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decidual macrophages
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Introduction: Macrophages play a crucial immunological role in maintaining

pregnancy. Placental malaria infection may cause dysfunction in decidual

macrophages which then culminates in the associated pregnancy

complications. Here, we determined the influence of placental malaria on

decidual macrophages, by assessing their distribution based on their unique

phenotypes, and examining their expression levels of transcription factors as well

as angiogenic factors, in placentas from women living in a malaria-endemic area.

Methods: We compared these macrophage parameters in placentas from

malaria infected women to those from the uninfected women. Placentas were

collected upon delivery and malaria infection determined by histology together

with PCR from dry blood spots obtained from placental blood. Following

enzymatic dissociation of placental tissue, immune cells were enriched from

the total population of placental cells by density centrifugation. Macrophage

phenotypic characteristics were then analyzed from the placental immune cells

by flow cytometry. The expression of surface markers CD68, CD80, CD86,

CD163, CD206, and CD209, was used to delineate the macrophage

populations. For gene expression profiling, macrophages were isolated from

the placental immune cells and the expression level of transcription factors

STAT-1, IRF-5, STAT-6, c-Maf and angiogenic factors ANG-1, ANG-2 and VEGF

determined by qPCR.

Results and Discussion: We found no difference in the total macrophage

populations and M1 and M2 macrophage profiles between uninfected and

infected placentas, however, M2 macrophages were significantly higher

compared to their M1 counterparts regardless of infection status. Notably, the

gene expression levels of the transcription factor STAT-6 and angiogenic factor
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ANG-1 were significantly lower in infected placentas. These findings provide a

basis for further understanding of the role of placental macrophages in

placental malaria pathogenesis. Analysis of the functional consequences of

these observations is needed to determine if these factors can be explored to

reprogram macrophage polarization to desired state.
KEYWORDS

placental malaria, macrophages, M1/M2 macrophage polarization, transcription
factors, angiogenic factors
Introduction

From a global perspective, it is estimated that close to half of the

population in the world is at risk of malaria infection with the

greatest burden of malaria-related deaths occurring in the WHO

African Region including Kenya. Children and pregnant women are

at the highest risk for morbidity and mortality particularly in areas

of stable malaria transmission (1). In pregnancy, malaria infection is

associated with poor maternal and fetal outcomes such as maternal

anemia, preterm delivery, intrauterine growth restriction, low birth

weight, miscarriage, and stillbirth (2). Peripheral blood infection by

malaria parasite may lead to cytoadherence of the parasite in

internal organs whereby malaria-infected red blood cells

accumulate in the microvasculature. In pregnant women this can

occur in the placenta and the malaria parasite Plasmodium

falciparum is the main culprit of this sequestration in the

placental intervillous spaces causing placental malaria (PM) (3).

PM triggers inflammatory responses characterized by the

infiltration of immune cells, mainly monocytes and macrophages

(4, 5) subsequently disrupting the pro-inflammatory and anti-

inflammatory immune balance required for a healthy pregnancy.

While this infiltrate may help to control parasite replication, it also

leads to impaired placental development and function, through the

mechanical compromise of placental circulation and a dysregulated

production of inflammatory mediators caused by the massive

inflammation (6). Though several studies have investigated these

immunological changes due to PM by assessing the functional

response (production of cytokines and chemokines) (7–9), few

studies have dissected the cellular profile of the placental

macrophage infiltrates. These cells represent unique effectors of

local immunity in the placenta capable of either a pro-inflammatory

(M1 macrophages) function or an anti-inflammatory (M2

macrophages) function depending on their polarization and

activation status. While the M1/M2 classification of macrophages

remains a matter of debate due to the extensive state of macrophage

subpopulations associated with intermediate or incomplete

polarization (10), this classical concept is still useful for our

understanding of placental malaria-related immunopathology

given the limited knowledge regarding macrophage rewiring in

the context of malaria infection.
02
During the early phase of a healthy pregnancy, the immune cells in

the placenta consisting predominantly of uterine NK (uNK) cells and

macrophages, play a critical role in the maintenance of maternal-fetal

tolerance. Whereas uNK cells undergo massive apoptosis later in

pregnancy and are virtually absent at term, macrophages are present

in the decidua throughout till the end of the pregnancy (11, 12). These

decidual macrophages have been characterized as mainly anti-

inflammatory and regulatory (M2-like phenotype), typical for the

prevention of fetus rejection (13). However, in pathological

pregnancy such as that of PM and other pregnancy-associated

diseases, conflicting reports exist on pro- and anti-inflammatory

polarization of placental macrophages (14–17). Considering the

potential loss of immunotolerance against the fetus and a heightened

inflammatory process, the investigation of the phenotypic distribution

and gene expression pattern of placental macrophages in the context of

PM is vital to better elucidate the pathophysiology of the disease and

possibly contribute to future therapy strategies.

The goal of this study therefore was to investigate the effect of PM

on maternal macrophages by quantifying M1 and M2 macrophages

using previously described delineating surface marker expression (18),

and by examining the gene expression profiles of key transcription

factors, relevant for macrophage polarization (19), as well as angiogenic

factors, important for maintenance of a competent vascular network [

(20, 21), in the placenta of pregnant women. Comparable distribution

of M1 and M2 macrophages was observed by surface marker

expression between infected and uninfected placentas. However, the

gene expression levels of the M2 transcription factor, STAT-6 and the

angiogenic factorsANG-1, were significantly lower in the placenta from

malaria-positive women.
Materials and methods

Study design

The 66 samples used in this study were collected from pregnant

mothers with term deliveries of uncomplicated, singleton pregnancies

attending Webuye County Hospital in Bungoma, western Kenya, in

2021. Participants were recruited during their antenatal clinic visits and

upon explanation of study activities, those who provided written
frontiersin.org
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informed consent were enrolled. Inclusion criteria included women

aged between 18 to 45 years with no known comorbidities and having

antenatal records. Exclusion criteria included gravida ≥ 4, reported

hypertension, diabetes, HIV infection, and history of long-term

antibiotic treatment. Before delivery, a structured questionnaire was

administered to collect demographic data while the clinical data was

retrieved from the antenatal book records. Participant characteristics

are summarized on Table 1. A graphical abstract of the experimental

design is shown in Figure 1. Ethical approval for the study was obtained

both from the institutional scientific and ethics committees of Mount
Frontiers in Immunology 03
Kenya University (MKU/ISERC/684 and MKU/ISERC/2822) and the

Kenya Medical Research Institute (KEMRI/SERU/CBRD/214/4118).
Placenta tissue sampling

Placental samples were collected within two hours after delivery.

To provide a reasonable representation of the tissue, we adopted the

sampling approach as reported by Roberts et al. (22) with

modifications. Briefly, from the maternal side of the placenta,
FIGURE 1

Graphical abstract of experimental design.
TABLE 1 Characteristics of study participants.

Parameters:
median
(range)

All women (n = 66) Histology
PM - women (n = 33)

Histology
PM + women (n = 26)

P value Placental Blood
PCR

PM-women (n = 31)

Placental Blood PCR
PM + women (n = 27)

P value

Age (years) 23 (18–37) 25 (18–37) 21.5 (18–37) 0.758 26 (18–37) 23 (18–32) 0.0370

Primigravid 26 (39%) 15 (58%) 11(42%) 11 (61%) 7 (39%)

Secundigravid 27 (41%) 14 (70%) 6 (30%) 10 (37%) 17 (63%)

Multigravid 13 (20%) 4 (31%) 9 (69%) 10 (77%) 3 (23%)

Gestational
age (wks)

38.6 (29–44) 38.6 (29–43) 39 (31.4–44) 0.264 38.6 (31–41.3) 38.6 (27–44) 0.8850

Baby birth
weight (Kg)

3.2 (1.7–5.0) 3.5 (1.7–5.0) 3.25 (2.0–4.5) 0.303 3.2 (1.7–4.5) 3.4 (2.2–5.0) 0.6470

Hemoglobin
Level (g/dL)

11.6 (7.2–15.1) 11.5 (7.5–14) 10.8 (7.2–15.1) 0.862 11.15 (7.5–14.1) 12.4 (7.2–15.1) 0.1660

iPTP Dose 3 (0–8) 4 (1–8) 4 (0–7) 0.531 4 (0–8) 4 (1–7) 0.7550

UTI
in Pregnancy

15/62 (24%) 3 (23%) 10 (77%) 7 (50%) 7 (50%)
front
In bold: Participant characteristics whose statistical parameters were determined.
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incisions were extended to the fetal side without reaching the fetal

membrane. The incisions were made on three equidistant sections on

the longest axis of the placenta (that includes the insertion of the

umbilical cord); left, center, and right sections. Based on the sections,

1cm on either side of the cord insertion point and 1cm from the

periphery of the placenta was collected as illustrated in the schematic in

Figure 2. Six 1cm3 pieces per section were collected, snap-frozen, and

stored at -80°C until further processing. For tissue fixation, mirrored

excised tissues were collected in 10% neutral buffered formalin (NBF)

that offers a stable pH level essential for maintaining tissue integrity and

prevents the formation of formalin pigment.
Tissue processing for histopathological
malaria diagnosis

Portions of the fixed tissues were grossed and placed into a well-

labeled tissue processing cassette and further fixed in NBF for about an

hour. The tissue portions in the cassette were dehydrated in ascending

grades of ethanol (60%, 70%, 80% and 90%) for 90minutes. They were

then placed in three changes of absolute ethanol to achieve full

dehydration. After dehydration, the tissues were cleared in two

changes of xylene and transferred into molten paraffin wax at a

melting temperature of 56°C. Infiltration was carried out for 2 hours.

For paraffin embedding, an embedder (GST-32AGOPC6172F1ZL,

IndiaMART, Kerala, India) was used to form the tissue blocks. The

blocks were trimmed and 5µm thick of tissues were sectioned and

mounted onto well labeled glass slides. Subsequently, the slides were air

dried, heat fixed and stained using standard hematoxylin and eosin

(H&E) stains and Giemsa. The sections were examined under a light

microscope for detection of trophozoites or parasitized erythrocyte,
Frontiers in Immunology 04
hemozoin, pigmentation, knotting, and vasculitis among other defining

parameters as previously described (23, 24). Placental malaria was

defined as the presence of P. falciparum parasite (trophozoite), malaria

pigment, or the presence of hemozoin in the intervillous space.

Representative placental images depicting the stained sections, and

the observed infection status are shown in Figure 3.
Malaria diagnosis by PCR

DBS samples were prepared by spotting a drop of whole

placental blood onto Whatman filter papers (GE/Whatman, Kent,

UK), air-dried for at least six hours, preserved individually in clean

zippered plastic bags with silica gel, and stored at -80°C freezer until

DNA extraction. Three uniform-sized punches of approximately

6mm diameter were excised from the dried blood spots and total

DNA was extracted using QIAamp DNA Mini Kit (QIAgen,

Hilden, GERMANY) following the manufacturer’s instructions.

For greater detection sensitivity, nested PCR for the Plasmodium

mitochondrial cytochrome c oxidase III (cox3) gene was performed

as described by Isozumi et al. (25). Briefly, the primary PCR was

carried out in a 25µL reaction containing 5µL of template DNA,

0.4mM plasmodium-genus specific primer set and 12.5 µL of the

GoTaq Green Master Mix (Promega, Madison, WI, USA). Cycling

conditions comprised of an initial activation at 94°C for 2 min,

followed by 35 cycles at 94°C for 20 sec, 63°C for 1 min 30 sec, and a

final extension step at 63°C for 5 min. The primary PCR product

was diluted 1:50 with sterile water and used as a template for the

secondary PCR. The reaction mixture for the secondary PCR

consisted of a 25µL volume containing 1µL of the diluted PCR

product, 0.4uM falciparum species-specific primer set, and 12.5 µL
FIGURE 2

Cross sectional representation of the maternal placenta indicating the sampling criteria of the three quadrats from which the six tissue blocks
(A-F) were obtained. 1gm tissue from the blocks was excised and used for varying downstream analyses such as flow cytometry and gene
expression profiling which were done simultaneously. The tissues were minced and enzymatically digested to retrieve total immune cells. For
histology, a single slide from each of the blocks was used and the results harmonized.
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of the GoTaq Green Master Mix. Cycling conditions comprised of

an initial denaturation at 95°C for 2 min, followed by 25 cycles at

95°C for 20 sec, 56°C for 1 min 30 sec, and a final extension at 56°C

for 5 min. All amplifications were performed on the Applied

Biosystems MiniAmp Plus Thermal Cycler (Thermo Fisher

Scientific, Waltham, MA, USA). Amplification products were

analyzed by electrophoresis in 2% agarose gel.
Isolation of placental leukocytes

Maternal leukocytes were isolated from the tissue using

previously described protocols (26, 27) with modifications.

Briefly, the six tissue blocks previously sampled and stored, three

from each quadrat were thawed on ice and washed with 1X PBS

(phosphate-buffered saline). From each block of tissue,

approximately 1-gram plugs were excised using a scalpel. The

tissues were then placed on petri dish, cut and minced as
Frontiers in Immunology 05
possible. The minced tissue was enzymatically digested at 37°C

with gentle agitation in 2 series of digestion solutions containing;

RPMI 1640 media supplemented with 1% penicillin-streptomycin

and 1M HEPES buffer (R0), 1% 12.5mM DNase DNase I, and

10mg/mL collagenase II (SIGMA). The cell suspension was filtered

through 100 mm strainers into 15mL tubes containing FBS,

pelleted, resuspended in R0 containing 10% FBS (R10), layered

onto 5mL of histopaque, centrifuged at 1000Xg for 20 min without

brake and acceleration to collect mononuclear cells. A proportion of

the cells were assayed for cell surface markers and from the rest of

the cells, macrophages were isolated for downstream application.
Immunophenotyping

Total cell counts were performed prior to staining. The isolated

cells were stained with various surface markers, at 1:50 or 1:100

antibody concentrations, in 1XPBS for 30 min at 4°C protecting
FIGURE 3

Representative images of placentas stained with Giemsa (Upper deck) and H&E (Lower deck), demonstrating histological evidence of P. falciparum
infection in panels (A, B) Uninfected placentas are shown in panels (C, D) Black arrows indicate infected erythrocytes (iRBC), while orange arrows
highlight the presence of pigment. In the uninfected placentas (C, D), there are no infected RBCs nor presence of pigment. Images were taken at
100X magnification.
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from light. BD® CompBeads were used for single-color

compensation controls. The antibodies included CD68-PE/BV421,

CD80-PECy5/PECy7, CD86-APC/PECy5, CD206-PECy7, CD209-

FITC, CD163-FITC. In this study, CD68 was applied as a pan

macrophage marker (28–30) and CD80 and CD86 as markers for

M1-like polarized macrophages. CD206 and CD209 or CD163 were

utilized to the M2-like sub-population (14, 17, 31, 32). After

staining, the cells were washed with PBS to remove excess

antibody resuspended in 0.3 ml stain PBS and acquired using the

BD LSR II Flow Cytometer (BD Biosciences) and BD FACSDiva 6.0

software (BD Biosciences). Data obtained was analyzed by FlowJo

version 10. During cell gating the cells were initially selected by size

using FCS and SSC. The gating strategy included the exclusion of

doublets and dead cells, and accounting for specific signal by using

unstained samples and FMOs as negative control for each antibody.
Isolation of macrophages and quantitative
RT-PCR

Macrophages were isolated from the remaining portion of the

isolated mononuclear cells by positive selection using Dynabeads

precoated with anti-CD14 antibody (Invitrogen) following

manufacturer’s instructions. The cells were then lysed directly,

and total RNA extracted using RNeasy kit (QIAGEN, Hilden

Germany) as per standard manufacturer’s protocol. The integrity

of the purified RNA was assessed by spectrometry. To investigate

expression levels of the target genes (STAT-1, IRF-5, STAT-6, c-Maf,

ANG-1. ANG-2, and VEGF), purified RNA samples were first

converted to cDNA by the heat-sensitive FastKing gDNA

dispelling RT Supermix kit (Tiagen), and qRT-PCR performed

using primers for the selected targets (Supplementary Table S1)

and Evagreen HRM analysis kit (Tiagen) on the Rotor gene 2plex

Real-time PCR cycler (QIAGEN, Rotor, Hilden, Germany). The

amplifications were carried out for 42 cycles (10 sec at 95°C and 20

sec at 60°C and 30 secs at 72°C) and the melt was done at 72°C. At

least 3 technical replicates were analyzed for all comparisons.

Differential expression was calculated via the DDCT method (33).

Expression was normalized using the mean CT of the housekeeping

gene, GAPDH.
Statistical analysis

The statistical analyses were conducted using GraphPad Prism

version 9.5.1 (GraphPad Software, San Diego, CA) and R software

package version 4.1.3. Data was first tested for normal distribution

using Kolmogorov-Smirnov test ahead of the comparisons. For

pairwise comparisons, normally distributed data was compared by

t-test, while for data not following a normal distribution the Mann-

Whitney U test was used. For multiple comparisons, ANOVA and

Kruskal-Wallis tests were utilized for normally and non-normally

distributed data respectively. Multivariate analysis was employed to

adjust for potential confounders, including age, gravidity and IPTp

usage. Findings with p-values < 0.05 were considered significant.
Frontiers in Immunology 06
Results

Characteristics of the study participants

The placental infection was investigated by histology and PCR.

Selection of samples from the sixty-six participants was based on

the quality of prepared sections for histology and quality of DBS for

PCR. Evidence of PM was observed in 26 (44.1%) and 27 (46.6%) by

histopathology and PCR respectively (Table 1). Malaria had no

influence on gravidity, term of delivery, birth weight and

hemoglobin levels, both when stratified by histopathology and

PCR. However, when stratification of infection status was done by

PCR only, infected mothers were significantly younger (P=0.037).

Most women received intermittent preventive therapy (IPTp),

which has previously been shown to significantly reduce maternal

and placental infections (34, 35). The average dose of IPTp received

in malaria-infected pregnant women did not differ from that of

malaria-uninfected women (Table 1). Nevertheless, stratification by

histopathology revealed that malaria infection was associated with

urinary tract infection (UTI) (Table 1). It is plausible that an

increase in systematic inflammatory burden orchestrated by UTIs

could increase the risk of contracting malaria.
Quantification of M1 and M1 macrophages
by flow cytometry

To assess macrophage polarization in the placenta, we

examined the distribution of macrophage populations by flow

cytometric analysis of the isolated total immune cells. The gating

strategy is illustrated in Supplementary Figure S1. We defined

CD68+CD80+ and CD68+CD86+ cells as M1 macrophages, and

CD68+CD206+ and CD68+CD209+ or CD68+CD163+ cells as

M2 macrophages). There was no significant difference in the

proportion of total macrophages, regardless of subtype (CD68+

only), between placentas from uninfected and infected women

(Figure 4A). However, when infection was stratified by PCR total

macrophages markedly decreased in placentas from women with

malaria (Figure 4B). Decrease in the number of macrophages has

also been observed in other placental pathologies involving

infections (36, 37). For the targeted macrophage populations,

the frequencies of both M1 macrophages, (Figure 4C) and M2

macrophages, (Figure 4D), did not show any difference in their

distribution between the two groups but when compared against

each other, M2 macrophages were significantly higher than their

M1 counterparts in general (Supplementary Figures S2).
Analysis of gene expression in decidual
macrophages by RT-PCR

We also interrogated PM’s influence on the transcriptional

regulation of macrophage activation, by examining the gene

expression levels of key transcription factors. Real time PCR was

used to quantify the relative expression of STAT-1 and IRF-5,
frontiersin.org
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critical transcription factors for M1 polarization, and STAT-6 and c-

Maf, salient factors for M2 polarization, in placental macrophages,

and compared between malaria positive and negative women.

Variable levels of each factor were observed within each group

(Figure 5). The expression levels of any given transcription factor

except STAT-6 did not differ significantly but had a trend toward

decreased expression in malaria positive women. For STAT-6, there

was a significant decrease (P = 0.0116) in malaria positive women

compared to malaria negative women (Figure 5B), corroborating

the role of this factor in pathogenesis of human malaria (38). Since

angiogenesis is important for the development of placental vascular
Frontiers in Immunology 07
network, we further investigated how PM impacts the levels of

angiogenic factors expressed in the decidual macrophages. Among

angiogenic factors, the relative expression of ANG-1, ANG-2 and

VEGF (key mediators of angiogenesis) was quantified by RT-PCR

(Figure 6). We observed generally low detectable relative expression

levels of VEGF across malaria infection status and lower expression

levels of ANG-1 and ANG-2 in malaria positive pregnancies than

their negative counterparts, but only statistically significant in

ANG-1 (P=0.0396) (Figure 6A) Similar findings have been

described in the systemic circulation of malaria infected pregnant

women, in other populations (39).
FIGURE 4

Phenotypic profile of the placental macrophage subsets. A comparison of the general macrophage population (CD68) when stratification is by
histology (A) (P=0.5586) and by PCR (B) (P=0.0020) is shown, while subset specific distribution comparison is depicted in (C, D). Mann-Whitney U
and student’s t tests were used for evaluating differences among the two groups.
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Sensitivity analysis

Given the low concordance observed between PCR and histology

results (Supplementary Table S2), possibly due to differences in the

sensitivity and specificity of the tests, the high rate of past infections

detected in the participants by histological findings, the presence of

submicroscopic infections, or the persistence of parasite DNA

following clearance in cases of placental malaria (40, 41), our

primary analyses were based on malaria diagnosis by histology.

To address these discrepancies, alternative sensitivity analyses based

on stratification by PCR, have been reported in Supplementary Figures

S3-S7. The results were tallying with those generated using the

primary analysis whereby the cell surface marker analysis

(Supplementary Figures S2, S3), showed similar patterns and gene

expression analysis (Supplementary Figures S4-S6), depicted trends

toward simar patterns in the comparison of the different parameters

with disease statusDiscussion.

The role of macrophages in the pathophysiology of pregnancy

complications such as preeclampsia, gestational diabetes and villitis

has been well documented (16, 42–44). However, there is a paucity

of this information for other common complications including
Frontiers in Immunology 08
maternal infections like placental malaria. The main objective of

this study was to characterize the functional phenotypes of

macrophages in the decidua that may be associated with malaria

infection in the placenta. To our knowledge, this is the first study

evaluating the characteristics of placental macrophages in the

context of placental malaria. The phenotypic, transcription, and

angiogenic profiles of decidual macrophages was measured and

compared between women who were positive for placental malaria

infection and those who were not infected.

Placental infections can significantly impact pregnancy

outcomes for both the mother and child since the placenta acts

as a critical bridge between the mother and the developing fetus,

mediating the transfer of nutrients, gases, and waste (45). An

infected placenta triggers a host of inflammatory responses that

may disrupt the normal immune balance consequently leading to

poor placental function (2, 3, 46–48). It has been established that a

major component of the inflammatory response to PM is the

dense accumulation of intervillous inflammatory cells that mainly

constitute macrophages (12, 47, 49). These macrophages are

considered cardinal conveyors of protective immunity to the

infection and have been shown to be effective in phagocytosing
FIGURE 5

Comparison of transcription factor gene expression in placental macrophages based on qRT-PCR. (A) Analysis of STAT-1 and IRF5, representing M1
transcription factors and, (B) analysis of STAT-6 and cMaf, representing M2 transcription factors is illustrated. Data shown depicts the mean values of
triplicates with values reported relative to the house-keeping gene, GAPDH. The 2ˆ (–delta delta CT) method was used for quantification of fold
change. Statistical significance among the groups was assessed using Mann-Whitney U and student’s t-test.
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parasite derived material and contributing to parasite clearance

(50, 51). It is thus conceivable that the local immune response is

deviated from the anti-inflammatory pregnancy norm, toward a

pro-inflammatory bias during PM infection impacting the adverse

outcomes. A fine balance between protection from infection and

protection from the negative effects of the pro-inflammatory

response is paramount to ameliorate pregnancy outcomes

during placental malaria infection. Macrophages, being one of

the major players of the immune response to PM, present a unique

cell population in that they have a distinct plasticity that confers

them the capacity to exhibit opposing polarized functions (both

pro-inflammatory and anti-inflammatory) which can be exploited

to achieve this balance (52). It is thus important to understand the

dynamics of macrophage characteristic features during placental

malaria to decode how they can be manipulated and modulated to

elicit favorable responses.

In this study of placental malaria in pregnant women living in a

malaria endemic zone of western Kenya, infected and uninfected

women had similar epidemiological and clinical characteristics.

Gravidity, gestational age, newborn birth weight and hemoglobin

levels were not significantly different between the two groups of

women. Additionally, these variables did not appear to predict

malaria infection in this cohort (Supplementary Table S2). These

findings may be a positive reflection of Kenya’s IPTp policy which

recommends provision of intermittent preventive treatment for

malaria in pregnancy with sulfadoxine-pyrimethamine (IPTp-SP)

during antenatal care visits in malaria-endemic zones (45) as

illustrated by the similar mean dosage of IPTp between the

infected and uninfected groups. Coupled with prompt diagnosis

and effective treatment policies, these women might not experience

the adverse consequences of pregnancy associated malaria.

Intricately, when stratification of participants was based on malaria

diagnosis by PCR, we observed that infected cases were significantly

younger as is expected in high malaria transmission areas where

women of lower reproductive age have low acquired immunity (53).

While PCR is sensitive in detecting parasite nucleic acids, it does not

distinguish those of a residual non-viable sequestered parasite origin,

from those of a viable one (54).Moreover, histopathology analysis
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revealed that most infections detected were past infections due to the

number of hemozoin pigment observed. Accordingly, for our study,

comparison of inflammatory responses was premised on histology as

it is the reference standard for placental malaria infection.

We observed that placental malaria did not influence an

imbalance between pro- and anti-inflammatory macrophages

based on the surface marker expression. Both single marker-

(CD80 or CD86 and CD206 or CD163/CD209) and double

marker- (CD80 +CD86 and CD206+CD163/CD209) expression

employed for the dichotomy of M1 and M2 phenotype

respectively, showed equal distribution of the cell populations

between the infected and uninfected placentas. We posit that

because the activation status of macrophages is a consequence of

swift response to environmental cues, the timing of sampling, which

can only happen after delivery, may misrepresent the earliest events

in the infection process especially because majority of the infections

in our study were past infections, as defined by the rationale for

histological classifications of PM, previously reported (49). In this

setting it is possible that after a heightened pro-inflammatory

response during the active infection, with M1 macrophages being

predominant (and the parasite density is lowered), an anti-

inflammatory response with predominating M2 macrophage

ensues in an attempt to restore the maternal-fetal tolerance that is

essential to maintain pregnancy. This is illustrated by the

significantly higher M2 macrophages, when compared to M1,

independent of malaria infection status (Supplementary Figure

S2). This hypothesis is consistent with prior reports on placental

macrophages in symptomatic placental malaria (55) and

monocytes/macrophages in asymptomatic peripheral malaria (56).

The molecular basis of the observed phenotypic features was

further explored by analyzing the transcription regulatory pathways

that may be involved in the maternal macrophage immune

response. Comparison of the relative expression levels of the

transcription factors; STAT-1 and IRF-5 (M1 macrophages) and

STAT-6 and c-Maf (M2 Macrophages), between PM-positive and

PM-negative placentas showed a trend toward lower expression for

both M1- and M2-macrophage associated factors in infected

placentas, with only statistical significance in the levels of STAT-6
FIGURE 6

Gene expression analysis of angiogenic factors in placental macrophages. ANG-1 (A) ANG-2 (B) and VEGF (C) expression was determined by qRT-
PCR, using samples ran in triplicates and the mean values used for quantification. All values are reported relative to the house-keeping gene GAPDH.
To assess the significance in expression levels between the groups, Mann-Whitney U and student’s t-test were employed.
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expression. These data indicate that transcriptional regulation alone

is not responsible for the phenotypic characterization of these

macrophages and other factors including the nutritional status of

these cells, re-infection history of participants and other factors

associated with malaria transmission (eg microbiota composition,

co-infection history), could play additional roles. Noteworthy,

however, the significantly lower levels of STAT-6 in the infected

placentas could signify another importance of the STAT-6 pathway

as an essential player in IgE synthesis. IgE antibodies have been

shown to have a pathologic role in malaria infection (57) and STAT-

6 has been implicated in malaria pathogenesis, shown to influence

severity of the disease (38). Therefore, a decreased expression of this

gene could be indicative of a hushed inflammatory response,

consistent with our earlier observations.

Additionally, we assessed whether PM could have an impact on

regulation of the angiogenic pathway in placental macrophages,

essential for placental vascular development. Similar to findings

reported by other researchers (39, 58, 59), our data demonstrate

that the relative expression level of the key angiogenic factor ANG-1

was significantly lower in malaria infected placentas. In areas of

high malaria transmission, decreased levels of peripheral and

placental ANG-1 have been associated with detrimental effects

including the occurrence of low birthweight (58). In our study, no

association with birth weight was observed. There was no difference

in the expression levels of ANG-2 and VEGF between infected and

uninfected placentas. The overall impact of PM in inflammatory

and angiogenic pathways was relatively low in our study probably

owing to the readily available IPTp-SP and diagnosis and treatment

during the course of pregnancy as indicated by the large proportion

of the infections being past infections.

A limitation of our study was its cross-sectional design, which

prevented accurately assessing the participants’ medical histories,

potentially introducing confounding factors. In addition, as an ex

vivo study mainly characterizing the functional phenotypes of

decidual macrophages we did not show functional responses

associated with the observations and are thus limited in

integrating the effects unequivocally. Future studies that take into

account the whole set of variables related to malaria transmission

and elucidate the functional consequence of the cellular subsets

could provide a more definitive assessment. Furthermore, a more

integrated approach consisting of the study of macrophage cell

populations in malaria infected human placenta by single cell

sequencing, in combination with other techniques like spatial

transcriptomic that can allow characterization of gene signature

of these cells in their local space and microenvironment could lead

to more understanding of various interactions and mechanisms

involved. To provide a comprehensive analysis of the effect of the

stimulus from malaria infection on the transcription factors it could

also be interesting to interrogate their phospho-activation states.
Conclusion

This study underscores the critical role of placental macrophages

in malaria infection, revealing previously underappreciated
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dysregulation in immune signatures and angiogenesis following

placental malaria. While other placental immune cells may

contribute to the disease, macrophages stand out as key players

due to their plasticity, phagocytic capabilities, and potential as

therapeutic targets. Our findings highlight the need for further

research into macrophage-based strategies for managing placental

malaria, such as modulating STAT-6 expression to support

pregnancy and boosting ANG-1 to promote vascularization. By

targeting these specific macrophage subsets, future therapeutic

interventions may offer promising avenues for improving maternal

and fetal outcomes in malaria-endemic regions.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by Institutional

Scientific and Ethical Review Committee (ISERC)-Mount Kenya

University (MKU) Scientific and Ethics Review Unit (SERU)

-Kenya Medical Research Institute (KEMRI). The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study.
Author contributions

FO: Methodology, Writing – review & editing, Data curation,

Formal analysis, Investigation. CK: Conceptualization, Data

curation, Funding acquisition, Investigation, Methodology,

Supervision, Writing – original draft, Writing – review & editing,

Formal analysis. OA: Writing – review & editing, Data curation.

EW: Writing – review & editing, Methodology. OJ: Supervision,

Writing – review & editing. SN: Writing – review & editing,

Supervision. AE: Writing – review & editing, Supervision. BK:

Writing – review & editing, Data curation, Writing – original

draft, Formal analysis. JG: Writing – review & editing, Data

curation, Formal analysis.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was funded by the Capacity Development Fellowship (CDF) from

European and Development Countries Clinical Trial Partnership

(EDCTP2) program supported by the European Union grant

number TMA2018CDF-2385-MPiMP. BK was supported by

Terumo Life Science Foundation.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1497936
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Owino et al. 10.3389/fimmu.2025.1497936
Acknowledgments

We acknowledge the support of Belindah Kibii, Dr. Lucy

Mwangi, Edel Onditi, Matrona Akiso, Patrick Mwaura, in the

technical aspect of the research, and the staff of the maternity

clinic at Webuye County Referral Hospital in collection of samples.

We are also grateful to the mothers who participated in this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 11
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1497936/

full#supplementary-material
References
1. World Health Organization.WHO Guidelines for malaria. Geneva: World Health
Organization (2023). Available online at: https://iris.who.int/handle/10665/366432.

2. Fried M, Duffy PE. Malaria during pregnancy. Cold Spring Harb Perspect Med.
(2017) 7. doi: 10.1101/cshperspect.a025551

3. Rogerson SJ, Ordi J. Pathology and pathophysiology of placental malaria.
Encyclopedia Malaria. (2015). doi: 10.1007/978-1-4614-8757-9_65-1

4. Abrams ET, Brown H, Chensue SW, Turner GD, Tadesse E, Lema VM, et al. Host
response to malaria during pregnancy: placental monocyte recruitment is associated
with elevated beta chemokine expression. J Immunol. (2003) 170:2759–64.
doi: 10.4049/jimmunol.170.5.2759

5. Salih MM, Mohammed AH, Mohmmed AA, Adam GK, Elbashir MI, Adam I.
Monocytes and macrophages and placental malaria infections in an area of unstable
malaria transmission in eastern Sudan. Diagn Pathol. (2011) 6:83. doi: 10.1186/1746-
1596-6-83

6. Chua CLL, Khoo SK, Ong JL, Ramireddi GK, Yeo TW, Teo A. Malaria in
pregnancy: from placental infection to its abnormal development and damage. Front
Microbiol. (2021) 12:777343. doi: 10.3389/fmicb.2021.777343

7. Okamgba OC, Ifeanyichukwu MO, Ilesanmi AO, Chigbu LN. Variations in the
leukocyte and cytokine profiles between placental and maternal circulation in
pregnancy-associated malaria. Res Rep Trop Med. (2018) 9:1–8. doi: 10.2147/
RRTM.S137829

8. Bouyou-Akotet MK, Kombila M, Kremsner PG, Mavoungou E. Cytokine profiles
in peripheral, placental and cord blood in pregnant women from an area endemic for
Plasmodium falciparum. Eur Cytokine Netw. (2004) 15:120–5.

9. Suguitan AL Jr, Cadigan TJ, Nguyen TA, Zhou A, Leke RJ, Metenou S, et al.
Malaria-associated cytokine changes in the placenta of women with pre-term deliveries
in Yaounde, Cameroon. Am J Trop Med Hyg. (2003) 69:574–81. doi: 10.4269/
ajtmh.2003.69.574

10. Strizova Z, Benesova I, Bartolini R, Novysedlak R, Cecrdlova E, Foley LK, et al.
M1/M2 macrophages and their overlaps - myth or reality? Clin Sci (Lond). (2023)
137:1067–93. doi: 10.1042/CS20220531

11. Zenclussen AC, Hammerling GJ. Cellular regulation of the uterine
microenvironment that enables embryo implantation. Front Immunol. (2015) 6:321.
doi: 10.3389/fimmu.2015.00321

12. Ordi J, et al. Placental malaria is associated with cell-mediated inflammatory
responses with selective absence of natural killer cells. J Infect Dis. (2001) 183:1100–7.
doi: 10.1086/jid.2001.183.issue-7

13. Yao Y, Xu XH, Jin L. Macrophage polarization in physiological and pathological
pregnancy. Front Immunol. (2019) 10:792. doi: 10.3389/fimmu.2019.00792

14. Ning F, Liu H, Lash GE. The role of decidual macrophages during normal and
pathological pregnancy. Am J Reprod Immunol. (2016) 75:298–309. doi: 10.1111/
aji.2016.75.issue-3

15. Schliefsteiner C, Peinhaupt M, Kopp S, Lögl J, Lang-Olip I, Hiden U, et al.
Human placental hofbauer cells maintain an anti-inflammatory M2 phenotype despite
the presence of gestational diabetes mellitus. Front Immunol. (2017) 8:888.
doi: 10.3389/fimmu.2017.00888

16. Schonkeren D, van der Hoorn ML, Khedoe P, Swings G, van Beelen E, Claas F,
et al. Differential distribution and phenotype of decidual macrophages in preeclamptic
versus control pregnancies. Am J Pathol. (2011) 178:709–17. doi: 10.1016/
j.ajpath.2010.10.011
17. Vishnyakova P, Elchaninov A, Fatkhudinov T, Sukhikh G. Role of the monocyte-
macrophage system in normal pregnancy and preeclampsia. Int J Mol Sci. (2019) 20.
doi: 10.3390/ijms20153695

18. Gustafsson C, Mjösberg J, Matussek A, Geffers R, Matthiesen L, Berg G, et al.
Gene expression profiling of human decidual macrophages: evidence for
immunosuppressive phenotype. PloS One. (2008) 3:e2078. doi: 10.1371/
journal.pone.0002078

19. Medvedeva GF, Kuzmina DO, Nuzhina J, Shtil AA, Dukhinova MS. How
macrophages become transcriptionally dysregulated: A hidden impact of antitumor
therapy. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22052662

20. De Falco S. The discovery of placenta growth factor and its biological activity.
Exp Mol Med. (2012) 44:1–9. doi: 10.3858/emm.2012.44.1.025

21. Hagen AS, Orbus RJ, Wilkening RB, Regnault TR, Anthony RV. Placental
expression of angiopoietin-1, angiopoietin-2 and tie-2 during placental development in
an ovine model of placental insufficiency-fetal growth restriction. Pediatr Res. (2005)
58:1228–32. doi: 10.1203/01.pdr.0000185266.23265.87

22. Roberts VH, Gaffney JE, Lewandowski KS, Schabel MC, Morgan TK, Frias AE. A
standardized method for collection of human placenta samples in the age of functional
magnetic resonance imaging. Biotechniques. (2019) 67:45–9. doi: 10.2144/btn-2019-
0029

23. Muehlenbachs A, Fried M, McGready R, Harrington WE, Mutabingwa TK,
Nosten F, et al. A novel histological grading scheme for placental malaria applied in
areas of high and low malaria transmission. J Infect Dis. (2010) 202:1608–16.
doi: 10.1086/656723

24. Souza RM, Ataıd́e R, Dombrowski JG, Ippólito V, Aitken EH, Valle SN, et al.
Placental histopathological changes associated with Plasmodium vivax infection during
pregnancy. PloS Negl Trop Dis. (2013) 7:e2071. doi: 10.1371/journal.pntd.0002071

25. Isozumi R, Fukui M, Kaneko A, Chan CW, Kawamoto F, Kimura M. Improved
detection of malaria cases in island settings of Vanuatu and Kenya by PCR that targets
the Plasmodium mitochondrial cytochrome c oxidase III (cox3) gene. Parasitol Int.
(2015) 64:304–8. doi: 10.1016/j.parint.2014.09.006

26. Mezouar S, Ben Amara A, Chartier C, Gorvel L, Mege JL. A fast and reliable
method to isolate human placental macrophages. Curr Protoc Immunol. (2019) 125:
e77. doi: 10.1002/cpim.v125.1

27. Xu Y, Plazyo O, Romero R, Hassan SS, Gomez-Lopez N. Isolation of leukocytes
from the human maternal-fetal interface. J Vis Exp. (2015) 99):e52863. doi: 10.3791/
52863-v

28. Ingman K, Cookson VJ, Jones CJ, Aplin JD. Characterisation of Hofbauer cells in
first and second trimester placenta: incidence, phenotype, survival in vitro and motility.
Placenta. (2010) 31:535–44. doi: 10.1016/j.placenta.2010.03.003

29. Kolben TM, Rogatsch E, Vattai A, Hester A, Kuhn C, Schmoeckel E, et al.
PPARgamma expression is diminished in macrophages of recurrent miscarriage
placentas. Int J Mol Sci. (2018) 19. doi: 10.20944/preprints201805.0351.v1

30. Lasch M, Sudan K, Paul C, Schulz C, Kolben T, Dorp JV, et al. Isolation of
decidual macrophages and hofbauer cells from term placenta-comparison of the
expression of CD163 and CD80. Int J Mol Sci. (2022) 23. doi: 10.3390/ijms23116113

31. Kammerer U, Eggert AO, Kapp M, McLellan AD, Geijtenbeek TB, Dietl J, et al.
Unique appearance of proliferating antigen-presenting cells expressing DC-SIGN
(CD209) in the decidua of early human pregnancy. Am J Pathol. (2003) 162:887–96.
doi: 10.1016/S0002-9440(10)63884-9
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1497936/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1497936/full#supplementary-material
https://iris.who.int/handle/10665/366432
https://doi.org/10.1101/cshperspect.a025551
https://doi.org/10.1007/978-1-4614-8757-9_65-1
https://doi.org/10.4049/jimmunol.170.5.2759
https://doi.org/10.1186/1746-1596-6-83
https://doi.org/10.1186/1746-1596-6-83
https://doi.org/10.3389/fmicb.2021.777343
https://doi.org/10.2147/RRTM.S137829
https://doi.org/10.2147/RRTM.S137829
https://doi.org/10.4269/ajtmh.2003.69.574
https://doi.org/10.4269/ajtmh.2003.69.574
https://doi.org/10.1042/CS20220531
https://doi.org/10.3389/fimmu.2015.00321
https://doi.org/10.1086/jid.2001.183.issue-7
https://doi.org/10.3389/fimmu.2019.00792
https://doi.org/10.1111/aji.2016.75.issue-3
https://doi.org/10.1111/aji.2016.75.issue-3
https://doi.org/10.3389/fimmu.2017.00888
https://doi.org/10.1016/j.ajpath.2010.10.011
https://doi.org/10.1016/j.ajpath.2010.10.011
https://doi.org/10.3390/ijms20153695
https://doi.org/10.1371/journal.pone.0002078
https://doi.org/10.1371/journal.pone.0002078
https://doi.org/10.3390/ijms22052662
https://doi.org/10.3858/emm.2012.44.1.025
https://doi.org/10.1203/01.pdr.0000185266.23265.87
https://doi.org/10.2144/btn-2019-0029
https://doi.org/10.2144/btn-2019-0029
https://doi.org/10.1086/656723
https://doi.org/10.1371/journal.pntd.0002071
https://doi.org/10.1016/j.parint.2014.09.006
https://doi.org/10.1002/cpim.v125.1
https://doi.org/10.3791/52863-v
https://doi.org/10.3791/52863-v
https://doi.org/10.1016/j.placenta.2010.03.003
https://doi.org/10.20944/preprints201805.0351.v1
https://doi.org/10.3390/ijms23116113
https://doi.org/10.1016/S0002-9440(10)63884-9
https://doi.org/10.3389/fimmu.2025.1497936
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Owino et al. 10.3389/fimmu.2025.1497936
32. Mezouar S, Katsogiannou M, Ben Amara A, Bretelle F, Mege JL. Placental
macrophages: Origin, heterogeneity, function and role in pregnancy-associated
infections. Placenta. (2021) 103:94–103. doi: 10.1016/j.placenta.2020.10.017

33. Qiu Q, Li Y, Fan Z, Yao F, Shen W, Sun J, et al. Gene expression analysis of
human papillomavirus-associated colorectal carcinoma. BioMed Res Int. (2020)
2020:5201587. doi: 10.1155/2020/5201587

34. Eisele TP, Larsen DA, Anglewicz PA, Keating J, Yukich J, Bennett A, et al.
Malaria prevention in pregnancy, birthweight, and neonatal mortality: a meta-analysis
of 32 national cross-sectional datasets in Africa. Lancet Infect Dis. (2012) 12:942–9.
doi: 10.1016/S1473-3099(12)70222-0

35. Radeva-Petrova D, Kayentao K, ter Kuile FO, Sinclair D, Garner P. Drugs for
preventing malaria in pregnant women in endemic areas: any drug regimen versus
placebo or no treatment. Cochrane Database Syst Rev. (2014) 10):CD000169.
doi: 10.1002/14651858.CD000169.pub3

36. Vinnars MT, Rindsjö E, Ghazi S, Sundberg A, Papadogiannakis N. The number
of CD68(+) (Hofbauer) cells is decreased in placentas with chorioamnionitis and with
advancing gestational age. Pediatr Dev Pathol. (2010) 13:300–4. doi: 10.2350/09-03-
0632-OA.1

37. Grieves JL, Hubbard GB, Williams JT, Vandeberg JL, Dick EJ Jr, López-
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