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Abstract

The placenta sheds extracellular vesicles (EVs), including exosomes, into the maternal circulation. 

We recently demonstrated that this trafficking of EVs is bi-directional; with uptake of macrophage 

exosomes by the placenta inducing cytokine release. The specificity of this response is currently 

unknown. THP-1 cells were cultured as monocytes or differentiated to macrophages, and EVs 

isolated by ultra-centrifugation. The effect of EVs on human placental explants was measured by 

cytokine ELISA/luminex. Macrophage, but not monocyte, EVs induce the release of pro-

inflammatory cytokines by the placenta. Thus, placental responses to immune cell EVs, including 

exosomes, reflects the phenotype of the source cell.
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Introduction

Extracellular vesicles (EVs), including microvesicles and exosomes, are intricately involved 

in cell-cell communication. Placental EVs have been demonstrated to interact with maternal 

immune cells, modulating their function; including inducing immune cell cytokine responses 

[1–5]. We recently published the first demonstration that EVs can also traffic from immune 

cells to the placenta, modifying placental function[6]. Specifically, we showed that 

macrophage exosomes are taken up by the placenta via clathrin-mediated endocytosis, and 

induce the release of pro-inflammatory cytokines [6].

Macrophages are the main professional antigen-presenting cell in the decidua, and are 

proposed to aid in tissue remodeling through phagocytosis and secretion of cytokines[7]. 

Co-culture and conditioned media experiments have previously shown that macrophages 

release molecules that exert a range of functional responses in the placenta, including 

trophoblast differentiation, migration and immunological responses [8,9]. This can be partly 
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explained by cytokine secretion, but macrophage-placental communication could also 

involve EVs.

The specificity of the recently observed placental response to macrophage EVs is unknown; 

does the placenta mount a pro-inflammatory cytokine response to all immune-cell EVs? The 

goal of this current study was to determine how the activation status of the source cell affects 

EV function on the placenta; comparing the effect of EVs from activated macrophages and 

their non-activated monocytic pre-cursors.

Methods

Study Subjects

Term placentas from normal singleton pregnancies were obtained following elective 

Caesarean section without labor. The study was approved by Research Ethics Committee 

(13/LO/1712). Written informed consent was obtained.

Monocyte/macrophage culture

THP-1 cells were maintained in RPMI-Glutamax with 10% FCS and antibiotics. To model 

monocytes, THP-1s were cultured in suspension at 0.5×106/ml. For differentiation into 

macrophages, THP-1s were seeded at 1×106/ml with 50ng/ml Phorbol 12-myristate 13-

acetate (PMA) [10] for 24h, washed and rested for 24h, before washing and changing to 

media with 10% exosome-depleted FBS (Thermo Fisher) for the 24h EV collection period.

EV isolation and quantification

EVs were purified from culture supernatants by sequential centrifugation; 1,000g for 

10minx2, 10,000G for 15min, 100,000G for 90min (F-28/50 rotor), as previously 

described[6]. The EV pellet was resuspended in media used for placental explants; 1:1 

serum-free Dulbecco’s Modified Eagles Medium (DMEM) and Ham’s F12 (F12) (DMEM/

F12, Gibco, UK); and passed through a 0.2μM filter. EVs were quantified and sized using 

Nanoparticle Tracking Analysis (LM10; Nanosight). Samples were loaded by syringe pump 

and 3×90sec videos recorded and batch-analysed using instrument software (NTA 2.3). 

Single-use aliquots of EVs were stored at −80°C. All relevant experimental data is submitted 

to the EV-TRACK knowledgebase (EV-TRACK ID: EV180024)[11].

Western blotting

Western blotting was performed as previously described[6] on samples lysed in RIPA buffer, 

using the following antibodies: flotillin-1 (C-2, SantaCruz, 0.4μg/ml), MHC-I (HLA-A; 

EP1395Y, Abcam, 0.103μg/ml), TSG101 (C-2, SantaCruz, 1μg/ml), calnexin (#2433, 

CellSignallingTechnologies, 0.8μg/ml).

Explant culture

Three random placental tissue chunks were excised and pooled, then washed in PBS and 

dissected in DMEM/F12 with antibiotics. Placental villous explants (2–3mm) were placed 

one per well, in a 96-well plate. Treatments were performed in triplicate and randomized 

across the plate. EVs were added at 5×109–5×1010/ml, previously optimized to produce a 
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dose response[6]. To check for endogenous cytokines in EV preps, EV-only control wells 

were incubated alongside explants and included in subsequent assays.

Cytokine measurement

24h supernatants were assayed for levels of IL-6, IL-8, IL-10, GM-CSF and IL-1β using 

commercial ELISA kits (Ready-SET-Go™, eBioscience). IL-10, TNF-α and IL-1α were 

measured by luminex assay (custom Bioplex, Bio-Rad).

Statistical analysis

D’Agostino-Pearson omnibus normality test was performed, followed by Friedman or 

Kruskal Wallis test, with Dunn’s multiple comparisons test to compare exosome-treated 

groups to the non-treated.

Results and Discussion

In this study, we demonstrate that the placenta mounts a pro-inflammatory response to EVs 

from activated macrophages, but not to those from monocytes. Placental explants released 

abundant amounts of IL-6, IL-8, IL-1ß and TNF-α, and lesser amounts of IL-10 and IL-1-α 
(Fig 2A-B) in response to culture with macrophage EVs, with no such response seen to 

monocyte EVs. No elevation in IFN-γ or GM-CSF was seen (data not shown). As shown 

previously for IL-6 and IL-8[6], elevated IL-1ß/TNF-α/IL-10/IL-1-α in supernatants were of 

placental origin (Fig 2C).

EVs encompassed the expected size range of exosome, with mode size of 96nm and 111nm 

for monocyte and macrophage EVs respectively (Fig 1A-B). The number and protein 

concentration of EVs recovered per million cells plated was 3.2×109/8.44μg for monocytes 

and 1.4×109/3.24μg for macrophages. EVs were positive for exosome markers flotillin-1, 

MHC-I and TSG101, and negative for calnexin, an indicator of contamination with cellular 

debris. Due to the ultracentifuge method of isolation used, other EV populations such as 

microvesicles may also be present. EVs from macrophages were slightly larger than those 

from monocytes (Fig 1B), perhaps reflecting their activated phenotype. Future investigations 

should interrogate the cargo of macrophage and monocyte EVs to determine the molecules 

responsible for the differential effect on the placenta.

This current study suggests that the placental proinflammatory response is specific to EVs 

from activated macrophages, and not to EVs released by their resting circulating pre-cursors; 

blood monocytes. Preeclampsia is associated with increased numbers of decidual 

macrophages[13,14], and with increased monocyte/macrophage expression of pro-

inflammatory markers[12,14], representing a potential involvement of pro-inflammatory 

macrophages in pregnancy complications. Pre-eclampsia is also assocated with increased 

placental pro-inflammatory cytokines, including several measured in this study (reviewed 

in[15]). Released EVs are thus a potential messaging system that can mediate maternal-

placental signalling from monocytes that have differentiated into decidua-infiltrating 

macrophages.
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Figure 1. Characterisation of monocyte and macrophage EVs.
Phenotype of EVs released by THP-1 monocytes and macrophages was assessed by 

Nanoparticle Tracking Analysis (NTA) and western blotting for exosome markers. A) Mean 

and mode size of EVs released from monocytes (n=6) and macrophages (n=9). B) 

Representative NTA histogram demonstrating size distribution of EVs from macrophages 

(dark line) and monocytes (pale line). Red error bars indicate standard error of the mean. C) 

Western blotting for exosome markers flotillin-1, MHC-I and TSG101 indicate the presence 

of exosomes in EV preparations, and lack of calnexin indicates the absence of cellular 

debris. Yield of EVs per million cells plated at start of 24h collection period was 3.5×109 

from monocytes and 1.9×109 from macrophages.
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Figure 2. Placental release of cytokines in response to monocyte- and macrophage-derived EVs.
Term placental explants were treated with 5×109- 5×1010/ml EVs derived from monocytes 

or macrophages, and culture supernatants collected at 24h. Explants were in 150μl culture 

media, equating to 1.5×108, 3.75×109 and 7.5×109 EVs per explant for the three doses. For 

the highest concentration of EVs (5×1010/ml), the mean number of initial cells plated was 

2.2×106 monocytes and 4.7×106 macrophages per explant. A) Cytokine levels in culture 

supernatants assayed by ELISA showed that macrophage EVs induced significant dose-

dependent increases in the production of IL-6, IL-8 and IL-1ß, with no such response seen to 

monocyte EVs (n=5 placentas). B) Luminex performed for the highest exosome dose 

(5×1010/ml) additionally showed that IL-10 and TNF-α and IL-1-α were significantly 

elevated in response to macrophage EVs, but not monocyte EVs (n=8 placentas). Asterisks 

above individual columns indicates a significant difference from the non-treated (NT). C) To 

confirm that cytokines detected were of placental origin, as previously shown for IL-6/

IL-8[6], control wells of exosomes alone were incubated alongside placental explants at the 

highest concentration, and assayed for IL-1ß/TNF-α/IL-10/IL-1-α by ELISA (n=8 

placentas). At least two different EV preparations were used for each cytokine measurement. 

*p<0.05, **p<0.01, ***p<0.001.
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