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Cold isohaemagglutinins in Plasmodium berghei-
infected rats reacting with parasitized reticulocytes*
K. N. BROWN,1 M. S. GRUNDY,2 L. A. HILLS,3 & W. JARRA4

Significant levels ofcoldIgMandIgG isohaemagglutinins were detected in theserum of
rats infected with Plasmodium berghei KSP 11. Peak titres occurred 15 days after initial
infection at the time when the parasitaemia was dropping rapidly, or 7 days after a second
challenge infection. Infected reticulocytes were much more sensitive to agglutination than
uninfected cells, but absorption experiments demonstrated isoantigenicity in the determi-
nants involved. This result indicated that thepresence oftheparasite resulted in exposure of
membrane isoantigens normally masked. Agglutination could be inhibited with fractions
withpIs 7.7- 7.8 obtainedfrom parasitized reticulocytes. Formaldehyde andglutaraldehyde-
fixed infected cells each gave distinct agglutination reactions, different from unfixed cells.

The development of malaria parasites within
erythrocytes alters the structure of infected cells.
Potentially important for immunological reactions to
malaria infections are modifications of the erythro-
cyte membrane that may render the cells either
immunogenic or antigenic or both, and thus facilitate
the destruction of parasitized, and possibly also
uninfected, erythrocytes.

Alterations have been described in the membrane
proteins of erythrocytes parasitized with Plasmodium
knowlesi (1, 2, 3), P. chabaudi (4), and P. berghei (5).
Antibodies reacting with acetone-fixed normal
mature erythrocytes (normocytes) (6) and trypsinized
normocytes (7, 8), have been detected in malaria
infections, although it is not certain whether this
response is directly related to changes in erythrocytes
induced by malarial parasites or a normal reaction to
severe anaemia (9).

Several plasmodial species, including P. vivax in
man, have a predilection for immature erythrocytes
(reticulocytes), and even in infections with, for
example, P.falciparum, which preferentially invades
normocytes, parasites are frequently seen in reticulo-
cytes once malaria anaemia becomes pronounced.
Reticulocytes differ in their surface characteristics
from normocytes. Possible autoimmune responses to
host reticulocytes were considered by Lustig et al.
(10).

This paper will describe humoral autoimmune
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responses to reticulocytes developing in rats infected
with P. berghei KSP 11, and will include evidence that
infected reticulocytes are more isoantigenic than
uninfected reticulocytes.

MATERIALS AND METHODS

Animals

Syngeneic NIMR August rats were usually used to
provide serum, reticulocytes, and parasitized cells. In
a few experiments, outbred NIMR Sprague Dawley
rats provided parasitized cells, but no differences in
agglutination reactions between erythrocytes from
these two strains of rats were noted.

Parasites

A recently cloned line of P. berghei KSP 11 (11) was
used. A cryopreserved batch of infected blood col-
lected at the fourth 6-day blood passage after cloning,
was used as a source of parasites for all experiments.
Parasites from 50-60-g rats, infected 6 days pre-
viously with cryopreserved material, were used to
infect donors of parasitized cells and serum.

Preparation of antisera

Blood was collected from the heart, the serum was
separated at room temperature, and aliquots were
stored at -20 °C or -70 'C. In comparative experi-
ments all sera were from the same batch of rats and
stored at the same temperature. When necessary,
samples were inactivated by heating at 56 'C for
30 min. The histories of rats used as a source of anti-
serum are given in the results.
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Goat anti-rat IgG2a, rabbit anti-rat IgG2b, and goat
anti-rat IgG2, were used.a Goat anti-rat IgM was a gift
from Dr Bazin, Biology Division, European Atomic
Energy Community.

Isolation ofreticulocytes andparasitized reticulocytes
Uninfected reticulocytes. 44-55-g August rats were

inoculated intraperitoneally with 10 ml/kg body
weight of a 0.017 mol/litre solution of phenylhydra-
zine, on days 1, 2, 3, and 6, and then bled into citrate
saline on day 8. At this time the blood contained over
900/ reticulocytes. The cells were washed 4 times by
centrifugation at 750 g for 10 min and resuspended in
Krebs-Ringer solution (KS) (12). Reticulocytes were
counted by mixing approximately equal volumes of
blood and brilliant cresyl blue (10 g/l citrate saline) in
small tubes. These tubes were incubated at ambient
temperature or 37 °C for 15 min and thin smears of
the cells prepared.

Formalinized uninfected reticulocytes. These were
prepared by suspending 2.0 ml of packed reticulocytes
obtained as described above in 100 ml of formalin
(0.145 mol/l) in normal saline (0.145 mol/l) for 24 h.
The cells were separated by centrifugation at 750 g for
10 min and then washed 3 times in saline, resus-
pended, and counted for use.

Glutaraldehyde-fixed uninfected reticulocytes and
normocytes. 1.0 ml of packed reticulocytes or normo-
cytes were suspended in 50 ml of an ice-cold solution
containing glutaraldehyde (0. 132 mol/l), sodium
cacodylate (0.0023 mol/l), and calcium acetate
(0.002 mol/l) and maintained on ice for 30 min. The
cells were then recovered by centrifugation at 750 g,
washed 3 times, and left overnight in sodium caco-
dylate solution (0.05 mol/l) containing sucrose
(0.02 mol/l). They were washed once in saline before
use.

Parasitized reticulocytes. Two methods of prep-
aration were used:

(a) 45-55-g male August rats were infected intra-
peritoneally with approximately 4 x 106 parasitized
erythrocytes on day 1, and on day 4 they were given a
single inoculation of phenylhydrazine as above. On
day 8 they were bled into citrate saline. The cell
suspension was centrifuged at 750 g for 10 min and the
supernatant discarded. The cells were resuspended in
Krebs' glucose and centrifuged at 500 g for 15 min.
The top brown layer of cells was removed and used as
a source of infected reticulocytes. These suspensions
consisted almost exclusively of infected reticulocytes,
mostly containing one or more trophozoites but
occasionally schizonts. Some leukocytes were present.

(b) 150-200-g male August rats were infected intra-

a From Miles Laboratories, Slough, England.

peritoneally on day I with 4 x 106 parasitized erythro-
cytes, and 4 h later were inoculated with phenylhydra-
zine. Additional inoculations of phenylhydrazine
were given on days 2 and 3. The rats were bled on day 7
and parasitized cells isolated as described above.

There was no detectable difference in the behaviour
of preparations (a) and (b) in agglutination tests.

Formalinized parasitized reticulocytes. 2.0 ml of
the layer of parasitized cells isolated as described
above were suspended in 100 ml of formalin in normal
saline (as described above) for 24 h. The parasitized
cells were then separated by centrifugation at 900 g for
10 min. The pelleted parasitized cells were resus-
pended in normal saline in 15-ml conical centrifuge
tubes and recentrifuged at 900 g for 10 min. The
supernatant was discarded and the upper brown layer
of cells collected; this layer was almost free of leuko-
cytes, and provided virtually 100% parasitized
reticulocytes. These cells were washed 3 times in
normal saline and resuspended for use.

Glutaraldehyde-fixed parasitized reticulocytes.
1.0 ml of the layer of parasitized reticulocytes isolated
as described above was added to 50 ml of the gluta-
raldehyde solution described above and subsequently
treated as described for uninfected cells.

Agglutination tests

These were carried out in WHO haemagglutination
trays with round-bottomed wells.

Unfixed cells. Reticulocytes, either infected or
uninfected, were used at a concentration of 2 x 107/ml
in two-fold dilutions of serum in saline containing 2%
normal inactivated August rat serum, to give a final
volume of 800 1l per well. The trays were maintained
at 2 °C, 20 °C or 37 °C according to the experiment.
Fixed cells. These were tested in the same way but at

a concentration of 4.8 x 107/ml.

Absorption ofsera with unfractionated antigens

Approximately 4.0 ml of parasitized reticulocytes
or uninfected reticulocytes, prepared as above, were
added to 16 ml of KS. The diluted samples contained
about 4.8 x 108 cells per ml. The suspensions were
divided into two 10-ml aliquots in 10-ml conical centri-
fuge tubes, and centrifuged at 750 g. To 2.0 ml of
packed cells were added 2.0 ml of either normal or
hyperimmune serum, and the cells were dispersed with
a pipette.
The mixture of serum and cells was then disrupted

by sonication with a Dawes Soniprobe, Type 7532A,
at 60-80 W. During sonication the vessel containing
the cell/serum mixture was maintained at 4 'C. Soni-
cation comprised six 10-second periods each separated
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by a 30-second interval to minimize heating. After
sonication, the serum/cell mixture was mixed over-
night at 4 °C on a slow rotator (Taab), and then
centrifuged at 100 000 g for 60 min. Following centri-
fugation the volume of each sample was measured and
corrected for the maximum dilution among the
samples being absorbed. Serum controls were diluted
with an equal volume of KS, sonicated, rotated over-
night, and ultracentrifuged.

2-Mercaptoethanol treatment ofserum

2-Mercaptoethanol (0.2 mol/l) was prepared in
phosphate buffered normal saline (PBS), pH 7.0,
(normal saline with NaH2PO4.2H20, 0.15 mol/l,
and Na2HPO4, 0.15 mol/l) at 4 'C. To one volume
of either normal or hyperimmune rat serum was added
an equal volume of 2-mercaptoethanol and the mix-
ture was incubated for 30 min at 37 'C. After incu-
bation the mixture was divided into suitable aliquots
and stored at -20 'C. Serum controls were diluted
with an equal volume of PBS and processed as above.

Two-dimensional immunodiffusion

Gels, 76 mm x 25 mm, of 13 g/litre lonagarb in
barbital buffer (0.05 mol/l), pH 8.6, were cast on
microscope slides. Wells 3 mm in diameter and
2.5 mm apart were punched in the gel. After loading,
the gels were maintained at 4 'C for 18-24 h, washed
in normal saline, stained in naphthalene black, de-
stained in methanol/acetic acid/distilled water, 5:1:5,
and examined.

Fractionation of hyperimmune serum

Sephacryl G-200 column. 5.0 ml of antiserum was
dialysed overnight at 4 'C against KS at pH 7.4. A
2.0-ml sample was pumped down a calibrated Seph-
acryl G-200 column (56 x 2.7 cm),c previously equili-
brated with KS and maintained at 4 'C, at a rate of
20 ml/h. Fractions of 3.0 ml were collected and the
optical density at 280 nm (1-cm cell) was used as an
indication of relative protein concentration in the
eluted fractions. The fractions were stored in aliquots
at -20 'C, and reconcentrated 8 times, using a macro-
solute concentrator (BI 5),d before use.

Membrane filtration. Ultrafiltration membranes,
XM 50, UM 10, and UM 2,d were prepared for use
according to the manufacturer's instructions. The cut-
off values for these membranes were given as relative
molecular masses of 50 000, 10000, and 1000, respect-
ively. By using the membranes sequentially in a 60-ml
ultra-filtration cell,d 4 fractions of hyperimmune

b From Difco Laboratories, Detroit, Ml, USA.
c From Pharmacia (Great Britain) Ltd, London, England.
d From Amicon, Netherlands.

serum were obtained, and stored at -20 °C until
tested. By immunodiffusion with monospecific anti-
sera, Ig was detectable only in the fraction with a
relative molecular mass greater than 50 000.

Fractionation ofsoluble P. berghei antigens

Infected reticulocytes obtained from 1 50-200-g rats
as described above, were washed twice in KS, the pellet
suspended in two volumes of distilled water, and the
infected reticulocytes disrupted by freezing to -70 °C
and thawing twice. The lysate was centrifuged at
150 000 g at 4 °C for 2 h, the pellet was discarded,
and the supernatant stored in 10-ml aliquots at
-70 OC.

4 g of Ultrodexe were suspended in 100 ml of a
20 g/litre solution of ampholines, pH range 3.5-10,e
in distilled water. The suspension was poured into a
specially prepared glass tray (electrofocusing kit
2117-50e), and 33% of the water content was
evaporated at room temperature. A band of the
suspension was removed from the anodic end of the
plate, using a sample applicator (electrofocusing kit
2117-50e). 10.0 ml of P. berghei supernatant fraction
(see above) was concentrated at 4 °C to 3.0 ml using a
macrosolute concentrator (B15),d and mixed with the
suspension. The gel was then added back to the tray
and the sample focused, using constant power at 4 °C.
(Initial power settings 1000 V, 8 W, and 15 mA, using
LKB 2103 power supply.)

After 16 h, the gel was divided into 30 slices and the
protein eluted from the gel with distilled water. Frac-
tions 20-30 (pH range 7.0-8.6) were then pooled, and
combined with similar fractions from a second run.
The combined fractions were concentrated to 3.0 ml
using a B15 macrosolute concentrator at 4 °C.

Using a similar procedure to that indicated above,
the concentrated combined fractions were refocused
using ampholines with pH range 7.0-9.0, at 4 °C for
16 h, initial power settings 1280 V, 8 W, and 12 mA.
The gel was sliced and the 30 fractions were eluted with
distilled water, dialysed overnight against KS at 4 °C,
and stored at -20 'C.

Absorption ofserum with antigen fractions
Hyperimmune serum (200 pl) was mixed with 600 pl

of one of the thirty antigen fractions prepared by
isoelectric focusing, and the mixture was incubated
overnight at 40C. Any precipitated material was
removed by centrifugation at 12 000 g for 2 min. The
agglutination titre of the supernatant for parasitized
reticulocytes was then determined.

e From LKB Ltd, Stockholm, Sweden.
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RESULTS

The characteristics of P. berghei KSP 11 infections
in male August rats have been described elsewhere
(13). In 90-100-g rats infected with 106 parasitized
red cells, parasitaemias reach between 5 and 1O0o by
day 5, and then fluctuate around that level for several
days. About day 13-14 the parasitaemia drops sharply
although parasites are detectable in the blood by sub-
inoculation for 100 days or more.

Fig. 1 shows the titre of agglutinins against fresh
parasitized reticulocytes in pooled untreated serum
from groups of 5 rats and taken at various times after
infection with 106 parasitized red cells. The highest
titre was found on day 14 when the parasitaemia was
declining rapidly; thereafter the titre fell to a low level.
Fig. 1 also shows the results obtained with rechallenge
of rats with parasitized red cells after the animals had
experienced and recovered from a previous chronic
KSP 11 infection. Titres were substantially higher
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Fig. 1. Geometric mean parasitaemia (curves) and titre of
agglutinins (solid columns) for P. berghei infected reticulo-
cytes in pooled untreated serum from groups of 5 rats.
(A) First infection; (B) rechallenge after clearance of a
previous chronic infection.

than in the primary infection. Both agglutination tests
were carried out at 20 IC.

In order to prepare pools of active antisera for
further study, rats which had cleared a primary infec-
tion were rechallenged and then bled for serum 7 days
later. Serum thus obtained was stored in aliquots at
-20 'C or -70 'C and is referred to as hyperimmune
serum.

Differences between uninfected and parasitized
reticulocytes

Table 1 shows the results of testing fresh uninfected
reticulocytes and fresh infected reticulocytes against
untreated and inactivated serum at various tempera-
tures. It can be seen that infected reticulocytes were
much more sensitive to agglutination than uninfected
cells, and that at all temperatures hyperimmune serum
had a much higher agglutinin titre than normal serum.
Agglutination occurred more readily at 4 'C than at
20 'C, and was absent at 37 'C. Inactivation of the
serum prevented agglutination. In a single experiment,
the addition of 100 p1 of fresh normal rat serum to
each well prior to adding the parasitized cells, failed to
restore the agglutinating capacity of inactivated
serum.
An additional test was carried out to see if unpara-

sitized cells from infected rats consisting mostly of
reticulocytes, were sensitive to agglutination. Cells
obtained from the bottom layers in the 15-ml centri-
fuge tube during the preparation of parasitized
reticulocytes, were tested at 20 'C for agglutination in
comparison with parasitized cells from the top layer.
While the former failed to agglutinate even at a
reciprocal titre of 2, the latter gave a titre of 32 in
this test.

Since parasitized erythrocytes appeared much more
sensitive to agglutination than uninfected cells,

Table 1. Agglutination (reciprocal titres) of unfixed August
rat reticulocytes or P. berghei-infected reticulocytes by
normal or hyperimmune serum

Test cells

Normal P. berghei-infected

Serum Serum tested 4 OC 20 OC 37 OC 4 OC 20 °C 37 OC

normal untreated < 4 < 4 NT 8 < 4 < 4

heat treateda NT < 4 NT NT < 4 NT

immune untreated 16 < 4 NT > 512 512 < 4

heat treateda NT <4 NT NT < 8 NT

a Heat treated = incubated at 56 OC for 30 min.
NT = Not tested.
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absorption experiments were carried out. These tests
were to ascertain whether parasitized cells had an
additional specificity resulting from the presence of
parasites, or whether the difference was due to either a
quantitative increase in isoantigenic sites exposed or a
change in their distribution. The results are sum-
marized in Table 2.

Table 2. Agglutination (reciprocal titres) of unfixed
P. berghei-infected August rat reticulocytes by pre-
absorbed normal or hyperimmune serum

Serum Pre-absorption

normal P. berghei

reticulocytes

control

immune P. berghei

reticulocytes

control

4 OC 20 OC

<4 <4
<4 <4
8 <4

<4 <4
<4 <4

> 512 512

Table 3. Agglutination of formalinized infected erythrocytes
at 20 OC

Serum Pre-absorption Reciprocal titrea

untreated fresh P. berghei reticulocytes 0

hyperimmune fresh reticulocytes 512

control 512

formalinized P. berghei
reticulocytes 0

formalinized reticulocytes 4 096

control 8.192

inactivated fresh P. berghei reticulocytes 0

hyperimmune fresh reticulocytes 4 096

control 4 096

formalinized P. berghei
reticulocytes 0

formalinized reticulocytes 4 096
control 65 536

a Results from two experiments combined.

Agglutination of parasitized reticulocytes was
ablated by prior absorption with relatively large
quantities of sonicated uninfected cells, indicating
that the antigen concerned was a normal reticulocyte
isoantigen, although the test did not preclude the
possibility that this antigen may be associated with
determinants of parasite origin.

Characterization of the isoantigen
Some limited experiments were carried out,

designed to identify the antigen concerned. Prelimi-
nary experiments indicated that agglutinins from
parasitized reticulocytes could be absorbed from anti-
serum by supernatant fractions of disrupted para-
sitized reticulocytes centrifuged at 105 000 g and that
the pH value of the isoelectric point (pl) of the anti-
gens concerned was between pH 7 and 9. The result of
absorbing serum with fractions obtained by prepara-
tive isoelectric focusing over this pH range are shown
in Fig. 2. A significant reduction in antibody titre was
obtained with fractions 16 and 17 eluted at pH 7.7
and 7.8.

Formalinization ofparasitized reticulocytes
In an attempt to obtain stable preparations of para-

sitized reticulocytes, cells were formalinized as
described on page 450. In the event, the resultant prep-
arations proved to have different serological charac-
teristics from fresh parasitized cells. In hyperimmune
serum, two agglutination reactions could be demon-
strated with formalinized cells, one with untreated
serum, the second with inactivated serum.

As shown in Table 3, absorption studies demon-
strated that the reaction of untreated serum with
formalinized cells was qualitatively different from
that with fresh parasitized cells. Absorption was
obtained only with parasitized reticulocytes, not
uninfected cells. The agglutination of inactivated
serum was partially absorbed with uninfected cells if
these had been formalinized.

Absorption of the serum with the antigen fractions
16 and 17 (Fig. 2), which reduced agglutinin titres to
fresh parasitized reticulocytes, had no effect on the
titre of either fresh or inactivated serum to formal-
inized cells.

Fig. 2. Agglutination inhibition by fractions obtained by iso-
electric focusing of an extract of P. bergheiinfected reticulo-
cytes. a = log reciprocal titre > 2.71; + control = hyper-
immune serum absorbed with Krebs' buffer; - control =
normal serum absorbed with Krebs' buffer.
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Glutaraldehyde-fixed cells

Infected glutaraldehyde-fixed reticulocytes were
more sensitive to agglutination in untreated normal
and hyperimmune serum than uninfected reticulo-
cytes (Table 4). Infected cells were agglutinated to an
almost equal extent by untreated normal and hyper-
immune serum. Inactivated hyperimmune serum gave
weak agglutination reactions.

Table 4. Agglutination titres shown by glutaraldehyde-fixed
normocytes, and glutaraldehyde-fixed uninfected and
P. berghei-infected reticulocytes, at 25 OC

Uninfected Uninfected Infected
Serum normo- reticulo- reticulo-

cytes cytes cytes

normal, untreated 8 16 512

normal, inactivated 4 4 < 4

hyperimmune, untreated 16 64 512

hyperimmune, inactivated 8 8 < 4

Characterization of the agglutinins
During heavy infection with malarial parasites,

enormous numbers of parasites are destroyed, releas-
ing substances detrimental to erythrocytes (14), and
lysates of malarial parasites are known in some cir-
cumstances to agglutinate erythrocytes (K. N. Brown
et al, unpublished observation, 1978). At the same
time, the massive splenic response induced by malaria
undoubtedly leads to the release of biologically active
products of low relative molecular mass, some of
which might conceivably cause reticulocyte aggluti-
nation. For these reasons it was considered desirable
to determine whether the agglutinating activity
described in this paper was associated with an Ig-
containing fraction of serum.

Ultrafiltration showed that agglutinating activity
with unfixed and formalinized parasitized reticulo-
cytes was present only in the fraction with a relative
molecular mass greater than 50 000. Table 5 gives the

Table 5. Agglutination of unfixed P. berghei-infected
reticulocytes by fractions of hyperimmune serum obtained
by Sephacryl chromatography

Relative molecular mass
(X 103) 1g8 Reciprocal titre

40 - 140 IgG 32
140 ->250 IgM,IgG

, c 128

Normal serum < 4

results obtained with serum fractions separated by
Sephacryl-column chromatography when tested
against unfixed parasitized reticulocytes. The corre-
lation between Ig-containing fractions and aggluti-
nation of unfixed parasitized cells is clear. Agglutinin
activity was associated with both IgM- and IgG-
containing fractions. In another experiment, 2-mer-
captoethanol treatment reduced the reciprocal titre of
hyperimmune serum against fresh parasitized cells
from 64 in the serum controls to 8 in 2-mercapto-
ethanol-treated serum.

DISCUSSION

The rodent parasite P. berghei, like P. vivax, has a
predilection for reticulocytes. Other species, like
P.falciparum will invade reticulocytes and we have
argued elsewhere (15) that parasites in reticulocytes
may be especially important in the induction of pro-
tective immunity. Reticulocytes differ in several ways
from normocytes, internally in their capacity for
protein synthesis, and at the surface, in the structure
of the cell membrane. Reticulocytes carry a much
higher density of surface histocompatibility antigens
compared with normocytes (16, 17). During their
maturation, proteins and glycoproteins characteristic
of the mature erythrocyte become inserted sequen-
tially in their membrane (18) with loss of other
components.

In this investigation we have demonstrated the
presence of isohaemagglutinins in the serum of
August rats infected with P. berghei KSP 11, reacting
at a low titre and only at 4 °C with unfixed uninfected
reticulocytes, and at much higher titre at 4 °C and
20 °C with unfixed infected reticulocytes. These
agglutinins have been shown to have a relative
molecular mass greater than 50 000 and often greater
than 140 000. They occur in IgG- and IgM-containing
fractions of hyperimmune serum, and are partially
mercaptoethanol sensitive. Although sometimes just
detectable in preinfection serum, they increase greatly
in titre and thermal aptitude during a primary infec-
tion or after rechallenge. Thus they appear to have the
characteristics of cold-reacting agglutinins (19).
Although sensitive to inactivation, the agglutination
reaction was not restored by the addition of fresh rat
serum, suggesting that agglutination was not comple-
ment-mediated. Parasitized reticulocytes are much
more sensitive to the agglutinating activity of the
isohaemagglutinins than uninfected reticulocytes or
normocytes, even when parasitized and unparasitized
cells are taken from the same animals. Nevertheless,
the agglutinins can be absorbed with high concen-
trations of sonicated uninfected reticulocytes. This
evidence indicates that the isoantigens are either

a Determined by immunodiffusion against class- and subclass-
specific antisera (see page 451).
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exposed at a higher concentration on the surface of
infected cells, or redistributed in a way that renders the
infected cells more susceptible to agglutination.

Agglutination-inhibition tests on components
eluted without detergent from disrupted infected
reticulocytes, and separated by preparative isoelectric
focusing, demonstrated partial inhibition of aggluti-
nation by fractions with pl 7.7-7.8. This result
appears somewhat surprising, since in man at least,
the isoantigens combining with cold agglutinins are
apparently glycolipids or integral membrane glyco-
proteins (19, 20). It may indicate that a parasite
component is closely associated with the isoantigen in
infected cells, or that alteration of the membrane or
degradation of integral glycoprotein, results in the
release of isoantigen moieties carrying the appropriate
specificity. Clearly further work is necessary on this
point.
With the cold agglutinogens of man the glycosy-

lated region determines specificity (19, 20). Although
occurring as glycoproteins as well as glycolipids, they
are more readily demonstrated on human normocytes
after protease treatment (20), suggesting that they are
normally somewhat masked, and only exposed after
removal of more superficial components. This inter-
pretation could be relevant to the apparent increased
isoantigenicity of P. berghei-infected reticulocytes,
since as stated above, plasmodial infection can cause
degradation of surface glycoproteins.
A possible complicating factor in our experiments

is the use of phenylhydrazine to raise reticulocytes
as a source of normal and parasitized cells. A conse-
quence of using phenylhydrazine to induce reticulo-
cytosis, is that the reticulocytes so raised may show
increased non-specific binding of transferrin (21),
and show changed membrane-labelling character-
istics, although apparently without loss of membrane
glycoproteins (22). It is not possible to estimate the
effect, if any, of phenylhydrazine-induced changes on
our results, for example on increasing or reducing
agglutinin binding, except that infected reticulocytes
raised by single or multiple treatment of the donors
(see page 450) appeared indistinguishable, and un-
infected reticulocytes raised by phenylhydrazine treat-
ment were only very slightly agglutinable. A compari-
son of reticulocytes obtained by bleeding and phenyl-
hydrazine treatment is desirable.

It is interesting that in a primary infection the
dynamics of the isohaemagglutinin response are
similar to those of immunodepression in P. berghei-
infected rats (23). Cold-reacting isohaemagglutinins
are known to be cytotoxic for leukocytes (24), and
it is possible that these autoantibodies contribute
to the reduction of immune responsiveness in malaria
infection.
A number of autoantibody responses to red cells

have been reported in malaria (6, 7, 8, 25, 26). The

study closest to our own is that of Lustig et al. (10).
They demonstrated IgG and IgM, mostly cold-
reacting, bound to circulating blood cells in heavily
infected mice. Their evidence differed in that although
binding was much higher to reticulocytes than to
normocytes, they could not detect a difference
between infected or uninfected reticulocytes. These
results were obtained with 125I-labelled rabbit anti-
mouse IgG binding to glutaraldehyde-fixed cells.
Because of this result we tested hyperimmune serum
against glutaraldehyde-fixed cells. With this method
of fixation it was difficult to distinguish by aggluti-
nation between normal and hyperimmune serum with
glutaraldehyde-fixed infected cells. Uninfected cells
were also agglutinated at 20 'C. These results suggest
that the glutaraldehyde, by cross-linking amino
groups (27), modifies antigenicity, and raises diffi-
culties of interpretation when comparing the results of
Lustig et al. (10) with our own.

Formalin-fixed cells reacted in yet a different way.
Their agglutination in untreated serum could not be
ablated by prior absorption with uninfected reticulo-
cytes, but only by infected cells. Formalinized cells
were also agglutinated by inactivated serum at even
higher titre. This response, although not affected by
prior absorption with fresh reticulocytes, was reduced
by absorption with uninfected formalinized cells,
suggesting that formalinization exposed the normally
cryptic antigens on the reticulocytes. These absorp-
tion studies indicated that the reactions with formalin-
ized cells were primarily with parasite antigen, or
possibly with a red cell component degraded and given
a modified isoantigenicity by the presence of the
parasite, and thus not detectable on uninfected
reticulocytes. It should be noted that the membrane of
formalinized cells is damaged with release of haemo-
globin, and probably also parasite antigen (K. N.
Brown et al., unpublished data, 1978).

Electron microscope studies are currently in pro-
gress in an attempt to locate isoantigen and parasite
antigen on the surface of parasitized reticulocytes.
Also under investigation is the possible role of red cell
isoantigens in the induction of protective immunity
(15). These serological studies add to existing evidence
that an active autoantibody response to erythrocyte
isoantigens occurs in malaria, but indicate that para-
sitized cells are different with regard to isoantigenicity
from uninfected cells. They also indicate that by
various fixation techniques it is possible to modify the
expression of these and of parasite antigens at the
surface of the parasitized cell.

Thus, infection with malaria parasites may modify
the surface of the parasitized erythrocytes in three
ways, by the (a) insertion of new antigens, apparently
parasite-derived (28, 29), (b) degradation of existing
red cell membrane components (3), and (c) exposure
of the normally masked red cell membrane compo-
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nents as shown in this study. The details and relative
significance of these changes may differ between
infected reticulocytes and normocytes and these

differences may have significance in the induction of
protective immunity.

RESUME

REACTION ENTRE DES ISOHEMAGGLUTININES FROIDES DE RATS INFECTES PAR
PLASMODIUM BERGHEI ET DES RtTICULOCYTES PARASITES

Une technique specialement mise au point a &e employ&e
pour isoler chez des rats d'aoOt les reticulocytes infectes par
Plasmodium berghei KSP 11. Les preparations obtenues ont
e utilisees pour des epreuves d'agglutination auxquelles
ont aussi e soumis des reticulocytes non infectes; le serum a
&6 preleve sur des rats infectes par P. berghei (immunserum)
ou sains (serum normal). Les reticulocytes infectes se sont
montres beaucoup plus sensibles A l'agglutination que les
cellules non infectees et, A toutes les temperatures, un titre
beaucoup plus eleve d'agglutinines a e obtenu avec un
immunserum qu'avec un serum normal. Des facteurs agglu-
tinants ont et mis en evidence dans des fractions de serum
hyperimmun contenant des IgM et des IgG et obtenues par
filtration sur membrane et chromatographie sur colonne de
Sephacryl G-200. Ces facteurs presentaient les caracteres des
isohemagglutinines froides. Des experiences d'absorption
ont confirme que l'antigene en cause etait un isoantigene
dont l'entree en jeu peut etre liee au developpement du
parasite A l'interieur du reticulocyte. Les tests d'absorption
de serums effectues avec diverses fractions antigeniques
preparees par la methode d'electro-focalisation ont montre
que les valeurs pH du point isoelectrique (pI) des antigenes
se situaient entre pH7 et 9; toutefois, une inhibition partielle

de l'agglutination a e observee avec certaines fractions
presentant un pH7,7 et 7,8.
Un essai visant A obtenir des preparations stables de reti-

culocytes infectes par fixation au formol ou au glutaralde-
hyde a montre que ce traitement affectait d'une facon appr&-
ciable l'antigenicite de ces cellules. Dans le cas des cellules
fix&es au glutaraldehyde, l'agglutination avec un serum non
traite normal ou hyperimmun ne differe pratiquement pas.
Quant A la fixation au formol, elle semble determiner
I'entree en jeu d'un antigene parasitaire ou lie au parasite qui
ne se manifeste pas normalement A la surface des reticulo-
cytes.
On peut conclure de ces travaux que les cellules parasitees

et non infectees ne presentent pas les memes caracteristiques
sur le plan de l'isoantigenicite. En outre, les diverses
techniques de fixation peuvent agir sur la manifestation de
cette isoantigenicite et faire entrer en jeu d'autre part des
antigenes parasitaires A la surface des cellules infectees. Le
fait que les modifications de la membrane cellulaire
provoquees par le parasite different selon qu'il s'agit de reti-
culocytes ou de normocytes peut revetir une importance
pour l'induction d'une immunite.
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