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Anemia and Antibodies to the 19-kDa Fragment of
MSP1 During Plasmodium falciparum Infection in
Aotus Monkeys

Alfonso S Gozalo,"*" Carmen M Lucas,! Jing Qin,? B Ted Hall,® and Alan J Magill'4

To determine whether antibodies to the 19-kDa fragment of merozoite surface protein 1 (MSP1,,) help to control blood-stage
Plasmodium falciparum infection, we performed a rechallenge experiment of previously infected Aotus monkeys. Monkeys pre-
viously exposed to the FVO strain of P. falciparum that did or did not develop high antibody titers to MSP1,, and malaria-naive
monkeys were challenged with erythrocytes infected with the same strain. Prepatent periods were prolonged in previously infected
monkeys compared with malaria-naive monkeys. Previously infected monkeys with preexisting anti-MSP1,, antibodies showed low
peak parasitemias that cleared spontaneously. Previously infected monkeys that had no or low levels of pre-existing anti-MSP1,,
antibodies also showed low peak parasitemias, but because of low hematocrits, all of these animals required treatment with me-
floquine. All previously malaria-naive animals were treated because of high parasitemias. The results of this study suggest that
antibody to the 19-kDa carboxy-terminal fragment of MSP1 plays a role in preventing the development of anemia, an important

complication often associated with malaria.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; Ig, immunoglobulin; MSP1

protein 1; OD, optical density

19- 19-kDa fragment of merozoite surface

Merozoite surface protein 1 (MSP1), an approximately 200-kDa
surface-associated antigen, is expressed during schizogony in all
species of Plasmodium as a precursor protein that undergoes pro-
cessing and cleavage during merozoite invasion. During invasion
of erythrocytes, the major fragment from the carboxyl terminus
(the 42-kDa MSP1,,) is processed to produce a 19-kDa fragment
(MSP1,,) that remains bound to the merozoite.!? When adminis-
tered with complete Freund adjuvant, recombinant MSP1,, and
MSP1,, offer some protection to Aotus nancymae against homolo-
gous challenge.>*162426 Because protection seemed independent
of antibody response in some cases and because Freund adjuvant
stimulates both strong cellular immune responses and antibodies,
a passive transfer study was performed to further characterize the
relative contribution of antibody alone to protection in the Aotus
monkey model.8 In the cited study, A. nancymae monkeys that
received rabbit immunoglobulin (Ig) against MSP1,, from either
the homologous, challenge strain of Plasmodium falciparum (FVO)
or a heterologous strain of P. falciparum (3D7) failed to develop
antibodies (or developed only low titers) to MSP1,, when chal-
lenged with the FVO strain of malaria. In contrast, Aotus monkeys
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that received rabbit immunoglobulin raised against an unrelated
P. falciparum antigen (Pfs-25) did produce high titers of their own,
‘native’ antibodies to the MSP1,, fragment after challenge with
FVO strain parasites. To determine whether native antibodies to
MSP1, 4 help to control blood-stage infection, we performed ho-
mologous rechallenge of the monkeys from the previous trial.8

Materials and Methods

Parasites. Mefloquine-sensitive Plasmodium falciparum FVO
strain asexual-stage parasites were used for challenge, because a
standard inoculum induces highly reproducible patent infections
in Aotus monkeys.?2

Primates. Captive-born, genetically unrelated, young adult,
Aotus nancymae monkeys were obtained from the Peruvian Pri-
mate Center in Iquitos, Peru, had been used in a previous passive-
transfer study 1030 d before,® and were assigned to 1 of 3 groups
according to their immunologic status. Group 1 included 3 mon-
keys that developed high antibody titers to MSP1,, in a previous
study. Group 2 consisted of 3 monkeys who never developed
antibodies, or showed very low titers, to MSP1,, after previous
challenge with FVO strain parasites, and Group 3 consisted of 2
research-naive, captive-born, young adult monkeys as controls.
The study was approved by the US Naval Medical Research Cen-
ter Detachment Animal Care and Use Committee. The experi-
ment was conducted according to the principles set forth in the
Animal Welfare Act and the Guide for the Care and Use of Laboratory
Animals.?

Primate handling and treatment. Ketamine chlorhydrate (10
mg/kg) was given intramuscularly in the thigh to immobilize the
monkeys each time they were removed from their cages. Mon-
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keys were challenged via the saphenous vein with 10,000 P. falci-
parum (strain FVO)-infected erythrocytes obtained from a donor
monkey. Malaria-infected monkeys were treated with mefloquine
(20 mg orally in a single dose) when parasitemia was greater than
300,000 parasites/pl blood or if the hematocrit decreased to 50%
of preinfection values.

Baseline and postchallenge sampling. A blood sample (3 ml)
was drawn from each monkey’s femoral vein 1 mo prior to and at
various times after challenge, and serum was collected and stored
at —20 °C. Beginning on day 4 after rechallenge with P. falciparum,
blood samples (0.05 ml) were obtained daily from a saphenous
vein for preparation of Giemsa-stained thick and thin smears and
for microhematocrit determinations. Monkeys were monitored
daily for 30 d and then 3 times weekly for days 31 to 60.

Detection of parasitemia. Giemsa-stained thick smears were
examined microscopically at 1000x magnification (200 fields) to
detect parasites. Low parasite counts (below 1,000 parasitized
erythrocytes/ul) were estimated by assuming that 200 fields of
a thick blood smear contained approximately 0.2 pl of blood.
Subsequently, when parasitemias increased, the percentage of in-
fected erythrocytes on thin blood smears was calculated directly
from the smear.

Serology. A standard enzyme-linked immunosorbent assay
(ELISA) was modified for use with yeast-expressed recombinant
MSP1,, as capture antigen, as described elsewhere.? Triplicate
assays were averaged for each serum sample. Corrected optical
density (OD) readings were calculated by subtracting the mean
OD reading of triplicate wells without antigen from the mean OD
reading of triplicate wells with antigen.

Statistical analysis. Statistical analyses were carried out using
S-Plus statistical software (Insightful Corporation, Seattle, WA).
For each monkey, hematocrits and parasitemia were summarized
over the observation period by using the area under the time-
hematocrit and time-parasitemia curves. Groups 1 and 2 then
were compared by using ¢ tests.

Results

Prechallenge ELISA. Prior to the rechallenge (1030 d after the
first challenge), a serum sample from each of the 8 monkeys was
tested in ELISA for antibody activity to MSP1,,. Of the 3 monkeys
in group 1, 2 (nos. 477 and 489) still had measurable IgG antibod-
ies to MSP1,, (Table 1). In the third monkey, IgG antibodies to
MSP1,, had waned such that they were undetectable at the time
of challenge. Monkeys in groups 2 and 3 did not have any mea-
surable titers of anti-MSP1,, IgG.

Postchallenge ELISA. A serum sample was obtained from each
monkey at day 30 after rechallenge and tested in ELISA for an-
tibody activity to MSP1,, (Table 1). The 3 monkeys in group 1
had high IgG titers to MSP1,,. Only 1 animal in group 2 (mon-
key no. 471) developed high titers against MSP1,, comparable to
those of group 1 animals. The other 2 monkeys in group 2 showed
measurable titers to MSP1,,. The 2 control monkeys in Group 3,
infected with P. falciparum for the first time, showed lower titers
than the animals in the first 2 groups.

Prepatency. Prepatent periods were delayed in the test animals
(groups 1 and 2) compared with controls (Group 3), except for
1 animal in group 1 (Table 2). The first parasitemias in group 1
animals were detected at 5, 10, and 22 d; in group 2 at 7, 7, and
10 d; and in group 3 (malaria naive-control animals) at 5 and 5 d
(Table 2).

Anti-MSP1 antibodies and P. falciparum induced anemia

Table 1. Antibody status to MSP1,, before and after challenge with
10,000 P. falciparum-infected Aotus erythrocytes

Enzyme-linked immunosorbent assay
optical density value

Monkey no. Group before challenge after challenge

477 1 0.73 1.74
489 1 0.15 1.65
496 1 0.06 1.81
471 2 0.06 1.50
547 2 0.06 0.73
579 2 0.06 0.41
581 3 0.06 0.22
1045 3 0.06 0.13

Optical density values greater than 0.06 were considered positive.

Daily mean parasitemia. Monkeys in group 3 (controls) had
the highest daily mean parasitemias (3963 and 4621 parasites/
ul). In addition, 2 monkeys in group 2 had slightly higher daily
mean parasitemias (498 and 3218 parasites/pl) than did animals
in group 1 (1013, 363, and 391 parasites/pl, respectively). How-
ever, 1 monkey in group 2 (no. 579) had the lowest daily mean
parasitemia (160 parasites/ul) among all monkeys in the study
(Table 2).

Maximal parasitemia. Group 1 animals showed low peak para-
sitemias that spontaneously cleared between days 35 through 39.
Group 2 animals showed low peak parasitemias, but all monkeys
required treatment with mefloquine between days 18 through
22 because of low hematocrits (Table 2, Figures 1 and 2). Both
monkeys in Group 3 were treated on day 11 because of high para-
sitemia (greater than 300,000 parasites/pl).

Days to peak parasitemia. Days to peak parasitemia varied
among animals in the same group except for the malaria-naive
monkeys (group 3). Days to peak parasitemia for monkeys in
group 1 was 18, 21, and 24 d; for group 2 monkeys was 15, 15, and
16 d; and for group 3 was 11 and 11 d (Table 2).

Day of treatment. Only the 2 malaria-naive monkeys in group
3 required treatment because of parasitemias greater than 300,000
parasites/pl; both monkeys were treated on day 11. Group 2
monkeys were treated for depressed hematocrit between day 18
through 22 (Table 2).

Hematocrits. All animals in Group 2 experienced a decrease
(exceeding 50% of preinfection value) in their hematocrits (51%,
53%, and 69% decrease) compared with monkeys in group 1 (13%,
28%, and 36% decrease; Figure 1; Table 3) and group 3 (7% and
4% decrease). The hematocrits in group 2 monkeys continued to
decrease despite treatment with mefloquine (Figure 1).

Statistical analysis. Group 2 monkeys were treated on day 22,
22, and 18 because of anemia. However, the treatment would not
have affected the hematocrit until after day 29. Therefore for each
monkey, the observed hematocrits over days 4 to 29 were sum-
marized by using area under the time-hematocrit curve. Groups
1 and 2 then were compared by using f tests on the calculated
area-under-the-curve values. The area-under-the-curve values
for hematocrits in group 1 were 1339, 1168, and 1020.5 (cumula-
tive hematocrit times days), whereas those for group 2 were 933,
850, and 853.5 (cumulative hematocrit times days) (P = 0.036).
Therefore the native antibody level has a significant effect on
hematocrit. In a similar analysis of parasitemia, the area-under-
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Table 2. Parasitemia and treatment data during days 4 through 29 of the follow-up period after challenge of Aotus monkeys with 10,000 P. falciparum-
infected erythrocytes

no. of parasites/pul

Monkey no. Group Prepatency (no.of days) Mean® Maximum Day of peak parasitemia  Treatment day® Reason for treatment*
477 1 22 1013 12,840 24 nt nt
489 1 5 363 2040 21 nt nt
496 1 10 391 4560 18 nt nt
471 2 10 498 3000 16 22 HCT
547 2 7 3218 31,200 15 22 HCT
579 2 7 160 6,800 15 18 HCT
581 3 5 3963 326,000 11 11 para
1045 3 5 4621 304,000 11 11 para

aGeometric mean.
"Day on which animal was treated with mefloquine (20-mg single dose); nt, not treated.
Reason for treatment: nt, not treated; HCT, greater than 50% decrease in hematocrit; para, parasitemia in excess of 300,000 parasites/pl.
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Figure 1. Hematocrit (%) in individual Aotus monkeys challenged intra-
venously with 10,000 Plasmodium falciparum-infected Aotus erythrocytes.
Group I, Aotus monkeys with native antibodies against MSP1,, (solid
lines); group II, Aotus monkeys previously exposed to P. falciparum but
with no or low native antibody titers against MSP1,, (dashed lines).

the-curve values were 35280, 15500, and 18640 (cumulative para-
sitemia times days) for group 1 animals and 15370, 164674, and
12460 (cumulative parasitemia times days) for group 2 monkeys.
The analysis yielded a P value of 0.46, thus the native antibody
level lacked any significant effect on parasitemia.

Discussion
This study examined whether the levels of native anti-MSP1,,
antibody during initial infection of Aotus monkeys with malaria
affected their response after rechallenge. The most notable finding
was that none of the monkeys that previously had made high an-
tibody titers against MSP1,, became anemic or required treatment
to survive subsequent malaria infection. All 3 monkeys that had
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Figure 2. Parasitemia (no. of parasites/ul) curves in individual Aotus
monkeys challenged intravenously with 10,000 Plasmodium falciparum-
infected Aotus erythrocytes. Group I, Aotus monkeys with native anti-
bodies against MSP1,, (solid lines); group II, Aotus monkeys previously
infected with P. falciparum but with no or low native antibody titers
against MSP1,, (dashed lines).

previously been infected with malaria and had generated high
anti-MSP1,, antibody titers went on to clear their infections spon-
taneously. In contrast, all 3 monkeys that previously were infected
with malaria but that produced little or no anti-MSP1,, antibody
developed a severe, life-threatening anemia and required treat-
ment within 3 wk after infection.

Interestingly, 1 monkey (no. 471) from group 2 developed an
antibody titer against MSP1,, comparable to that of group 1 mon-
keys after rechallenge, but this animal was not protected from
developing severe anemia. We hypothesize that the antibody re-
sponse against MSP1 in monkey 471 was delayed compared with
that of monkeys in group 1, which had made high antibody titers
against MSP1,, after exposure to P. falciparum during the first chal-
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Anti-MSP1 antibodies and P. falciparum induced anemia

Table 3. Hematologic data acquired during days 4 through 29 of the follow-up period after challenge of Aotus monkeys with
10,000 P. falciparum-infected erythrocytes

Hematocrit
Monkey no. Group Baseline Mean Minimum Day on which minimum hematocrit occurred % decrease relative to baseline
477 1 53 52.7 46 29 13
489 1 54 48.1 39 22 28
496 1 50 427 32 22 36
471 2 49 41.6 24 22 51
547 2 45 38.7 21 22 53
579 2 48 40.7 15 18 69
581 3 41 40.6 38 11 7
1045 3 52 51.8 50 8 4

lenge 3 y before. At rechallenge, anti-MSP1,, antibody titers most
likely increased rapidly in group 1 monkeys, protecting them
from developing high parasitemia and severe anemia. Because
we did not measure antibody titers to MSP1,, immediately after
rechallenge, we cannot verify this hypothesis. However, low anti-
body titers against an infectious agent do not necessarily provide
protection at challenge, thus necessitating multiple booster im-
munizations to achieve protective antibody titers in some cases.?’
In addition, once the immune system is primed against a particu-
lar antigen, the immune response to rechallenge is much faster,
with the development of high antibody titers in a shorter period
of time compared with those of a naive immune system.

Thought to be due to partial immunity, anemia has occurred
in Aotus monkeys repeatedly challenged with P. falciparum in
experimental malaria vaccine trials.>'3>15 Anemia is a common
finding in humans with malaria and could be caused by any of 3
mechanisms: lysis of infected erythrocytes, lysis or sequestration
of noninfected erythrocytes, and suppression of hematopoiesis. '
Work by others has made it clear that more than one of these
mechanisms is involved.7?” In monkey studies, Jones and col-
laborators!® failed to find either antibody or complement on the
surface of erythrocytes harvested while the animals were infect-
ed, indicating that neither antibody-mediated nor C3d-mediated
lysis occurs. Similar studies in human volunteers in malarious
areas have not been entirely consistent.>”'* According to Jakeman
and collaborators,"! in human malaria, dyserythropoiesis plays an
unimportant role in the resulting anemia, and the anemia occurs
before a substantial antibody response to parasites or erythrocytes
is generated. Those authors'! suggest that uninfected erythrocyte
destruction occurs through phagocytosis of erythrocytes bound to
merozoites killed due to accompanying malaria paroxysms. The
presence of rhoptry-associated protein and ring surface protein 2
on the surface of uninfected erythrocytes® and on erythroid pre-
cursor cells in the bone marrow!8 recently have been suggested
to be responsible for the malaria-associated anemia in humans.
These 2 proteins are deposited on the surface of uninfected eryth-
rocytes during failed attempts of malaria parasites to invade the
red cells, marking them for sequestration and destruction by the
host immune system. A similar mechanism may occur in owl
monkeys with partial immunity to falciparum malaria.

In mice, high titers of maternally derived MSP1,, interfere with
the production of an MSP1, 4-specific antibody response in pups
after vaccination.?® The level of inhibition was influenced by the
antibody titer. In adult mice, the presence of specific antibodies af-
fected the number of B cells producing MSP1, -specific antibodies
in response to MSP1,, vaccination.? In that study,® the authors

concluded that if high levels of maternally derived antibody spe-
cific for a malaria subunit vaccine candidate are present in the in-
fant, successful immunization of the infant with the same vaccine
may not be efficient. This mechanism was most likely responsible
for the lack of development of native antibodies against MSP1,, in
the Aotus monkeys passively immunized with serum containing
high titers of MSP1,, antibodies and challenged with P. falciparum
FVO in our previous study.

MSP1 apparently harbors multiple epitopes capable of elicit-
ing humoral and cellular responses that efficiently inhibit para-
site multiplication. According to a recent study,?® even antibodies
elicited by the apparently least-immunogenic regions of MSP1,
as delineated by p30 and p38, were highly effective in inhibiting
parasite multiplication. Because all combinations of antibodies
examined showed additive inhibitory effects on parasite growth,
the entire MSP1 molecule should be considered for purposes of
vaccine production.?® These findings are consistent with the re-
sults from the present study, in which monkeys that developed
antibodies against a broad repertoire of P. falciparum antigens were
protected against high parasitemia and severe anemia. However,
antibodies specifically directed against MSP1,, appear to be nec-
essary for protection against anemia.

John and collaborators'? found that residents of a highland ma-
laria mesoendemic area in Africa with high levels of MSP1, -spe-
cific invasion-inhibitory antibodies had substantially reduced risk
of blood stage infection after treatment with antimalarial drugs
and clearance of any prior parasitemia. In contrast, IgG or IgG
subclass antibodies to recombinant MSP1,, detected by serology
did not correlate with invasion-inhibition activity or risk of infec-
tion. The authors'? suggested that the protective epitopes of the
native protein may be poorly represented in some recombinant
constructs of MSP1. In addition, MSP1,, recombinant proteins ex-
pressed in various systems do not react identically to the human
antibodies elicited by natural infection.!? This difference would
explain why despite high antibody titers against MSP1,, after
immunization with experimental vaccine candidates, little or no
protection against infection is noted in some human and monkey
malaria challenge studies.

The monkeys we used in this study were all captive-born, from
the same source, young adults, clinically healthy, and had the
same environmental exposure. In our experience, captive-born,
malaria-naive Aofus monkeys are very reliable models for the
study of falciparum malaria and show highly predictable para-
sitemia curves after experimental infection with the FVO strain.
Therefore, small numbers of these valuable animals provide con-
sistent results with biologic and statistical significance, allowing
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reduction in the numbers of animals required for these studies.
In contrast, wild-caught Aotus monkeys have no known clinical
history and usually are infected with microfilarias that potentially
can interfere with malaria infection.?® In addition, wild-caught
monkeys may have been exposed to Plasmodium falciparum in the
wild? and their antibody titers may have waned over time, but
when these animals are infected in the laboratory, their immune
systems may be primed already, thus interfering with study ob-
jectives to evaluate the immunogenicity and protective efficacy of
malaria candidate vaccines. Moreover, wild-caught monkeys can
be infected with a variety of parasitic, bacterial, viral, and fungal
agents whose effect on vaccine research is unknown at best. For
all the stated reasons, wild-caught monkeys are less than desir-
able for malaria vaccine studies.

As established by others and as evident from the current study;,
prior exposure to malaria parasites results in reduced infection
as measured by the time of the first appearance of parasites and
the level of parasitemia. In addition, partial immunity to malaria
parasites may lead to life-threatening anemia. The results of this
study show that antibody to the 19-kDa carboxy-terminal region
of MSP1 may play an important role in preventing the develop-
ment of anemia. The mechanism by which MSP1,, might pre-
vent the development of anemia is unknown, but this finding
agrees with previous studies that suggest that protection against
malaria infection is only achieved when an antibody response is
mounted against a broad repertoire of merozoite surface antigens.
As shown in the present study, the Aofus monkey is an excellent
model not only for testing vaccine candidates but also for study-
ing the development of anemia associated with immunity to ma-
laria in humans.
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