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Abstract

Immunometabolism research is uncovering the relationship between metabolic features and immune cell functions in physiologi-
cal and pathological conditions. Normal pregnancy entails a fine immune and metabolic regulation of the maternal-fetal interac-
tion to assist the energetic demands of the fetus with immune homeostasis maintenance. Here, we determined the
immunometabolic status of monocytes of pregnant women compared with nonpregnant controls and its impact on monocyte
anti-inflammatory functions such as efferocytosis. Monocytes from pregnant women (16—20 wk) and nonpregnant age-matched
controls were studied. Single cell-based metabolic assays using freshly isolated monocytes from both groups were carried
out in parallel with functional assays ex vivo to evaluate monocyte efferocytic capacity. On the other hand, various in vitro
metabolic assays with human monocytes or monocyte-derived macrophages were designed to explore the effect of tropho-
blast cells in the profiles observed. We found that pregnancy alters monocyte metabolism and function. An increased glu-
cose dependency and enhanced efferocytosis were detected in monocytes from pregnant women at resting states,
compared with nonpregnant controls. Furthermore, monocytes display a reduced glycolytic response when stimulated with li-
popolysaccharide (LPS). The metabolic profiling of monocytes at this stage of pregnancy was comparable with the immuno-
metabolic phenotypes of human monocytes treated in vitro with human first trimester trophoblast cell conditioned media.
These findings suggest that immunometabolic mechanisms are involved in the functional shaping of monocytes during preg-
nancy with a contribution of trophoblast cells. Results provide new clues for future hypotheses regarding pregnancies com-
plicated by metabolic disorders.

NEW & NOTEWORTHY Immunometabolism stands as a novel perspective to understand the complex regulation of the immune
response and to provide small molecule-based therapies. By applying this approach to study monocytes during pregnancy, we
found that these cells have a unique activation pattern. They rely more on glycolysis and show increased efferocytosis/IL-10 pro-
duction, but they do not have the typical proinflammatory responses. We also present evidence that trophoblast cells can shape
monocytes into this distinct immunometabolic profile.

immunometabolism; monocytes; pregnancy; trophoblast soluble factors

INTRODUCTION

Immune and metabolic regulation of the maternal-fetal
interaction characterizes early human pregnancy, assisting
the energetic demands of the fetus with immune homeostasis
maintenance. From embryo implantation until finishing pla-
centation by about week 18, concurrent processes such as the
sustained recruitment of circulating monocytes to the uterus,
an extensive tissue remodeling, and increasing metabolic

demands of placental cells challenge immune and metabolic
homeostasis (1). Monocytes recruited to the pregnant uterus
differentiate into M2-like decidual macrophages under the
control of extravillous trophoblast cells (2, 3). Decidual macro-
phages contribute to vascular transformation, tissue repair,
and to restore immune homeostasis through anti-inflamma-
tory cytokine synthesis and the constant clearance of apopto-
tic bodies by efferocytosis (4). Various soluble factors released
by trophoblast cells have been identified for their ability to
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favor monocyte/macrophage recruitment, anti-inflamma-
tory profiles, and efferocytosis at early stages and term of
normal pregnancies (5-7). In line with this, defective pla-
centation associates with altered immune, vascular, and
trophoblast interaction, resulting in complicated pregnan-
cies that threaten maternal and neonatal health and
underlie metabolic programming of adult life (1, 3).

Over the past years, the novel standpoint of immunometabo-
lism has emerged and contributed with new hypotheses to
understand the regulation of the immune response and the fate
of immune cells in health and disease (8-14). Metabolic reprog-
ramming of monocytes and macrophages has been character-
ized in normal and pathologic conditions through newly
developed single-cell approaches (15-18). High levels of glycoly-
sis are a hallmark of inflammatory monocytes (17, 19) and also
characterize tolerogenic dendritic cells (DCs) (20). Regarding
pregnancy, differential metabolic reprogramming of human de-
cidual macrophages in normal versus recurrent pregnancy loss
has been recently reported using human first trimester placen-
tal samples and mouse pregnancy models (21, 22). However, the
immunometabolic profiling of human maternal circulating
monocytes during pregnancy has not been addressed so far,
neither a conditioning role of trophoblast cell factors.

The aim of this work was to characterize the metabolic
pathways active in circulating monocytes from pregnant
women at 16-20 wk in basal and ex vivo lipopolysaccharide
(LPS)-stimulated conditions and to deepen into the potential
mechanisms of metabolic reprogramming induced by human
first trimester trophoblast cells in vitro.

Using a recently developed “single-cell energetic metabo-
lism by profiling translation inhibition” (SCENITH) method
(17, 18, 20) suitable for human studies with small peripheral
blood samples, and various classical metabolic and functional
assays, we found that pregnancy reprograms monocyte me-
tabolism to higher glucose dependency and reduced capacity
of fatty acids and amino acids oxidation compared with
monocytes from nonpregnant control women. This profile
occurs in combination with a differential metabolic response
upon LPS stimulation, since LPS-stimulated monocytes
showed no changes in glycolytic and mitochondrial depend-
ency in the pregnant group in contrast to the nonpregnant
group where the characteristic higher glucose uptake and de-
pendency was observed. The metabolic reprogramming of
monocytes during pregnancy associates with higher efferocy-
tosis than the nonpregnant group. Evidence supporting the
contribution of trophoblast cell soluble factors to these differ-
ential metabolic and functional phenotypes is also presented.

MATERIALS AND METHODS

Patients

A population of 50 women (20-35 yr old) at their 16-20th
week of pregnancy under regular obstetric control and age-
matched nonpregnant women defined with similar social
and epidemiological criteria participated in this study after
signing an informed consent. Pregnant women with a diag-
nosis of hypertension, a body mass index (BMI) less than 18.5
or greater than 30 (WHO) before pregnancy, diabetics, with
positive serology for syphilis, hepatitis B, Chagas disease, toxo-
plasmosis, HIV, and/or with antiphospholipid antibodies were
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excluded. Peripheral blood samples were obtained and meta-
bolic and functional studies were carried out on monocytes ex
vivo according to protocols approved by the Ethical Committee
of the School of Dentistry (No. 20211157) and the Argentine
Society of Clinical Investigation (SAIC 317). Informed consent
was obtained from all subjects involved in the study.

Peripheral Blood Mononuclear Cells Purification and
Monocyte Isolation

Blood samples (10 mL) of pregnant women or age-
matched nonpregnant fertile volunteers were processed im-
mediately for peripheral blood mononuclear cells (PBMCs)
isolation through Ficoll Paque PLUS (GE Healthcare Cat. No.
17-1440-03). Monocytes from buffy coats of healthy women
volunteers were isolated by Ficoll Paque PLUS and Percoll
gradient (GE Healthcare, Cat. No. 17-5445-02) as described
previously (23). Cell population purity (>80%) was checked
by flow cytometry analysis with CD14 labeling as previously
described (6, 24) in a FACS Aria II cytometer (BD Biosciences
RRID:SCR_018091) using FlowJo software (FlowJo, RRID:
SCR_008520, http://www.flowjo.com).

Human Monocyte-Derived Macrophages

Monocytes were cultured in RPMI-1640 medium (Thermo
Fisher Scientific, Cat. No. 11875) supplemented with 10% fe-
tal bovine serum (FBS, Internegocios No. FRA) and 50 ng/mL
of human recombinant macrophage colony-stimulating fac-
tor (M-CSF, Miltenyi Biotec, Cat. No. 130-093-963) for 5 days
leading to MO macrophages.

SCENITH Analysis

SCENITH allows metabolic phenotyping of distinct cell
subsets in the same sample and required a low number of
cells. The SCENITH kit was obtained from http://www.
scenith.com (18), and cells were treated following the PBMC
protocol from the kit. PBMCs from 16 to 20th week of preg-
nancy or age-matched nonpregnant fertile women were
stimulated ex vivo or not with 100 ng/mL of LPS (Sigma-
Aldrich, Cat. No. L4391) for 20 min. After cell stimulation,
cells were treated for 30-45 min at 37°C with DMSO
(Control), 100 mM 2-deoxy-D-glucose (DG), 1 uM oligomycin
(0), or a sequential combination of the drugs (DGO) at the
final concentrations mentioned earlier. As a negative con-
trol, the translation initiation inhibitor harringtonine was
added 15 min before addition of puromycin (puro) (harring-
tonine, 1 pg/mL). Puro (10 ug/mL) is added during the last 30
min of the metabolic inhibitors treatment. Then, cells were
washed in cold PBS and stained with a combination of pri-
mary conjugated antibodies against surface markers for 25
min at 4°C in PBS 1x, 5% FBS, 2 mM EDTA (FACS wash
buffer). After washing, cells were fixed and permeabilized
using fixation and permeabilization buffer (Thermo Fisher
Scientific Cat. No. 00-8222-49 and Cat. No. 00-8333-56) fol-
lowing manufacturer instructions. Intracellular staining of
puro was performed incubating cells with a monoclonal
antibody anti-puro Alexa Fluor 647 for 1 h at 4°C. Data was
acquired in a FACS Aria II cytometer (BD Biosciences
RRID:SCR_018091) and analyzed using FlowJo software
(FlowJo, RRID:SCR_008520, http://www.flowjo.com). In
the present work, we analyzed translation levels of CD14 +
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cells (eBiosciences, Cat. No. 25-0149-42). The metabolic
CD14 + cells phenotyping is determined by analyzing the pro-
tein synthesis levels, measured as anti-puro mean fluorescence
intensity (MFI), in cells cultured in the presence of DG or/and
O metabolic inhibitors respect to control cells. Measurement of
anti-puro MFI after addition of inhibitors allowed for the
calculation of distinct metabolic parameters (Fig. 1A).
Glucose and mitochondrial dependency: proportion of pro-
tein synthesis (measured as anti-puro MFI) dependent on glu-
cose oxidation and oxidative phosphorylation (OXPHOS),
respectively. Glycolytic capacity and fatty acid and/or amino
acid oxidation (FAO/AAOQO) capacity indicate the maximum
potential of cells to sustain protein synthesis when OXPHOS
and glucose oxidation are inhibited, respectively (18).

Seahorse

Extracellular acidification rate (ECAR) was measured with
the XF Extracellular Flux Analyzer [Seahorse, Agilent (RRID:
SCR_013575)]. MO human monocyte-derived macrophages
(8.5 x 10*) were placed in XFp cell culture microplates and
stimulated for 18 h in RPMI-1640 supplemented with 2% FBS
with or without 100 ng/mL LPS and/or trophoblast condi-
tioned media (Tb-CM) obtained as described under First
Trimester-Derived Cell Conditioned Media. Media was replaced
for DMEM XF base (Millipore Sigma) supplemented with 2
mM glutamine (pH 7.4), and after 45 min at 37°C the plate
was loaded into Seahorse XFp extracellular flux analyzer.
ECAR was determined at the beginning of the assay and after
the sequential addition of 10 mM D-glucose, 1 uM oligomy-
cin, and 100 mM 2-DG. Values are expressed as mpH/min
and were normalized to cell number obtained by Incell anal-
ysis directly after each run.

Glucose Uptake

Mouse anti-human CD14 PE (BD Biosciences Cat. No.
347497, RRID:AB_400312) was added for 20 min in 2% FBS in
PBS at room temperature before or after stimulation with 100
ng/mL of LPS for 20 min or 18 h, respectively. Medium was
removed and cells were incubated with 100 pM 2-NBDG
(Thermo Fisher Scientific, Cat. No. N13195) for 5 min at 37°C,
5% CO, in glucose-free RPMI-1640 medium (Thermo Fisher
Scientific, Cat. No. 11879). Cells were washed with cold PBS
and resuspended in 2% FBS in PBS for flow cytometry analy-
sis. Data were acquired in a FACS Aria II cytometer (BD
Biosciences RRID:SCR_018091) and analyzed using FlowJo
software (FlowJo, RRID:SCR_008520, http://www.flowjo.com).

Long-Chain Fatty Acids Uptake

Cells were stained and stimulated as for glucose uptake
assay. BODIPY-FL C;, (Thermo Fisher Scientific, Cat. No.
D3822) is a 12-carbon chain length saturated fatty acid linked
to the fluorophore BODIPY (4,4-difluoro-3a,4a-diaza-s-inda-
cene), resembling a 18-carbon fatty acid (25). The probe was
preincubated with 0.1% fatty acid-free bovine serum albu-
min (FAF-BSA, Sigma-Aldrich, Cat. No. A8806) for 30 min at
37°C. Cells were washed twice with PBS and incubated with 5
uM BODIPY-FL Cy; solution in serum-free RPMI-1640 for 5
min at 37°C, 5% CO,. Cells were washed with 0.2% BSA,
resuspended in 2% FBS in PBS solution, and data were
acquired as for glucose uptake assay.
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Efferocytosis of Autologous Apoptotic Neutrophils

Neutrophils were isolated from peripheral blood autolo-
gous samples by Ficoll-Hypaque gradients and subsequent
Dextran purification (26). Spontaneous apoptotic neutro-
phils were obtained after 16-h incubation in RPMI-1640 and
stained with carboxyfluorescein succinimidyl ester (CFSE)
(Thermo Fisher Scientific Cat. No. 34554) as in the study by
Vota et al. (24). The percentage of apoptosis was 50% as deter-
mined by annexin-propidium iodide staining (BD Biosciences
Cat. No. 556547, RRID:AB_2869082) and flow cytometry detec-
tion. After isolation, monocytes (1 x 10°) were cultured in 24-
well polystyrene plates and conditioned for 20 h with RPMI-
1640 10% FBS, w/wo 100 ng/mL of LPS. For metabolic path-
ways inhibition, 10 mM 2-DG (Sigma-Aldrich, Cat. No. D6134)
and/or 100 nM rotenone (Sigma-Aldrich, Cat. No. R8875) were
added to control cells 90 min before efferocytosis assay.
Then, monocytes were challenged with apoptotic neutrophils
in a 1:10 ratio. After 1 h of incubation, monocytes were
washed with cold PBS, collected, stained with mouse anti-
human CD14-PeCy7 antibody (Thermo Fisher Scientific Cat.
No. 25-0149-42, RRID:AB_1582276), and the percentage of
CD14/CFSE double positive cells was analyzed by flow cytom-
etry, as described previously.

Lipid Droplets

Cells were treated as for glucose and LCFAs uptake, then
washed twice with PBS and incubated with a 2 uM BODIPY
493/503 (Thermo Fisher Scientific, Cat. No. D3922) fluores-
cent probe in PBS for 15 min at 37°C and 5% CO,. Cells were
washed with cold PBS, harvested with EDTA 2 mM, supple-
mented with 2% FBS, resuspended in 2% FBS in PBS solu-
tion, and flow cytometry was performed as described earlier.

ELISA

IL-10 and IL-1B cytokines were evaluated in cell super-
natants using commercial kits (BD Biosciences Cat. No.
555157, RRID:AB_2869031; BD Biosciences Cat. No. 557953,
RRID:AB_2869109), according to the manufacturer’s recom-
mendations.

First Trimester Trophoblast-Derived Cell Conditioned
Media

Trophoblast cells [First trimester human trophoblast cell
lines Swan 71 (RRID:CVCL_D855) or HTR-8/SVneo (RRID:
CVCL_7162)] were seeded in polystyrene plates until subcon-
fluence as described previously (24). Medium was replaced
to RPMI-1640 supplemented with 2% FBS and after 18 h of
culture the conditioned media were collected, centrifuged to
eliminate cell debris, and stored at —80°C.

Macrophage Phenotypic Markers Assessment by Flow
Cytometry

Cells were stained with APC, PE, FITC, or PECy7-conjugated
antibodies directed to surfer markers CD14 (BD Biosciences Cat.
No. 555399, RRID:AB_398596; BD Biosciences Cat. No. 347497,
RRID:AB_400312; Thermo Fisher Scientific, Cat. No. 25-0149-
42, RRID:AB_1582276), CD86 [BioLegend Cat. No. 305406 (also
305405, 305438), RRID:AB_314526], CD209 (Thermo Fisher
Scientific Cat. No. 17-2099-42, RRID:AB_11039758), and CD36
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(BD Biosciences Cat. No. 555454, RRID:AB_2291112). Cells were
recovered, washed with staining buffer, and incubated for 20
min at room temperature with antibodies in PBS supplemented
with 2% FBS, then washed twice, and resuspended. Ten thou-
sand events were acquired by flow cytometry and analyzed as
described earlier.

RT-qPCR

Cellular messenger RNA (mRNA) was analyzed by RT-
gPCR. Cells were treated as for glucose and LCFAs uptake.
Total RNA was extracted using TriReagent according to the
manufacturer’s instructions. A total of 1 uyg RNA was treated
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with DNAse I to avoid DNA contamination, and the samples
were reverse-transcribed using MMLYV reverse transcriptase,
RNAse inhibitor, and random primers (Promega, Cat. No.
N2111). Complementary DNA (cDNA) was incubated with
SYBR Green PCR Master Mix (Roche, Cat. No. 4913850001)
and specific primers for fatp2 (F: 5'-CACAGGTCTTCCA-
AAAGCAGC-3/, R: 5-AGTCCGCAAGGCAAGAGTAG-3’) and
irg-1 (F: 5" TGCTGCTTTTGTGAACGGTG-3/, R: 5’ACTTTGGA-
CTCCTTGGCAGG-3’) transcripts in a Bio-Rad iQ5 RT-PCR
system (RRID:SCR_019721). Data were analyzed using 2 2
normalized to the endogenous gene control B2 microglobulin
(F: 5-AAGCAGCATCATGGAGGTTTG-3’, R: 5'-GAGCTACCT-
GTGGAGCAACC-3).

Lactate Production

Lactate concentration in cell supernatant was measured
18 h after treatments with Accutrend Plus System (Roche),
according to the manufacturer’s instructions.

Mitochondrial Mass and Membrane Potential

Cells were washed twice and incubated with 250 nM
MitoSpy Green (BioLegend Inc. Cat. No. 424805) and 250
nM MitoTracker CMXRos (Thermo Fisher Scientific, Cat.
No. M46752) in FBS-free RPMI-1640 for 20 min at 37°C, 5%
CO, for mitochondrial mass and membrane potential mea-
surement, respectively. Cells were resuspended and flow
cytometry was performed as described earlier. Membrane mi-
tochondrial potential as the MFI was normalized to mitochon-
drial mass MFI and the ratio was depicted in the graph.

Statistical Analysis

Data were analyzed using GraphPad Prism 6 software
(GraphPad Prism (RRID:SCR_002798) San Diego, CA) and
Infostat software linked with R [(RRID:SCR_014310), FCA-
UNC, Cérdoba, Argentina]. Unpaired/paired Student’s ¢ test
or RM/one-way ANOVA followed by Tukey’s or Dunnett’s
multiple comparisons tests were used. When necessary,
Welch’s correction was used, or variances were modeled fol-
lowed by least significant difference (LSD) Fisher’s multiple
comparisons test. Results are expressed as means * SE.
Differences between treatments were considered significant
at P < 0.05.

RESULTS

Higher Glucose Dependency in Monocytes from Early
Pregnant Women

We first assessed the profile of circulating monocytes
from early pregnant women and nonpregnant controls in

basal unstimulated conditions by single-cell metabolic
analysis using SCENITH (18). The basis of this technique is
that protein synthesis is tightly connected to ATP levels
so, by analyzing the effect of metabolic inhibitors on fluo-
rescent puromycin incorporation during protein transla-
tion, both glycolytic and mitochondrial dependency can
be estimated by flow cytometry. High puromycin incorpo-
ration (displayed as median fluorescence intensity, MFI)
was detected in monocytes from either nonpregnant or
pregnant women, indicating measurable levels of protein
synthesis in monocytes from freshly isolated PBMCs sam-
ples (Fig. 1A). Interestingly, monocytes from pregnant
women showed lower levels of basal translation compared
with nonpregnant women (Fig. 1B).

When the respective metabolic profiles were analyzed,
a higher glucose dependency was observed in the preg-
nant group compared with the nonpregnant group (Fig.
1C). In parallel, monocytes from the pregnant group dis-
played lower capacity to use amino acids and fatty acids
as fuels than monocytes from the nonpregnant, along
with a trend to lower mitochondrial dependency (Fig.
1D). It is noteworthy that the glucose inhibitor 2-deoxy-D-
glucose (DG) almost completely abolished the puromycin
signal in all monocytes from pregnant women, indicating
overall high glucose dependency (Fig. 1A). Inhibiting mi-
tochondrial ATP production with oligomycin (O) had a
milder effect (Fig. 1A).

When challenged ex vivo with a classical proinflammatory
stimulus as LPS (100 ng/mL) to activate the immune
response, monocytes from the nonpregnant control group
increased their glucose dependence and also consistently
increased their glycolytic capacity. LPS-stimulated mono-
cytes ex vivo showed almost exclusive dependence on glu-
cose for protein synthesis (Fig. 1E), whereas they decreased
fatty acid and amino acid oxidation capacity (Fig. 1E), as
expected (17, 18). In contrast, challenging monocytes from
pregnant women with LPS did not increase their glucose de-
pendency, neither their glycolytic capacity (Fig. 1F). Results
obtained in monocytes stimulated with LPS using the
SCENITH method were consistent with ex vivo assays car-
ried out in paired samples to evaluate glucose or long-chain
fatty acid uptake by flow cytometry using fluorescent probes
(Fig. 1G).

Enhanced Efferocytosis in Monocytes from Pregnant
Women

Based on the lack of metabolic reprogramming upon LPS
stimulation in monocytes from pregnant women, we won-
dered whether other functions requiring energy such as
efferocytosis and cytokine production are affected (27). First,

Figure 1. Monocytes from pregnant women display higher glucose dependency. Peripheral blood mononuclear cells (PBMCs) from pregnant women
(16—20 wk) or age-matched nonpregnant fertile women were isolated as previously described, stimulated ex vivo or not with 100 ng/mL lipopolysaccha-
ride (LPS), and single-cell energetic metabolism by profiling translation inhibition (SCENITH) analysis, 2-NBDG uptake or LCFAs uptake were performed
by flow cytometry. A: translation levels measured as mean fluorescence intensity (MFI) of puromycin across samples untreated (Co) or treated with 2-
deoxy-D-glucose (DG), oligomycin (O), or DG + oligomycin (DGO) inhibitors for nonpregnant (yellow) or pregnant (purpura) women. Bottom: calculations
of metabolic SCENITH parameters. B: basal translation levels of monocytes from nonpregnant (white dots) vs. pregnant (black triangles) women. C:
SCENITH parameters for glucose dependency and glycolytic capacity of cells from nonpregnant vs. pregnant women. D: SCENITH parameters for
mitochondrial dependency and fatty acid and amino acid oxidative capacity of cells from nonpregnant vs. pregnant women. E and F: SCENITH pa-
rameters for cells from nonpregnant vs. pregnant women stimulated ex vivo or not with LPS 100 ng/mL. G: 2-NBDG and 4,4-difluoro-3a,4a-diaza-s-
indacene (BODIPY)-FL C12 uptake of cells from nonpregnant or pregnant women stimulated or not with LPS 100 ng/mL. Results are expressed as
means * SE. Each point represents an individual sample. *P < 0.05, **P < 0.01, unpaired/paired Student’s t test.
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we explored efferocytosis by monocytes from both groups
and the role of glycolysis. Figure 2A shows that monocytes
from pregnant women engulfing autologous apoptotic cells
have twice the efferocytic capacity of monocytes from the
nonpregnant control. Interestingly, glucose metabolism in-
hibition with 2-DG reduced efferocytosis to a greater extent
in monocytes from pregnant women compared with the
control group (Fig. 2B). Moreover, rotenone, an inhibitor
of mitochondrial electron transport chain, also reduced
efferocytosis in the pregnant group (Fig. 2B). The inhibi-
tory effect of rotenone was even higher in the presence of
2-DG in these monocytes (Fig. 2B, right), emphasizing the
dependency on glucose associated to efferocytosis in
monocytes at early pregnancy. We next tested whether
LPS ex vivo stimulation of monocytes from pregnant
women reduced their efferocytic capacity, a trait described
for nonpregnant macrophages. Figure 2C shows that while
this reduction is significant in monocytes in the nonpreg-
nant group (Fig. 2C, left), efferocytosis remained unaf-
fected in the pregnant group (Fig. 2C, right).

Figure 2, D and E shows pro- and anti-inflammatory cyto-
kines IL-1B and IL-10 released to the supernatants of mono-
cytes from pregnant and nonpregnant women. A higher IL-
10 production was found in the pregnant versus the non-
pregnant group, with no changes in IL-1p between groups
(Fig. 2, D and E, left). LPS challenge the release of IL-10 and
IL-1B in both groups (Fig. 2, D and E, right).

Trophoblast Cell Conditioned Media Prevent LPS-
Induced Glucose Uptake and Promote Lipid Metabolism
in Monocytes

Given the metabolic profiles observed in monocytes from
pregnant women and the well-known role of trophoblast cells
in shaping monocyte and macrophage functional phenotypes
sustaining an anti-inflammatory milieu at early pregnancy (3,
24, 28-30), we tested the hypothesis that trophoblast cells
also can reprogram the metabolic profiling of maternal mono-
cytes and macrophages at the maternal-fetal interface. Using
an in vitro design, we started characterizing rapid (20 min)
glucose uptake in basal and LPS-stimulated conditions in
monocytes treated or not with trophoblast cell conditioned
media (Fig. 3, A and B). As shown in Fig. 3B, the conditioned
media from first trimester trophoblast-derived cell line Swan
71 (Tb-CM) had no effect on the fluorescent glucose analogue
2-NBDG uptake, but it completely prevented glucose uptake
in LPS-stimulated monocytes in this short period. The effects
were identical to those obtained with another first trimester
trophoblast cell line, HTR-8/SVneo (Supplemental Fig. S1).
The lack of response to LPS in the presence of Tb-CM per-
sisted when the uptake of glucose was analyzed after 18 h of
incubation with LPS (Fig. 3C).

Interestingly, a differential modulation of lipids metabo-
lism was observed in Tb-CM cultured monocytes (Fig. 3, D-
G). Tb-CM alone promoted the uptake of long-chain fatty
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Figure 2. Monocytes from pregnant women show higher efferocytosis and IL-10 secretion. A—C: peripheral blood mononuclear cells (PBMCs) were cul-
tured in polystyrene plates and conditioned or not with 100 ng/mL lipopolysaccharide (LPS). For metabolic pathways inhibition, 10 mM 2-deoxy-D-glucose
(2-DG), 100 nM rotenone (Rote), or both (DGR) were added 90 min before efferocytosis assay. Monocytes were challenged with autologous apoptotic
neutrophils stained with CFSE, and the percentage of CD14/CFSE double positive cells was analyzed by flow cytometry. IL-10 (D) and IL-1B (E) secretion
by ELISA. Results are expressed as means * SE. Each point represents an individual sample of monocytes from nonpregnant (white dots) or pregnant
(black triangles) women. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired/paired Student’s t test with or without Welch’s correction or
ANOVA followed by Tukey’s multiple comparisons test.
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Figure 3. Trophoblast cell conditioned media prevent lipopolysaccharide (LPS)-induced glucose uptake and promote lipid metabolism in monocytes.
Purified monocytes from nonpregnant women were incubated or not with Swan 71 trophoblast cells conditioned media (Tb-CM) and challenged or not
with LPS for 20 min (B) or 18 h (C-J). Cells purified from 3 to 9 donors were incubated with 2-NBDG (A-C), 4,4-difluoro-3a,4a-diaza-s-indacene (BODIPY)
FL C12 (D), BODIPY 493/503 (G), Mitotracker CMXRos or Mitospy (J) probes or mouse anti-human CD36 (F) and were analyzed by flow cytometry.
Monocyte mMRNA were obtained and analyzed by RT-gPCR (E and /) and monocyte conditioned media were collected after 18 h for IL-10 determination
by ELISA (G). Values are means + SE of at least three independent assays. *P < 0.05, ****P < 0.0001. RM/one-way ANOVA followed by Tukey’s multiple

comparisons test.

acids whereas the effect of Tb-CM and LPS together was even
higher (Fig. 3D, Supplemental Fig. S1). These results suggest
a metabolic switch to higher fatty acid metabolism that par-
alleled the reduced glucose uptake promoted by Tb-CM
upon LPS stimulation, an effect that was also seen for their
specific transporter FATP2 (Fig. 3E). Tb-CM also induced a
significant increase in the percentage of CD36 positive cells,
a key fatty acid transporter, whereas LPS had no effect in ei-
ther case (Fig. 3F). Of note, similar enhanced lipid droplet
accumulation was observed with Tb-CM alone whereas there
was no additional accumulation with LPS (Fig. 3G).

Similar to what we observed in monocytes from pregnant
women (Fig. 2D), monocytes conditioned with Tb-CM
showed a trend to higher IL-10 production versus basal
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values as well as upon LPS stimulation (Fig. 3H). On the basis
that part of the effects of LPS and other proinflammatory
stimuli on monocyte and macrophage metabolic reprogram-
ming relies on induced Irg-1 enzyme expression that affects
TCA performance (31), we explored its expression in our set-
tings. Figure 3I shows that Tb-CM completely abolished the
effect of LPS on Irg-1 expression. Finally, we evaluated the
mitochondrial potential and mass in monocytes challenged
with LPS for 18 h in basal conditions or in the presence of Tb-
CM. Mitochondrial membrane potential was assessed by
flow cytometry and normalized to mitochondrial mass. LPS
induced an increase in the mitochondrial mass that was not
associated to increased mitochondrial potential resulting in
a lower ratio of these parameters that suggest mitochondrial

E221

Downloaded from journals.physiology.org/journal/ajpendo (045.071.005.010) on February 27, 2024.



() MONOCYTE METABOLIC REPROGRAMMING IN PREGNANCY

dysfunction (Fig. 3J). However, when monocytes were
stimulated in the presence of Tb-CM this effect was not
observed.

Trophoblast Cell Conditioned Media Inhibit LPS-
Induced Glycolysis in Macrophages

Results from Figs. 1 and 3 indicate that in monocytes from
pregnant women or in those conditioned with trophoblast
factors, LPS failed to skew metabolism to glycolytic path-
ways as canonically described and observed in the control
cells here. So taking into account that monocytes are
recruited to the decidua and differentiated to M2-like macro-
phage phenotypes (5, 24, 28), the next question arising was
whether macrophage metabolism was also conditioned by
trophoblast factors. Figure 4, A-C confirms the same meta-
bolic bias in macrophages as observed in monocytes to low-
ering LPS-induced glycolytic pathways with Tb-CM (Fig. 3).
In fact, Tb-CM not only reduced LPS-induced glucose uptake
(Fig. 4A and Supplemental Fig. S2) but also inhibited the
increase in extracellular acidification rate induced by LPS as
measured with the Seahorse assay (Fig. 4B). Moreover, LPS
did not increase lactate release in the presence of Tb-CM
(Fig. 4C) and instead favored long-chain fatty acid uptake
(Fig. 4D). Interestingly, Tb-CM alone slightly increased
extracellular flux suggesting higher glycolytic metabolism
respect to basal macrophages, comparable with the observed
higher glucose dependency in monocytes from pregnant ver-
sus nonpregnant women (Fig. 1 and Fig. 4, B and C). Finally,
the phenotype of macrophages conditioned by Tb-CM and
the effect of Tb-CM on LPS challenge were analyzed. Figure
4, E and F shows that macrophages stimulated with LPS in
the presence of Tb-CM presented a lower increase of CD14/
CD86 positive cells compared with LPS alone (Fig. 4E), simi-
lar to another proinflammatory signal as IL-1B (Fig. 4F). On
the other hand, the percentage of CD209 positive cells was
increased upon Tb-CM alone (Fig. 4G) and a similar trend
was seen in IL-10 production (Fig. 4H), confirming the condi-
tioning role of trophoblast cells to induce an M2-like pheno-
type in macrophages in these settings as previously shown
(5). Furthermore, CD209 in the presence of Tb-CM remained
unchanged upon LPS stimulation (Fig. 4G) and a limited
response was seen in IL-10 compared with LPS in the basal
conditions without Tb-CM (Fig. 4H).

DISCUSSION

The emerging field of immunometabolism is uncovering
the relationship between metabolic features and functional-
ity of immune cells. Several reports have revealed that mac-
rophages are metabolically plastic cells that can distinctly
tailor their cellular metabolism, depending on the stimulus
or signal from the microenvironment, to facilitate their
immune-promoting or resolving functions.

Successful pregnancy entails the constant profiling of
maternal monocytes and monocyte-derived macrophages
for adequate immune and proresolving responses with ho-
meostasis maintenance. Most of the studies on monocytes
during pregnancy have focused on the third trimester and
not many studies evaluated monocyte profiles during the
course of pregnancy (32, 33): a progressive phenotypical
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activation of monocytes from the first to the third trimester
has been reported. So far, there are no reports on the immu-
nometabolic status of circulating monocytes during preg-
nancy and its impact on monocyte anti-inflammatory
functions such as efferocytosis.

Using multiple approaches ex vivo and in vitro using the
SCENITH assay and the extracellular flux assay (Seahorse),
among other metabolism and phenotyping techniques, evi-
dence presented here shows that 16-20 wk’ pregnancy repro-
grams monocyte metabolism to higher glucose dependence,
a tendency to higher glycolytic capacity and lower global
metabolic activity in basal conditions. In addition, it reduces
glycolytic switch upon LPS stimulation. Single-cell meta-
bolic analysis of monocytes from pregnant women reveals
higher glycolytic, reduced fatty acid, and amino acid oxida-
tion capacity, along with a decreased response to LPS (Fig. 1).
These findings align with functional data of efferocytosis ex
vivo (Fig. 2) and with data obtained by extracellular flux
analysis and other complementary techniques in in vitro
designs with human first trimester trophoblast conditioned
media (Figs. 3 and 4).

Immune homeostasis maintenance is a feature of normal
pregnancy (3). Enhanced proinflammatory signals and per-
turbed clearance of apoptotic bodies in circulation and in
the pregnant uterus may contribute to the loss of homeosta-
sis during placentation and the onset of pregnancy compli-
cations like hypertensive disorders and preeclampsia (29,
34). Thus, it is noteworthy that even with higher dependency
on glycolysis in basal nonstimulated conditions, glycolytic
pathways of monocytes from 16 to 20 wk pregnant were not
boosted in response to a proinflammatory stimulus like LPS
as seen in the nonpregnant control cells. The failure of LPS
to further increase glycolysis in these monocytes could be
related to their already elevated glucose dependency.
However, a differential expression or signaling of LPS recep-
tor cannot be ruled out. Furthermore, monocytes rewired to
higher glycolytic dependency during pregnancy, and unfit to
escalate glycolysis upon LPS challenge, display higher effero-
cytosis and anti-inflammatory IL-10 production, suggesting
differential metabolic regulation of these processes. Of note,
similar results were observed in tolerogenic DCs where tol-
erogenic signals increase glycolysis (17). Moreover, this ob-
servation is consistent with recent reports on human
monocyte-derived macrophages (27, 35, 36). Efferocytosis in
human phagocytes exposed to apoptotic Jurkat T lympho-
cytes for 1-6 h relies on glycolysis (27, 35). A distinction
between the glycolysis induced by efferocytosis and the type
of glycolysis that occurs when cells are proinflammatory
stimulated with LPS was highlighted. Certainly, in our pres-
ent settings, the higher efferocytosis observed in monocytes
from pregnant women faced to autologous apoptotic neutro-
phils for 1-2 h was completely prevented by glucose oxida-
tion metabolic inhibitors.

Regarding mitochondrial dependency, in monocytes from
the nonpregnant group, fatty acid and amino acid oxidation
capacity as well as mitochondrial dependency followed the
expected reduction upon LPS stimulation. This was not the
case in monocytes from 16 to 20 wk’ pregnant women where
a reduced capacity to oxidize fatty acids and amino acids
was seen compared with the nonpregnant group in basal
conditions. These parameters persisted unchanged within
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Figure 4. Trophoblast cell conditioned media inhibit lipopolysaccharide (LPS)-induced glycolysis in macrophages. Monocyte-derived macrophages from
nonpregnant women were incubated or not with Swan 71 trophoblast cells conditioned media (Tb-CM) and challenged or not with LPS for 18 h. A and D:
cells were incubated with 2-NBDG or 4,4-difluoro-3a,4a-diaza-s-indacene (BODIPY) FL C12 and analyzed by flow cytometry. Values are means + SE of
three independent assays. B: monocyte-derived macrophages were seeded in a Seahorse XFp analyzer, treated 18 h with LPS, Tb-CM or both and real-
time extracellular acidification rate (ECAR) was determined during sequential treatments as indicated and expressed in mpH/min normalized to cell num-
ber. Means * SE of two individual experiments. C: lactate production was determined by Accutrend Plus System (n = 7). E and G: macrophages were
incubated with CD14, CD86, or CD209 and positive cells were analyzed by flow cytometry (n = 4). Macrophages’ conditioned media from at least three
donors were collected for IL-10 and IL-1B determination by ELISA (F and H). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, RM/one-way ANOVA
followed by Tukey’s or least-significant different (LSD) Fisher’s multiple comparisons test.

the pregnant group in the presence of LPS reflecting the met-
abolic bias to glycolysis referred earlier. Regarding fatty acid
oxidation, LCFAs metabolism in monocytes and macro-
phages not only contribute to ATP production by  oxidation
in mitochondria, but they also likely contribute to control-
ling the balance between pro- and anti-inflammatory media-
tors release (37). It is worth noting that in human monocytes
with reduced mitochondrial dependency, LCFAs uptake
seems not to fuel fatty acid oxidation, instead, their conver-
sion into bioactive lipids mediators is suggested. Finally,
lower translation levels were observed in monocytes from
pregnant versus nonpregnant women in the resting state.
Selective translational control appears as a major mecha-
nism for regulating immune cell functions in both the
adaptive and innate responses (38). Identifying regulatory
components and transcription factors involved in mono-
cytes’ translational control and how they modulate mono-
cyte immunological responses during pregnancy are a
matter of future studies.

For many years, the lack of a maternal immune response
against the allogeneic fetus has prompted the idea of preg-
nancy as an immunosuppression status. However, both
inflammation and the consequent immunoregulatory mech-
anisms are critical for normal pregnancy so, a more dynamic
concept has emerged which also explains the differential
susceptibility of pregnant women to infectious diseases or to
developing more severe responses to certain pathogens
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(3, 39). Thus, pregnancy evolves through three immune
stages that not necessarily align with the trimesters: a first
proinflammatory environment allows implantation and pla-
centation, then by week 13 shifts to a second long-lasting pe-
riod with an anti-inflammatory predominant profile that
ensures complete placentation and fetal growth, and a short
final shift back to a proinflammatory phase associated to
labor. The immunometabolic reprogramming and efferocy-
tosis profile of 16-20 wk’ monocytes shown here is consistent
with their role in the anti-inflammatory fetal growing stage.
This immune cooperation between the maternal immune
system and the placenta throughout pregnancy relies on
trophoblast cells (3). Considering that first trimester cytotro-
phoblast cells integrate metabolic and immune signals and
release soluble factors that control monocyte and macro-
phage functional phenotypes (3, 5, 24), in vitro designs were
carried out to deepen into the mechanisms of monocyte/
macrophage metabolic reprogramming at early pregnancy.
When challenged with LPS, both monocytes and macro-
phages conditioned with first trimester human trophoblast
media failed to reprogram their metabolism to higher glu-
cose uptake, lactate release, and extracellular acid flux. This
inhibitory effect of trophoblast factors on glycolytic path-
ways was consistent with an M2-like predominant profile
induced in macrophages as shown here and described previ-
ously (5, 24). On the other hand, lipid metabolism studied
through fatty acid uptake and lipid droplet accumulation
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was increased by the trophoblast medium alone in mono-
cytes and it was even higher after LPS challenge. Moreover,
Tb-CM increased the number of CD36 positive monocytes
that was not modified by LPS challenge. This type 2 cell sur-
face scavenger receptor widely expressed in immune cells
has a dual role acting as a signaling factor for apoptotic cell
recognition and phagocytosis as well as a long-chain fatty
acid transporter associated to an M2-like macrophage phe-
notype (40). Thus, trophoblast factors would contribute to
anabolic rather than catabolic metabolism in monocytes and
macrophages, in line with the anti-inflammatory and M2-
like profiles observed and the enhanced -efferocytosis
reported previously (24). In normal pregnancy at term, a dif-
ferential phenotype of monocytes in response to LPS and
efferocytic function was reported, and the role of systemic
and decidual factors was proposed (6, 41). Regarding mono-
cyte efferocytosis capacity during pregnancys, it is increased
at 16-20 wk in conditions of immune homeostasis as shown
here, and it was reported lower at term compared with the
nonpregnant, probably due to the proinflammatory milieu
with increased acute-phase proteins wherein monocytes are
exposed in the third trimester and shortly before delivery
(42, 43). Monocytes from pregnant women at 20-39 wk of
gestation were also analyzed for reactive oxygen species
baseline levels or after challenged in vitro with another bac-
terial stimulus (fMLP) (43). An enhanced, although not maxi-
mal, oxidative burst was observed suggesting an activation
state particular of normal pregnancy that differs from that
observed in the course of an infection (43). The role of troph-
oblast-derived extracellular vesicles and/or specific soluble
factors produced by trophoblast cells in the metabolic profil-
ing of circulating monocytes remains to be investigated.

Most of the studies on monocytes during pregnancy
focused on the third trimester and not many studies have
evaluated monocyte profiles during the course of pregnancy
(32). A progressive phenotypical activation of monocytes from
the first trimester to the third trimester has been reported.
Our present results add an immunometabolic perspective to
previous work on monocytes from normal pregnancies, pro-
viding new clues to the understanding of the regulatory
mechanisms that operate during pregnancy and finding
future hypothesis regarding pregnancies complicated by pla-
cental insufficiency or metabolic disorders. Extending the
present studies to groups of patients at risk of preeclampsia or
gestational diabetes-complicated pregnancies could open the
possibility that the immunometabolic profiling of circulating
monocytes and/or the circulating levels of certain metabolites
be part of the set of biomarkers currently used in the scanning
and following up of these populations.
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