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Abstract

Plasmodium (P.) falciparum malaria during pregnancy has been frequently associated with
severe consequences such as maternal anemia, abortion, premature birth, and reduced
birth weight. Placental damage promotes disruption of the local homeostasis; though, the
mechanisms underlying these events are still to be elucidated. Autophagy is a fundamental
homeostatic mechanism in the natural course of pregnancy by which cells self-recycle in
order to survive in stressful environments. Placentas from non-infected and P. falciparum-
infected women during pregnancy were selected from a previous prospective cohort study
conducted in the Brazilian Amazon (Acre, Brazil). Newborns from infected women experi-
enced reduced birth weight (P = 0.0098) and placental immunopathology markers such as
monocyte infiltrate (P < 0.0001) and IL-10 production (P=0.0122). The placentas were eval-
uated for autophagy-related molecules. As a result, we observed reduced mRNA levels of
ULK1(P=0.0255), BECN1(P=0.0019), and MAP1LC3B (P=0.0086) genes in placentas
from P. falciparum-infected, which was more striking in those diagnosed with placental
malaria. Despite the protein levels of these genes followed the same pattern, the observed
reduction was not statistically significant in placentas from P. falciparum-infected women.
Nevertheless, our data suggest that chronic placental immunopathology due to P. falcipa-
rum infection leads to autophagy dysregulation, which might impair local homeostasis dur-
ing malaria in pregnancy that may result in poor pregnancy outcomes.

Introduction

Malaria is still considered an important global health problem despite the continuous world-
wide effort to eliminate malaria. During 2017, a concerning number of about 219 million cases
and approximately half a million deaths have been reported as a result of Plasmodium spp.
infection [1]. Among them are pregnant women, which constitute a risk group for developing
malaria in pregnancy (MiP). Plasmodium (P.) falciparum is responsible for the most severe
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clinical manifestations of malaria during pregnancy, namely maternal anemia, abortion, pre-
term delivery, fetal growth restriction, and reduced birth weight [2,3].

The poor pregnancy outcomes are most likely to occur when placental malaria (PM) is set-
tled by the sequestration of P. falciparum-infected erythrocytes within the placenta. Placental
malaria is defined by the accumulation of parasite or Plasmodium by-products, such as hemo-
zoin, in the intervillous space [4]. The sequestration occurs through the preferential binding of
the P. falciparum erythrocyte membrane protein 1 (PfEMP1) variant VAR2CSA to the chon-
droitin sulfate A (CSA), abundantly expressed by the syncytiotrophoblast [5-7]. In response to
the parasite accumulation, chemokines are produced and recruit monocytes to the site, which
orchestrate a local inflammatory response with massive cytokine production [8-12]. Mean-
while, considerable histopathologic alterations occur in the placenta, such as the formation of
syncytial nuclear aggregates and fibrinoid necrosis as a reflection of the extensive inflamma-
tory process [13,14]. These immunologic and histologic events compromise placental homeo-
stasis. The imbalance of physiologic mechanisms involved in placental angiogenesis, hormonal
production, and nutrient transport to the growing fetus, result in the frequently observed
impaired fetal development [15]. However, the molecular mechanisms by which falciparum
malaria impairs placental homeostasis are still to be fully determined.

One of the key processes in maintaining cellular and tissue homeostasis is autophagy,
which galvanizes metabolic and immunologic adaptation in response to a highly diverse pleth-
ora of stress-inducing agents. Succinctly, intracellular isolation of a double-membrane com-
plex occurs and enwraps specific and selected cargo for degradation (autophagosome
formation), which later will fuse to lysosomes (autophagolysosome). This will ultimately lead
to the digestion of previously selected cargo and promotes nutrients recycling and organelle
turnover [16]. Exogenous or endogenous signs like high nutritional and energetic demands,
hypoxia, organelle-associated stress, cell growth, lineage differentiation, inflammation, sur-
vival/death programs, and infection can activate or inhibit autophagy in a tightly regulated
manner [16,17]. Autophagy has been shown to be involved in embryonic and placental devel-
opment. Also, alterations in placental autophagic profile have been observed during pre-
eclampsia, fetal growth restriction, and inflammation-induced preterm delivery that
implicated the success of pregnancy [18].

Noteworthy, in P. falciparum-infected women, placental monocyte infiltrate levels at deliv-
ery have been shown to be predictive of placental autophagy dysregulation in areas of high and
stable malaria transmission [19]. On the contrary, the Brazilian Amazon basin is an area of
unstable transmission that contributes with approximately 42% of malaria cases in the Ameri-
cas, where falciparum infections during pregnancy are promptly treated [20,21]. Despite the
rapid intervention and clearance of systemic infection, placental stress and lesions perpetuate
until parturition, which probably dictate the poor gestational outcomes [14,22]. Hence, placen-
tal mechanisms of homeostasis like autophagy might be dysregulated due to chronic inflam-
mation and damage caused by P. falciparum infection. Herein, we show that relevant
autophagy-associated gene transcripts are downregulated, while protein levels present a down-
ward trend in placentas from P. falciparum-infected women, which are likely to be associated
with chronic placental inflammation and tissue damage.

Materials and methods
Ethical approval and participants consent

Ethical clearance was provided by the committee for research of the University of Sao Paulo
(Plataforma Brasil, CAAE: 86696718.5.0000.5467 and 59989316.1.0000.5467), according to
Resolution n” 466/12 of Brazilian National Health Committee. All the study participants
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enrolled in a main prospective cohort study between January 2013 and April 2015 or their
legal guardians (if minors) gave written informed consent, authorizing the usage of the col-
lected data and biological samples for further research purposes. Data and samples were
acquired from a biorepository at the Institute of Biomedical Sciences, University of Sdo Paulo-
ICB/USP, which is under the responsibility of Professor Claudio R. F. Marinho. Authors
declared to maintain the confidentiality of the collected data to be used for research purposes
only. The main study was conducted in accordance with the Declaration of Helsinki and is reg-
istered in the Brazilian Clinical Trials Registry as RBR-3yrqfq.

Studied population

Non-infected (45) and P. falciparum-infected (43) pregnant women were selected according to
maternal age, gravidity, and gestational age from a prospective study involving 600 women
from a malaria-endemic region located in the Brazilian Amazon. Participants were recruited
at the Hospital da Mulher e da Crianga do Jurud (HMC]J, Cruzeiro do Sul, Acre, Brasil) between
January 2013 and October 2014, during their first antenatal care visit. The women on both
groups were selected based on their clinical records and habits, excluding women with other
comorbidities such as hypertension, pre-eclampsia, diabetes, or diagnosed infectious diseases
(i. e. syphilis, hepatitis or HIV), as well as illicit drugs, smoking, or alcohol consumption. More
detailed information about the study design and settings are described elsewhere [22].

Data and sample collection

Obstetric data was collected from all participants at the time of parturition. Additionally,
peripheral blood was collected, and smears were performed to diagnose P. falciparum infection
during pregnancy. Confirmed infections were promptly treated according to the Brazilian
Ministry of Health guidelines [20]. Results were further confirmed by real-time PCR
(PET-PCR, Photo-induced Electron Transfer-Polymerase Chain Reaction technique) [23]. At
delivery, newborn’s anthropometric data and biological samples were collected, such as pla-
cental biopsies and blood. The blood was collected in heparin tubes and centrifuged to separate
cells from plasma for further cytokine quantification. Placental tissue was preserved in RNA
stabilizer (RNAlater, Life Technologies) or fixed in 10% buffered formalin and stored at- 80°C
or 4°C, respectively, until being used for either molecular biology or histology procedures.

Placental histology analysis

Fixed placental tissue was embedded in paraffin after being transported to the University of
Sao Paulo. Tissue was then sliced in 5 pm sections and stained with Hematoxylin & Eosin
(H&E) for the quantification of syncytial nuclear aggregates, fibrin deposition, and necrosis.
The presence of parasite and hemozoin, the malarial pigment, were detected under polarized
light microscopy and evaluated to identify the presence or absence of placental malaria,
according to the classification described elsewhere [4]. Villous vascularity, leukocytes, and
monocytes were assessed by quantifying CD31, CD45, and CD68 positive cells, respectively,
using immunohistochemistry associated with the tissue microarray technique (TMA) devel-
oped at the Hospital AC Camargo (Sio Paulo, Brazil). Techniques mentioned above and quan-
tification methods were performed as described elsewhere [14,22]. The analysis was conducted
using the Zeiss Axio Imager M2 light microscope containing a Zeiss Axio Cam HRc (Zeiss,
Oberkochen, Germany). Images were analyzed using ZEN 2 lite (Zeiss) and Image]J software
(http://imagej.nih.gov/ij).
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Placental cytokine quantification

Placental blood samples were processed before cytokine quantification. Briefly, plasma was
separated from blood cells and cytokines IL-12, IL-8, TNF-q, IL-10, IL-6, and IL-1 were
quantified using CBA Human Inflammatory Kit (BD Biosciences). Samples were analyzed
using a FACSCalibur cytometer and the FCAP Array software V3.0.1 (BD Biosciences). The
procedure was conducted according to the manufacturer’s instructions.

Quantification of autophagy-related genes using quantitative PCR

Total RNA was isolated and purified from 100 mg of placental tissue using TRIzol and Pure-
link RNA Mini Kit (ThermoFisher). One microgram of RNA was converted into cDNA using
the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). The expression of the
genes ULK1 (Hs00177504), BECN1 (Hs01011598), and MAP1LC3B (Hs00797944) was quanti-
fied using the TagMan Gene Expression Master Mix (ThermoFisher) and the QuantStudio
12K Flex Real-Time PCR System (ThermoFisher). The gene GAPDH (Hs99999905) was used
as an endogenous control in a multiplex PCR, simultaneously with the target genes. All experi-
ments were performed according to the manufacturer’s instructions.

Quantification of autophagy-related proteins using western blot

Placental tissue preserved in RNAlater was mechanically macerated in RIPA lysis buffer (Ther-
moFisher) previously supplemented with Pierce™ Protease inhibitor (ThermoFisher). Sam-
ples were centrifuged and supernatants were collected, from which proteins were quantified
using Pierce™ BCA Protein Assay (ThermoFisher). After quantification, proteins were sepa-
rated by electrophoresis in a 10% (ULK1 and BECLIN1) or 15% (LC3) polyacrylamide gel and
transferred to a PVDF membrane containing 0.45 um (ULK1 and BECLIN1) or 0.2 pm (LC3)
pores. Membranes were blocked with a 5% milk solution diluted in TBS-T (TBS 1x/Tween20
0.05%) for 2 hours. After blocking, membranes were incubated overnight at 4°C with a rabbit
IgG antibody against ULK1 (1:3000, EPR4885, ab128859, Abcam), BECLIN1 (1:10000,
EPR19662, ab207612, Abcam) and LC3 (1:5000, L7543, Sigma-Aldrich) diluted in 1% milk
solution in TBS-T. In the next day, membranes were washed and incubated with goat anti-rab-
bit IgG HRP antibody (AP307P, Merck-Millipore) diluted 1:30000 (ULK1) or 1:20000
(BECLIN1) in 1% milk solution in TBS-T for 1 hour at room temperature. For LC3, the sec-
ondary goat anti-rabbit IgG HRP antibody (ab6721, Abcam) was used at a concentration of
1:10000. B-ACTIN was used as an endogenous control for further normalization of the bands
related to the proteins of interest. Briefly, the same PVDF membranes used for target proteins
were blocked with a 5% milk solution diluted in TBS-T for 2 hours at room temperature. Incu-
bation with mouse IgG antibody against B-ACTIN (1:40000, AC-15, NB600-501, Novus Bio-
logicals) diluted in 1% milk solution in TBS-T was performed after blocking for another 2
hours at room temperature. Secondary antibody recognition was done using a goat anti-
mouse HRP IgG (AP308P, Merck-Millipore) diluted 1:20000 in 1% milk solution in TBS-T.
Incubation was performed for 1 hour at room temperature. After, membranes were revealed
by chemiluminescence using the Clarity Western ECL Substrate (Bio-Rad). Images were
acquired at the ChemiDoc XRS+ (Bio-Rad) and Image Lab software V4.0 (Bio-Rad). Bands
were further quantified using the Image] software (http://imagej.nih.gov/ij) by measuring
band pixel density without being treated or overexposed. Values were then normalized to pixel
density from B-ACTIN control bands. The B-ACTIN and the target protein blotting were
performed in the same membrane. Placental protein samples from 14 non-infected and 14

P. falciparum-infected women were selected and used in two separated western blots gels/
membranes to achieve a more reliable sample size. Non-infected and P. falciparum groups
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were uniformly separated across gels. Electrophoresis was performed simultaneously, blotting
in parallel, and images were acquired at the same time/exposure using the ChemiDoc XRS+
(additional information and original gels/membranes can be found in supporting information
S1 Fig).

Statistical analysis

Groups were evaluated using the D’Agostino-Pearson test to infer about the normality distri-
bution of the data. Further, differences between groups were analyzed using Student’s t-test
(parametric data set) or Mann-Whitney U test (non-parametric data set) for single compari-
sons, and Kruskal-Wallis test with Dunn’s post-test for multiple comparisons. For correlation
analysis, Spearman’s rank-order non-parametric correlation test was applied to determine the
association between studied variables. Two-sided P values were used at a significance level of
0.05. Statistical data analysis was performed using Stata V14.2 (StataCorp) and GraphPad
Prism V6.01 (USA) software.

Results
General characteristics of the participants

A group of non-infected (NI—45) and P. falciparum-infected (P{-INF—43) pregnant women
were selected from a major prospective study conducted at the Hospital da Mulher e da
Crianga do Jurud (Cruzeiro do Sul, Acre, Brazil). The women on both groups were selected
based on their clinical records and habits, excluding women with other comorbidities or infec-
tious diseases, as well as users of illicit drugs, smoking, or alcohol consumption. The women
for both groups were selected based on identical maternal and gestational age, and gravidity.
Therefore, these parameters did not present differences between groups (Table 1). Predictably,
P. falciparum infection during pregnancy was shown to lead to a significant reduction of
maternal body mass index (BMI) (median [IQR], 21.51 [20.45-25.51] kg/m2 vs 20.58 [19.47-
22.26] kg/mz, P =0.0128), placental weight (median [IQR], 592.60 [519.20-661.80] g vs 545.20
[488.20-587.10], P = 0.0211), and newborns birth weight (median [IQR], 3.25 [3.03-3.69] kg
vs 3.12 [2.93-3.35] kg, P = 0.0098) when compared to their non-infected counterpart (Table 1
and S1 Table). However, we did not observe alterations in the newborn/placental weight ratio,
often considered as the best indicator of impaired gestational development [24].

Poor pregnancy outcomes are well known to be a consequence of considerable placental
histological disorganization that leads to dysregulation of local homeostasis and consequently
reduced newborns’ birth weight. Therefore, placental histologic evaluation revealed that pla-
centas from Pf-INF women had a significant increase of syncytial nuclear aggregate (SNA)
counts (median [IQR], 12.00 [9.00-15.00] vs. 14.00 [11.00-20.00], P = 0.0266), but no statisti-
cally significant differences of fibrin deposition, necrosis scores, nor placental vascularity
(Table 1).

Though, a massive infiltrate of leukocytes (CD45" cells, median [IQR], 13.00 [9.00-19.00]
vs 20.00 (12.00-31.75), P = 0.0012) and monocytes (CD68" cells, median [IQR], 4.00 [1.00-
6.00] vs 7.00 [5.00-16.00], P < 0.0001) were detected, which support the existence of an
inflammatory environment in placentas from P. falciparum-infected women. However, the
same conclusion cannot be taken from the placental cytokine analysis, which presented similar
levels between NI and Pf-INF women. Yet, with an exception for IL-10 that abundantly accu-
mulated in placentas from infected women (median [IQR], 3.66 [3.06-4.83] pg/mL vs 4.61
[3.48-5.79] pg/mL, P = 0.0122) (Table 1). Interestingly, the Pf-INF data stratification by pla-
cental malaria status (as per recommendations elsewhere [4,22]) revealed that the reduction of
maternal BMI and increase of SNA were promoted by the occurrence of placental malaria (Pf-
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Table 1. Characteristics of pregnant women enrolling the study according to infection status.

NON-INFECTED P. falciparum- P. falciparum- P. falciparum-
INFECTED INFECTED PM- INFECTED PM+
Characteristics, median n n | Pvalue n | Pvalue* n | Pvalue*
(IQR)
Obstetric
Maternal age, years 24.00 (18.00-28.50) | 45 | 23.00 (17.00-28.00) | 43 | 0.7812 * 23.00 (20.00-28.00) | 15 | >0.9999 21.50 (17.00- 28 | >0.9999
27.75)
Gravidity 1.00 (1.00-3.00) 45 2.00 (1.00-3.00) 39| 094847 2.00 (1.00-2.75) 12| >0.9999 | 1.00 (1.00-3.25) |26 | >0.9999
Gestational age, weeks 39.00 (39.00-40.00) | 45 | 39.00 (38.00-40.00) | 43 0.2728" | 39.00 (38.00-40.00) | 15 | >0.9999 39.00 (38.00- 28 | 0.8504
40.00)
Body mass index, kg/m? 21.51 (20.45-25.51) | 44 | 20.58 (19.47-22.26) | 40 | 0.0128 " | 20.97 (19.46-22.29) | 15 | 0.4289 2032 (19.39- | 25| 0.0484
22.33)
Placental weight, g 592.60 (519.20- 45 545.20 (488.20- 39| 0.02117 527.70 (488.20- 15| 0.1022 564.80 (477.3— 25| 0.4315
661.80) 587.10) 569.30) 614.90)
Newborn weight, kg 3.25(3.03-3.69) 45 3.12(2.93-3.35) 43| 0.0098* 3.12(2.93-3.32) 15| 0.3006 3.16 (2.92-3.40) |28 | 0.2412

Newborn/placental weight 5.71 (5.05-6.01) |44 | 5.76(5.32-6.17) |40 | 0.34497 5.70 (5.62-6.12) 15 0.7363 5.66 (5.13-6.22) | 26 | >0.9999
ratio

Placental histology
Hemozoin, %
No 100 45 39.53 17 ND 100 15 ND 7.14 2 ND
Mild 0 0 32.56 14 ND 0 0 ND 50.00 14 ND
Moderate 0 0 27.91 12 ND 0 0 ND 42.86 12 ND
Severe 0 0 0 0 ND 0 0 ND 0 0 ND
Syncytial nuclear 12.00 (9.00-15.00) | 44 | 14.00 (11.00-20.00) | 43 | 0.0266 T | 12.00 (8.00-16.00) | 15 | >0.9999 16.50 (12.00- 28| 0.0192
aggregates 21.75)
Fibrin 1.92(1.83-2.42) | 45| 2.00(1.92-2.83) |43 0.0777° 1.92 (1.92-2.75) 15| >0.9999 | 2.17 (1.92-2.90) |28 | 0.0547
Necrosis 6.77 (4.29-9.98) | 45| 7.96(5.26-9.96) |43 | 0.8465" 8.55 (5.35-9.96) 15 >0.9999 | 7.13(4.29-9.94) |28 | >0.9999
Vascularity (CD31+) 4.00 (3.40-4.70) |43 | 4.40(3.60-4.95) |38 0.1354% | 4.35(3.42-520) | 12| >0.9999 | 4.40(3.68-4.95) |26 | 0.3011
Leukocytes (CD45+) 13.00 (9.00-19.00) | 42 | 20.00 (12.00-31.75) | 42 | 0.0012" | 19.00 (12.00-35.00) | 15 | 0.0330 21.00 (11.00- 27 | 0.0220
31.00)
Monocytes (CD68+) 4.00 (1.00-6.00) |42 7.00 (5.00-16.00) |41 <o.?oo1 7.00 (5.00-16.00) | 15| 0.0008 | 7.00 (5.00-14.00) |27 | 0.0002
Cytokines (pg/mL)
IL-12 3.92(3.10-4.33) | 45| 3.60(3.36-4.02) | 39| 0.4350" 3.72 (2.68-4.02) | 15| >0.9999 | 3.59 (3.40-4.23) |24 | >0.9999
IL-8 24.42 (14.50-44.22) | 39 | 24.68 (15.55-52.29) | 36 | 0.4682 " | 22.66 (14.09-35.36) | 14 | >0.9999 31.48 (16.95- 22| 0.5477
79.63)
TNF-a 546 (4.62-6.42) |44 | 527(4.58-6.04) |35| 041907 4.95(3.80-5.90) | 14 | 0.5392 | 4.40(4.71-6.17) |21 | >0.9999
IL-10 3.66 (3.06-4.83) | 42| 4.61(3.48-5.79) | 36| 0.0122" 4.69 (3.29-5.46) | 15| 0.3244 4.53 (3.66-6.40) | 21| 0.0583
IL-6 61.33 (21.94- 36 64.33 (27.55- 37| 029267 40.29 (16.99- 13 | >0.9999 102.90 (40.73- |23 | 0.2307
102.30) 157.60) 101.30) 169.20)
IL-1B 4.88 (4.17-5.60) |42 | 4.73(3.71-5.71) |36 0.4803 " 4.14 (3.68-6.01) | 15| 0.7369 | 4.88 (3.96-5.74) |22 | >0.9999

P. falciparum-INFECTED PM-, Plasmodium falciparum-infected pregnant women with placental malaria negative; P. falciparum-INFECTED PM+, Plasmodium
falciparum-infected pregnant women with placental malaria positive; IQR, interquartile range; n, number of individuals. Bold values depict P values < 0.05.

* Differences between NON-INFECTED and P. falciparum-INFECTED were evaluated using the Student’s t-test when data set fit normality after application of proper
normality test.

" Differences between NON-INFECTED and P. falciparum-INFECTED were evaluated using Mann-Whitney rank sum test when data sets did not fit normality, after
application of proper normality test.

* Differences between NON-INFECTED and P. falciparum-INFECTED PM- or P. falciparum-INFECTED PM+ were evaluated using the non-parametric Kruskal-
Wallis test with Dunn’s post-test.

https://doi.org/10.1371/journal.pone.0226117.t001
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INF PM+) (Table 1). All these deleterious outcomes were present at delivery, despite the fre-
quent absence of peripheral and placental parasitemia observed at term (S1 Table).

These results support the hypothesis of a chronic pathology in Pf-INF placentas associated
with changes of the tissue morphology and extensive inflammation, which might be linked to
local homeostasis imbalance.

Autophagy-related genes are downregulated in placentas from P.
falciparum-infected women

The increased number of monocytes/leukocytes and other observed indicators of tissue dam-
age (i.e., syncytial nuclear aggregates and fibrin), together with the significant reduction of pla-
cental and newborns weight allowed to speculate that classical mechanisms of homeostasis
maintenance might be dysregulated. Since autophagy is a key process in cellular and tissue
homeostasis, we sought to investigate whether placental autophagy was altered in Pf-INF
women. Therefore, the expression of principal autophagy-related genes was evaluated in pla-
centas from both NI and Pf-INF women. ULK1, BECN1, and MAPILC3B (Fig 1A-1C) were
selected due to their critical involvement in the autophagic process. ULK1 and BECLIN1
(BECN1) are core-forming proteins of major autophagy complexes responsible for its initia-
tion, while LC3 (MAPI1LC3B) is pivotal in ensuring the process elongation by leading to autop-
hagosome formation and maturation [16,18].

Quantification of mRNA levels by qPCR revealed a statistically significant downregulation
of ULK1 (P = 0.0255), BECN1 (P = 0.0019) and MAP1LC3B (P = 0.0086) in placentas from Pf-
INF women (Fig 1A-1C). Stratification of Pf-INF women according to placental malaria sta-
tus revealed that statistically significant differences were mostly explained by Pf-INF with pla-
cental malaria (Pf-INF PM+) in which mRNA levels of ULKI (P = 0.0079), BECN1I (P = 0.006),
and MAPILC3B (P = 0.0057) were significantly downregulated when compared to NI pla-
centas (Fig 1D-1F). Interestingly, transcript levels from placentas of Pf-INF PM- presented no
statistically significant differences from NI

Additionally, Spearman’s rank-order correlation coefficient (r;) analysis revealed associa-
tions between placental histologic and immunologic parameters with mRNA of autophagy-
related genes (Fig 1G). Thus, gene expression variation in placentas from Pf-INF women
showed moderate negative correlations with part of placental parameters measured across this
study. The ULKI mRNA levels in P{-INF women negatively correlated with the cytokines IL-8
(rg=-0.37, P =0.0276), IL-10 (rs = -0.36, P = 0.0356), and IL-6 (r; = -0.39, P = 0.0199), which is
indicative of a moderate association between lower ULKI expression and augmented cytokine
levels. Interestingly, the malaria pigment, hemozoin (HZ),—showed a moderate negative cor-
relation with the mRNA levels of the three genes: ULK1 (r, = -0.57, P < 0.0001), BECNI (r, =
-0.40, P = 0.0088), and MAPILC3B (r, = -0.42, P = 0.0053). Besides, a moderate inverse corre-
lation was also found between MAPILC3B expression and syncytial nuclear aggregates (SNA)
counts (rs = -0.32, P = 0.0378) (full detailed analysis at S2 Table). Altogether, these results sug-
gest that parasite by-products, inflammatory mediators, and tissue damage are associated with
a transcriptional dysregulation of autophagy-related genes, which is likely to be more promi-
nent when chronic placental malaria is patent.

Autophagy-related protein levels were diminished in placentas from P.
falciparum-infected women
Despite clear transcriptional modulation of placental autophagy-related genes by P. falciparum

infection, the question of whether these modifications were extended to corresponding pro-
teins still prevailed. Therefore, approximately 14 placenta samples from the NI and Pf-INF
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Fig 1. Effect of P. falciparum infection during pregnancy in placental autophagy-related genes expression. (A-C)
Placental mRNA expression of the selected autophagy-related genes ULK1 (A), BECNI (B), and MAPILC3B (C) in
non-infected (NI) and P. falciparum-infected (Pf-INF) women. Results represent qPCR estimates relative to NI and
normalized by GAPDH, endogenous control. Data sets on placental mRNA levels from P. falciparum-infected women
were afterwards stratified according to placental malaria (PM) status as placental malaria negative (Pf-INF PM-) or
positive (P{-INF PM+) and plotted for ULKI (D), BECNI (E), and MAP1LC3B (F). (G) Heatmap matrixes of NI and
Pf-INF placentas pairwise Spearman correlation coefficients (r;) between mRNA levels and histologic and
immunologic parameters. Data are represented as whiskers boxplots where the bottom and the top of the box are the
first and third quartiles, the line inside the box is the median and the whiskers represent the minimum and the
maximum values (A-F), and heatmaps containing r; in a colour range from dark blue (r, = -1) to dark red (r, = 1) with
statistically significant correlations enhanced as bold values (G). The differences between groups were determined by
the Mann-Whitney U test (A-C), Kruskal-Wallis test with Dunn’s post-test for multiple comparisons (D-F), and
Spearman’s rank-order non-parametric test for correlations (G). P values < 0.05 were considered as representing
statistically significant differences. BW-birth weight, PW-placental weight, HZ-hemozoin, SNA-syncytial nuclear
aggregates, NECR-necrosis, VASC-vascularity, LEU-leukocytes, MO-monocytes.

https://doi.org/10.1371/journal.pone.0226117.g001

groups were randomly selected for western blot analysis (Fig 2A) (full-length blots at S1 Fig).
We have analyzed the proteins ULK1 (120 kDa), BECLINI1 (52 kDa), and both the soluble
LC3I (16 kDa) and lipidated autophagosome-associated LC3II (14 kDa) isoforms. An apparent
reduction of the BECLIN1 and LC3II protein levels from P{-INF placentas (Fig 2A) was
observed in the western blot; though, quantification by densitometry revealed no statistically
significant differences (ULK1—P = 0.3949; BECLIN1—P = 0.0557; LC3II—P = 0.097) (Fig
2B-2D).

Similarly to the autophagy-related gene expression, the results suggest that the reduction of
these three principal autophagy protein mediators observed in the infected group was con-
ferred by the Pf-INF PM+ placentas (Fig 2E-2G). Our data suggest that dysregulation of pla-
cental autophagy occurs more prominently during chronic immunopathology caused by P.
falciparum in the context of placental malaria.

Discussion

Each year, P. falciparum infection during pregnancy represents a burden that likely results in
placental infection and consequent immunopathology that impacts placental homeostasis and
fetal development [15]. Herein, we have shown that chronic and long-lasting immune
responses and histopathology arising due to P. falciparum infection affect placental autophagy,
which ultimately reflects impaired local homeostasis with consequences to gestational
development.

The most frequent consequence of malaria in pregnancy (MiP) is the reduced birth weight
due to preterm delivery and fetal growth restriction [25], and our results were in line with this.
Although the etiology of this outcome is still unclear, evidence points to a plethora of insults
that can range from exacerbated inflammation to deficient placental angiogenesis and reduced
transplacental nutrient transport [15].

In our study, placentas derived from infected women presented a significant increase of
syncytial nuclear aggregates and leukocytes infiltrate. These are formed predominantly by
monocytes, known to be highly associated with reduced birth weight in newborns of P. falcipa-
rum-infected pregnant in malaria-endemic areas [9-12]. Regarding the cytokines profile, all
placental pro-inflammatory cytokines presented similarities among both groups; though, IL-
10, an anti-inflammatory cytokine, showed a striking augment in placentas from P{-INF
women. The IL-10 production during MiP-associated chronic inflammation is a hallmark of
falciparum malaria during pregnancy that had been associated with poor pregnancy outcomes
and considered as a possible MiP biomarker [26,27]. These chronic insults may persist despite
inexistent parasitemia, which probably is associated with dysregulation of local homeostasis.
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Fig 2. Levels of the autophagy-related proteins are diminished in P. falciparum-infected placentas. Placental autophagy-related protein levels measured in
non-infected (NI) and P. falciparum-infected (Pf-INF) women. (A) Representative image of cropped western blotting of ULK1 (120 kDa), BECLIN1 (52 kDa),
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LC3I, and LC3II (16 and 14 kDa, respectively), and corresponding B-ACTIN (42 kDa) (full-length blots at S1 Fig). Western blot was performed at two to three
independent experiments. (B-D) Semi-quantification by densitometry analysis of the ULK1 (B), BECLIN1 (C), and LC3II (D) protein levels. Semi-
quantification of the target proteins was performed in different blots without image manipulation and normalized to the corresponding B-ACTIN (endogenous
control), which blotting was conducted in the same membrane. Data sets on placental autophagy protein levels from P. falciparum-infected women were
afterwards stratified according to placental malaria (PM) status as placental malaria negative (Pf-INF PM-) or positive (Pf-INF PM+) and plotted for ULK1 (E),
BECLINI (F), and LC3II (G). Data are represented as whiskers boxplots where the bottom and the top of the box are the first and third quartiles, the line inside
the box is the median, and the whiskers represent the minimum and the maximum values (B-G). Statistical analysis was performed using the Mann-Whitney U
test (B-D) or Kruskal-Wallis test with Dunn’s post-test for multiple comparisons (E-G). P values < 0.05 were considered as representing statistically significant
differences.

https://doi.org/10.1371/journal.pone.0226117.9002

In MiP, placental monocytes infiltrate been shown to be predictive of autophagy dysfunc-
tion [19]. Autophagy is a homeostatic mechanism by which cells respond to stress induced by
nutrient and oxygen scarcity, danger signals, exacerbated inflammation, and pathogens in
order to subsist and survive [16,17]. During gestation, functional autophagy is pivotal to
ensure proper fetal development in response to high nutritional demands and significant
protein/cell turnover inside the placenta. Dysregulation of placental mammalian target of
rapamycin (mTOR) signaling during placental malaria was suggested to be involved in the
pathogenesis of reduced birth weight [28], through impaired transplacental nutrients transport
[29,30]. In fact, alterations of this highly regulated homeostatic process are often associated
with pregnancy complications such as preeclampsia, fetal growth restriction, and abortion
[18]. As such, it was plausible that, in our samples, autophagy dysregulation could be associ-
ated with poor pregnancy outcomes. Interestingly, the evaluation of the ULK1, BECLIN1, and
LC3 autophagy-related molecules revealed reduction of gene transcripts and decay of corre-
sponding protein levels in placentas derived from P. falciparum-infected women.

Recently, findings from Dimasuay et al. revealed impaired placental autophagy in P. falcipa-
rum-infected Malawian women in which placental parasitemia and intervillositis (severe
monocyte infiltrate) were present [19]. Their findings support that the impairment of autop-
hagy arises due to the failure of autophagolysosome formation and cargo degradation despite
an initial autophagic flux [19]. This study contrasts with ours, as in sub-Saharan Africa, where
P. falciparum-infected women present placental parasitemia and severe intervillositis. Also,
they show increased placental production of type 1 pro-inflammatory cytokines, such as TNF-
o, IFN-v, IL-1B, and IL-8, often accompanied by the unaltered or reduced production of type 2
cytokines, such as IL-10 [9-12]. Accordingly, placental autophagy is triggered to ensure
homeostasis in the presence of acute inflammation, though, being functionally damaged due
to deficient autophagosome-lysosome fusion [19].

On the other hand, in Brazil, few women present active/acute placental infection, as shown
in our study. Our results showed that in the P. falciparum-infected women group, 15/43 were
placental malaria negative (PM-) or 20/43 presented a past chronic placental malaria (PM+ by
hemozoin detection but no detected parasitemia) [4,22]. Moreover, we have observed unal-
tered placental levels of type 1 cytokines and a significant increase in IL-10 levels, associated
with the presence of leukocytes and frequent absence of parasitemia. Consequently, we showed
that autophagy-related gene downregulation is more prominent in the Pf-PM+ group, which
has higher levels of IL-10. The levels of TNF-a, IL-1B, IL-8, and IL-10 were negatively associ-
ated with ULK1 transcription in placentas from Pf-INF women. Hence, our results suggest
that autophagy is dysfunctional during placental malaria despite clear conflict between the reg-
ulatory nature of this process, which might be dependent on disease acuteness or chronicity.

In the last years, the role of distinct cytokines in the autophagy modulation has been addressed,
suggesting that innate immunity signaling and type 1 cytokines induce autophagy while type 2
cytokines promote autophagy inhibition, particularly in the context of infection [17,31]. There-
fore, it is possible to hypothesize that different cytokine patterns in distinct malaria endemicity
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settings may predict different autophagy profiles. Thus, reduced type 1 cytokines and significant
production of IL-10 during MiP might downregulate placental autophagy.

Moreover, studies in pregnancy complications reported increased expression of autophagy-
related genes, such as LC3B, in preeclampsia and fetal growth arrest [32-34]. On the other
hand, studies in inflammation-derived preterm birth, of humans and mice, showed a reduc-
tion of autophagy molecules like LC3II, which is consensual with our results [35,36]. Neverthe-
less, that placental autophagy dysregulation arises, independently of the pregnancy insult
etiology, changing the natural course of autophagy during gestation [33,37].

Remarkably, in our data, the autophagy dysregulation was more prominent when placental
malaria was present. In fact, hemozoin, heme-derived pigment resulting from P. falciparum
metabolism, was found to be negatively correlated with the autophagy-related genes transcript
levels. Per se, the accumulation of hemozoin in the absence of infected erythrocytes may perpet-
uate the inflammation through the stimulus of immune cells and trophoblasts within the pla-
centa [4,38,39]. However, the reduced number of placentas selected to the analyses of western
blotting did not allow us to draw confident conclusions at the established level of significance.

Notwithstanding, our findings provide evidence on homeostasis imbalance during chronic
placental malaria supported by autophagy dysregulation, raising concerns about disease treat-
ment and its real impact on the resolution of placental malaria pathology.
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tal malaria positive.
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centas. Full-length and untreated images of western blots are shown for ULK1 (120 kDa) (A),
BECLINI (52 kDa) (B), LC31, and LC3II (16 and 14 kDa, respectively) (C). A representative
blotting for B-ACTIN (42 kDa) (D) is depicted, knowing that this endogenous control was per-
formed in the same membrane as the corresponding protein of interest. Placental protein sam-
ples from non-infected (14) and P. falciparum-infected (14) women were randomly selected and
separated in two different western blots gel/membrane and electrophoresis, blotting, and acqui-
sition were performed simultaneously. Acquisition was performed at the ChemiDoc XRS+ at an
exposure of 120.0 (ULK1), 30.0 (BECLIN1), 50.0 (LC3), and 20.0 (B-ACTIN) seconds. Molecu-
lar mass ladder is depicted for each gel (Precision Plus Protein' ™ Standards, BIO-RAD).
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S1 Raw Images. Western blots original images. Full-length and untreated images of western
blots are shown for ULK1 (120 kDa) (A), BECLIN1 (52 kDa) (B), LC3I, and LC3II (16 and 14
kDa, respectively) (C). A representative blotting for B-ACTIN (42 kDa) (D) is depicted, know-
ing that this endogenous control was performed in the same membrane as the corresponding
protein of interest. Placental protein samples from non-infected (14) and P. falciparum-
infected (14) women were randomly selected and separated in two different western blots gel/
membrane and electrophoresis, blotting, and acquisition were performed simultaneously.
Acquisition was performed at the ChemiDoc XRS+ at an exposure of 120.0 (ULK1), 30.0
(BECLIN1), 50.0 (LC3), and 20.0 (B-ACTIN) seconds. Molecular mass ladder is depicted for
each gel (Precision Plus Protein™ Standards, BIO-RAD).

(PDF)

Acknowledgments

We thank all the women who were willing to participate in the current study, and to every
nurse and technician who gave us support at the Hospital da Mulher e da Crianga do Jurud.
We also would like to thank Geréncia de Endemias/SESACRE for detrimental assistance in the
field.

Author Contributions
Conceptualization: Sabrina Epiphanio, Claudio Romero Farias Marinho.
Data curation: Flavia Afonso Lima, André Barateiro, Jamille Gregério Dombrowski.

Formal analysis: Flavia Afonso Lima, André Barateiro, Jamille Gregério Dombrowski, Ligia
Antunes Gongalves.

Funding acquisition: Sabrina Epiphanio, Claudio Romero Farias Marinho.

Investigation: Flavia Afonso Lima, André Barateiro, Jamille Gregério Dombrowski, Rodrigo
Medeiros de Souza, Douglas de Sousa Costa, Oscar Murillo.

Methodology: Flavia Afonso Lima, André Barateiro, Jamille Gregdrio Dombrowski, Rodrigo
Medeiros de Souza, Douglas de Sousa Costa, Oscar Murillo, Ligia Antunes Gongalves, Clau-
dio Romero Farias Marinho.

Project administration: Sabrina Epiphanio, Ligia Antunes Gongalves, Claudio Romero Farias
Marinho.

Resources: Sabrina Epiphanio, Claudio Romero Farias Marinho.
Supervision: Ligia Antunes Gongalves, Claudio Romero Farias Marinho.

Validation: Flavia Afonso Lima, André Barateiro, Ligia Antunes Gongalves, Claudio Romero
Farias Marinho.

Visualization: André Barateiro, Claudio Romero Farias Marinho.
Writing - original draft: Flavia Afonso Lima, André Barateiro.

Writing - review & editing: Ligia Antunes Gongalves, Claudio Romero Farias Marinho.

References
1. World Health Organization. World Malaria Report 2018. WHO. 2018;

PLOS ONE | https://doi.org/10.1371/journal.pone.0226117 December 5, 2019 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226117.s005
https://doi.org/10.1371/journal.pone.0226117

@ PLOS|ONE

P. falciparum affects placental autophagy

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Desai M, ter Kuile FO, Nosten F, McGready R, Asamoa K, Brabin B, et al. Epidemiology and burden of
malaria in pregnancy. Lancet Infect Dis. 2007 Feb; 7(2):93—104. https://doi.org/10.1016/S1473-3099
(07)70021-X PMID: 17251080

Umbers AJ, Boeuf P, Clapham C, Stanisic DI, Baiwog F, Mueller |, et al. Placental malaria-associated
inflammation disturbs the insulin-like growth factor axis of fetal growth regulation. J Infect Dis. 2011; 203
(4):561-9. https://doi.org/10.1093/infdis/jig080 PMID: 21216864

Bulmer JN, Rasheed FN, Francis N, Morrison L, Greenwood BM. Placental Malaria. I. Pathological
Classification. Histopathology. 1993; 22(3):211-8. https://doi.org/10.1111/j.1365-2559.1993.tb00110.x
PMID: 8495954

Rogerson SJ, Chaiyaroj SC, Ng K, Reeder JC, Brown G V. Chondroitin sulfate A is a cell surface recep-
tor for Plasmodium falciparum-infected erythrocytes. J Exp Med. 1995; 182(1):15-20.

Fried M, Duffy PE. Adherence of Plasmodium falciparum to chondroitin sulfate A in the human placenta.
Science. 1996 Jun; 272(5267):1502—4. https://doi.org/10.1126/science.272.5267.1502 PMID: 8633247

Magistrado P, Salanti A, Tuikue Ndam NG, Mwakalinga SB, Resende M, Dahlback M, et al. VAR2CSA
Expression on the Surface of Placenta-Derived Plasmodium falciparum-Infected Erythrocytes. J Infect
Dis. 2008; 198(7):1071—4. https://doi.org/10.1086/591502 PMID: 18700835

Abrams ET, Brown H, Chensue SW, Turner GDH, Tadesse E, Lema VM, et al. Host Response to
Malaria During Pregnancy: Placental Monocyte Recruitment Is Associated with Elevated B Chemokine
Expression. J Immunol. 2003; 170(5):2759-64. https://doi.org/10.4049/jimmunol.170.5.2759 PMID:
12594307

Rogerson SJ, Pollina E, Getachew A, Tadesse E, Lema VM, Molyneux ME. Placental monocyte infil-
trates in response to Plasmodium falciparum malaria infection and their association with adverse preg-
nancy outcomes. Am J Trop Med Hyg. 2003; 68(1):115-9.

Rogerson SJ, Brown HC, Pollina E, Abrams ET, Tadesse E, Lema VM, et al. Placental tumor necrosis
factor alpha but not gamma interferon is associated with placental malaria and low birth weight in Mala-
wian women. Infect Immun. 2003; 71(1):267-70. https://doi.org/10.1128/IAl.71.1.267-270.2003 PMID:
12496175

Fried M, Muga RO, Misore AO, Duffy PE. Malaria elicits type 1 cytokines in the human placenta: IFN-
gamma and TNF-alpha associated with pregnancy outcomes. J Immunol. 1998; 160(5):2523-30.
PMID: 9498798

Moormann AM, Sullivan a D, Rochford R a, Chensue SW, Bock PJ, Nyirenda T, et al. Malaria and preg-
nancy: placental cytokine expression and its relationship to intrauterine growth retardation. J Infect Dis.
1999; 180(6):1987-93. https://doi.org/10.1086/315135 PMID: 10558956

Ismail MR, Ordi J, Menendez C, Ventura PJ, Aponte JJ, Kahigwa E, et al. Placental pathology in
malaria: a histological, immunohistochemical, and quantitative study. Hum Pathol. 2000; 31(1):85-93.
https://doi.org/10.1016/s0046-8177(00)80203-8 PMID: 10665918

Souza RM, Ataide R, Dombrowski JG, Ippdlito V, Aitken EH, Valle SN, et al. Placental Histopathological
Changes Associated with Plasmodium vivax Infection during Pregnancy. PLoS Negl Trop Dis. 2013; 7
(2):e2071. https://doi.org/10.1371/journal.pntd.0002071 PMID: 23459254

Umbers AJ, Aitken EH, Rogerson SJ. Malaria in pregnancy: small babies, big problem. Trends Parasi-
tol. 2011; 27(4):168-75. https://doi.org/10.1016/j.pt.2011.01.007 PMID: 21377424

Kroemer G, Marifio G, Levine B. Autophagy and the integrated stress response. Mol Cell. 2010 Oct; 40
(2):280-93. https://doi.org/10.1016/j.molcel.2010.09.023 PMID: 20965422

Levine B, Mizushima N, Virgin HW. Autophagy in immunity and inflammation. Nature. 2011; 469
(7330):323-35. https://doi.org/10.1038/nature09782 PMID: 21248839

Oh S, Roh C-R. Autophagy in the placenta. Obstet Gynecol Sci. 2017; 60(3):241. https://doi.org/10.
5468/0gs.2017.60.3.241 PMID: 28534010

Dimasuay KG, Gong L, Rosario F, McBryde E, Spelman T, Glazier J, et al. Impaired placental autop-
hagy in placental malaria. PLoS One. 2017; 12(11):1-20.

Salde D de de V em S VE-S. Guia pratico de tratamento da malaria no Brasil. Vol. 1, Brazilian Ministry
of Health. 2010. 38 p.

Ferreira MU, Castro MC. Challenges for malaria elimination in Brazil. Malar J. 2016; 15(1):284. https://
doi.org/10.1186/s12936-016-1335-1 PMID: 27206924

Dombrowski JG, Souza RM De, Lima FA, Bandeira CL, Murillo O, Costa D de S, et al. Association of
Malaria Infection During Pregnancy With Head Circumference of Newborns in the Brazilian Amazon.
Jama Netw Open. 2019; 2(5):€193300. https://doi.org/10.1001/jamanetworkopen.2019.3300 PMID:
31050780

PLOS ONE | https://doi.org/10.1371/journal.pone.0226117 December 5, 2019 14/15


https://doi.org/10.1016/S1473-3099(07)70021-X
https://doi.org/10.1016/S1473-3099(07)70021-X
http://www.ncbi.nlm.nih.gov/pubmed/17251080
https://doi.org/10.1093/infdis/jiq080
http://www.ncbi.nlm.nih.gov/pubmed/21216864
https://doi.org/10.1111/j.1365-2559.1993.tb00110.x
http://www.ncbi.nlm.nih.gov/pubmed/8495954
https://doi.org/10.1126/science.272.5267.1502
http://www.ncbi.nlm.nih.gov/pubmed/8633247
https://doi.org/10.1086/591502
http://www.ncbi.nlm.nih.gov/pubmed/18700835
https://doi.org/10.4049/jimmunol.170.5.2759
http://www.ncbi.nlm.nih.gov/pubmed/12594307
https://doi.org/10.1128/IAI.71.1.267-270.2003
http://www.ncbi.nlm.nih.gov/pubmed/12496175
http://www.ncbi.nlm.nih.gov/pubmed/9498798
https://doi.org/10.1086/315135
http://www.ncbi.nlm.nih.gov/pubmed/10558956
https://doi.org/10.1016/s0046-8177(00)80203-8
http://www.ncbi.nlm.nih.gov/pubmed/10665918
https://doi.org/10.1371/journal.pntd.0002071
http://www.ncbi.nlm.nih.gov/pubmed/23459254
https://doi.org/10.1016/j.pt.2011.01.007
http://www.ncbi.nlm.nih.gov/pubmed/21377424
https://doi.org/10.1016/j.molcel.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/20965422
https://doi.org/10.1038/nature09782
http://www.ncbi.nlm.nih.gov/pubmed/21248839
https://doi.org/10.5468/ogs.2017.60.3.241
https://doi.org/10.5468/ogs.2017.60.3.241
http://www.ncbi.nlm.nih.gov/pubmed/28534010
https://doi.org/10.1186/s12936-016-1335-1
https://doi.org/10.1186/s12936-016-1335-1
http://www.ncbi.nlm.nih.gov/pubmed/27206924
https://doi.org/10.1001/jamanetworkopen.2019.3300
http://www.ncbi.nlm.nih.gov/pubmed/31050780
https://doi.org/10.1371/journal.pone.0226117

@ PLOS|ONE

P. falciparum affects placental autophagy

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Lucchi NW, Narayanan J, Karell MA, Xayavong M, Kariuki S, DaSilva AJ, et al. Molecular Diagnosis of
Malaria by Photo-Induced Electron Transfer Fluorogenic Primers: PET-PCR. PLoS One. 2013; 8(2):
e56677. https://doi.org/10.1371/journal.pone.0056677 PMID: 23437209

Hayward CE, Lean S, Sibley CP, Jones RL, Wareing M, Greenwood SL, et al. Placental adaptation:
What can we learn from Birthweight:placental weight ratio? Front Physiol. 2016; 7(FEB):1-13.

Menendez C. Malaria during pregnancy: a priority area of malaria research and control. Parasitol
Today. 1995; 11(5):178-83. https://doi.org/10.1016/0169-4758(95)80151-0 PMID: 15275350

Chéne A, Briand V, Ibitokou S, Dechavanne S, Massougbodii A, Deloron P. Placental Cytokine and
Chemokine Profiles Reflect Pregnancy Outcomes in Women Exposed to Plasmodium falciparum Infec-
tion. Infect Immun. 2014; 82(9):3783-9. https://doi.org/10.1128/IA1.01922-14 PMID: 24958713

Kabyemela ER, Muehlenbachs A, Fried M, Kurtis JD, Mutabingwa TK, Duffy PE. Maternal peripheral
blood level of IL-10 as a marker for inflammatory placental malaria. Malar J. 2008 [cited 2016 Aug 11];
7:26. https://doi.org/10.1186/1475-2875-7-26 PMID: 18230163

Powell T, Jansson T, Dimasuay KG, Boeuf P, Beeson JG, Aitken EH, et al. Inhibition of placental
mTOR signaling provides a link between placental malaria and reduced birthweight. BMC Med. 2017;
15(1):1-11. https://doi.org/10.1186/s12916-016-0759-3 PMID: 28049467

Chandrasiri UP, Chua CLL, Umbers AJ, Chaluluka E, Glazier JD, Rogerson SJ, et al. Insight into the
pathogenesis of fetal growth restriction in placental malaria: Decreased placental glucose transporter
isoform 1 expression. J Infect Dis. 2014 May; 209(10):1663—7. https://doi.org/10.1093/infdis/jit803
PMID: 24325968

Boeuf P, Aitken EH, Chandrasiri U, Chua CLL, Mclnerney B, McQuade L, et al. Plasmodium falciparum
malaria elicits inflammatory responses that dysregulate placental amino acid transport. PLoS Pathog.
2013 Feb; 9(2):e1003153. https://doi.org/10.1371/journal.ppat.1003153 PMID: 23408887

Harris J. Autophagy and IL-1 family cytokines. Am J Immunol. 2013; 9(1):36—42.

Hung TH, Chen SF, Lo LM, Li MJ, Yeh YL, Hsieh TT ang. Increased autophagy in placentas of intrauter-
ine growth-restricted pregnancies. PLoS One. 2012; 7(7).

Oh S-Y, Choi S-J, Kim KH, Cho EY, Kim J-H, Roh C-R. Autophagy-related proteins, LC3 and Beclin-1,
in placentas from pregnancies complicated by preeclampsia. Reprod Sci. 2008 Nov; 15(9):912-20.
https://doi.org/10.1177/1933719108319159 PMID: 19050324

Curtis S, Jones CJP, Garrod A, Hulme CH, Heazell AEP. Identification of autophagic vacuoles and reg-
ulators of autophagy in villous trophoblast from normal term pregnancies and in fetal growth restriction.
J Matern Fetal Neonatal Med. 2013 Mar; 26(4):339—46. https://doi.org/10.3109/14767058.2012.
733764 PMID: 23039021

Cao B, Macones C, Mysorekar IU. ATG16L1 governs placental infection risk and preterm birth in mice
and women. JCI Insight. 2016; 1(21):1-10.

Agrawal V, Jaiswal MK, Mallers T, Katara GK, Gilman-Sachs A, Beaman KD, et al. Altered autophagic
flux enhances inflammatory responses during inflammation-induced preterm labor. Sci Rep. 2015 Aug;
5(1):9410.

Hung TH, Hsieh TT ang, Chen SF, Li MJ, Yeh YL. Autophagy in the human placenta throughout gesta-
tion. PLoS One. 2013; 8(12):1-11.

Lucchi NW, Sarr D, Owino SO, Mwalimu SM, Peterson DS, Moore JM. Natural hemozoin stimulates
syncytiotrophoblast to secrete chemokines and recruit peripheral blood mononuclear cells. Placenta.
2011 Aug; 32(8):579-85. https://doi.org/10.1016/j.placenta.2011.05.003 PMID: 21632106

Olivier M, Van Den Ham K, Shio MT, Kassa FA, Fougeray S. Malarial Pigment Hemozoin and the Innate
Inflammatory Response. Front Immunol. 2014; 5(February):1-10.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226117 December 5, 2019 15/15


https://doi.org/10.1371/journal.pone.0056677
http://www.ncbi.nlm.nih.gov/pubmed/23437209
https://doi.org/10.1016/0169-4758(95)80151-0
http://www.ncbi.nlm.nih.gov/pubmed/15275350
https://doi.org/10.1128/IAI.01922-14
http://www.ncbi.nlm.nih.gov/pubmed/24958713
https://doi.org/10.1186/1475-2875-7-26
http://www.ncbi.nlm.nih.gov/pubmed/18230163
https://doi.org/10.1186/s12916-016-0759-3
http://www.ncbi.nlm.nih.gov/pubmed/28049467
https://doi.org/10.1093/infdis/jit803
http://www.ncbi.nlm.nih.gov/pubmed/24325968
https://doi.org/10.1371/journal.ppat.1003153
http://www.ncbi.nlm.nih.gov/pubmed/23408887
https://doi.org/10.1177/1933719108319159
http://www.ncbi.nlm.nih.gov/pubmed/19050324
https://doi.org/10.3109/14767058.2012.733764
https://doi.org/10.3109/14767058.2012.733764
http://www.ncbi.nlm.nih.gov/pubmed/23039021
https://doi.org/10.1016/j.placenta.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21632106
https://doi.org/10.1371/journal.pone.0226117

