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Induction of Crisis Forms in Cultured Plasmodium falciparum

with Human Immune Serum from Sudan

Abstract. Serums from 90 individuals from three areas in Sudan were tested for
inhibitory activity against cultures of Plasmodium falciparum. In addition to inhibi-
tory activity against merozoite invasion, all of the serums demonstrated, in varying
degrees, the ability to retard intraerythrocytic development, leading to crisis forms
and parasite deterioration. These retardation factors could be removed by absorp-
tion of immune serum with parasite-infected erythrocytes and were demonstrable in
purified immunoglobulin fractions. Serum from donors in hypoendemic Khartoum

did not retard parasite development.

Nearly four decades ago, Taliaferro
and Taliaferro (I) reported that infec-
tions of Plasmodium brasilianum in Ce-
bus capucinus monkeys progressed at a
predictable rate and pattern until the
host’s immune response began to resolve
the infection. The parasite’s highly syn-
chronous development then became se-
verely retarded, and ‘‘crisis forms’’ of
the parasite appeared (/). The crisis was
characterized by significant changes in
the synchrony of the parasite’s develop-
mental cycle, a reduced average number
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of merozoites per segmenter, and a retar-
dation of the periodicity, resulting in
many deteriorating schizonts within the
infected erythrocytes. Since this early
report, the term crisis form has become
synonymous with obviously degenerat-
ing intraerythrocytic parasites seen in
hemoprotozoan infections with Babesia
and Plasmodium sp. (2). Experimental
induction of crisis forms is not always
consistent and, in rodent infections with
Babesia and Plasmodium sp., nonspecif-
ic factors associated with Corynebacteri-
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um parvum, Mycobacterium bovis BCG,
or endotoxin-stimulated macrophages
appear to be important (3).

Studies of immunity to primate malar-
ia—including malaria due to P. falci-
parum in man—have demonstrated that
serums collected from experimentally in-
fected animals, or from humans living in
regions of malaria hyperendemicity, con-
tain humoral factors that inhibit parasite
development in vitro (4). Since the mero-
zoite is the only extracellular stage of the
blood infection, it is especially suscepti-
ble to immunologic attack, and numer-
ous studies have confirmed that malaria-
immune serum appears to act by block-
ing invasion of erythrocytes by the mero-
zoites (5). Attempts to demonstrate
inhibition of intracellular parasite devel-
opment or to identify additional protec-
tive actions for malaria-immune serum
have been, up to now, unsuccessful (6).
One result of these studies has been to
emphasize the merozoite as the source of
protective antigen. We now report that
serums collected from individuals living
in malarious regions of the Sudan not
only contain merozoite-blocking anti-
bodies, but also cause intracellular para-
site deterioration and classical crisis
forms in cultures of P. falciparum.

We have collected more than 300 se-
rum samples from three different regions
in Sudan, and of these, 90 have been
tested for parasite inhibition in continu-
ous cultures of P. falciparum. Since in
some areas, particularly Blue Nile Prov-
ince, the villagers have access to chloro-
quine, all serums were dialyzed 1:1000
against RPMI 1640 medium. This proce-
dure removes 98 percent of the chloro-
quine from serum (7). Because dialysis
also removes hypoxanthine, a required
nutrient not found in RPMI 1640, com-
plete medium was supplemented with
hypoxanthine to give a final concentra-
tion of 5 x 107°M (8). All serums were
heat-inactivated at 56°C for 30 minutes.
Parasites of P. falciparum, strain
FCR;/Gambian, were synchronized with
a modification of the sorbitol method (9);
cultures were washed with 5 percent
(weight to volume) aqueous sorbitol, cul-
tured for 12 hours, washed again with
sorbitol, returned to culture for 24 hours,
then concentrated to 80 to 90 percent
parasitemia by the gelatin~-RPMI 1640
method (10). This procedure results in
highly synchronous schizonts with a 6-
hour age differential. The synchronized
schizont-infected red cells were diluted
to a 0.5 to 1.0 percent parasitemia with
freshly washed O+ erythrocytes and dis-
persed into 96-well microculture plates
so that each well received 3 pl of packed
erythrocytes. The dialyzed serum was
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diluted with hypoxanthine-supplemented
RPMI 1640 medium containing 5 percent
normal pooled human serum (used to
provide minimum essential nutritional
ingredients) to give immune serum titers
of 1:2, 1:4, 1:8, and 1:16, depending on
the experiment. The microculture plates
were incubated at 37°C with the candle-
jar technique (/7). The effect of the im-
mune serum was determined by micro-
scopic examination of Giemsa-stained
blood films usually made at 48 hours.
Since the synchronous schizont-infected
red cells released their merozoites within
12 hours, in some experiments the medi-
um in the microplates was changed at 18
hours so that wells containing normal
serum during the invasion phase would
contain immune serum for the rest of the
parasite developmental cycle. Converse-
ly, some parasites exposed to immune
serum during invasion of the erythro-
cytes were switched to normal serum for
the developmental phase. In other ex-
periments, the immune serum was re-
placed with purified immunoglobulins
obtained by three consecutive salt frac-
tionations with 33.3 percent ammonium
sulfate followed by chromatography on
DEAE-Sephadex A-50 according to stan-
dard procedures. Once it became appar-
ent that immune serums were retarding
intracellular parasite development, some
were absorbed three times with one-
tenth volume of trophozoite- and schiz-
ont-infected red cells at 37° and 4°C for
30 and 120 minutes each, respectively,
and tested in parallel with unabsorbed
samples of the same serum. Normal,
nonimmune serum was also absorbed
against parasite-infected erythrocytes,
and immune serums were absorbed
against uninfected erythrocytes to re-
move any heterophilic antibodies.

In cultures containing normal nonim-
mune serum, the synchronized schizonts
usually released their merozoites 6 to 12
hours into the experiment, the result
being a six- to eightfold increase in para-
sitemia. At 48 hours into the experiment,
which represents 30 to 42 hours of the
subsequent parasite cycle, the cultures
averaged 65 to 80 percent multinucleated
schizonts or segmenters, 20 to 35 percent
mature trophozoites, and less than 2
percent ring forms (Fig. 1, A and B). The
concentration of dialyzed normal serum
had little effect on the rate of parasite
development or the final parasitemia. In
cultures supplemented with immune se-
rum, the degree of inhibition of mero-
zoite invasion, measured as a reduced
parasitemia, varied from donor to donor,
depending on the level of inhibitory anti-
body present. The more inhibitory se-
rums gave significant (> 30 percent) in-
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hibition at a serum titer of 1:16, the
lowest level tested; the least potent se-
rums gave little or no inhibition, even
when used at 1:2 dilution. None of the
serums collected from residents of Khar-
toum, a hypoendemic area for malaria,
gave a significant inhibition titer.

In addition to the blocking of merozo-
ite invasion, most of the immune serums
examined produced moderate to severe
retardation of intracellular parasite de-
velopment. Parasites that succeeded in
entering erythrocytes in the presence of
immune serum failed to develop at the
same rate as parasites in parallel cultures
containing nonimmune serum. The de-
gree of retardation of development var-
ied from serum to serum and was depen-
dent on the amount used to supplement
the cultures. At 48 hours, most of the
parasites in nonimmune cultures were
mature segmenting schizonts, with a few
newly invaded rings from precocious
schizonts (Fig. 1, A and B), whereas
those in immune serum often failed to
develop beyond the ring stage, appearing
as atypical rings or young trophozoites
devoid of hemozoin pigment (Fig. 1C).
As the concentration of immune serum

was serially reduced from 1:2 to 1:16.
the degree of parasite retardation was
likewise reduced. Once this phenome-
non was established with 20 differen
serums, some were absorbed against
schizont-infected erythrocytes. Table 1
contains data on two typical immune
serums that show significant retardatior
of parasite development. The degree of
retardation at any given serum concen
tration can be appreciably reduced by
absorption of the immune serum witk
parasitized erythrocytes. These observa-
tions suggested that intracellular parasite
retardation by immune serum may have
been antibody-mediated. Accordingly
purified immunoglobulin G from a poo
of immune serums and from serum S-81
U21 were tested for inhibitory and retar
dation activity. The immunoglobulin C
from the serum pool gave 70 percen
inhibition at 6.5 mg/ml and that from S
81-U21 gave 68 percent inhibition at ¢
mg/ml. Both purified immunoglobulir
fractions retarded parasite development
but to a lesser degree than whole serum
did. However, since serum from malari
ous regions is often hypergammaglobu
linemic it would be difficult to estimate

Table 1. Highly synchronized schizonts of Plasmodium falciparum were allowed to shec
merozoites and develop in dilutions of nonimmune pooled human serum (NHS) and in twc
samples of immune serum. Serum S-81-U21 was obtained from the umbilical cord of a newborr
whose mother had experienced symptoms of malaria during the final trimester of pregnancy
The concentration of the NHS did not appreciably affect the final parasitemia or the distributior
of parasite stages. When NHS was absorbed with trophozoite- and schizont-infected erythro
cytes (NHS-A) there was a slight retardation of parasite development, probably because of the
removal of essential nutrients during absorption. As the concentration of immune serum was
decreased the final parasitemia was increased, and the amount of retardation of parasite
development was reduced. Absorption of the immune serums with infected erythrocytes
removed significant amounts of inhibitory factors from these serums. (S-81-14-A and S-81-U21
A are S-81-14 absorbed and S-81-21U absorbed, respectively.) During absorption many
segmenters released merozoites, and this probably accounts for the increase in total parasitemi:

after absorption.

Concen- Percent development by stages Para-
Serum tration Titer - - sitemiz

(%) Rings Trophozoites Schizonts (%)
NHS 50 1:2 1 20 79 9.6
NHS-A 50 1:2 12.5 25 62.5 8.6
NHS 25 1:4 0 18 82 8.0
NHS-A 25 1:4 3 26 71 9.4
NHS 12 1:8 0 19 81 9.2
NHS-A 12 1:8 2 17 81 8.6
NHS 6 1:16 3 13 84 9.3
NHS-A 6 1:16 2 30 68 10.0
S-81-14 50 1:2 No living parasites 0
S-81-14-A 50 1:2 34 66 0 4.0
S-81-14 25 1:4 88 10 2 1.7
S-81-14-A 25 1:4 4 61 35 7.5
S-81-14 12 1:8 17 80 3 5.0
S-81-14-A 12 1:8 0 44 56 8.0
S-81-14 6 1:16 3 88 9 6.6
S-81-14-A 6 1:16 1 46 53 14.0
S-81-U21 50 1:2 No living parasites 0
S-81-U21-A 50 1:2 62 30 -8 5.1
S-81-U21 25 1:4 64 36 0 2.9
S-81-U21-A 25 1:4 0 57 43 8.6
S-81-U21 12 1:8 0 55 45 7.9
S-81-U21-A 12 1.8 4 30 66 8.7
S-81-U21 6 1:16 0 26 74 9.6
S-81-U21-A 6 1:16 0 32 68 9.8
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how much purified immunoglobulin
would have specific antimalarial anti-
body equivalent to that in a volume of
whole serum. Immunoglobulins from
nonimmune serum had no effect on para-
site development.

Two explanations could account for
the above observations. Invading mero-
zoites may become coated with antibody
before entering the erythrocytes, and
once the merozoites are intracellular, the
immunoglobulins may exert their retar-
dation effects. Another possible mecha-
nism may be that parasite antigens in-
serted into the erythrocyte membrane,
perhaps to mediate the uptake of nutri-
ents essential for parasite development,
may be blocked by antibody, resulting in
starvation and retardation of parasite de-
velopment. The parasite antigens on the
erythrocyte surface need not be func-
tional as transport mediators for the anti-
gen-antibody complexes to alter erythro-
cyte permeability. To test the first hy-
pothesis we allowed merozoites to in-
vade in the presence of an immune
serum having an indrect fluorescent anti-
body (IFA) titer of 1: 50,000. Parasites at
different stages of development were in-
cubated with this serum and subsequent-
ly examined with ultraviolet fluorescent
microscopy and IFA techniques. We

Fig 1. Highly synchronized cultures of Plasmodium falciparum were grown for 48 hours in

Table 2. Cultures of Plasmodium falciparum
were synchronized to a 6-hour age differen-
tial. Schizonts so pre were allowed to
invade through nonimmune pooled human
serum (NHS) or three immune serums, CT,
RO, or RO absorbed trophozoite- and schiz-
ont-infected erythrocytes (RO-A). After inva-
sion was completed, the medium was re-
placed and the parasites were allowed to
develop in the serum they invaded through, or
were switched to NHS or immune serum.
Giemsa-stained thin films were made after 48
hours. Parasites that invaded through normal
serum but were switched to immune serums
for development were markedly retarded in
their development, as were parasites that in-
vaded through and developed in immune se-
rum. The exception to this pattern was RO-A,
which after absorption, still inhibited inva-
sion, but development was no longer retard-
ed.

Percent development

Serum used by stages
during
invasion/ . Tro- Schiz-
cultivation Rings pho- onts
zoites
NHS/NHS 1.6 344 64
NHS/CT 14.6 79.2 6.2
NHS/RO 6.3 75.9 17.8
NHS/RO-A 1.5 34.5 64
CT/CT 40.7 56.5 2.8
CT/NHS 6.8 70.9 223
RO/RO 5.7 69.7 24.6
RO/NHS 2.8 41.6 55.6
RO-A/RO-A 1 40 59
RO-A/NHS 3.5 31 56
- L4
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nonimmune or iqlmune serum. These photomicrographs of Giemsa-stained thin films demon-
strate that parasites grown in nonimmune serum retained their synchrony, and the majority
were mature and segmenting schizonts (A). The average number of merozoites was 14 to 16 as

seen in (B), where a mature segmenter has just released 16 merozoites. Parasites from the same

culture grown in serum S-81-14 (see Table 1) at 1:4 dilution failed to develop beyond the late

ring-early trophozoite stage, were vacuolated, and stained poorly (C). When developing

trophozoites were switched from nonimmune to immune serum many failed to produce
segmenters (C). Others produced segmenters with enlarged merozoites, usually eight to ten in
number, or were obviously deteriorating. In (D), the segmenter on the left contains two large

merozoites and a degenerating residual mass, while the one on the right contains eight enlarged

merozoites. All photomicrographs are x5400.
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were unable to detect any intracellular
antibody on newly invaded rings or on
segmenting schizonts, except when the
erythrocyte membranes were obviously
damaged. We did note, however, that
methanol-fixed trophozoite- and schiz-
ont-infected erythrocytes showed anti-
body bound to the erythrocyte mem-
branes of infected but not of uninfected
cells. We noted this surface fluorescence
on both ‘“knobby’’ and ‘‘knobless’’
clones of FCR3y/Gambian parasites (12).
Nonimmune serum did not produce sur-
face fluorescence. We thus concluded
that antibody is not transported into the
erythrocyte during invasion, but is prob-
ably sloughed from the merozoite along
with the surface coat during the endocy-
totic process (13). Since methanol-fixed
infected erythrocytes produce surface
fluorescence, but uninfected cells do
not, the immune serum must contain
antibodies against antigens found on the
surface of infected erythrocytes, but not
of uninfected erythrocytes.

The hypothesis that immune serum
exerts its retardation effects on the sur-
face of infected erythrocytes was tested
by allowing merozoites to invade eryth-
rocytes in the presence of either nonim-
mune or immune serum, after which
some cultures were switched from im-
mune to nonimmune serum, or from
nonimmune to immune serum (Table
2). Generally, parasites that invaded
through and were cultured in immune
serum were severely retarded in their
development. However, when these par-
asites were switched to nonimmune se-
rum for the development phase, the de-
gree of retardation was significantly low-
er. Parasites that invaded through non-
immune serum and were switched to
immune serum were also retarded in
their development. Absorption of im-
mune serum against trophozoite-infected
erythrocytes removed the retardation
factors, so that parasites exposed to this
absorbed serum developed normally; the
nonabsorbed immune serum retarded
parasite development.

Infected erythrocytes cultured in the
presence of immune serums contained
numerous disintegrating parasites—the
crisis forms. It was more difficult to
demonstrate segmenters having a re-
duced number of merozoites. Usually
the parasites deteriorated before they
became schizonts. However, when syn-
chronized cultures grown to the tropho-
Zoite stage in nonimmune serum were
switched to immune serum, most of the
parasites developed slowly and eventual-
ly produced abnormal segmenters con-
taining 8 to 10 merozoites instead of the
usual 14 to 16. These crisis-form merozo-
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ites were much larger than normal (Fig.
1, B and D). We also observed that if the
synchronized parasites were exposed to
the immune serum before segmentation,
many failed to release their merozoites;
thus reduction in the expected number of
successful merozoite invasions may not
be due entirely to merozoite-blocking
antibody, but to a failure of schizonts to
reach complete maturation.

Our resuits fully support the findings
of Taliaferro and Taliaferro (1), who re-
ported that the first indication of immu-
nologic crisis in P. brasilianum infec-
tions was a loss of the characteristic
parasite synchrony; this was accompa-
nied by retardation of development and
resulted in a reduced number of merozo-
ites in the disintegrating intracellular par-
asites or segmenters. It would be difficult
to observe crisis forms and intracellular
deterioration of mature parasite stages in
natural infections of P. falciparum be-
cause the trophozoite- and schizont-in-
fected red cells are sequestered in capil-
laries and are rarely seen in peripheral
circulation (/4). Our findings are sup-
ported by a report that monoclonal anti-
bodies to P. falciparum retard intracellu-
lar parasite development (/5), but are at
variance with several reports on the ef-
fects of immune serums on cultured par-
asites (4, 6, 16). Some of these investiga-
tions were conducted before the continu-
ous cultivation of P. falciparum was
achieved (16), and therefore the observa-
tions on dying cultures in vitro might not
have given a true picture of the effects of
immune serum. In other studies, current
cultivation techniques were used with
serums obtained from Aotus trivirgatus
monkeys made refractory to infections
with P. falciparum by repeated cycles of
infection and drug treatment (6); these
studies failed to demonstrate crisis forms
and retardation of intracellular develop-
ment of parasites, perhaps because the
Aotus monkeys do not respond immuno-
logically to P. falciparum infections as
humans do.

We have demonstrated that immune
serums collected from donors in the Su-
dan inhibit merozoite invasion into
erythrocytes, as expected. In addition,
these serums retard intracellular parasite
development and lead to crisis forms and
parasite disintegration. The inhibitory
factors are apparently specifically ac-
quired because serums from residents of
Khartoum, who are of the same genetic
stock as people in rural villages, are not
inhibitory and do not retard parasite de-
velopment. The most plausible explana-
tion for the action of these immune se-
rums is that they prevent the function of
parasite antigens inserted into the eryth-
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rocyte membrane for the nutritional ben-
efit of the developing parasite. Parasite
antigens on the surface of infected eryth-
rocytes have been described (12). The
complexing of antibody to such antigens
may block the uptake of essential nutri-
ents and lead to retardation of parasite
development. Since it has been generally
accepted by investigators in malaria im-
munology that protective antibodies to
malaria are directed against the merozo-
ite, our results could lead to the discov-
ery of protective antigens not associated
with the merozoite.
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HEL Cells: A New Human Erythroleukemia Cell Line with
Spontaneous and Induced Globin Expression

Abstract. A new human erythroleukemia cell line has been established. This line,
designated HEL, is capable of spontaneous and induced globin synthesis, producing
mainly Gy and Ay chains. Embryonic chains (e, {) and o chains are detectable in
very small amounts; B chains are undetectable. This line provides a new model
system for studying aspects of erythroid cell differentiation and differential globin

gene expression.

Established cell lines are invaluable
tools in cell biology. Murine hemopoietic
cell lines, specifically the Friend erythro-
leukemia cells, have greatly expanded
our knowledge regarding hemopoietic
cell proliferation and differentiation and
have been useful in studying gene
expression. Recently, human hemopoi-
etic cell lines established from patients
with leukemia have become available
(1); K-562 has been the only human cell
line which expresses phenotypic mark-
ers of erythroid lineage (2) and displays
spontaneous and induced globin synthe-
sis (3).

We report here the establishment of a
new human hemopoietic cell line which
is capable of globin synthesis. This new
cell line, designated HEL (for human
erythroleukemia), was derived from the
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peripheral blood of a patient with Hodg-
kin's disease who later developed eryth-
roleukemia. The patient received alloge-
neic bone marrow transplantation, but
relapsed 7 months later. At the time of
his relapse, Wright’s Giemsa-stained
blasts from peripheral blood and bone
marrow resembled large abnormal pro-
erythroblasts with basophilic agranular
cytoplasm and showed a marked tenden-
cy for polyploidy. Their cytochemical
characteristics (positive in periodic acid—
Schiff reagent, acid phosphatase, and
butyrase; negative in myeloperoxidase,
chloroacetate esterase, and Sudan black
B) were consistent with the diagnosis of
erythroleukemia. Peripheral blood mono-
nuclear cells from this patient at the time
of relapse were used to initiate suspen-
sion cultures. Cells were cultured in
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