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Abstract

Background: Placental malaria (PM) causes adverse pregnancy outcomes in the mother and her foetus. It is difficult
to study PM directly in humans due to ethical challenges. This study set out to bridge this gap by determining the
outcome of PM in non-immune baboons in order to develop a non-human primate model for the disease.

Methods: Ten pregnant baboons were acquired late in their third trimester (day 150) and randomly grouped as
seven infected and three non-infected. Another group of four nulligravidae (non-pregnant) infected was also included
in the analysis of clinical outcome. Malaria infection was intravenously initiated by Plasmodium knowlesi blood-stage
parasites through the femoral vein on 160" day of gestation (for pregnant baboons). Peripheral smear, placental
smear, haematological samples, and histological samples were collected during the study period. Median values of
clinical and haematological changes were analysed using Kruskal-Wallis and Dunn'’s Multiple Comparison Test.
Parasitaemia profiles were analysed using Mann Whitney U test. A Spearman’s rank correlation was run to determine
the relationship between the different variables of severity scores. Probability values of P <0.05 were considered
significant.

Results: Levels of white blood cells increased significantly in pregnant infected (34%) than in nulligravidae infected
baboons (8%). Placental parasitaemia levels was on average 19-fold higher than peripheral parasitaemia in the same
animal. Infiltration of parasitized erythrocytes and inflammatory cells were also observed in baboon placenta. Malaria
parasite score increased with increase in total placental damage score (r; = 0.7650, P <0.05) and inflammatory score
(rs=0.8590, P <0.05). Although the sample size was small, absence of parasitized erythrocytes in cord blood and
foetal placental region suggested lack of congenital malaria in non-immune baboons.

Conclusion: This study has demonstrated accumulation of parasitized red blood cells and infiltration of inflammatory
cells in the placental intravillous space (IVS) of baboons that are non-immune to malaria. This is a key feature of
placental falciparum malaria in humans. This presents the baboon as a new model for the characterization of malaria
during pregnancy.
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Background

Every year, 125 million women are exposed to the risk of
malaria worldwide [1]. In sub-Saharan Africa where mal-
aria burden is high, Plasmodium falciparum causes up
to 10,000 cases of malaria-related deaths in pregnancy,
mainly due to maternal anaemia, and approximately
200,000 infant deaths annually [2]. In these women,
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malaria parasites accumulate and sequester in the pla-
cental intervillous space (IVS), a condition referred as
placental malaria (PM) [3]. PM leads to complications
that threaten the lives of both mother and foetus, such
as stillbirths, pre-term deliveries, low birth weights, re-
duction in gestation period, anaemia, and mortality [4,5].
This has socio-economic impact on the affected popula-
tion [6].

Over the years, substantial efforts have been made to pre-
vent and control malaria by employing different strategies
[2,6,7]. These efforts have encountered major challenges,
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such as lack of effective vaccines, inadequate animal models
and rampant drug resistance [2]. Studies on PM immuno-
pathology have been conducted in rodents. The short-
coming of these studies is that data obtained cannot be
correlated to humans because of their difference in repro-
ductive system [8-10]. To bridge this gap, animal models
such as non-human primates whose reproductive system
mimics the human situation are required in order to pro-
duce reliable data [11-13]. Baboons are good animal models
for malaria in pregnancy because they have a similar host-
pathogen interaction and a reproductive system that is
physiologically similar to that of humans [14-18]. This
study was designed to describe pathological features and
clinical outcomes associated with PM in Plasmodium
knowlesi-infected baboons. Results from this study will con-
tribute to the validation of the baboon-P. knowlesi model of
malaria in pregnancy.

Methods

Experimental animals and parasite isolate

Fourteen female adult baboons (Papio anubis) weighing
between 12 Kg and 23 Kg were acquired from the animal
facility of Institute of Primate Research (IPR), Kenya, and
housed in individual squeeze-back cages (dimensions
0.6x0.6x0.68 m) in the biocontainment facility according
to institutional standards. The animals were fed on a
standard non-human primate diet, water provided ad libi-
tum and their general health monitored throughout the
experimental period [19]. Prior to use, they were deter-
mined to be free from simian immunodeficiency virus
(SIV), haemoprotozoan and gastrointestinal parasites. Of
the 14 baboons, ten were time-mated for the first time
(primigrravidae) and their pregnancies confirmed by
ultrasound, while four were utilized as nulligraids (non-
pregnant).

Experimental infections of baboons

Malaria infection was initiated with 2x10° P. knowlesi H
strain, Pkl (A+) clone blood stage parasites [14,19]. Four
out of the ten pregnant baboons and the four nulligravi-
dae were intravenously infected via the femoral vein. For
the pregnant baboons whose gestation period is 180
days, infection was initiated on 160™ day of their gesta-
tion. Prior to infection, cryopreserved P. knowlesi parasites
were retrieved and cultured overnight by modification of
Rowe et al. method [15,20]. Parasitaemia levels, clinical
changes and haematological profiles were monitored
throughout the experimental period. Caesarean section
(CS) was performed on day 8 post-infection and on the
169" day of gestation for non-infected control baboons,
in order to collect intact placentas. Oral treatment with
pyrimethamine (1 mg/kg of body weight for three days)
was initiated after CS for the pregnant animals and at
peak parasitaemia for nulligravidae.
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Sample collection

Peripheral blood samples were collected for haemato-
logical analysis at three intervals, i.e., baseline (before
infection), after infection and after treatment, respect-
ively. Intact placentas were harvested during CS accord-
ing to standard operating procedures and the delivered
infants taken to the nursery soon after birth. Placental
and umbilical cord blood was collected according to
Brustoski et al. [21] and Moore et al. [22], respectively.
Umbilical cord and chorionic membrane was stripped
off and the placenta placed in sterile 0.1% heparin and
2% penicillin-streptomycin saline buffer.

Parasitaemia and clinical observation

In order to assess the progression of the disease, baboons
were monitored for parasitaemia and clinical symptoms,
such as fever, appetite, lethargy, and weight changes. Per-
ipheral parasitaemia was determined daily by finger-prick
method from day 2 post infection. To determine placen-
tal and cord parasitaemia, blood samples collected in ca-
pillary tubes were used [21,22]. Thin blood smears were
prepared for each animal and parasitaemia determined as
described by Ozwara et al. [14].

Haematological and pathological analysis

Venous blood was collected in heparin tubes and haemo-
globin (Hb), red blood cells (RBC) and white blood cells
(WBC) counts determined at baseline, after infection and
after treatment. Gross pathological examination was done
during CS by a veterinary pathologist. Placentas were
observed for any form of extensive tearing, damage or
gross abnormalities. Several placental biopsy specimens of
approximately 2x2 c¢cm were obtained for each placental
sample, fixed in 10% neutral buffered formalin and later
stained with haematoxylin-eosin (H&E). The stained tis-
sues were examined according to Davison et al. [11] with
a few modifications in order to determine the level of pla-
cental damage, inflammatory infiltration, parasite infiltra-
tion, and pigmentation scores.

Statistical analysis

Data was analysed using Graph Pad Prism (version 5.0).
Experimental animals were grouped as pregnant in-
fected, nulligravidae infected and pregnant not infected.
Median values of clinical and haematological changes of
these groups were compared using Kruskal-Wallis statis-
tical test and further analysed using Dunn’s multiple
comparison test. Parasitaemia profiles were analysed
using Mann Whitney U test. A Spearman’s rank correl-
ation was run to determine the relationship between the
different variables of severity scores. Probability values
of P <0.05 were considered significant.
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Ethical approval

This study was carried out under the Malaria Research
Programme at the Institute of Primate Research (IPR)
located in Karen, Nairobi, Kenya. The Institutional Re-
view Committee (IRC) comprising animal care and use
committee (ACUC), scientific review and the research
ethics and integrity team approved all protocols and use
of animals in this study.

Results

Clinical and haematological outcome

In this study, malaria patency was observed on days 2
and 4 post-infection (PI) in nulligravidae and pregnant
infected baboons, respectively. Although peak peripheral
parasitaemia (at day 8 PI) was on average 50% higher in
nulligravids compared to pregnant baboons, this change
was not significant (P = 0.4439) (Figure 1). Changes in
weight (P =0.0925), temperature (P =0.651), red blood
cells (RBC) (P=0.6121), and Hb (P =0.12379) levels
were not significant. Levels of white blood cells (WBC)
increased significantly (P =0.0133). Further analysis by
Dunn’s multiple comparison test revealed that increase
in WBC levels was significantly higher between pregnant
infected and nulligravidae infected (Figure 2).

Gross pathology in Plasmodium knowlesi-infected
baboons

The harvested dams were maroon-red in colour with
intact membranes. The maternal surface of the placenta
had cotyledons while the foetal surface was densely dis-
tributed with blood vessels. Baboon placentas weighed
on average 167.3 g and 165.9 g for the infected and non-
infected groups, respectively. All animals had no fibri-
noids except one (pan3233), which had slightly marked
fibrinoids. Slight placental calcification was observed in
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all groups. Cord insertion was intact either centrally or
eccentrically placed and with three blood vessels regardless
of the group. Placental praevia was complete and no haem-
orrhage, whether retro-placental or retro-membranous
was observed in all the examined placentas. These ob-
served features present similarity of baboon placenta to
human placenta.

Absence of parasitized erythrocytes in cord blood

Thin blood smears prepared from placental maternal sur-
face, foetal surface, cord blood, and maternal peripheral
circulation were observed and compared for parasitaemia
levels. Placental parasitaemia (from maternal region) was
on average 19-fold higher than peripheral parasitaemia in
the same animal. This difference was significant (P =
0.00823). Parasitaemia differential count demonstrated the
abundance of rings and late stage parasites (schizonts) in
peripheral and placental (maternal side) blood samples
respectively (Figure 3). In spite of high parasitaemia levels
in blood smears from placental maternal section, the
absence of parasitized RBC in smears from cord blood
and placental foetal region was observed (Table 1). This
was further confirmed by histology where H&E slides
showed absence of parasitized erythrocytes on the foetal
vessel and placental chorionic plate (Figures 4 and 5).
Infiltration of parasitized erythrocytes and inflammatory
cells such as macrophages, neutrophils and monocytes in
the intravillous space (IVS) was observed in the baboon
placenta (Figure 4).

Placental damage in Plasmodium knowlesi-infected
baboons

H&E-stained placental biopsies were analysed by severity
score ranging from O to 4, with O representing none, 1
representing minimal and 4 representing the most severe
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Figure 1 Comparison of peripheral parasitaemia in pregnant infected and nulligravidae infected baboons. Nulligravids had approximately
50% higher levels of peripheral parasitaemia compared to pregnant baboons. The difference was not significant (P =0.4439). Bars show the
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Figure 2 Clinical and haematological changes in pregnant infected (Pl), pregnant control (PC) and nulligravidae infected (NI) before
infection (baseline) and after infection. Increase in WBC was significant (P =0.0133) between pregnant infected and nulligravidae infected.
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according to Davison et al. [11] with a few modifica-
tions. The total score for each parameter was recorded
on all layers of the placenta and the average obtained.
The infected group had significantly higher scores for
damage and inflammation compared to the control group
(Table 2). Total placental damage score consisted of fi-
brin necrosis of the villi (Figure 6), chorionic plate
thrombosis, syncytiotrophoblast disruption and chori-
onic plate syncytiotrophoblast disruption. Malaria para-
site score increased with increase in total placental
damage score (ry=0.7650, P <0.05) and inflammatory
score (rs=0.8590, P <0.05). This study demonstrated
that placental damage and infiltration of immune cells
was directly associated with P. knowlesi infection in
baboons and subsequent accumulation in the placenta.

Discussion

This study demonstrated, for the first time, the infiltra-
tion of parasitized RBC and inflammatory cells in the
placentas of non-immune baboons. During P. knowlesi
infection in pregnancy, symptomatic disease is manifested
in combination with increased placental parasitaemia.

Consequently, accumulation of parasites in the placental
IVS combined with infiltration of inflammatory cells leads
to placental damage.

In areas of stable malaria transmission, asymptomatic
infections in pregnant women are common, with low
clinical malaria presentation due to acquired immunity
over time. In contrast, pregnant women in unstable mal-
aria transmission areas, such as the Asia-Pacific region
and South America present clinical disease because of
low levels of acquired immunity [23]. This study demon-
strated higher levels (50%) of parasitaemia in nulligravids
compared to pregnant infected baboons, although the
difference was not significant. In addition, higher levels
of placental parasitaemia were observed compared to
peripheral parasitaemia in the same animal. The distri-
bution of parasites in an infected pregnant woman varies
with endemicity. The proportion of parasitized erythro-
cytes is often higher in the placenta than in the periph-
eral blood in endemic areas [24,25] because infected
erythrocytes are preferentially retained in the placenta
[26,27]. Haemozoin has also been frequently observed in
placentas from malaria-infected women whether in the
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Figure 3 Parasitaemia differential counts in peripheral and placental blood samples. Ring stage was significantly dominant in peripheral
circulation while mature parasite forms (trophozoites and schizonts) were significantly dominant in placental circulation. Bars show the mean =+ SD.

presence or absence of peripheral parasitaemia [4,28,29].
These findings correlate well with human studies.
Placental falciparum malaria in humans increases neo-
natal mortality by lowering birth weight while fever is
associated with premature birth [30]. Increase in body
temperature and reduction in RBC and Hb levels are

also observed. According to human studies, it is docu-
mented that anaemia is associated with low birth weight,
a major determinant of infant mortality associated with
P. falciparum [30]. It is estimated that approximately
500,000 pregnant women develop severe anaemia due to
falciparum malaria [31,32] and up to 10,000 maternal

Table 1 Parasitaemia levels in P. knowlesi infected baboons at caesarean delivery

Placental parasitaemia Cord parasitaemia *Fold increase in placental
(chorion) (%) (%) parasitaemia

Baboon Group Peripheral Placental parasitaemia
number parasitaemia (%) (cotyledon) (%)

2724 Pregnant 0.80 18.31

3305 Pregnant 0.69 446

2809 Pregnant 0.03 0.74

3314 Pregnant 0.92 48

2859 Pregnant 0.39 14.25

3392 Pregnant 0.6 43

3233 Pregnant 0.58 18.23

2870 Nulligravidae 0.8 -
2911 Nulligravidae 4.6 -
3023 Nulligravidae  0.09 -
3035 Nulligravidae 0.5 -

- 22.89
- 6.5
- 24.67
- 52
- 36.54

*Fold increase was calculated as placental parasitaemia (from maternal side) over peripheral parasitaemia.
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P. knowlesi infection.
.

Figure 4 Photomicrograph showing placental tissue of H&E-stained placental biopsies. Placental tissue from P. knowlesi-infected baboon
(A) is described by infiltration of parasitized red blood cells (broken arrow), inflammatory cells (thick arrow) and non-parasitized erythrocytes (thin
arrow) compared to tissue from non-infected baboon (B). The volume of in filtered red blood cell increases in the baboon placenta following

anaemia-related deaths are as a result of malaria infec-
tion in sub-Saharan Africa [33,34]. Severe anaemia is
common in children and pregnant women in regions of
stable, high malaria transmission such as sub-Saharan
Africa, while mild anaemia is common in semi-immune
or non-immune populations [35,36]. Reduced level in

Hb during malaria infection is an indicator of anaemia
while high parasitaemia density has been implicated for
reduced Hb levels [37]. A similar observation was dem-
onstrated in this study as displayed by the reduced Hb
and RBC levels in P. knowlesi-infected non-immune
baboons.

Figure 5 Photomicrograph representing (A) placental maternal region (basal plate) and (B) placental foetal region (chorionic plate) of
H&E-stained placenta of P. knowlesi-infected baboon (Pan 3233). Parasitized erythrocytes and immune cells are observed in (A) the basal
plate (maternal side) and absence of parasitized cell in the (B) foetal red blood cells on the chorionic plate (foetal side) in slides.
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Table 2 Histopathological scores from H&E stained baboon placental tissues

Group Number of Mean total placental Mean malaria Mean inflammatory Mean parsitaemia
animals damage score (TPDS) pigment score (MPS) score (IS) score (PS)

Pregnant infected 7 12.00 579 4.71 729

Pregnant control 3 6.67 0.00 1.50 0.00

Increased levels of WBC in peripheral circulation and
inflammatory cell (monocytes, macrophages and neutro-
phils) infiltration in H&E-stained tissues obtained from
P. knowlesi-infected baboon placentas were observed in
this study. Immunosuppression during pregnancy is im-
portant in maintaining the foetal allograft. Although some
murine and human studies have demonstrated that sup-
pression of cell-mediated immune responses plays a major
role in the increased susceptibility to malaria during preg-
nancy [24,25,38-40], a study conducted in a Plasmodium
falciparum hyperendemic area in Tanzania revealed a
marked increase in the levels of monocytes and macro-
phages and cytotoxic T cells in the IVS of placentas with
active malaria infection [41]. Findings in this baboon
model indicate that placental malaria is not likely to be
associated with cell-mediated immunosuppression. The
role of immunosuppression in increasing risk to falcip-
arum malarial infection as observed in pregnant women
could not be clearly confirmed in this study.

Retroplacental transmission of falciparum malaria para-
sites from mother to her foetus is rare in humans particu-
larly in CS deliveries. For instance, a study conducted in
Burkina Faso, a region of stable malaria transmission,
malaria rate in umbilical cord blood occurred in 1.4% of
all newborns. This mechanism of congenital transmission
was not clear, although it was attributed to several factors
[42,43]. However, no such study has been conducted in
areas of low or unstable malaria transmission although
documented evidence indicates that malaria parasites
affect the placenta selectively and are recognized in
maternal erythrocytes. In addition, the placenta at full
term presents an adequate barrier that prevents malaria

parasites from crossing over to the foetal circulation
[41,44]. This is similar to what was observed in this study.
Although the sample size was small, the constant absence
of parasites in placental foetal region and cord blood
implies that congenital malaria in non-immune baboons
is rare.

This study has also demonstrated accumulation of par-
asitized erythrocytes in the IVS of the baboon placenta,
in addition to high levels of mature forms of the parasite
in the placenta. This suggests possible cytoadherence of
P. knowlesi parasites in the baboon placenta. It is docu-
mented that only the mature falciparum malaria parasites
show cytoadherence properties [45]. These parasitized
erythrocytes adhere to the endothelium via parasite-
derived proteins expressed on their surface [46]. In fact,
syncytiotrophoblast cells of the human placenta ex-
presses different and variable amounts of host cell recep-
tors onto which the parasites can bind [45,46]. The
principal molecule that mediates adhesion of infected
erythrocytes is P. falciparum erythrocyte membrane pro-
tein 1 (PfEMP-1), a large, highly variant parasite antigen
protein, encoded by the var multigene family [47]. The
adhesion phenotypes are not homologous and as a result
different parasites can bind to various numbers and com-
binations of host molecules, such as chondroitin sulphate
A (CSA), hyaluronic acid (HA) and Fc receptors [48-50].
In seeking to identify the ligand and receptor molecules
associated with accumulation of P. knowlesi infected
erythrocytes in the baboon placenta, chondroitin sulphate
proteoglycan (CSPG) 4 and HAPLN 1 were predicted as
putative receptor molecules in the baboon with high simi-
larity to human CSA and HA respectively. In addition,

®)
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Figure 6 Photomicrograph of villi showing fibrin necrosis in H&E placental blopSIes of (A) infected and (B and C) non-infected baboon
at x10 and x20 magnifications, respectively. Necrosis is more severe in malaria-infected placental tissue.
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P. knowlesi erythrocyte binding proteins (EBP-alpha,
EBP-beta and EBP-gamma) matched closely to the pla-
cental P. falciparum ligand Var2csa [51]. Further work is
required to demonstrate the precise ligand-receptor mol-
ecules responsible for accumulation of P. knowlesi para-
sites in baboon placenta.

Histopathological findings demonstrated that PM in
baboons is characterized by placental damage due to
fibrinous necrosis of the villi, chorionic plate thrombosis,
syncytiotrophoblast disruption, chorionic plate syncytio-
trophoblast disruption, and thickening of trophoblastic
basement membrane. The process was also accompanied
with infiltration of inflammatory cells in the placental
tissue was. These findings correlate well with human
studies where placental falciparum malaria pathology is
characterized by excess perivillous fibrinoid deposits,
excessive syncytial knotting, trophoblastic membrane
thickening, which have been associated with destruc-
tion/damage of placental tissues, and proliferation of
cytotrophoblastic cells [8,10,25,46,52]. It is hypothesized
that placental damage, especially the thickening of the
trophoblastic basement membrane, alters the maternal
foetal exchange, leading to malaria-associated placental
lesions and poor foetal outcomes [47]. The same mech-
anism is likely to take place in P. knowlesi associated PM
in the baboon.

Conclusions

Pathological and clinical features of knowlesi PM in ba-
boons mimic placental falciparum malaria in humans.
Compared to other non-human primates used previ-
ously, the P. knowlesi-baboon model has demonstrated
accumulation of parasitized erythrocytes in the placental
IVS, a key feature of placental falciparum malaria in
humans. Therefore, this study presents the new baboon
model for characterization of malaria in pregnancy. This
will, for example, be relevant in understanding host
molecular mechanisms involved in sequestration, a key
determinant of pathogenesis associated with falciparum
and knowlesi malaria in pregnancy.
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