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This paper reports the results of a study of the nature of the immune response
against Plasmodium berghei parasites by inbred rats. A macrophage-cytophilic
antibody specific for malarial antigens was identified and characterized. Detection
of the antibody on the macrophage surface was accomplished by the parasite
adherence tests and by the indirect fluorescent antibody technique. Isolation
and purification of the macrophage-cytophilic and opsonic antibodies from hy-
perimmune rat serum was accomplished by QAE-Sephadex A-50 elution chro-
matography, and of the macrophage-cytophilic antibody by adsorption with and
elution from syngeneic macrophages as well. Characterization of the cytophilic
antibody as immunoglobulin G, was done by immunoelectrophoresis and by
Ouchterlony-type double diffusion in gel. Passive protection tests in weanling
inbred rats have demonstrated that the opsonizing antibody conferred some
protection against P. berghei. The macrophage-cytophilic antibody, on the other
hand, was not protective alone but acted synergistically with the opsonizing

antibody.

It is well established that antimalarial anti-
bodies are capable of protecting rodents against
malarial infections (9, 32). Antimalarial serum
antibodies have been shown to coat free para-
sites, and the suggestion has been made that
protection is achieved at the merozoite stage (7,
20). Previous work (13, 16, 20) has also shown
that free parasites, coated with immune serum
in vitro, remain capable of initiating infection.
However, Hamburger and Kreier (13) have ad-
ditionally demonstrated that such antibody-
coated parasites do not retain full infectivity if
they are accompanied into the test animal by
immune serum. Chow and Kreier (6) concluded
that immune serum enhances the phagocytic
capability of both normal and immune macro-
phages.

Immunoglobulins associated with macro-
phages were first reported in 1954 by Girard
and Murray (12); then, in 1963, Boyden (4) in-
troduced a rosette-forming procedure utilizing
macrophage monolayers to conveniently dem-
onstrate the presence of such antibodies. The
definition of cytophilic antibody proposed by
Boyden (4) and by Sorkin (28) stated explicitly
that the binding of antigen to cytophilic anti-
body takes place subsequent to cellular fixation
of the antibody, with the consequent implication
that these antibodies are capable of cellular fix-

1 Contribution no. 1473 from the Army Malaria Project.

ation before their combination with antigen (31).
This usage of the term “cytophilic antibody”
has been accepted by the present authors and
will be the definition of the term as used herein.

Both Parrish (23) and Tizard (30) have re-
ported that opsonizing antibodies are not cyto-
philic before combination with specific antigen
and therefore are not identical to those antibod-
ies that are detected by Boyden’s macrophage
rosette system.

According to Tizard (31), the amount of cy-
tophilic antibody found in the serum will depend
upon both the avidity with which the antibodies
bind to the macrophage receptors and the avail-
ability of those receptors. High binding avidity
and ample receptor availability may result in
undetectable levels of cytophilic antibody in the
serum, with those antibodies that are found
being of perhaps the lowest binding avidity for
the macrophage receptors. For these reasons,
we have chosen to use hyperimmunized rats for
our source of cytophilic antibody in an effort to
effect a spillover of relatively high-avidity cyto-
philic antibodies into the serum.

In the studies related here, we investigated
the possibility that immune serum might di-
rectly arm macrophages against P. berghei par-
asites by the agency of a macrophage-cytophilic
antibody, and we undertook to demonstrate by
various procedures the presence of a macro-
phage-cytophilic antibody on nonimmune mac-
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rophages that had been presensitized in immune
serum. In vitro experiments that demonstrated
the capacity of a specific macrophage-cytophilic
antibody to promote adherence of free parasites
to macrophages were performed first. After this,
an attempt was made to adsorb the cytophilic
antibody component out of hyperimmune anti-
serum by using normal macrophages. The effec-
tiveness of the adsorption was judged by the
blockade of subsequent fluorescent staining of
the macrophages by fluorescein-conjugated hy-
perimmune rat serum (HIRS) globulins that
contained macrophage-cytophilic antibodies.
Physical separation of the cytophilic antibodies
from the opsonic antibodies in HIRS was at-
tempted both by column chromatography and
by adsorption-elution with macrophages. Boy-
den (4) and Sorkin (28) have reported that heat-
ing a macrophage suspension to 56°C for 30 min
is sufficient to detach cytophilic antibodies. This
process presumably destroys the receptor sites
on the cell membranes, releasing the antibodies,
which remain reactive. HIRS, serum fractions,
and eluates were tested in vivo for protective
effects.

MATERIALS AND METHODS

Malarial parasites. The P. berghei strain used in
this study was obtained from M. Aikawa (Case West-
ern Reserve University, Cleveland, Ohio) and origi-
nated from the Walter Reed Army Institute of Re-
search. A pool of infected mouse blood in 10% glycerol,
aliquoted and frozen in liquid nitrogen, served as the
reference stable source for all infectious inocula used
in this study. Thawed material was inoculated first
in a mouse, then passed into a weanling rat,
whose infected blood served as the infectious inocula
for test animals and for animals harvested either for
immune serum or parasites. Free parasites were used
in some animals as the infectious inoculum.

Freed parasites were obtained by harvesting the
blood of infected adult rats after parasitemia exceeded
50%. “Percentage of parasitemia,” as used in this
study, is the number of P. berghei-infected erythro-
cytes per 1,000 erythrocytes counted, X100. These
high levels of parasitemia were obtained by pretreat-
ment of the rats with 30 mg of phenylhydrazine - HC1
per kg, intraperitoneally, 5 and 3 days before intrave-
nous infection with 0.5 ml of heavily infected blood.
On day 3 after infection, the parasitemia exceeded
50%, and the animals were exsanguinated into Alsever
solution for the parasite harvest. Parasites were iso-
lated from the blood by a modified continuous-flow
ultrasonic treatment procedure (24, 25). The only
changes involved the filtration of the sonically treated
blood material through a glass-wool pad before cen-
trifugation for 10 min at 1,020 X g to remove unbroken
erythrocytes, after which the supernatant was centri-
fuged for 10 min at 3,300 X g to pellet the parasites.
The parasites were then washed twice, suspended in
Hanks balanced salt solution (HBSS), and held at
1°C until used, no longer than 2 h. Centrifugations
were done in a refrigerated Sorvall RC-2 centrifuge.
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In vitro macrophage-parasite adherence tests.
CDF rats were anesthetized with ether and killed by
exsanguination. Using clean technique, the abdomen
was opened and normal, unstimulated macrophages
were removed by lavage with 8 to 10 ml of tissue
culture medium 199 (M-199; Grand Island Biological
Co., Grand Island, N.Y.) containing 10% heat-inacti-
vated fetal calf serum and antibiotics. The cells were
pelleted by centrifugation for 3 to 5 min at 1,000 X g
and resuspended in tris(hydroxymethyl)aminometh-
ane-ammonium chloride buffer [1 part 0.1 M
tris(hydroxymethyl)aminomethane (pH 7.2) to 9 parts
0.83% ammonium chloride]. After 10 min in the
tris(hydroxymethyl)aminomethane-ammonium chlo-
ride buffer at 37°C, the cells were pelleted by centrif-
ugation as above and resuspended in M-199. Cell num-
bers and viability determinations were made in a stan-
dard hemacytometer by counting cells suspended in
buffer containing 1% trypan blue stain.

Unstimulated peritoneal washout cells (2 x 109)
containing 80 to 85% macrophages, as determined by
May-Gruenwald staining characteristics, were sus-
pended in 2 ml of M-199 and incubated in plastic
tissue culture dishes (35 by 10 mm) for 30 min at
37°C in an atmosphere of 5% CO.. Nonadherent cells
were then removed by three washes in HBSS, leaving
primarily macrophages adherent to the culture dishes.

The macrophage monolayers were sensitized with
1 ml of either normal rat serum (NRS) or HIRS
diluted with 2 ml of M-199 and incubated for 30 min
at 37°C in an atmosphere containing 5% CO.. After
sensitization, the cells were washed three times in
cold HBSS, and 2 X 10° free parasites in 1 ml of cold
HBSS were layered over the macrophages and incu-
bated for 30 min. The monolayers were washed three
times by immersion in cold HBSS. The monolayers
were then fixed with methanol and stained by the
Giemsa technique. Two hundred cells showing typical
macrophage morphology were counted for the pres-
ence and number of adherent parasites on each plate.
Each experiment was performed in duplicate, and the
data were averaged.

Animals. Male inbred CDF rats (Charles River
Breeding Laboratories, Inc., Wilmington, Mass.) were
used throughout the study. Protection assays were
done in weanling rats 4 to 5 weeks of age, and parasites
and various sera were obtained from adult rats.

Sera. NRS was harvested from adult CDF rats,
aliquoted, and stored at —20°C. HIRS was obtained
by challenging rats newly recovered from P. berghei
infection with 20 X 10¢ infected CDF rat erythrocytes
at weekly intervals for 3 weeks. The animals were
bled approximately 2 weeks later, and the sera were
separated, pooled, and stored in 2-ml portions at
—20°C until needed. Fluorescent serum globulins were
prepared from hyperimmune anti-P. berghei serum
by the method of Cherry et al. (5). Rabbit anti-rat
immunoglobulin fluorescein-conjugated immuno-
globulin G (IgG) was obtained from Microbiological
Associates, Walkersville, Md. Rabbit anti-rat IgG se-
rum for immunoelectrophoresis was obtained from
Miles Laboratories, Inc., Elkhart, Ind.

Chromatographic separation of HIRS. Pooled
CDF rat anti-P. berghei HIRS (4 ml) was dialyzed
for 3 days against ethylenediamine acetate buffer and
then separated on a QAE-Sephadex A-50 column that
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had been swollen in the same buffer. The buffer was
prepared as follows: 2.88 g of ethylenediamine acetate
was dissolved in 73 ml of glacial acetic acid, and the
volume was adjusted to 1 liter with distilled water to
give an ionic strength of 0.1 (pH 7.2). Elutions of
serum fractions from the column were made with
ethylenediamine acetate buffer adjusted to pH 5.0 by
adding acetate buffer, and with acetate buffer at pH
4.0. Acetate buffer was made by adding 435 ml of 0.6
M acetic acid to 130 ml of 0.6 M sodium acetate and
adjusting the volume to 1 liter with distilled water to
give an ionic strength of 0.1 (pH 4.0). Serum fractions
were examined and identified by immunoelectropho-
resis and by indirect fluorescent antibody technique.

Immunoelectrophoresis. Inmunoelectrophoresis
was accomplished using 0.65% Difco agar (Difco Lab-
oratories, Detroit, Mich.) in Gelman high-resolution
buffer (pH 8.8; Gelman Instrument Co., Ann Arbor,
Mich.). The test samples were subjected to electro-
phoresis at 200 V, 20 mA, for 60 min and then reacted
with rabbit anti-rat IgG serum at 25°C in a humidity
chamber for 24 h.

Fluorescent antibody techniques. Indirect flu-
orescent antibody assay for the opsonic antibody was
conducted by incubating fixed films of parasitized
blood for 30 min at 37°C in HIRS, followed by two
washes of 10-min duration in phosphate-buffered sa-
line (pH 7.2). The film was then incubated with rabbit
anti-rat immunoglobulin fluorescein-conjugated IgG
for 30 min at 37°C. The slides were again washed as
above and examined for fluorescence. Indirect fluores-
cent antibody assay for the macrophage-cytophilic
antibody was conducted by incubating macrophage
monolayers for 30 min at 4°C in HIRS, followed by
two rapid washes in phosphate-buffered saline (pH
7.2). The cells were then incubated with rabbit anti-
rat immunoglobulin fluorescein-conjugated IgG for 30
min at 4°C. The cells were washed as before and
examined for fluorescence.

Adsorption of HIRS with macrophages. Peri-
toneal washout cells consisting of at least 80% macro-
phages were collected from normal CDF rats in M-
199, centrifuged at 1,000 X g for 2 min, suspended in
tris(hydroxymethyl)aminomethane-ammonium chlo-
ride buffer for 10 min at 37°C to lyse erythrocytes,
centrifuged at 1,000 X g for 2 min, and resuspended in
M-199. The cells were then plated out in plastic tissue
culture dishes (35 by 10 mm) and incubated for 1 h
at 37°C in an atmosphere containing 5% CO: to pro-
mote adherence. Nonadherent cells were washed away
after this incubation, and the M-199 was replaced.
The plated cells were then held at 4°C until used.
After the plate was washed in ice-cold HBSS and the
excess was drained, serum was adsorbed by transfer-
ring a 1-ml serum sample to the plate, which was then
incubated at 4°C for 30 min. At this time, another
plate was rinsed in ice-cold HBSS and received the 1
ml of serum from the preceding. The serum was seri-
ally adsorbed six times in this manner. Each plate,
after use, was washed twice in ice-cold HBSS and
then incubated with a 1:10 dilution of fluorescein-
conjugated anti-P. berghei CDF rat serum globulin
for 30 min at 4°C. Each plate was then rinsed three
times and examined for specific macrophage fluores-
cent staining. A negative test indicated blockade of
specific macrophage receptors by cytophilic antibody
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bound during the serial HIRS adsorption. A positive
test indicated that no cytophilic antibody remained
in the serially adsorbed sample.

Cytophilic antibody elutions. Macrophage-cyto-
philic antibody was purified by serially adsorbing a 3-
ml portion of HIRS six times with 15 X 10 peritoneal
washout cells in suspension for 30 min at 4°C. The
peritoneal washout cells were then incubated at 56°C
for 30 min to effect the elution of bound antibody.
The supernatant containing the eluted antibodies was
adjusted to a 3-ml volume. Both the adsorbed serum
and the eluate were tested by indirect fluorescence
microscopy for specific activity. The eluate was com-
pared to QAE-Sephadex A-50 fractions 1 and 2 for
determination of composition by double diffusion in
gel against rabbit anti-rat IgG antiserum.

In vivo protection test no. 1: adsorbed serum.
HIRS that had been adsorbed six times by 5 x 10°
peritoneal washout cells was compared with both NRS
and unadsorbed HIRS in 5-week-old male CDF rats.
Each test group contained five rats, and each rat
received 5 X 10° freed parasites in 0.1 ml of HBSS
mixed with 0.1 ml of either NRS, HIRS, or adsorbed
HIRS and immediately injected intravenously. Per-
centage-of-parasitemia values were determined by
counting 1,000 erythrocytes at random on a Giemsa-
stained thin blood film each day. Data were plotted
as the daily mean percentage of parasitemia for the
group.

In vivo protection test no. 2: eluted antibody.
The antibody-containing eluate recovered after 3 ml
of HIRS had been adsorbed six times with 15 x 10°
peritoneal washout cells was compared for protective
activity in vivo with the adsorbed serum as well as
with both NRS and HIRS in 5-week-old male CDF
rats. Each test group contained 5 rats, and each rat
received 5 X 10? infected CDF erythrocytes suspended
in 0.5 ml of HBSS, given intravenously 24 h after
intravenous injection of 0.5 ml of either NRS, HIRS,
macrophage-adsorbed HIRS, or macrophage eluate.
Percentages of parasitemia were determined by count-
ing 1,000 erythrocytes at random on a Giemsa-stained
thin blood film each day. Data were plotted as the
mean time required for the group to reach 1% parasit-
emia.

In vivo protection test no. 3: HIRS fractions.
Fractions of HIRS that had been separated by elution
chromatography on QAE-Sephadex A-50 were com-
pared with both NRS and HIRS in 5-week-old male
CDF rats. Each group contained 5 rats, and each rat
received 0.1 ml of NRS, HIRS, fraction 1, 2, or 3, or
0.1 ml of fraction 1 plus 0.1 ml of fraction 2. The
infectious inocula consisted of 5 X 10° freed parasites
suspended in 0.1 ml of HBSS, which was mixed with
the serum or serum fraction(s) and immediately in-
jected intravenously via the lateral tail vein. Percent-
ages of parasitemia were determined by counting 1,000
erythrocytes at random each day on a Giemsa-stained
thin blood film. Data were plotted as the mean time
required for the group to reach 1% parasitemia.

RESULTS

In vitro macrophage-parasite adherence
tests. The effects of arming the macrophages
with macrophage-cytophilic antibody specific
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for P. berghei parasites before their incubation
with free parasites are presented in Fig. 1. Of
the macrophages pretreated with HIRS, 25%
were associated with adherent parasites, as op-
posed to only 9% of those pretreated with NRS.
Of the actual parasites counted, more than three
times as many parasites were found to be asso-
ciated with macrophages pretreated with HIRS
as with macrophages pretreated with NRS.
Those macrophages pretreated with NRS that
showed positive adherence results usually had
one to three adherent parasites, whereas mac-
rophages pretreated with HIRS that showed
positive adherence results usually had two to
six adherent parasites. Analysis by Student’s ¢
test showed a significant difference between
NRS and HIRS for both the percentage of mac-
rophages positive and the number of adherent
parasites per 200 macrophages (P < 0.025).

Chromatographic separation of HIRS.
Figure 2 is an optical density tracing at 280 nm
recorded during the elution of fractions of HIRS
from a QAE-Sephadex A-50 column at pH val-
ues of 7.2, 5.0, and 4.0 (fractions 1, 2, and 3,
respectively). When examined by immunoelec-
trophoresis, fractions 1 and 2 were found to
consist of IgG, and IgG., respectively, following
the nomenclature of Bazin et al. (2), whereas
fraction 3 was found to contain albumin and
IgM.

Adsorption of HIRS with macrophages.
HIRS (1 ml) adsorbed four times by 5 x 106
peritoneal washout cells was found to block sub-
sequent direct fluorescent antibody staining of
macrophages; after the fifth adsorption it par-
tially blocked the fluorescent antibody staining
of the macrophages, and after the sixth adsorp-
tion it did not block the direct fluorescent stain-
ing of the macrophages. Thus, the macrophage-
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FiG. 1. Effects of cytophilic antibodies upon the
ability of macrophages (M¢) to retain free P. berghei
parasites. (A) Parasite-macrophage adherence (per-
centage of macrophages showing adherence). (B)
Number of parasites adherent per 200 macrophages.
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cytophilic antibody was no longer present at
inhibitory levels in 1 ml of HIRS after six ad-
sorptions with 5 X 10° peritoneal washout cells.

Cytophilic antibody elutions. When the
eluate from peritoneal washout cells that had
been used to adsorb HIRS was compared by
the indirect fluorescent antibody technique to
the adsorbed HIRS, it was found that the eluate
contained primarily macrophage-cytophilic an-
tibodies, whereas the adsorbed HIRS contained
primarily opsonic antibodies. When the same
eluate was compared by double diffusion in gel
to fractions 1 and 2 obtained by QAE-Sephadex
A-50 chromatography of HIRS, fraction 1 was
shown to be identical with the antibodies eluted
from the macrophages, whereas fraction 2 was
shown to contain antibodies distinct from both
the eluate and fraction 1, although all were
identified as belonging to the IgG class (Fig. 3).
Thus, fraction 1 has been shown to provide
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F1G. 2. pH elution pattern of HIRS from QAE-
Sephadex A-50.

F1G. 3. Precipitin pattern formed in gel by eluted
macrophage-cytophilic antibodies and QAE-Sepha-
dex HIRS fractions when reacted against anti-IgG
antiserum.
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separation of those antibodies that are capable
of macrophage-cytophilic activity from the op-
sonizing antibodies that are contained in fraction
2. Indirect immunofluorescent tests have veri-
fied that macrophage-cytophilic antibodies are
contained only in fraction 1, and that parasite
opsonizing antibodies are found in fraction 2,
but not in fraction 1.

In vivo protection test no. 1: adsorbed
serum. The protective effects of HIRS that had
been depleted of macrophage-cytophilic anti-
bodies was shown to be reduced from those
exhibited by unadsorbed HIRS (Fig. 4), as dem-
onstrated by the earlier onset and rise of para-
sitemia after the challenge infection was initi-
ated. Analysis by Student’s ¢ test showed a sig-
nificant difference between the adsorbed and
the unadsorbed HIRS groups on day 10 (P <
0.05).

In vivo protection test no. 2: eluted anti-
body. When eluted macrophage-cytophilic an-
tibodies were compared with HIRS depleted of
macrophage-cytophilic antibodies, it was found
that the protective capacity of HIRS depleted
of macrophage-cytophilic antibodies was dimin-
ished, and that the eluate which contained only
the eluted macrophage-cytophilic antibodies
had no protective capacity (Fig. 5). Data ob-
tained subsequent to these experiments indi-
cated that recovery of macrophage-cytophilic
antibody was at an efficiency of approximately
58%; therefore, a quantitative reduction of cy-
tophilic antibody occurred in the eluate as com-
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FiG. 4. Effect of adsorption with macrophages
upon the protective capacity of P. berghei immune
serum in rats. Values plotted are means (+ standard
error of the mean) obtained from counts of 1,000 cells
on each film (n = 5).
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FIG. 5. Protective effects against P. berghei of
macrophage-adsorbed and macrophage-eluted HIRS
fractions in rats. Values plotted are means (+ stan-
dard error of the mean) obtained from counts of 1,000
cells on each film (n = 5). Rats received 0.5 ml of (1)
NRS, (2) macrophage eluate, (3) macrophage-ad-
sorbed HIRS, or (4) HIRS intravenously 24 h before
infection.

pared with unadsorbed serum. This would be
expected to dimish any observed effects of cy-
tophilic antibody when compared to the original
volume. However, the magnitude of the reduc-
tion in activity of the adsorbed serum is such
that it would be reasonable to expect some effect
from 58% of the original amount if it were ca-
pable of independent protective activity. No sig-
nificant difference was seen between the eluate
and NRS, but Student’s ¢ test showed a signifi-
cant difference between the macrophage-ad-
sorbed HIRS and unadsorbed HIRS (P < 0.025).
In vivo protection test no. 3: HIRS frac-
tions. Fraction 1, containing the macrophage-
cytophilic antibodies, had no protective capacity
against P. berghei infection in vivo, and fraction
2 contained only moderate protective capacity.
However, when fractions 1 and 2 were recom-
bined in vivo, a synergistic effect was seen, re-
sulting in a greater protective capacity than
would be indicated by the expected additive
effects of the individual fractions. Fraction 3
contained minimal protective capacity, which
can be ascribed to the presence of IgM antibod-
ies (Fig. 6). Analysis by Student’s ¢ test showed
a significant difference between the time re-
quired for the group that received fraction 2 and
the group that received fraction 1 and 2 com-
bined to reach 1% parasitemia (P < 0.05).

DISCUSSION

Our findings indicate that there are two major
and distinct types of IgG antibody that provide
protection against P. berghet in rats. The first
of these is an opsonic antibody, which has as
its specific ligand some site on the parasite sur-
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F1G. 6. Protective effects against P. berghei in rats
of QAE-Sephadex HIRS fractions. Values plotted are
means (+ standard error of the mean) obtained from
counts of 1,000 cells on each film (n = 5). F1, Fraction
1 (cytophilic); F2, fraction 2 (coating); F1+2, 0.1 ml
of each; F3, fraction 3 (albumin with or without
coating).
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face. The second is a macrophage-cytophilic an-
tibody that is unable to bind to parasites until
after it has become attached to the surface of a
macrophage. Sodoman and Haferkamp (27) re-
ported finding in rats such macrophage-cyto-
philic antibodies to tuberculoprotein after BCG
immunization and after appropriate immuniza-
tion to group A Streptococcus carbohydrate also.
Binding of the cytophilic antibody to the mac-
rophage surface is probably by an Fc receptor
(8, 10). Davey and Asherson (8) concluded that
the macrophage receptor for macrophage-cyto-
philic antibodies against sheep erythrocytes in
guinea pigs might be a phospholipid or phospho-
lipoprotein, and Arend and Mannik (1) found
that cytophilic antibody receptors on macro-
phages were destroyed by phospholipase. We
have not yet attempted to determine the nature
of the receptors in our system.

Upon attachment to the macrophage surface
membrane, the antibodies presumably undergo
steric rearrangement, whereupon they become
capable of specifically binding parasite recep-
tors. However, the protective nature of this in-
teraction is not manifested in the absence of
specific opsonic antibody. Indeed, it is well es-
tablished that some cytophilic antibodies fix an-
tigens to macrophages without inevitably stim-
ulating phagocytosis (31). Levenson and Braude
(17) observed that anti-S. typhi Vi polysaccha-
ride obtained early in immunization could in-
duce rosette formation of Vi-coated erythrocytes
around macrophages, and that prolunged incu-
bation of these rosettes at 37°C did not lead to
phagocytosis. Internalization may be dependent
upon the presence of complement-fixing anti-
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parasite antibodies at the macrophage-parasite
interface. Ehlenberger and Nussenzweig (11)
have recently demonstrated synergy between Fc
and C3 receptors in the phagocytic process.
Bianco et al. (3) have concluded that the process
of phagocytosis is accompanied by a change in
the macrophage C3b receptor that allows a shift
in function from binding to both binding and
internalization.

Miller et al. (21) have recently reported a lack
of correlation in monkeys between functional
immunity in vivo and the presence of antibodies
capable of inhibiting merozoite invasion in vitro.
In the immune response of rats to P. berghei, a
synergistic relationship exists between the mac-
rophage-cytophilic and the opsonic antibodies
wherein the combined protective effect is greater
than the sum of the individual protective capac-
ities. The exact nature of this interaction re-
mains unclear. It has been proposed (7, 20) that
the antibody coating the parasites may interfere
with penetration of the erythrocyte by the mer-
ozoite form of the parasite. We have observed
in this study that the opsonic antibody is nec-
essary for the manifestation of the protective
effect of the macrophage-cytophilic antibodies.
Perhaps the macrophage-cytophilic antibodies
promote only the adherence of parasites to the
phagocytic cells, and not their subsequent inges-
tion. Stossel (29) has observed that, under dif-
fering conditions, “some particles stick tightly
to phagocytes but are not ingested, some stick
and are partly ingested, and still others stick
and are completely ingested.” The opsonic an-
tibodies may trigger the actual ingestion of the
parasites by the macrophages, but may be less
efficient alone in promoting adherence. It has
been stated that internalization of particles at-
tached to macrophages is triggered by IgG, and
that different roles are assigned for the macro-
phage receptor sites for complement (C3) and
for immunoglobulin (19, 26).

Destruction of the infective merozoites is nec-
essary to control an infection by malarial para-
sites. Preliminary electron microscopic studies
under way in this laboratory by C. Brooks have
indicated that, although trophozoites in a free-
parasite preparation will adhere to macrophages
in the presence of either normal or immune
serum, merozoites are found to be adherent to
macrophages only in the presence of immune
serum. A capsule has been demonstrated as pres-
ent on the infective merozoite stage of Plasmo-
dium (20). This capsule may very well confer
antiphagocytic properties upon the merozoite.
Immune serum has been shown to contain pro-
tective antibodies which bind to this capsule
(20), yet these antibodies are not capable of
direct merozoite neutralization. However, these
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antibodies may serve to reduce or eliminate the
antiphagocytic nature of the capsular material
by reduction of the hydrophilic characteristics
of the capsular material, thereby favoring the
physical processes of phagocytic engulfment
(22); by stabilization of the amorphous capsular
material, thereby facilitating adhesion and sub-
sequent engulfment; or by both mechanisms.

Although the macrophage-cytophilic antibod-
ies may facilitate the attachment of the mero-
zoites to the macrophage, alteration of the cap-
sular material (perhaps by complement fixation)
may not occur in the absence of the opsonic
antibody, and ingestion of the parasite would
therefore be less likely. Furthermore, should the
merozoite be swept loose, leaving some capsular
material attached at the macrophage surface,
the recognition capability of the cytophilic an-
tibody-armed macrophage would be reduced.
Thus it becomes apparent that cytophilic anti-
body-mediated attachment of infective mero-
zoites would result in enhancement of the pro-
tective effects of the opsonic antibody, but would
probably not be protective alone.

Previous work in this laboratory by Ham-
burger and Kreier (14) has demonstrated that
passive immunity to malaria cannot be conferred
to mice by rat-origin immune serum, with the
implication that the site of protective action of
antimalarial antibodies is species specific. This
action is probably at the level of phagocytosis,
i.e., the macrophage. Further work (13) sug-
gested that the parasite opsonizing antibodies
were of low avidity and quickly became disso-
ciated from the parasites in vivo, or that a cy-
tophilic antibody was involved in phagocytosis,
or both. Low opsonizing-antibody avidity was
demonstrated by these authors in a subsequent
publication (15), and now we have additionally
demonstrated the presence and role of a mac-
rophage-cytophilic antibody.
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