cells, it was not clear whether the

Fig. 2. Appearance of P. berghei-infected cells of development was normal. In order to examine the
clone F4D5: (a) after 4 h; (b) after 24 h; (c) after 48 h. production of infectious parasites, cells were col-
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Table 2. Infectivity in mice of antiserum-treated cells
exposed to P. yoelii for 24-96 h

No. of animals showing parasitaemia 12 days
Cell type after receiving injections of P. yoe/ii-infected cells
infected exposed for:

24 h 48 h 72 h 96 h

F4D5 10/10 10/10 8/10 2/10

3T3 0/10 0/10 0/10 0/10

P815 1/10 0/10 0/10 0/10

lected and washed at 24, 48, 72, and 96 h after the
addition of P. yoelii. Samples of infected cells were
centrifuged at 160 g for 10 min, washed once in ESS
containing 5% FCS, and resuspended in 2 ml of the
same solution. Heated, erythrocyte-absorbed, mouse
anti-P. yoelii serum was added at a final dilution of
1: 4. After incubation with antiserum for 30 min at
37°C, the cells were washed three times in PBS and
resuspended in ESS at 5 x 106 cells per ml. Then 106
cells per animal were injected intraperitoneally into
2-3-month-old male mice of strain 129 (which ap-
pears to be particularly sensitive to P. yoelii). Giemsa-
stained blood smears from the mice were examined
after 12 days for parasitaemia. The results are shown
in Table 2. Antiserum treatment of infected mastocy-
toma cells eliminated the infectivity of the infected
FL cells. Infectivity was seen for 3 days after the
addition of the parasites, after which it was lost.
Treatment of 5 x 107 freshly prepared free parasites
with antiserum abolished their infectivity.

DISCUSSION

We have demonstrated specific binding of rodent
malarial parasites to Friend virus-transformed mouse
erythroleukemia cells in tissue culture. This binding

is blocked by specific antisera. While, in the case of
P. yoelii, all the FL cells are able to bind the
intracellular forms of the parasite, penetration oc-
curs in only 10-30% of the infected cells. It is
probable that, while many of the intracellular forms
of the parasite are able to bind to the FL cells, only
the mature forms are able to penetrate.
Once the parasites have penetrated the FL cells, a

small but significant fraction of them appears to be
able to develop into morphologically normal schi-
zonts. Furthermore, infectious intracellular parasites
can be detected for 3 days after infection of the FL
cells. It is surprising that the degree of erythroid
differentiation of the FL cells did not seem to
influence the ability of the parasites to develop, and
the most extensive development was seen in cells of a
DMSO-resistant clone that cannot be, induced to
produce haemoglobin. Perhaps haemoglobin is not
an absolute requirement for intracellular develop-
ment of the parasites-at least when ample supplies
of amino acids are available. The FL cells contain
haem, which might be required for parasite devel-
opment.
The reasons for the failure of the parasites to

propagate for more than 3 days are not clear. It is
possible that the mature schizonts are unable to lyse
the FL cells, thus preventing a second round of
infection. It is also possible that the parasites that
have bound to, but not penetrated, the cells may kill
them, thus preventing reinfection.

It is clear that much work is required in order to
optimize conditions for the cultivation of malarial
parasites in FL cells. For example, cell variants
should be tested for their ability to propagate the
parasites. Nevertheless, the use of FL cells offers a
promising system for the culture of rodent malarial
parasites and for the study of their interactions with
the cells.
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RI-SUMI
INTERACTIONS DES PARASITES DU PALUDISME DES RONGEURS

AVEC DES CELLULES DE L'ERYTHROLEUCOSE DE FRIEND IN VITRO

La capacite de Plasmodium chabaudi et P. yoellii de
se fixer sur des cellules d'erythroleucose de Friend in
vitro a ete etudie. La liaison etait importante dans le

cas de P. yoelii et plus faible dans celui de P. chabaudi;
on n'a pas note de liaison avec les fibroblastes de souris
alors qu'il y avait une certaine fixation aux cellules d'un
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mastocytome de souris. La fixation de P. yoelii aux cel-
lules de Friend etait sensible a l'immunserum specifique.
Le developpement de P. berghei et de P. yoelii dans les
cellules de Friend a e suivi par examen microscopique
et par mesure de l'infectivite de ces cellules chez les
souris. Les cellules de Friend infectees par l'une et l'autre

especes semblent permettre un developpement morpho-
logique normal des formes intracellulaires du parasite.
Les cellules infectees de P. yoelii etaient infectantes pour
les souris sensibles pendant trois jours apres l'addition
des parasites, et cette infectivite n'etait pas sensible au
traitement in vitro par du serum de souris anti-P. yoelii.
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