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Malaria and schistosomiasis are the world’s two most important parasitic infections in terms of distribution, morbidity, and
mortality. In areas where Plasmodium and Schistosoma species are both endemic, coinfections are commonplace. Mouse models
demonstrate that schistosomiasis worsens a malaria infection; however, just as mice and humans differ greatly, the murine-in-
fecting Plasmodium species differ as much from those that infect humans. Research into human coinfections (Schistosoma
haematobium-Plasmodium falciparum versus Schistosoma mansoni-P. falciparum) has produced conflicting results. The rhesus
macaque model provides a helpful tool for understanding the role of S. mansoni on malaria parasitemia and antimalarial im-
mune responses using Plasmodium coatneyi, a malaria species that closely resembles P. falciparum infection in humans. Eight
rhesus macaques were exposed to S. mansoni cercariae. Eight weeks later, these animals plus 8 additional macaques were ex-
posed to malaria either through bites of infected mosquitos or intravenous inoculation. When malaria infection was initiated
from mosquito bites, coinfected animals displayed increased malaria parasitemia, decreased hematocrit levels, and suppressed
malaria-specific antibody responses compared to those of malaria infection alone. However, macaques infected by intravenous
inoculation with erythrocytic-stage parasites did not display these same differences in parasitemia, hematocrit, or antibody re-
sponses between the two groups. Use of the macaque model provides information that begins to unravel differences in patholog-
ical and immunological outcomes observed between humans with P. falciparum that are coinfected with S. mansoni or S.
haematobium. Our results suggest that migration of malaria parasites through livers harboring schistosome eggs may alter host
immune responses and infection outcomes.

Research on parasitic infections has typically been focused on a
singular disease, but in recent years there has been a growing

recognition that patients in tropical regions around the globe
often experience concomitant infections (11). The interactions
between diseases can cause altered immunologic and patholog-
ical outcomes compared to what usually occurs with single
infections (26). These differential outcomes during coinfection
may also negatively influence vaccine and chemotherapeutic
efficacy (17, 19).

Much of the recent data on concomitant infections has focused
on interactions between Plasmodium spp. and helminths, with a
particular emphasis on malaria and schistosome infections. The
shared geographical distribution of Plasmodium and Schistosoma
parasites often leads to this type of coinfection (18, 21), as malaria
and schistosomiasis are two of the most prevalent parasitic dis-
eases. Annually there are an estimated 300 million to 500 million
clinical cases of malaria (mostly Plasmodium falciparum malaria)
(23) and 780,000 deaths, with the highest burden of mortality
occurring in children under 5 years of age (28). Chronic schisto-
somiasis affects an estimated 200 million people each year, and
approximately 780 million are at risk for a schistosome infection
(25). Both infections cause significant morbidity in addition to
detrimental socioeconomic effects.

There have been several studies in mice examining Plasmodi-
um-Schistosoma coinfections. Mice infected with Plasmodium
chabaudi and Schistosoma mansoni have severely altered immune
responses, with reduced specific antibody responses to schisto-
some antigens and higher levels of malaria parasitemia in coin-
fected mice (10). A Plasmodium berghei-S. mansoni-coinfected
mouse model displayed delayed clearance of parasitemia after ma-

laria chemotherapy (14). Similarly, in a murine immunization
model, concomitant infection with P. berghei and S. mansoni dem-
onstrated increased mortality associated with malaria (13). How-
ever, these findings are limited, as the malaria species that infect
mice do not adequately reflect the biology and pathogenesis of the
species, particularly P. falciparum, that cause human malaria in-
fections (8).

Research on human malaria and schistosome coinfections has
been more difficult to interpret. Studies of Schistosoma haemato-
bium and P. falciparum infections in Malian children demon-
strated a protective effect of schistosomiasis on clinical malaria in
young children (ages 4 to 8 years) but no effect in slightly older
individuals (ages 9 to 14 years) (15). A protective effect of S.
haematobium on malaria was also seen in Senegal, where children
with light schistosome infections had significantly lower P. falcip-
arum parasitemia than children without schistosomiasis (2). In
contrast, Kenyan children with S. mansoni infections who were
also chronically exposed to malaria had worse hepatosplenomeg-
aly than children with schistosomiasis or malaria exposure alone
(29, 30). Additionally, Senegalese children with S. mansoni infec-
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tions demonstrated more clinical malaria compared to children
not infected with schistosomes (24). In cross-sectional studies of
Kenyan children living in communities close to Lake Victoria,
those infected with S. mansoni had a significantly higher preva-
lence of malaria parasitemia than children who were negative for
schistosomiasis (27). These seemingly contradictory results may
be due to the differences in the schistosome species but may also
be affected by the study design, presence of other infections, or
infectious disease exposure history. To study coinfections in a
more controlled setting, using a malaria species that mimics the
biological features and pathogenic mechanisms of P. falciparum,
we utilized a nonhuman primate model to explore the effects of
concomitant S. mansoni infection on malaria (Plasmodium coat-
neyi) pathology and antimalarial immune responses.

MATERIALS AND METHODS
Rhesus macaques. Sixteen Chinese-origin rhesus macaques (Macaca mu-
latta) between the ages of 4 and 6 years were studied in two experiments.
Macaques were used in accordance with the National Institutes of Health
guidelines on the care and use of laboratory animals at the Centers for
Disease Control and Prevention (CDC), fully accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care Inter-
national. Animal experiments were approved by Institutional Animal
Care and Use Committees of the CDC.

Parasitic infections. To establish schistosome infections, four naïve
rhesus macaques were percutaneously exposed to 500 S. mansoni cercar-
iae. Infection was monitored by collecting stool samples weekly, begin-
ning 5 to 6 weeks after exposure to cercariae, when eggs first appeared, and
continued until egg counts returned to zero for at least two consecutive
weeks. Stool was processed by formalin-ethyl acetate sedimentation and
concentration. Egg counts were determined microscopically and recorded
as eggs per gram of stool.

Eight weeks after exposure to cercariae, the group of four schistosome-
infected rhesus macaques plus four additional naïve macaques were ex-
posed to the bites of 5 Anopheles dirus mosquitoes infected with P. coatneyi
for 10 min to establish a mosquito-borne malaria infection. These mos-
quitoes had previously fed on a donor monkey infected by intravenous
inoculation with P. coatneyi blood-stage parasites. Malaria parasitemia
was monitored daily by microscopic counting of parasites in Giemsa-
stained thick and/or thin blood smears beginning on the tenth day after
infection. The macaques were treated with subcurative doses of quinine
when deemed necessary to prevent excessive life-threatening parasitemia
and death (dosage ranged from 50 mg to 300 mg per day, dependent on
level of parasitemia). Infection was cured at week eight after malaria ex-
posure by administration of three 150-mg doses of chloroquine.

For the initiation of blood-stage malaria infections, a group of four
rhesus macaques previously infected with schistosomes 8 weeks prior and
four additional naïve macaques were intravenously inoculated with
50,000 P. coatneyi ring-stage-infected rhesus monkey erythrocytes. The
blood-stage parasites were obtained from a donor monkey infected by
intravenous inoculation with cryopreserved P. coatneyi blood-stage para-
sites. Malaria parasitemia was monitored daily as described above, begin-
ning the day after parasite injection. The macaques were treated with
subcurative doses of quinine when deemed necessary to prevent excessive
parasitemia and death (dosage ranged from 150 mg to 450 mg per day,
dependent on the level of parasitemia). Infection was cured at week seven
after malaria exposure by administration of three 150-mg doses of chlo-
roquine.

Complete blood count. Blood was collected weekly following malaria
exposure using EDTA microcontainer tubes. Complete blood cell counts,
including hematocrit and hemoglobin levels, were determined using a
Beckman Coulter hematology analyzer (Brea, CA).

Enzyme-linked immunosorbent assay (ELISA). Plates were coated
with 40 �g/ml of P. coatneyi trophozoite and schizont-stage crude antigen

in 0.5 M sodium carbonate buffer, pH 9.6, and incubated overnight at 4°C.
Plates were blocked with phosphate-buffered saline (PBS) containing
0.3% Tween 20 and 5% nonfat dry milk and incubated overnight at 4°C.
Plasma samples were diluted 1:100 in PBS containing 0.3% Tween 20 and
5% nonfat dry milk and incubated for 2 h at room temperature. Plates
were washed five times in PBS containing 0.05% Tween 20. Antigen-
specific IgG binding was measured by the addition of horseradish perox-
idase-conjugated goat anti-human IgG (Invitrogen, Carlsbad, CA) di-
luted 1:20,000 in PBS containing 0.3% Tween 20 with incubation for 2 h.
Antigen-specific IgM binding was measured by the addition of horserad-
ish peroxidase-conjugated goat anti-monkey IgM (Rockland, Gilberts-
ville, PA) diluted 1:10,000 as described above. Plates were developed with
TMB substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) and
stopped with 18% sulfuric acid. The plates were read on a Molecular
Diagnostics Vmax microplate reader (Molecular Devices Corporation,
Sunnyvale, CA) at 450 nm and analyzed with Softmax software (Molecu-
lar Devices). To ensure consistency between plates, a standard curve was
developed and included on each plate. A 1:3 serial dilution curve was
made from positive plasma collected from the P. coatneyi donor macaque.
A four-parameter curve-fitting model was used to assign units to each
unknown plasma sample.

Multiplex cytokine analysis. Cytokines [granulocyte colony-stimu-
lating factor (G-CSF), granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), gamma interferon (IFN-�), interleukin 1� (IL-1�), IL-
1ra, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12/23(p40), IL-13, IL-15, IL-17,
monocyte chemoattractant protein 1 (MCP-1), macrophage inflamma-
tory protein 1� (MIP-1�), MIP-1�, sCD40L, transforming growth factor
alpha (TGF-�), tumor necrosis factor alpha (TNF-�), vascular endothe-
lial growth factor (VEGF), IL-18] were analyzed from plasma collected at
different time points during the infections using a nonhuman primate
cytokine assay (Millipore, Billerica, MA) according to the manufacturer’s
protocol.

Statistics. Parasitemia, anemia, antibody, and cytokine levels were
compared between malaria-only-infected and coinfected groups over the
course of infection by two-way analysis of variance using GraphPad Prism
version 5.03 (GraphPad Software, Inc., LaJolla, CA).

RESULTS
Differential clinical outcomes in coinfected macaques infected
by mosquito exposure. Schistosome eggs first appeared in the
stool between 6 and 8 weeks after exposure to cercariae, and in-
fection was patent until spontaneous clearance at 12 to 13 weeks.
At 8 weeks after infection with S. mansoni, groups of schistoso-
miasis-positive macaques and previously uninfected animals were
exposed to the bites of 5 A. dirus mosquitos that had fed 11 days
previously on a P. coatneyi-infected rhesus macaque. Although
mosquitos for challenge bites were selected from fed batches with
90% to 100% infections, mosquito infections were also confirmed
by subsequent dissection of the salivary glands after challenge
feeds. All animals became patent for blood-stage parasites on day
12 or 13 following this sporozoite challenge. When infecting ma-
caques by the bites of infected mosquitos, the number of sporo-
zoites inoculated into each animal cannot be tightly controlled,
although the very close prepatent periods of between 12 and 13
days noted above indicate that similar numbers of sporozoites
were delivered. Additionally, because malaria parasites replicate
within the host to several orders of magnitude beyond the infect-
ing dose, the rate of replication has a greater impact on resulting
parasitemia than do potential differences in numbers of sporozo-
ites inoculated by the same number of mosquitos.

The parasitemia for both coinfected and malaria-only-infected
macaques rapidly increased, and both groups of macaques were
treated with subcurative doses of quinine when parasitemia
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reached very high levels around days 17 and 18. Coinfected ma-
caques maintained significantly higher parasitemia levels for a
longer time period than their malaria-only-infected counterparts
(P � 0.0001) (Fig. 1A and B), even in the presence of antimalarial
drug treatment. The average dosage of quinine for the coinfected
macaques was 123 mg/day over a period of 6 days. For the malaria-
only-infected macaques, the average was 75 mg/day over the same
6-day period. Thus, although the coinfected group received more
quinine, they experienced higher parasitemia levels than the ma-
laria-only-infected macaques.

We defined severe anemia as a hematocrit value (or packed-cell
volume) below 20%. Complete blood cell counts were obtained
every week during the course of the infections, with the exception
of the first week after malaria exposure. Over the course of the
malaria infection, the average hematocrit value for the coinfected
macaques was significantly lower than that for the malaria-only-
infected macaques (P � 0.025; Fig. 1C). Although the average
group hematocrit values did not fall below 20%, individual ma-
caques did at times experience hematocrit values of �20%. He-
moglobin levels were also significantly lower in coinfected ma-
caques (P � 0.027; Fig. 1D). These data indicate that S. mansoni
infection exacerbates concomitant P. coatneyi-associated para-
sitemia and anemia of rhesus macaques infected by the bites of
malaria-positive mosquitos.

P. coatneyi-specific antibody responses (IgG and IgM) are
altered in concurrently infected macaques. Malaria-specific an-
tibody responses were analyzed over the course of the infection for
both groups of macaques. At 8 weeks after malaria exposure, ma-
caques were given curative doses of antimalarial drugs. A final
blood sample was obtained at 14 weeks after exposure to malaria
(i.e., 6 weeks after malaria cure). Plasma levels of IgG antibody
against P. coatneyi crude antigen were significantly reduced in
coinfected macaques in comparison to the malaria-only-infected
macaques over the course of the infection (P � 0.01; Fig. 2A).
Additionally, IgG antibody levels remained higher for malaria-
only-infected macaques 6 weeks after malaria infection was cured.
In contrast, plasma levels of IgM antibody against the same P.
coatneyi crude antigen were significantly increased in coinfected
macaques (P � 0.01; Fig. 2B); however, by 6 weeks after malaria
cure, the IgM antibody levels were similar for both coinfected
macaques and malaria-only-infected macaques.

Malaria parasitemia and hematocrit levels are not signifi-
cantly different for macaques infected by blood-stage inocula-
tion. We next evaluated if the route of infection with P. coatneyi
influenced whether schistosomiasis affected malaria progression.
Rather than exposing macaques to the bites of infected mosquitos,
schistosome-positive and previously uninfected animals were in-
travenously injected with 50,000 blood-stage parasites. Similar to

FIG 1 Clinical responses in coinfected and malaria-only-infected macaques infected by sporozoite challenge. (A) Parasitemia was calculated as the
number of P. coatneyi-infected red blood cells per the total number of uninfected red blood cells. Macaques were treated on days 17, 18, 19, 20, 21, and
22 with subcurative doses of quinine. Parasitemia is shown here from day 10 to day 25 after malaria exposure and is graphed on a linear scale. The
difference between parasitemia of the coinfected and malaria-only-infected macaques was found to be significant (P � 0.0001; �, malaria only or
schistosomiasis negative; Œ, coinfected or schistosomiasis positive). (B) Parasites per microliter were defined as the total number of parasites present per
microliter of blood, and these values from day 10 to day 25 after malaria exposure were graphed on a log scale. The difference between the curves was
significant (P � 0.0001). (C) Hematocrit values were determined weekly after malaria exposure and graphed here on a linear scale. Hematocrit values
between the coinfected and malaria-only-infected macaques were significantly different (P � 0.025). (D) Hemoglobin levels were also determined for the
same time period as the hematocrit values, and these numbers are shown in grams per deciliter and graphed on a linear scale. The difference in hemoglobin
levels was also determined to be significantly different (P � 0.027).
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the parasitemia levels for macaques infected by sporozoite chal-
lenge, parasitemia increased rapidly 10 days after malaria infec-
tion. Macaques were treated with subcurative doses of quinine
beginning on the following (11th) day. Unlike the difference that
was observed in macaques infected by sporozoite challenge, ma-
caques infected by blood-stage inoculation showed no statistically

significant differences in parasitemia between the malaria-only-
infected and coinfected macaques (P � 0.38; Fig. 3A). Moreover,
the parasitemia curves for the blood-stage inoculation were very
similar between the two groups, especially when comparing the
total number of parasites (P � 0.39; Fig. 3B). The average amount
of antimalaria drug administered was 112.5 mg/day for coinfected

FIG 2 Antibody responses (IgG and IgM) to malaria antigen during a sporozoite infection. Plasma was collected at 0, 2, 3, 5, 7, 8, and 14 weeks after malaria
exposure. Malaria was cured at week 8 after malaria exposure, and so week 14 corresponds to 6 weeks after malaria cure. The antibody values were determined
from a standard curve using P. coatneyi immune plasma. The arrows indicate when drug treatment was started (day 17). (A) Malaria-specific IgG antibody
responses were determined using P. coatneyi crude antigen. IgG responses for coinfected macaques are displayed by the black bars and those for malaria-only-
infected macaques are displayed by the gray bars. The IgG responses for coinfected macaques are significantly lower than those of the malaria-only-infected
macaques (P � 0.01). (B) Malaria-specific IgM responses were also determined using a P. coatneyi crude antigen, and IgM responses for coinfected macaques are
displayed in black and those for malaria-only macaques are in gray. The IgM responses are significantly different, with malaria-only-infected macaques having
significantly lower IgM responses (P � 0.01).

FIG 3 Parasitemia in malaria blood-stage inoculated macaques. (A) Parasitemia was defined as number of P. coatneyi-infected red blood cells per the total
number of uninfected red blood cells. Macaques were treated on days 11, 12, 13, and 15 after exposure to malaria. Parasitemia from day 1 to day 15 is graphed
on a linear scale for both coinfected and malaria-only-infected macaques (�, malaria-only or schistosomiasis negative; Œ, coinfected or schistosomiasis positive).
Parasitemia is not significantly different between the two groups of macaques (P � 0.38). (B) Parasites per microliter were defined as the total number of parasites
in a microliter of blood; this was graphed from day 4 to day 15 on a log scale. The values were not significantly different between the groups (P � 0.39). (C)
Hematocrit was determined weekly after exposure to malaria until malaria cure; there is no significant difference between coinfected and malaria-only-infected
macaques (P � 0.16). (D) Hemoglobin values (in grams per deciliter) were determined for the same time period as the hematocrit, and there is no significant
difference between the groups (P � 0.17).
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macaques and 93.75 mg/day for malaria-only-infected macaques
over a 6-day period.

Severe anemia was again defined as packed-cell volume or he-
matocrit values below 20%. In comparison to the sporozoite chal-
lenge experiments, the average hematocrit values fell below 20%
several times for the coinfected macaques infected by blood-stage
parasites. In addition, the average hematocrit values for the ma-
laria-only-infected macaques were on average lower than the val-
ues for the malaria-only-infected macaques infected through
sporozoite challenge. Despite the lower average values in this ex-
periment, the hematocrit and hemoglobin levels between the
coinfected and the malaria-only-infected macaques were not sig-
nificantly different in the experiment where macaques were in-
fected by injection of blood-stage parasites (P � 0.16 and 0.17; Fig.
3C and D, respectively).

Antibody responses (IgG and IgM) in both groups of ma-
caques are similar over the course of blood-stage malaria infec-
tion. Curative doses of antimalaria drugs were administered 7
weeks after malaria infection. P. coatneyi-specific antibody re-
sponses were examined over the course of the infection in the
monkeys infected by blood-stage malaria parasites as had been
done for monkeys infected by exposure to patent mosquitoes.
Plasma IgG antibody levels against P. coatneyi crude antigen were
not significantly different between the coinfected and malaria-
only-infected macaques (P � 0.34; Fig. 4A). IgM antibody levels
were also not significantly different between the groups (P � 0.23;
Fig. 4B). The similarities in both IgG and IgM antibodies are in
contrast to the significant differences observed for macaques that
were infected with malaria by sporozoite challenge.

Comparison of schistosome parasite load between mosqui-
to-borne and blood-stage malaria infection. The differences in
the effect of schistosome infection on the parasitology, immunol-
ogy, and pathology of malaria between the two routes of exposure
may be due to the route of infection but may also be due to a
difference in the schistosome infection. For comparison of the
schistosome infections between the sporozoite and blood-stage
inoculation, we analyzed the parasite load by comparing the eggs
per gram of stool. The average parasite load in both experiments
was examined over the course of the schistosome infection until
egg counts returned to zero for a minimum of two consecutive
weeks. The intensity of the schistosome infections was not signif-
icantly different in the two studies (P � 0.20; Fig. 5).

Plasma cytokine levels. Plasma samples were obtained from
the malaria-only and coinfection groups at baseline and various
time points following infection. In both the mosquito transmis-
sion and blood-stage infection experiments, the coinfected ma-
caque monkeys tended to have higher levels of plasma cytokines
than the monkeys infected with malaria alone. However, there was
no clear Th1/Th2/Th17 shift pattern between the groups, and any
differences between the groups were always higher in the coin-
fected macaques. Because of the small number of animals per
group, the high frequency of plasma cytokine levels below the level
of detection of the assay, and the unidirectional aspect of all dif-
ferential responses, we concluded that plasma cytokine level vari-
ances in these experiments were not meaningful.

DISCUSSION

Although there has been a recent surge in the number of research
studies investigating polyparasitism, it has been a topic of interest
for several decades. In 1978, Buck et al. examined the global epi-
demiology of polyparasitism, with a focus on the frequency of
different combinations of parasites (3), the effects of harboring

FIG 4 P. coatneyi antigen-specific immunoglobulin responses (IgG and IgM) in blood-stage-exposed macaques. Plasma was collected at weeks 0, 3, 6, 8, 11, and
15 after exposure to malaria. Malaria infection was cured at week 7 postexposure. Malaria-specific antibody responses were determined using P. coatneyi crude
antigen. The unknown values were determined by assigning units based from a standard curve of P. coatneyi immune sera. The arrows indicate the time when
drug treatment was started (day 11). Over the course of the infection, IgG responses (A) and IgM responses (B) to malaria antigen were not significantly different
(P � 0.34 and P � 0.23) between the coinfected (black bars) and malaria-only-infected macaques (gray bars).

FIG 5 Schistosome parasite load for sporozoite and blood-stage malaria in-
fection. Egg counts were determined microscopically from processed stool
samples collected weekly until egg counts reach zero for a minimum of two
consecutive weeks. The graph shows the average number of eggs per gram of
stool determined for the four macaques that were exposed to malaria through
mosquito bites (}) and the average number of eggs per gram of stool deter-
mined for the four macaques exposed to malaria through blood-stage parasites
(�). The difference between schistosome parasite load of the two groups over
the course of the schistosomiasis infection is not statistically significant (P �
0.20).
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multiple parasites on accurate diagnosis of infection (4), and the
influence of polyparasitism on general health status (5). Recent
studies into multiple parasitic infections have expanded on these
concepts and have delved into topics such as differential immu-
nologic responses. For example, Hartgers and Yazdanbakhsh re-
cently reviewed immunologic studies on helminth and malaria
coinfections in animal models and in humans that highlighted the
need to better understand the consequences of malaria and hel-
minth coinfections, especially in terms of their influence on effi-
cacy of potential malaria vaccines (9).

We have demonstrated that S. mansoni infection of rhesus ma-
caques exacerbates concomitant mosquito-borne P. coatneyi in-
fections by worsening parasitemia, decreasing hematocrit levels,
and suppressing malaria-specific antibody responses. In contrast,
malaria infections initiated by inoculation with blood-stage para-
sites were not affected by the presence of schistosomes. Our use of
a rhesus macaque model in a controlled setting has provided clues
to the sometimes disparate results observed in human schisto-
some-malaria coinfection studies. P. coatneyi is the malaria species
of old world monkeys that most closely models human infections
with P. falciparum, which does not infect macaques (8). Both P.
coatneyi and P. falciparum have knobs and express variant anti-
gens. They both cause severe pathology with hyperparasitemia
and deep vascular sequestration in similar organs of their respec-
tive hosts. Differences between these species are limited to mor-
phology and development of gametocytes, which were not evalu-
ated in this study.

Our findings corroborate previous studies in mice demon-
strating that S. mansoni infection triggered a higher mean Plasmo-
dium yoelii parasitemia, leading to greater mortality in coinfected
animals than in mice infected with P. yoelii alone (20). Mice with
concomitant P. chabaudi-S. mansoni infections also had higher
parasitemias than mice singly infected with P. chabaudi (10).
Other studies demonstrated that children infected with S. mansoni
are more likely to harbor P. falciparum parasites than children
who do not have schistosomiasis (27). Our study, along with oth-
ers (10, 13, 14, 20, 24, 27), suggests that S. mansoni can decrease
host immune responses to malaria parasites and/or the ability to
clear infections following antimalarial treatment.

Malarial anemia is an important component of complicated
malaria and often leads to deaths, especially in children and in
pregnant women (1, 6). Anemia is also a pathological conse-
quence of schistosomiasis (12, 22). We analyzed hematocrit and
hemoglobin values over the course of the mosquito-borne malaria
transmission experiments to determine if there was an increase in
anemia in coinfected macaques. Not surprisingly, the monkeys
that demonstrated prolonged malaria parasitemia as a result of
coinfection had significantly lower hematocrit and hemoglobin
levels than the malaria-only-infected macaques (Fig. 1C and D).
Similar results were observed in P. yoelii-S. mansoni-coinfected
mice in comparison to mice infected with malaria alone (20).
These findings suggest that malaria-schistosomiasis coinfections
can exacerbate anemia.

Malaria-specific antibody responses are important for the
clearance of blood-stage parasites (7, 16). In coinfected macaques
that had higher parasitemia levels for longer time periods than
their malaria-only-infected counterparts, the IgG-specific re-
sponses to P. coatneyi crude antigen were lower (Fig. 2A). In con-
trast, the coinfected macaques with higher malaria parasitemias
had much higher IgM antibody levels than malaria-only-infected

macaques (Fig. 2B). These results suggest that the diminished ma-
laria-specific IgG responses in mosquito-transmitted infections
were due to an inability to class switch from IgM to the more
effective IgG antibodies rather than an inability of the coinfected
macaques to produce any antibodies in response to malaria infec-
tion.

In contrast to the parasitological, immunological, and patho-
logical differences observed between coinfected macaques and
malaria-infected macaques infected by sporozoite challenge, ma-
caques infected by blood stage parasites did not show any differ-
ences in parasitemia (Fig. 3A and B), hematocrit (Fig. 3C), or
malaria-specific antibody responses (Fig. 4A and B). The differ-
ence in results between the two studies is likely associated with the
route of malaria infection rather than differences in the schisto-
some infections between experiments (Fig. 5). During S. mansoni
infections, deposition of schistosome eggs occurs in the liver,
which creates a strong T-helper 2 microenvironment. Malaria
parasites pass through the liver when the infection is initiated by
the bite of an infected mosquito but not when macaques are in-
jected with blood-stage parasites. We hypothesize that the passage
of the malaria parasites through the liver with a local Th2 environ-
ment during a sporozoite infection may be the cause of the differ-
ence in the immunologic and clinical responses to malaria be-
tween the two experimental designs. If true, our results may also at
least partially explain some of the differences observed in studies
of human malaria coinfection with S. mansoni and with S. haema-
tobium. Because S. haematobium eggs are primarily deposited in
the urogenital tract of infected humans, the liver environment
through which sporozoites pass is less likely to have a strong Th2
shift, and immune responses to parasite antigens may not be as
influenced by their schistosome infection. However, a great deal of
additional research is necessary to evaluate this possibility and
further investigate the impact of different schistosome species on
malaria infection, immunology, and pathology.
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