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I M M U N O L O G Y

Inflammasome activation and IL-1 signaling during 
placental malaria induce poor pregnancy outcomes
Aramys S. Reis1,2, Renato Barboza3, Oscar Murillo1, André Barateiro1, Erika P. M. Peixoto1,  
Flávia A. Lima1, Vinícius M. Gomes4, Jamille G. Dombrowski1, Vinícius N. C. Leal5, 
Franciele Araujo6, Carla L. Bandeira1, Rosana B. D. Araujo1, Rita Neres7, Rodrigo M. Souza1,8, 
Fabio T. M. Costa9, Alessandra Pontillo5, Estela Bevilacqua6, Carsten Wrenger1, 
Gerhard Wunderlich1, Giuseppe Palmisano1, Leticia Labriola4, Karina R. Bortoluci3,  
Carlos Penha-Gonçalves7, Lígia A. Gonçalves1, Sabrina Epiphanio10, Claudio R. F. Marinho1*

Placental malaria (PM) is associated with severe inflammation leading to abortion, preterm delivery, and intrauterine 
growth restriction. Innate immunity responses play critical roles, but the mechanisms underlying placental immuno-
pathology are still unclear. Here, we investigated the role of inflammasome activation in PM by scrutinizing human 
placenta samples from an endemic area and ablating inflammasome components in a PM mouse model. The 
reduction in birth weight in babies from infected mothers is paralleled by increased placental expression of AIM2 
and NLRP3 inflammasomes. Using genetic dissection, we reveal that inflammasome activation pathways are 
involved in the production and detrimental action of interleukin-1 (IL-1) in the infected placenta. The IL-1R 
pharmacological antagonist Anakinra improved pregnancy outcomes by restoring fetal growth and reducing 
resorption in an experimental model. These findings unveil that IL-1–mediated signaling is a determinant of PM 
pathogenesis, suggesting that IL-1R antagonists can improve clinical outcomes of malaria infection in pregnancy.

INTRODUCTION
Plasmodium infection in pregnant women is a major cause of ma-
ternal illness and a threat to neonatal health in malaria-endemic 
areas. The accumulation of infected red blood cells (iRBCs) in the 
placenta induces severe local inflammation deregulating placental 
physiology and tissue morphology (1). These alterations impair 
local maternal blood supply, hormonal levels, and maternal-fetal 
exchanges, leading to poor pregnancy outcomes such as abortion, 
preterm delivery, intrauterine growth retardation (IUGR), and low 
birth weight (LBW) (2).

The placenta represents an immunologic barrier against microbial 
infection that protects the fetus while ensuring its proper development 
(3). Both the maternal immune system and fetal-derived trophoblast 
cells are capable of recognizing and responding to pathogens via in-
nate immunity sensors (4, 5). Several innate receptors are known 
to recognize malaria parasite–derived products, inducing local in-
flammation. Namely, the plasmodial glycosylphosphatidylinositol 
(GPI) binds to Toll-like receptor 2 (TLR2) and TLR4 (6), whereas 
the DNA-hemozoin complex binds to TLR9 (7), leading to the 
production of tumor necrosis factor– (TNF-), interferon- (IFN-), 

and pro–interleukin-1 (IL-1) cytokines (8). We have recently re-
ported that the TLR4/MyD88 pathway has a pivotal role in the dis-
ease pathogenesis, inducing pro–IL-1 production and expression 
of the intracellular sensors absent in melanoma 2 (AIM2), NOD-, 
LRR- and pyrin domain-containing protein 3 (NLRP3), and NLR 
family CARD domain containing 4 (NLRC4) (9–11). The activation of 
these sensors is directly linked to the formation of inflammasomes 
(12), multiprotein complexes responsible for the activation of caspase-1, 
which leads to the maturation and secretion of IL-1 (13). Cur-
rent findings have shown that both hemozoin, a by-product of 
Plasmodium-iRBCs metabolism, and Plasmodium DNA are capable 
of activating NLRP3 (14) and AIM2 (15), respectively. However, the 
contribution of inflammasomes to placental malaria (PM) patho-
genesis remains unclear. In vitro studies have suggested that IL-1–
dependent NLRP3 activation by uric acid may be associated with 
progression to preeclampsia (16). Consistent with these studies, in-
creased IL-1 circulating levels have been correlated with abortion 
in experimental murine models of the disease (17) and with LBW in 
newborns from pregnant women with PM (18). In this context, 
pharmacological inhibition of the IL-1 axis using biopharmaceuticals 
offers new prospects to treat inflammatory diseases during preg-
nancy (19). One of these promising pharmaceuticals is Anakinra, a 
recombinant human IL-1 receptor antagonist (IL-1Ra) (20) that has 
been used to improve the prognosis of complicated pregnancies by 
reducing inflammation (19). Nevertheless, there are no reports on 
the inhibition of the IL-1 pathway in PM.

Here, we demonstrate that AIM2 and NLRP3 inflammasomes 
have a major contribution in triggering PM-associated pathology 
and that pharmacological intervention with Anakinra improved 
pregnancy outcomes in experimental PM. These findings war-
rant further investigation of IL-1 pharmacological targeting 
to overcome clinical pregnancy complications due to malaria 
infection.
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RESULTS
Placental Plasmodium falciparum infection impairs fetal 
growth and activates placental caspase-1 and IL-1
To understand the immunologic mechanisms, mainly the involve-
ment of inflammasome in the pathogenesis of human PM, we used 
P. falciparum–infected (Pf-I) placentas. The relationship between 
inflammasome activation and PM development was achieved by 
comparing with noninfected (NI) placentas with similar characteristics 
(gravidity, maternal, and gestational age), although infected pregnant 
women had significantly lower blood hemoglobin levels and weight 

gain (table S1). Histological analysis of NI placentas (Fig. 1A) 
presented qualitative differences from the infected placentas, which 
revealed iRBCs in the intervillous space (IVS), hemozoin deposits, 
necrotic areas, syncytial nuclear aggregates, and fibrinoid necrosis 
(Fig. 1, B to G, and table S2). Unlike healthy women, infected preg-
nant women showed a reduction in newborn (Fig. 1H) and placental 
(Fig. 1I) weight and an increased number of monocytes (CD68+ cells) 
in the IVS (Fig. 1J). In addition, the levels of IL-1, TNF-, IL-6, and 
IL-10 cytokines were increased in the infected placentas, even though 
the placental plasma was collected postpartum (Fig. 1K and table S2). 

Fig. 1. Pf infection during pregnancy induces placental pathology, poor outcomes, and inflammasome activation. (A to F) Representative histology images of 
placentas collected from NI (A) and Pf-I (B to F) women. Black arrows indicate the presence of iRBCs in the IVS (B), hemozoin deposition (C), necrotic villi (D), syncytial nuclear 
aggregates (E), and fibrotic necrosis areas (F). AU, arbitrary units; DAB, 3,3′-diaminobenzidine. Tissue imaged with ×40 (A and D to F), ×63 (B), and ×20 (C) magnification. 
Quantification of the histopathological parameters (G) and newborn (H) and placental (I) weight. (J) Quantification of monocytes within the IVS in 10 different microscopic 
fields. (K) Placental plasma levels of IL-1, TNF-, IL-6, and IL-10 cytokines measured by CBA. (L and M) Relative expression of placental IL-1R protein measured by Western 
blot (WB) (L) and immunohistochemistry (M) normalized by a fraction of the area. (N and O) Placental caspase-1 activity (N) and protein expression of AIM2, NLRP3, and 
NLRC4 receptors, and ASC adaptor (O) identified by WB. WB data were quantified by densitometry and normalized by tubulin (L and O) or -actin (N). Data are expressed 
as scatter plot and group mean (dash). Number of individuals: (G to K) NI = 59 and Pf-I = 19; (L) NI = 5 and Pf-I = 5; (M) NI = 49 and Pf-I = 16; (N) NI = 6 and Pf-I = 8; and (O) 
NI = 5 and Pf-I = 5. The differences between NI and infected pregnant women were determined by Student’s t test (H and I) or Mann-Whitney rank sum test (G and J to O). 
*P < 0.05 and **P < 0.01. (A to F) Photo credit: Rodrigo M. Souza, University of São Paulo.
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Parallel to the increased IL-1 levels, infection also induced IL-1R 
overexpression in the placenta, as shown by immunohistochemistry 
(Fig. 1M). Likewise, infection led to the increase in caspase-1 (p20 
subunit) processing in placental tissue (Fig. 1N), indicating that this 
enzyme is actively participating in the IL-1 biogenesis. Infected 
placentas displayed an increase in the apoptosis-associated speck-like 
protein containing a C-terminal caspase recruitment domain (ASC) 
adaptor protein levels (Fig. 1O), suggesting that placental inflammation 
induced by Pf infection is linked to increased inflammasome activity. 
Moreover, a Spearman’s rank-order correlation coefficient (rs) analysis 
evidenced strong negative correlations between the placental weight and 
IL-1, TNF-, and caspase-1, as well as between newborn length and 
AIM2 and ASC (fig. S1). Together, these results strengthen the role 
of the IL-1 axis in the pathogenesis of malaria in pregnancy.

Pf-iRBCs induce IL-1 secretion in human monocytes 
and trophoblast cells
Monocytes and trophoblasts are known to express inflammasome 
components, which result in IL-1 secretion in response to different 
stimuli (16, 21). Therefore, we evaluated caspase-1 activity and con-
sequent IL-1 release in THP-1 (human monocytic cell line) and BeWo 
(human trophoblastic choriocarcinoma cell line) cells stimulated 
with extracts of Pf-iRBCs or NI RBCs. We detected that the iRBC 
extract induced activation of caspase-1 in THP-1 (Fig. 2A) and BeWo 
(Fig. 2C) cells when compared with negative controls and that this 
stimulation promoted the secretion of IL-1 in a dose-dependent 
manner (Fig. 2, B and D). Furthermore, similar experiments were 
performed in primary cultures of human monocytes and trophoblasts 
where iRBC stimulation also led to IL-1 secretion in a dose-dependent 
manner (Fig. 2, E and F), corroborating the results obtained in the 
cell lines. Together, these data indicate a relation between caspase-1 
activation and the secretion of IL-1 in response to Pf infection.

Murine placental Plasmodium berghei infection induces 
IL-1 production
We used a PM experimental model to ascertain whether IL-1 and 
the inflammasome activity are involved in the PM pathogenesis 
(9, 22). On gestational day 13 (G13), C57BL/6 pregnant mice were 
infected with P. berghei (Pb) NK65GFP. Consistent with previous 
studies, at G19, infected pregnant mice that displayed PM presented 
a reduction in placental vascular spaces (Fig. 3A) and fetal weight 
(Fig. 3B) and a tendency for augmented fetal resorption rate (Fig. 3C) 
when compared with NI controls (9, 22). The increased levels of 
proinflammatory cytokines such as IL-1, TNF-, IFN-, and IL-6 in 
placental tissue (Fig. 3D) and plasma, except IL-1 (Fig. 3E), of 
infected females paralleled the profile we found in Pf-I human placentas 
(Fig. 1K). However, IL-10 secretion was unaltered in infected mice 
(Fig. 3, D and E). Despite the fact that IL-1 was not detected in the 
plasma of any group, probably due to its short plasma half-life and 
restriction to tissues (23), analysis showed that Pb infection led to 
an increase in placental IL-1 (Fig. 3D) and caspase-1 (p20 subunit) 
(Fig. 3F) levels. These results underline that in analogy with the human 
infection, IL-1 takes part in placental inflammation in murine PM.

AIM2 and NLRP3 inflammasomes impair fetal growth 
in pregnant mice with PM
To evaluate the contribution of inflammasomes to PM pathogene-
sis, we made use of gene-deficient mice for relevant inflammasome 
components. We found that the fetal weight of Casp1/11−/−, Asc−/−, 

Nlrp3−/−, and Aim2−/− progenies was only marginally affected by infec-
tion when compared with C57BL/6 wild-type (WT) mice (Fig. 4A). 
On the other hand, fetal weight reduction was prominent in the Nlrc4−/− 
progenies, albeit somewhat lower than WT (Fig. 4A). Similarly, fetal 
resorption induced by infection was not affected in the absence of 
Nlrc4 or Nlrp3 but followed the fetal weight trend for the reduction 
observed in Casp1/11−/−, Asc−/−, and Aim2−/− pregnant mice (Fig. 4B), 
although without statistical significance. These results indicate that 
the activation of the NLRP3–AIM2–caspase-1 axis affects fetal growth 

Fig. 2. IL-1 production in human monocytes and trophoblasts exposed to 
Pf-iRBCsA. (A and C) Flow cytometry histograms and column bar graph of the 
caspase-1 median fluorescence intensity (MFI) of THP-1 monocytic (A) and BeWo 
trophoblast (C) cell lines, stimulated with an extract of Pf-I (iRBCs, green) or NI (RBCs, 
red) RBCs for a 12-hour period in a 20:1 RBCs:cell ratio. THP-1 cells were prestimulated 
with 100 nM lipopolysaccharide. Medium was added to the nonstimulated control 
group (gray histogram). (B and D to F) Secreted IL-1 was evaluated in the supernatant 
of THP-1 (B) and BeWo (D) cells, as well as in primary cultures of human monocytes 
(E) and trophoblasts (F) stimulated with an extract of RBCs (ratio, 40:1) and iRBCs 
at different ratios (10:1, 20:1, and 40:1) for 24 (E) or 48 hours (B, D, and F). Data are 
represented as means ± SD of triplicate cultures that were performed in two (A, C, 
E, and F) and three (B and D) independent experiments. The differences between 
each group were determined by one-way ANOVA with Bonferroni’s post hoc correction. 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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and viability during murine PM. Accordingly, we noted that IL-1 
production in the placental tissue was not affected by infection in 
pregnant mice deficient in Casp1/11−/−, Asc−/−, Nlrp3−/−, and Aim2−/−, 
in contrast with WT mice (Fig. 4C). Conversely, IL-1 production 
in placentas collected from Nlrc4−/− mice was increased by infection, 
suggesting that this inflammasome molecule is not involved in the 
induction of IL-1 production during murine PM. This result matches 
the data obtained from human placentas, because no differential 
expression of NLRC4 was detected upon infection (Fig. 1K).

Pregnancy increased the susceptibility to Pb expansion in pregnant 
mice irrespective of genetic ablation of Casp1/11, Asc, Nlrc4, and 
Nlrp3 (fig. S2), indicating that the role of the inflammasome com-
ponents involved in placental inflammatory responses and poor 
pregnancy outcomes do not act through controlling peripheral parasite 
burden. However, parasitemia measured in Aim2−/−-infected mice was 
reduced in comparison to the other mouse strains (fig. S2), suggesting 
that this receptor may contribute to a host response that favors par-
asite expansion. These observations indicate that AIM2 and, possibly, 
NLRP3 inflammasomes contribute to PM pathogenesis and are tightly 
linked with fetal growth restriction and placental IL-1 production.

IL-1 axis activation impairs pregnancy outcomes that are 
reverted by pharmacological intervention
To establish whether IL-1 production is determinant for PM de-
velopment and poor fetal outcomes, we modulated the IL-1 axis 

signaling by using mice deficient in Il1b and Il1-receptor (Il1r1) or 
blocking the WT IL-1R with Anakinra, a recombinant of the IL-1Ra 
(12). Our results showed that in the absence of IL-1 signaling, either 
by genetic ablation or by blocking the receptor, the fetal weight in 
infected mice was highly improved (relative weight reduction, 3.7% 
for Il1b−/− and 1.1% for Il1r1−/− versus 16.4% for WT and 0.4% for 
Anakinra versus 11.8% for vehicle) (Fig. 5, A and B). In addition, the 
absence of IL-1 signaling reduced the resorption rate in relation to 
WT or vehicle, but there was no difference between the manipulated 
groups (0.7 for Il1b−/− and 0.5 for Il1r1−/− versus 2.5 for WT and 0.5 
for Anakinra versus 1.9 for vehicle) (Fig. 5, C and D). These obser-
vations indicate that IL-1 signaling significantly contributes to 
impair fetal growth and viability in pregnant mice with PM. It is 
known that one of the main causes of fetal growth restriction in PM 
is the dysregulation of nutrient transporters. Therefore, to ascertain 
the interference of IL-1 signaling in the nutrient transporters Slc38a1 
(SNAT1), Slc38a2 (SNAT2), and Slc2a1 (GLUT1), the gene expression 
was evaluated. Expectedly, we observed that placentas collected from 
WT mice with PM presented reduced mRNA levels of all three 
transporters (fig. S3). This phenomenon was not observed in infected 
placentas collected from Il1r−/− or Il1b−/− mice or infected pregnant 
mice treated with Anakinra. These findings suggest that propagation 
of IL-1 signaling plays a role in the regulation of amino acid and 
nutrient transporters, which may explain the poor pregnancy out-
comes associated with PM.

Fig. 3. Pb infection during murine pregnancy induces placental pathology and caspase-1 activation. (A to C) Images illustrated the NI (Ct, left) and infected (Inf, 
right) placental vascular spaces (A), fetus (B), and uterus (C) of mice. (A) Relative quantification of placental vascular space. (B) Fetal weight measured at G19. (C) Relative 
quantification of the resorption number (arrows) in relation to the total fetuses’ number (viable and resorptions). (D and E) Protein levels of IL-1 [enzyme-linked immu-
nosorbent assay (ELISA)], TNF-, IFN-, IL-6, and IL-10 (CBA) in placentas (D) and plasma (E) collected from NI (Ct) or infected (Inf) mice. (F) Placental caspase-1 (p20) activ-
ity by WB in NI (Ct) or infected (Inf) mice, normalized by -actin. Data are represented as means ± SD of 29 to 49 placentas or fetuses (n = 8 to 12 pregnant mice) (A and B) 
and 5 to 12 pregnant mice (C to F) per group, which were performed in two or more independent experiments. The differences between the control group (Ct) and in-
fected (Inf) pregnant mice were determined by Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001. (A to C) Photo credit: Aramys S. Reis, University of São Paulo.
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Notwithstanding, the absence of IL-1 signaling restrains the in-
crease in parasitemia when compared with the WT control (fig. S4), 
suggesting that besides its role in PM pathogenesis, the IL-1 axis may 
also take part in the parasite controlling responses in pregnant mice. 
Moreover, in line with previous findings (9–11), the MyD88 protein 
was shown to be critical for the poor fetal outcomes and IL-1 pro-
duction (fig. S5). Besides being an important TLR adaptor molecule, 
MyD88 is also essential for IL-1R signaling, thereby contributing to 
both the synthesis and the effector response of IL-1. Together, our 
results open new perspectives for the role of the IL-1 axis signaling 
in placental malaria pathogenesis, which can be reverted by phar-
macologically blocking the receptor.

DISCUSSION
It is well established that malaria during pregnancy increases the 
risk of adverse fetal outcomes, such as abortion, IUGR, premature 
birth, and LBW. Here, we present findings that add to the argument 
for an understanding of placental malaria pathogenesis. We report 
that impaired fetal growth is associated with IL-1 production in 
human and murine PM and that the AIM2/NLRP3 inflammasome 
is critical to produce IL-1 in the infected placenta that, in turn, 

impacts the normal course of pregnancy in infected females. We 
demonstrate that genetic ablation and pharmacological inhibition 
of IL-1 signaling reverted poor pregnancy outcomes of placental 
malaria.

Placental inflammation is a critical pathological event underlying 
pregnancy impairment in Pf-I mothers (1). Increased placental levels 
of proinflammatory mediators, including IL-1 and TNF-, are fre-
quently associated with IUGR in pregnant women infected with Pf 
(24). In line with these findings, we show that caspase-1 activation 
and IL-1 production in the placenta were consistent with placental 
tissue alterations and reduced birth weight in women infected with 
Pf during pregnancy. These events suggest that the proinflammatory 
response leading to IL-1 production is a determinant of placental 
malaria severity. Noticeably, pharmacological inhibition of IL-1 
signaling conferred protection from pregnancy impairments in infected 
mice, unveiling deleterious effects of IL-1 action on the developing 

Fig. 4. AIM2 and NLRP3 inflammasomes are associated with poor pregnancy 
outcomes in Pb-infected mice. Evaluation of pregnancy outcomes in mice deficient 
for Casp1/11, Asc, Nlrc4, Nlrp3, and Aim2 genes of the inflammasome complexes. 
(A) Percentage of weight reduction of fetuses born from infected pregnant mice in 
relation to their NI controls at G19. (B) Relative resorption rates of infected in relation 
to their NI controls. (C) Measure of IL-1 levels in placentas collected from infected 
(Inf) and NI (Ct) mice by ELISA. Pooled placenta samples, each containing four mouse 
placentas per sample, were used for protein extraction. WT refers to C57BL/6 mice. 
Data are represented as means ± SD of 37 to 39 fetuses (n = 5 to 14 pregnant mice) 
(A) and 5 to 14 pregnant mice (B and C) per group, which were performed in two 
or more independent experiments. The differences between each group were 
determined by one-way ANOVA with Bonferroni’s post hoc correction (A and B) 
and Student’s t test (C). *P < 0.05 and ***P < 0.001.

Fig. 5. Impaired pregnancy outcomes are reverted by IL-1 axis genetic ablation 
and pharmacological blocking. Assessment of IL-1 signaling impact in fetal by 
genetic ablation of Il1b and Il1r1 or by blocking the receptor with Anakinra, a 
recombinant of the IL-1Ra. (A and B) Weight reduction of fetuses born from infected 
pregnant mice expressed in percentage of their NI controls at G19. (C and D) Rela-
tive resorption rates of infected in relation to their NI controls. (B and D) Anakinra treat-
ment was performed in WT (C57BL/6) mice, and vehicle represents an infected 
group treated with Anakinra denaturated in phosphate-buffered saline. Data are 
represented as means ± SD of 24 to 46 fetuses (n = 3 to 12 pregnant mice) (A and C) 
or 3 to 12 pregnant mice (B and D) per group and are cumulative of two or more 
independent experiments. The differences between each group were determined 
by one-way ANOVA with Bonferroni’s post hoc correction (A and C) or Student’s 
t test (B and D). *P < 0.05 and ***P < 0.001.
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fetus. Our findings provide a molecular link of placental inflammation 
with reduced birth weight and increased fetal resorption rate in 
infected mice. Accordingly, proinflammatory cytokines have been 
implicated in spontaneous abortions in women (25) and with in-
creased abortion rates in PM murine models (17, 26), possibly due 
to their high toxicity to the embryos (27).

In murine malaria models, TNF-, IFN-, and IL-1 production 
is frequently linked to the TLR/MyD88 pathway activation (6, 28), 
and a similar molecular mechanism is also operating in murine PM 
(9–11). It should be noted that besides MyD88 activation, caspase-1 
activity is also critical for the complete maturation and secretion of 
IL-1, which depends on inflammasome formation (29). Here, we 
show that the central role of IL-1 in affecting fetal growth in exper-
imental PM is dependent on AIM2 and, to a lesser extent, on NLRP3 
inflammasome formation. Furthermore, caspase-1 activation and IL-1 
secretion in monocytes and trophoblasts, cell lines, and primary cells, 
stimulated with Pf-iRBCs, suggest a possible contribution of these cells 
to innate immune responses during PM pathogenesis. Both cell types 
have receptors linked to innate immunity capable of recognizing 

parasite by-products that consequently lead to proinflammatory 
cytokine production, including IL-1 (16, 30, 31).

It is well established that Pf double-stranded DNA (dsDNA) and 
hemozoin can activate AIM2 and NLRP3, respectively, leading to 
inflammasome formation and caspase-1 activation (15). Those by-
products of Plasmodium infection are released at the end of the blood 
schizogony and trigger IL-1 production (14, 15). In particular, 
parasite DNA is known to be a potent AIM2 inflammasome activator, 
even at low concentrations (15). Although placental damage in ex-
perimental PM is associated with accumulation of low amounts of 
iRBCs (9, 22), it is plausible that AIM2 substantially contributes to local 
inflammation and induction of subsequent pregnancy complications. 
On the other hand, NLRP3-mediated inflammation is dependent on 
high hemozoin concentrations (14, 15). The reduced accumulation 
of placental hemozoin in our experimental mouse model due to the 
short period of infection (9) may explain the lower contribution of 
this receptor to IL-1 production and fetal weight reduction.

Nevertheless, the NLRP3 inflammasome is essential in other 
pregnancy-related complications. A model of pregnancy failure 

Fig. 6. Proposed mechanism of inflammasome activation during placental malaria. Plasmodium antigens and cellular danger signals like GPI, hemozoin, dsDNA, and 
heme are recognized by TLR4 and TLR9 expressed in placental macrophages and trophoblasts. This phenomenon triggers these pathways through MyD88, activating the 
nuclear factor B (NF-B) transcription factor, which induces transcription of proinflammatory cytokines such as TNF-, IFN-, and pro–IL-1. In addition, hemozoin and 
dsDNA activate NLRP3 and AIM2 inflammasomes, respectively, which induce pro–IL-1 cleavage by caspase-1, which ultimately will be secreted in its active form. Active 
IL-1 will bind, with high affinity, to its receptor (IL-1R), triggering the downstream events that sustain the production of more proinflammatory cytokines and, possibly, 
impairing the expression and function of nutrient transporters, such as SNAT1, SNAT2, and GLUT1. Dysregulation of nutrient transportation will promote IUGR, 
consequently leading to poor pregnancy outcomes such as LBW. Furthermore, increasing levels of IL-1, TNF-, and IFN- in the placenta also contribute to local in-
flammation, causing severe damage in placental tissue and poor pregnancy outcomes. The archetype of placental malaria, reduced fetal development, can be reverted 
in our experimental model with Anakinra treatment, a recombinant of the IL-1Ra. PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated mo-
lecular patterns.
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induced by Listeria monocytogenes showed that reduced survival 
rates of embryos were only dependent on NLRP3 activation (32). 
These findings were paralleled by increased levels of systemic IL-1, 
which induced TNF-, monocyte chemoattractant protein 1 (MCP-1), 
IL-6, and IL-8 production by murine trophoblasts (32). Therefore, we 
propose that AIM2- and NLRP3-dependent IL-1 production has a 
pivotal role in the molecular mechanisms, propagating placental 
inflammation and compromising fetal growth and fetal survival.

We observed that placentas of pregnant women infected with Pf 
displayed increased levels of IL-1R, which can potentiate the down-
stream effect of IL-1. Notably, and differently from WT mice, pregnant 
Il1b−/− and Il1r1−/− mice infected with Pb lack poor fetal outcomes, 
reinforcing the role of the IL-1 signaling pathway in the PM patho-
genesis. Corroborating human studies (18, 33), our findings suggest 
that the presence of IL-1 signaling leads to the diminished expression 
of nutrient transporters. These transporters are fundamental for 
nutrient exchanges at the maternal-fetal interface, and dysregulation 
of their function or expression may compromise the developing fetus. 
Moreover, our observations in Il1b−/− and Il1r1−/− pregnant mice 
did not show alterations in fetal nurturing, suggesting that the IL-1 
signaling pathway may be implicated in the placental nutrient transport 
impairment in PM (Fig. 6).

The pharmacologic inhibition of IL-1R with Anakinra protected 
pregnant mice from PM by reverting the fetal growth restriction, 
confirming the involvement of IL-1 signaling in the molecular 
pathogenesis of PM. It is important to highlight that this drug per se did 
not present any toxicity effects either to the fetuses or to pregnant 
females in our experimental model. Besides, it is an approved drug 
to be used in humans that have been used in the treatment of other 
inflammatory diseases associated with pregnancy, supporting its low 
toxicity for the females and the growing fetus (19). Together, these 
observations reinforce the potential of this therapeutic approach, 
which may be used as an adjunctive treatment to antimalarials for 
placental inflammatory complications in Plasmodium infections. In 
this context, further studies should be performed to investigate new 
therapeutic strategies involving the IL-1 pathway in the treatment 
of human PM.

MATERIALS AND METHODS
Participants and specimens
NI pregnant women (n = 59) and women with a positive molecular 
diagnosis for Pf at the moment of delivery performed by cesarean 
section (C-section) (active infection) (n = 19) were recruited between 
2012 and 2014 from a prospective cohort study conducted at the 
Hospital da Mulher e da Criança do Juruá in Cruzeiro do Sul, Acre, 
Brazil (34), an endemic and low transmission area for malaria. After 
delivery, newborns’ anthropometric measurements were recorded, 
and maternal peripheral and placental blood was collected for direct 
malaria diagnosis, plasma collection, and evaluation of hematologic 
parameters. Placentas were weighed, and tissue samples were collected, 
fixed in 10% buffered formalin, and adequately stored until processing 
(34). In addition, relevant clinical information including maternal 
and gestational age and gravidity was recorded through structured 
questionnaires. Infection was confirmed, and Plasmodium species 
was identified using photo-induced electron transfer–polymerase 
chain reaction (PET-PCR) (35).

All pregnant women who enrolled in the study received the 
treatment recommended by the Brazilian Ministry of Health after malaria 

diagnosis (36) and immediate collection of biological samples. This 
study was approved by the committees for research of the University 
of São Paulo and the Federal University of Acre (Plataforma Brasil, 
CAAE: 03930812.8.0000.5467 and 03930812.8.3001.5010, respectively), 
according to resolution no. 466/12 of the Brazilian National Health 
Committee. All the study participants or their legal guardians (if minors) 
gave written informed consent.

Histopathologic and immunohistochemistry analyses 
of human placentas
After sample processing, tissue was embedded in paraffin. Placenta 
sections 5 m thick were obtained and mounted on slides using the 
tissue microarray technique (37). Then, samples were stained with 
hematoxylin and eosin (H&E) and Giemsa for the histopathologic 
examination using a Zeiss Axio Imager M2 light microscope equipped 
with a Zeiss AxioCam HR camera to capture images of placental 
tissue. Two well-trained pathologists carried out the analysis inde-
pendently and blindly. When discrepancies were detected between 
readouts, a reevaluation was conducted, and a decision was established 
by consensus. Both qualitative and quantitative analyses were per-
formed to evaluate the presence of infected iRBCs in the IVS, hemozoin 
deposition, syncytial nuclear aggregates, and necrosis in placental 
tissue (38). For immunohistochemistry, tissue sections were removed 
from paraffin and rehydrated following antigen retrieval using tris/
EDTA (0.01 M/0.001 M, pH 9.0) in the pressurized pan. Endogenous 
peroxidase was blocked with hydrogen peroxide 1% (v/v), and un-
specific binding was avoided using a protein blocking solution. Sec-
tions were incubated with anti-CD68 (145M.96; Rocklin, USA) 
antibody for monocyte identification or anti–IL-1RI (ab106278; 
Abcam, UK) antibody. Incubations were done overnight at 4°C in a 
humidified chamber. Samples were then incubated with a secondary 
antibody conjugated to a horseradish peroxidase (HRP), followed 
by incubation with 3,3′-diaminobenzidine (DAB) inducing a color
imetric reaction. Last, histologic sections were counterstained with 
Harris hematoxylin and dehydrated, and slides were sealed with 
mounting medium. As a positive control, we used a histologic section 
of the spleen, kidney, and liver, and as a negative control, human 
placenta sections in which incubation with the primary antibody was 
substituted by phosphate-buffered saline (PBS). For the analysis of 
monocyte infiltrates in the IVS, 10 fields were counted with cells 
stained with the anti-CD68 antibody. For the analysis of relative IL-1R 
expression, we used ImageJ software (https://imagej.nih.gov/ij/). 
A fraction of the areas stained with DAB (anti–IL-1R) and Harris 
hematoxylin was quantified, followed by the calculation of the relation 
between the two stainings.

Trophoblast and monocyte cell line activation assay
Pf NF54-iRBCs were submitted to synchronization in plasma gel 
(6% Voluven, Fresenius Kabi), purified with a magnetic column 
(Miltenyi Biotec), counted, and submitted to 10 freeze-thaw cycles 
to generate the cell lysate. NI RBCs were quantified and submitted 
to the same lysis process. For the activation assay, we used BeWo, a 
cell line of trophoblasts derived from human choriocarcinoma, and 
THP-1, a human cell line of leukemic monocytes. Initially, to promote 
cell spreading and adhesion, BeWo and THP-1 cells (1 × 105 cells 
per well) were cultured in 24-well plates and incubated with 1 ml of 
RPMI 1640 medium (Gibco, USA) supplemented with penicillin 
(100 U/ml), streptomycin (100 g/ml), amphotericin B (2.5 g/ml), 
l-glutamine (2 mM), and fetal bovine serum (FBS) (5%) in a 37°C 
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atmosphere containing 5% CO2. In addition, 100 nM phorbol-12 
myristate 13-acetate (PMA) was added to THP-1 cultures for 48 hours 
to induce macrophage differentiation, followed by a prestimulation with 
lipopolysaccharide (LPS) for 4 hours. Then, cells were exposed (or not) 
to iRBC or RBC extract in different concentrations for a 12- or 48-hour 
period. The assays were done in triplicate, and cells were analyzed 
by flow cytometry for caspase-1 activity and IL-1 production.

Primary monocyte isolation and stimulation
Mononuclear cells were isolated from 50 ml of peripheral blood of 
informed healthy female volunteers through Ficoll-Hypaque (GE 
Healthcare) density gradient. The monocytes were separated from 
lymphocytes through plastic adherence. Briefly, 4 × 106 mononuclear 
cells were incubated per well in 24-well culture plates (Corning Costar). 
After 2 hours, nonadherent cells were removed, while adherent cells 
(mainly monocytes) were cultured in RPMI 1640 (Gibco, Thermo 
Fisher Scientific) supplemented with 10% of FBS (Gibco) at 37°C in 
5% CO2 overnight. During the second day, monocytes were primed 
with LPS (100 ng/ml) from Escherichia coli (Sigma-Aldrich, Merck) 
for 4 hours. After the incubation period, culture medium was re-
placed, and the cells were stimulated/incubated with RBCs at a ratio 
of 40:1 (RBCs:monocyte) and iRBCs at a ratio of 10:1, 20:1, and 
40:1 for 24 hours. Cell supernatants were collected for cytokine 
measurements.

Trophoblast cell isolation and differentiation  
into syncytiotrophoblast
Trophoblast cells were prepared from human term placentas obtained 
from healthy pregnant women (37 to 39 weeks) upon C-section 
without complications. The isolation of the trophoblast cells was 
conducted as described elsewhere (39). Upon cell differentiation, 
the trophoblasts were primed with LPS (100 ng/ml) from E. coli 
(Sigma-Aldrich, Merck) for 4 hours. After the incubation period, 
culture medium was replaced, and the cells were stimulated/incubated 
with RBCs at a ratio of 40:1 (RBCs:trophoblast) and iRBCs at a ratio 
of 10:1, 20:1, and 40:1 for 48 hours. Cell supernatants were collected for 
cytokine measurements. Furthermore, cells were plated into six-well 
(35 mm) multidishes with a 22-mm round cover glass for morpho-
logical analysis (39). Briefly, cytokeratin-reactive and multinucleated 
trophoblast cells were counted to characterize enrichment of the cell 
culture in trophoblasts cells.

Measuring caspase-1 activity
To measure caspase-1 protease activity, we used a specific fluorescent 
probe (FAM-YVAD-FMK) that binds to the active form with high 
affinity. BeWo and THP-1 cells exposed or nonexposed to iRBC 
or RBC extract, at a ratio of 20:1 (RBCs:cell) by 12-hour period, 
were stained for 90 min with FAM-YVAD-FMK (Immunochemistry 
Technologies, USA) as recommended by the manufacturer. Active 
caspase-1 was measured by flow cytometry. Fluorescent cell data 
acquisition was done using the FACSCalibur cytometer (BD Bio-
sciences, USA) and analyzed with “FlowJo 10.07r2” software (Treestar, 
Ashland, USA).

Animals
C57BL/6 WT and Myd88 (Myd88−/−), Casp1/11 (Casp1/11−/−), Asc 
(Asc−/−), Nlrp3 (Nlrp3−/−), Aim2 (Aim2−/−), Nlrc4 (Nlrc4−/−), Il1b 
(Il1b−/−), and Il1r1 (Il1r1−/−)–deficient mice 8 to 10 weeks old were 
bred and maintained in conventional housing with constant light-dark 

cycle (12 hour:12 hour) at the Animal Facility of the Department 
of Parasitology from the Institute of Biomedical Sciences at the 
University of São Paulo (ICB/USP). Mice received water and food of 
regular diet at ad libitum. Nlrp3−/− and Aim2−/− mice were provided 
by V. Dixit (Genentech, USA); Asc−/−, Casp1/11−/−, and Nlrc4−/− mice 
by R. Flavell (Yale University, USA); Il1r1−/− mice by D. Zamboni 
(São Paulo University, Brazil); and Il1b−/− mice by Y. Iwakura 
(Tokyo University of Science, Japan). At ICB/USP, Nlrp3−/−, Aim2−/−, 
and Il1b−/− mice were kept under the responsibility of C.R.F.M. 
holding the material transfer agreements OM-502612, OM-214010, 
and M18-131, respectively. All experiments were performed in ac-
cordance with the ethical guidelines for experiments with mice, and 
all procedures were approved by the Animal Health Committee of 
the Institute of Biomedical Sciences of the University of São Paulo 
(CEUA no. 58/12fls128livro2). The guidelines for animal use and care 
were based on the standards established by the National Council for 
Control of Animal Experimentation (CONCEA).

Murine placental malaria
To obtain pregnant mice, two females 8 to 14 weeks of age were mated 
to one male of the same strain and age. Pregnancy was monitored as 
described elsewhere (11, 22). Briefly, the combination of vaginal 
plug and body weight measurement allowed the gestation time to be 
determined. G1 was defined in the day in which a vaginal plug was 
detected. Successful pregnancies were confirmed between G10 and 
G13 when females exhibited an average increase of 3 to 4 g in their body 
weight. On the other hand, unexpected weight loss was interpreted 
as an indicator of pregnancy complications or interruption.

At G13, pregnant mice were intravenously inoculated with 2 × 
105 Pb NK65GFP iRBCs obtained from frozen vials. Pb NK65GFP (Pb) 
express constitutively green fluorescent protein (GFP) (40). G13 was 
determined as the optimal time point for the infection, as infection 
at an earlier stage would hamper the pregnancy term (22). At G19 
(6 days after infection), parasitemia was analyzed; pregnant mice 
were euthanized and submitted to C-section. Then, placentas were 
collected, fetuses were weighed, and the number of resorptions and 
stillbirths were quantified. Four placentas from each pregnant mouse 
were collected, pooled, and stored at −80°C until use. Remaining 
placentas were separated in two; one-half was stored in RNAlater 
(Applied Biosystems, USA) for future protein or total RNA extraction. 
The other half was fixed in 10% (v/v) buffered formalin (Sigma-
Aldrich, USA) for 48 hours, after which the material was stored in 
70% ethanol until use. NI pregnant mice were used as controls. Par-
asitemia was determined using flow cytometry by quantifying GFP-
iRBCs. Cell acquisition was done using the FACSCalibur cytometer 
(BD Biosciences, USA) and analyzed with “FlowJo 10.07r2” software 
(Treestar, Ashland, USA).

Anakinra treatment
C57BL/6 pregnant mice, infected and NI, were subcutaneously treated 
with Anakinra (100 mg/kg; Sobi, Germany), a recombinant of the 
IL-1Ra, for 5 days. Treatment started at G14 (24 hours after infection) 
and continued until G19 (12). Concomitantly, two additional control 
groups of pregnant mice, infected and NI, were treated with Anakinra 
(100 mg/kg) denaturated at 65°C in PBS (vehicle).

Morphometric analysis of murine placentas
Nonconsecutive placenta sections (5 m) were stained with H&E 
and examined using the Zeiss camera (AxioCamHRc) connected to 
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a Zeiss light microscope (AxioImager, M2). Morphometric analysis 
was done as previously described (9, 22). Briefly, vascular spaces 
were quantified in the analysis of placental sections stained with 
H&E. For each section, three areas of IVS were randomly selected 
for image acquisition (×20 magnification). Images were analyzed using 
ImageJ software. For the morphometric analysis, placenta sections 
were examined by different pathologists using the double-blind method.

Gene expression quantification
Total RNA was isolated and purified from 100 mg of placental 
tissue using the RNeasy Mini Kit (Qiagen, Germany) following 
the manufacturer’s recommendations. One microgram of total 
RNA was converted into complementary DNA (cDNA) using the 
Transcriptor First cDNA Synthesis (Roche, Switzerland) with ran-
domized hexamer primers. The expression of the genes Slc38a1 
(SNAT1), Slc38a2 (SNAT2), and Slc2a1 (GLUT1) was quantified 
using the Power SYBR Green PCR Master Mix (Thermo Fisher 
Scientific, USA). The cDNA of each gene was amplified using the 
following primers: Slc38a1 (5′-GAGCAAGTCTTCGGCACCAC-3′ 
and 5′-CACCATCACCACCAACACTCG-3′), Slc38a2 (5′-GCGTTG-
GCATTCAATAGC-3′ and 5′-CGTTCATCATCCGTCTCC-3′), and 
Slc2a1 (5′-TGTGCTCATGACCATCG-3′ and 5′-AAGGCCACAAAG-
CCAAAGAT-3′) (41, 42). The gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Hs99999905, Thermo Fisher Scientific, 
USA) was used as endogenous control, and each sample was nor-
malized to the respective Gapdh expression. PCRs were performed 
in a 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, USA), 
and relative quantification was calculated by the Ct method.

Protein analysis
Fragments of NI and Pf-I human and NI and Pb-infected (Pb-I) 
mouse placentas preserved in RNAlater were analyzed (fig. S6). The 
placental fragments were macerated in radioimmunoprecipitation 
assay buffer containing a cocktail of protease inhibitors (10 l/ml) 
(Sigma-Aldrich, Germany) and incubated for 20 min on ice, followed by 
centrifugation to collect the protein extract contained in the super-
natant. To analyze caspase-1 expression, total protein extract (30 g 
of each sample) of six NI and eight Pf-I human and four NI and five 
Pb-I mouse placentas was separated using a 15% SDS–polyacrylamide 
gel electrophoresis (SDS-PAGE) together with a molecular weight 
marker (Bio-Rad, USA), followed by transfer onto polyvinylidene 
difluoride (PVDF) membranes (Bio-Rad, USA) for 18 hours, 30 V 
at 4°C. Then, membranes were blocked with a 10% solution of skimmed 
milk for 2 hours at room temperature. Membranes were incubated 
with a primary antibody specific for the caspase-1 p20 subunit (G19) 
(Santa Cruz Biotechnology, USA) in murine placentas and a specific 
primary antibody anti–caspase-1 clone 5B10 (BioLegend, USA) in 
human placentas. After being washed three times with tris-buffered 
saline with tween (TBS-T), membranes were incubated with HRP-
conjugated secondary goat antibody (Santa Cruz Biotechnology, USA). 
Data normalization was done using an anti–-actin (Novus, USA) 
antibody at a concentration of 1:500,000. Every staining was revealed 
by chemiluminescence (Bio-Rad, USA), and images were acquired 
using the ChemiDoc XRS+ System camera (Bio-Rad, USA) and the 
ImageLab software (Bio-Rad, USA). To analyze the expression of AIM2, 
NLRP3, NLRC4, ASC, and IL-1R, equal amounts (25 g) of protein 
from each extract of five NI and five Pf-I human placentas were 
solubilized in a sample buffer [60 mM tris-HCl (pH 6.8), 2% SDS, 
10% glycerol, and 0.01% bromophenol blue] and subjected to SDS-

PAGE (12%). Proteins were transferred to PVDF membranes, incubated 
with a blocking buffer solution (Thermo Fisher Scientific, USA) 
and 5% bovine serum albumin (1:1). Then, membranes were cut 
according to each protein molecular weight, and each segment of the 
membranes was incubated with the following antibodies: rabbit poly-
clonal anti–IL-1R (1:250; ab106278), mouse monoclonal anti-NLRP3 
(1:500; ab106097), rabbit polyclonal anti-NLRC4 (1:500; ab115537), 
rabbit polyclonal anti-ASC (1:500; ab47092), and rabbit polyclonal 
anti-AIM2 (1:250; ab93015) (all from Abcam, UK) and with a mouse 
monoclonal anti–-tubulin clone B-5-1-2 antibody (1:10,000; 
T5168; Sigma-Aldrich, USA) as a loading control. Membranes were 
then incubated with HRP-conjugated secondary antibody (Vector 
Laboratories, USA). Image acquisition was performed using the 
Alliance chemiluminescence detection system (UVITEC, UK). Quan-
titative densitometry was carried out using the ImageJ software 
(National Institutes of Health). The volume density of the chemi-
luminescent bands was calculated as integrated optical density × mm2 
after background correction.

Cytokine quantification
To quantify the IL-1, TNF-, IL-6, and IL-10 cytokines in human 
placental blood, the cytometric bead array (CBA) Human Inflam-
matory Cytokines Kit (BD Biosciences, USA) was used according to 
the manufacturer’s instructions. For samples collected from mice 
placentas or culture supernatant, the cytokine IL-1 was measured 
by enzyme-linked immunosorbent assay (BioLegend, USA), and 
IFN-, TNF-, IL-6, and IL-10 were quantified by CBA using the 
Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences, USA), as de-
termined by the manufacturer. Bead acquisition was made using the 
FACSCalibur flow cytometer (BD Biosciences, USA), and the anal-
ysis was done by the FCAP 3.01 software (BD Biosciences, USA). 
Cytokine concentrations quantified in plasma or culture supernatants 
were expressed in picograms per milliliter. For macerates of placental 
tissue, cytokine concentrations were expressed as picograms (cytokine) 
per milligram (total protein).

Statistical analysis
Statistic differences between groups were tested by the one-way 
analysis of variance (ANOVA) with Bonferroni’s correction or 
two-way ANOVA, Student’s t test, Mann-Whitney, or chi-square. 
Spearman’s rank-order nonparametric correlation test was applied to 
determine the association between studied variables. Tests were used 
according to each situation, as described in figure legends. Statistical 
tests were done using GraphPad Prism 5.0 (GraphPad Software, USA). 
P values ≤0.05 were considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/10/eaax6346/DC1
Fig. S1. Heat map matrixes of Spearman’s correlation coefficients between pregnancy and 
inflammatory parameters.
Fig. S2. Ablation of inflammasome components in mice does not impact peripheral 
parasitemia during pregnancy.
Fig. S3. IL-1 axis activation impairs nutrient transporters that are reverted by IL-1Ra.
Fig. S4. Absence of IL-1 signaling restrains the increase in parasitemia during pregnancy.
Fig. S5. Ablation of Myd88 in infected pregnant mice improves pregnancy outcomes and 
impairs IL-1 secretion.
Fig. S6. Western blotting original images.
Table S1. Baseline characteristics of mothers and newborns at delivery.
Table S2. Placental parameters of NI and infected pregnant women.
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