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Abstract 

A successful pregnancy requires that the maternal immune system adapts to tolerate 

the semi-allogeneic fetal-placental unit. This adaptation mainly occurs locally, i.e. at 

the fetal-maternal interface, where fetal-derived tissues come into close contact with 

maternal cells in the uterine endometrium (called decidua during pregnancy). 

Macrophages and regulatory T (Treg) cells are maternal immune cells that are 

enriched in the decidua and they likely play a central role in promoting fetal tolerance. 

However, the precise function of decidual macrophages and the factors regulating 

both macrophages and Treg cells in humans are unknown. The aim of this thesis was 

to characterize the phenotype and function of decidual macrophages from first 

trimester human pregnancy and to identify factors responsible for inducing tolerogenic 

properties in both decidual macrophages and Treg cells. CD14+ decidual macrophages 

showed characteristics of immune suppressive or homeostatic macrophages 

(expression of CD163, CD206 and CD209), mainly produced immunosuppressive 

cytokines, like IL-10 and IL-35, while levels of inflammatory cytokines, for instance 

IL-12 and IL-23, were low. Decidual macrophages also induced the expansion of 

CD25highFoxp3+ Treg cells, but not of Th1, Th2 and Th17 cells, in vitro. In addition, 

decidual macrophages preferentially secreted the monocyte- and Treg cell-associated 

chemokines CCL2 and CCL18, while Th1-, Th2- and Th17-related chemokines were 

produced at low levels. These results suggest that decidual macrophages contribute to 

create the unique decidual cell composition and a tolerogenic immune environment 

that is compatible with fetal development. Further, by comparing decidual 

macrophages with different in vitro macrophage subsets, we showed that M-CSF and 

IL-10, but not GM-CSF, Th1 or Th2 stimuli, induced macrophages that resemble 

decidual macrophages in terms of cell surface marker expression, cytokine and 

chemokine production and gene expression profile. First trimester placental tissue, in 

particular placental trophoblast cells, was identified as an important source of M-CSF 

and IL-10. We also demonstrated that human fetal-derived placental tissue can induce 

the characteristics of decidual macrophages (CD163+CD206+CD209+IL-10+CCL18+) 

and the selective expansion of functionally suppressive CD25highFoxp3+ Treg cells, the 



latter partly mediated through IL-10, TGF-β and TRAIL. The placenta also limited 

activation of Th cells, for instance by generally reduced cytokine production. Our data 

show that the placenta has a unique ability to induce tolerogenic immune cells with a 

reduced inflammatory potential, which is essential for maintaining tissue integrity and 

preventing inflammation-induced fetal loss.  
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Sammanfattning 

Ur ett immunologiskt perspektiv är graviditet ett utmanande tillstånd, då fostret till 

hälften utvecklas av gener från pappan och därför är delvis främmande för mammans 

immunförsvar. Detta innebär att immunförsvaret behöver anpassas för att förhindra 

avstötning av fostret, samtidigt som det måste behålla sin förmåga att skydda kroppen 

mot infektioner. Det lokala immunförsvaret hos mamman består av de immunceller 

som finns i livmodern (kallad decidua under graviditeten). Dessa har en central roll i 

anpassningen på grund av den nära kontakten både med fostret och med moderkakan 

(placentan), som utvecklas från samma celler som fostret. Vi har studerat immunceller 

i decidua som kan vara viktiga i anpassningen till det främmande fostret. Makrofager 

är immunceller med förmåga att reglera omgivningen; hur dessa utövar sin 

immundämpande förmåga under graviditet är dock oklart. En annan celltyp som visats 

ha betydelse för graviditet är regulatoriska T-celler som är viktiga för att skapa 

tolerans och förhindra överdriven inflammation. De specifika faktorer som styr 

makrofagernas och de regulatoriska T-cellernas immundämpande egenskaper är dock 

inte klarlagda.  

Det övergripande syftet med de delarbeten som ingår i avhandlingen var att kartlägga 

decidua-makrofagernas egenskaper samt att identifiera de faktorer som styr 

utvecklingen av både makrofager och regulatoriska T-celler i deciduan. Eftersom 

placentan är det nya och främmande organet vid graviditet, studerades om placenta-

producerade faktorer kunde skapa de unika egenskaperna som makrofager och T-

celler antar vid en graviditet. Decidua-makrofager och placenta från första trimester 

graviditet undersöktes, liksom deras effekt på immunceller i blodprover från icke-

gravida kvinnor. 

Studierna visade att decidua-makrofager huvudsakligen producerar signalsubstanser 

(cytokiner) med immunhämmande egenskaper, som IL-10 och IL-35, och kan öka 

antalet regulatoriska T-celler men inte antalet konventionella T-celler (Th1, Th2 och 

Th17) som aktiverar immunförsvaret. Decidua-makrofager producerade också höga 

nivåer av faktorer (kemokiner) som reglerar celltrafik, framförallt producerades 
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kemokiner som rekryterar omogna makrofager och regulatoriska T-celler, vilket visar 

att makrofagerna har en viktig roll i att skapa den unika miljö som är nödvändig för 

utvecklingen av en normal graviditet. Genom att testa en rad olika faktorer 

experimentellt, identifierades tillväxtfaktorn M-CSF och det immundämpande 

cytokinet IL-10 som viktiga ämnen i makrofagernas reglering.  

I det sista delarbetet visade vi att faktorer som placentan spontant producerar kan styra 

utvecklingen av både regulatoriska T-celler och immunreglerande makrofager. 

Placenta-faktorer kunde även hindra en generell immunaktivering, bland annat genom 

att hämma utvecklingen av aggressiva T-celler. Genom att blockera specifika 

substanser, identifierades M-CSF och IL-10 som viktiga för utvecklingen av de 

immunhämmande makrofagerna, vilket visar att placentan är en viktig källa till M-

CSF och IL-10. IL-10 identifierades även som en av flera faktorer viktiga för 

regulatoriska T-celler. Placentan, som utgör det främmande organet under graviditet, 

har alltså en unik och inbyggd förmåga att skapa immunologisk tolerans och därmed 

säkra fostrets utveckling. Eftersom substanser som IL-10 och M-CSF är viktiga för 

normal graviditet kan avvikelser i dessa vara inblandade i onormal graviditet och 

framtida behandlingar mot graviditetskomplikationer kan komma att inriktas på att 

återställa dessa substanser. 
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Introduction 

Pregnancy as an immunological phenomenon 

The ability of the immune system to distinguish between self and non-self and to 

mount an immune response to non-self or foreign antigens is central for the protection 

against potentially harmful pathogens. Therefore, the semi-allogeneic nature of the 

fetus implicates a great challenge during pregnancy, because the maternal immune 

system needs to adjust to tolerate the fetus while maintaining protective immunity 

against infections. In this thesis, I will discuss the maternal immune adaptations that 

occur at the fetal-maternal interface in healthy human pregnancy. The focus will be on 

the role of decidual macrophages in promoting immune homeostasis, but the role of 

the placenta in promoting an immune microenvironment that is compatible with 

normal fetal development will also be considered.  

Overview of the immune system 

The immune system is traditionally divided into innate and adaptive immunity (Abbas 

et al., 2015). The innate immune system represents the first line of defense and 

responds rapidly to common components of microorganisms. The adaptive immune 

system requires longer time to develop but is more specific and can develop memory 

to encountered antigens. Although these systems are generally described separately, 

they are closely linked and an efficient immune response is dependent on the 

interaction between the cellular and molecular components of the innate and the 

adaptive immune system. Macrophages are a central component of innate immunity, 

and an important aspect of macrophage function is the ability to influence adaptive 

immune responses, in particular the polarization of CD4+ T helper and regulatory T 

cells, which will be introduced in this chapter.   
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T helper cells 

CD4+ T helper (Th) cells have a central role in adaptive immunity by orchestrating 

immune responses to pathogens (Abbas et al., 2015). Th cells exit the thymus as naïve 

Th cells and recirculate between the blood and secondary lymphoid organs. Activation 

occurs within secondary lymphoid organs by the recognition of antigens associated 

with antigen-presenting cells (APCs). Dendritic cells (DCs) are the major APCs 

during the initial activation of naïve Th cells, but macrophages and B cells can also 

present antigens to Th cells. Th cells recognize antigens through their T cell receptor 

(TCR)-CD3 complex, which binds the antigen-major histocompatibility complex class 

II (MHC II) complex on APCs. Efficient activation is dependent on the interaction 

between co-stimulatory molecules on APCs, such as CD80, CD86 and CD40, and 

their receptors on T cells, such as CD28 and CD40 ligand. The presence of different 

cytokines during the activation process drives the differentiation into distinct Th cell 

subsets. A summary of key aspects of Th cells is shown in figure 1. 

Th cells may differentiate into three major effector subsets, Th1, Th2 or Th17 cells 

(Annunziato and Romagnani, 2009; Zhu and Paul, 2010). Th9 and Th22 cell subsets 

have also been described, although their role in protective immunity is not clear. 

Naïve Th cells can also differentiate into inducible regulatory T (Treg) cells, which 

are central for the regulation of effector cells during inflammation (described below).  

Th1 cells are critical for the protection against intracellular pathogens, for instance 

against mycobacterial infections, but they can also contribute to tissue damage during 

chronic inflammation and autoimmune diseases. The major Th1-inducing cytokines 

are interleukin (IL)-12, mainly produced by macrophages and DCs, and interferon 

(IFN)-γ produced by natural killer (NK) cells, in response to microbes (Hsieh et al., 

1993; Mosser and Edwards, 2008). These cytokines induce the activation of several 

transcription factors, including STAT1, STAT4 and T-bet (Zhu and Paul, 2010). T-bet 

is the master regulator of Th1 cells and promotes production of IFN-γ, which in turn 

serves to amplify the Th1 response (Szabo et al., 2000). IFN-γ promotes the activation 

of classically activated macrophages (described in more detail later on) enhancing 
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Figure 1. Schematic representation of CD4+ T helper cell differentiation. 

microbicidal activity that is necessary to destroy intracellular pathogens (Mosser and 

Edwards, 2008). IFN-γ also provides macrophages with enhanced antigen-presenting 

capacity, for instance by increased MHC expression, which further promotes Th1 cell 

activation. 

Th2 cells are central for the host protection against extracellular parasites and they are 

also involved in the development of allergic diseases (Islam and Luster, 2012). IL-4 

drives the differentiation of Th2 cells through the activation of the transcription 

factors STAT6 and GATA-3. GATA-3 is the master regulator of Th2 differentiation 

and induces expression of IL-4, IL-5 and IL-13 (Zheng and Flavell, 1997; Zhu and 

Paul, 2008). These cytokines promote IgE antibody responses and the activation of 
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mast cells and eosinophils that are involved in the defense against extracellular 

parasites. Th2 cytokines also induce alternatively activated macrophages with tissue 

remodeling properties that differ from the pro-inflammatory macrophages induced by 

IFN-γ (described in more detail in later sections). 

Th17 cells are responsible for the immune defense against extracellular bacteria and 

fungi and are also involved in the development of organ-specific autoimmune diseases 

(Annunziato et al., 2012). The differentiation of Th17 cells is induced by IL-6 and IL-

1β, while IL-23 is necessary for the maturation and pathogenicity of Th17 cells 

(Annunziato et al., 2012; Gaffen et al., 2014). In addition, although some in vitro 

studies have shown that Th17 cells may differentiate in the absence of transforming 

growth factor (TGF)-β, several studies have demonstrated its requirement and the 

presence of TGF-β is believed to be necessary for optimal Th17 differentiation in vivo 

(Gaffen et al., 2014). Th17 differentiation involves activation of the transcription 

factor STAT3 and the master regulator Rorγt. Rorγt induces production of IL-17 (IL-

17A and IL-17F) that mediates most of the effects of Th17 cells (Ivanov et al., 2006; 

Annunziato et al., 2012). For instance, IL-17 promotes upregulation of the chemokine 

CXCL8 from several cell types, including epithelial cells and macrophages, thus 

leading to the recruitment of neutrophils to the site of infection (Annunziato et al., 

2012). Th17 cells also produce tumor necrosis factor (TNF) and granulocyte-

macrophage colony-stimulating factor (GM-CSF) that promote survival and activate 

neutrophils, and IL-21 that serves to amplify the immune response by promoting Th17 

differentiation.  

Activated Th cells migrate to sites of infection where they perform their effector 

functions and the specific recruitment is largely mediated by chemokines produced at 

sites of infection (Griffith et al., 2014). Th1 cells preferentially express the chemokine 

receptor CXCR3, which binds to CXCL9, CXCL10 and CXCL11, typically induced 

by IFN-γ, and CCR5 that binds to CCL5 produced during inflammation (Qin et al., 

1998; Zhu and Paul, 2008). Th2 cells are mainly characterized by expression of CCR4 

that binds to CCL17 and CCL22 (Islam and Luster, 2012) but have also been shown to 

migrate in response to CCL1 and CCL18 through CCR8 (Islam et al., 2013). Th17 
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cells are mainly recruited by CCL20, induced by IL-17, upon binding to its receptor 

CCR6 (Annunziato et al., 2012). 

An important feature of Th cells is the cross-regulation across subsets that, in addition 

to amplification through positive feedback loops, ensure that the most appropriate type 

of immune response if efficiently induced. For example, Th1 and Th2 cytokines and 

transcription factors suppress each other (Ferber et al., 1999; Szabo et al., 2000) and 

both IFN-γ and IL-4 inhibit development of Th17 cells (Harrington et al., 2005; Park 

et al., 2005).  

Regulatory T cells 

In addition to conventional Th cells, CD4+ T cells can also differentiate into Treg cells 

that are essential for the regulation of inflammatory responses to pathogens but also 

for peripheral tolerance and the protection against autoimmune diseases. There are 

two main types of Treg cells, thymic (also called natural) Treg cells that are generated 

in the thymus and are believed to protect against self-reactive immune responses, and 

peripheral (also called inducible) Treg cells that are generated in peripheral tissues and 

may have specificity to self and foreign antigens (Workman et al., 2009). Among 

peripheral Treg cells, in addition to Foxp3+ Treg cells (described below), two major 

types have previously been described; IL-10-producing Tr1 cells induced upon 

stimulation with IL-10 (Groux et al., 1996), and Th3 cells generated by TGF-β (Chen 

et al., 2003). Most recently, the anti-inflammatory cytokine IL-35 (Collison et al., 

2007) was also shown to induce T cells that suppressed through the same cytokine, 

IL-35, but independently of IL-10 and TGF-β (Collison et al., 2010).  

The major group of Treg cells is however defined by expression of the transcription 

factor Foxp3 (Miyara and Sakaguchi, 2011), and includes both thymic Treg cells and 

certain inducible subsets, for instance those induced by TGF-β (Workman et al., 

2009). These Treg cells were originally described in mice as CD4+CD25+ (Sakaguchi 

et al., 1995) and were later shown to be regulated by the transcription factor Foxp3 

(Fontenot et al., 2003). In humans, CD25 and Foxp3 are upregulated upon activation 
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in non-suppressive Th cells (Baecher-Allan et al., 2001; Wang et al., 2007), thus the 

phenotype of human Treg cells has not been straightforward. However, high 

expression of CD25 (the IL-2 receptor α-chain) and stable expression of Foxp3 is 

associated with suppressive activity in human Treg cells. In addition, expression of 

CD127 (the IL-7 receptor α-chain), was found to inversely correlate with the 

expression of Foxp3 and accordingly, Treg cells may also be defined as CD127low (Liu 

et al., 2006). Other markers shown to be expressed by human Treg cells are cytolytic 

T lymphocyte-associated antigen (CTLA)-4 that competes with CD28 and thus 

inhibits co-stimulation through CD80/CD86 on APCs, and CD39, an ectonucleotidase 

that mediates immune suppression by inactivating ATP (Borsellino et al., 2007; Wing 

et al., 2008; Miyara and Sakaguchi, 2011). Treg cells mediate suppression through 

cell-contact, for instance by CTLA-4, or by the production of anti-inflammatory 

cytokines, such as IL-10 and TGF-β (Wing et al., 2008; Workman et al., 2009). 

Similar to Th2 cells, the recruitment of Treg cells from blood to peripheral tissues can 

be mediated by the chemokine receptor CCR4 in response to CCL17 and CCL22 

(Iellem et al., 2001; Griffith et al., 2014). In addition, CCR8 has been shown to 

preferentially attract Treg cells in response to CCL1 and CCL18 (Iellem et al., 2001; 

Bellinghausen et al., 2012; Chenivesse et al., 2012; Islam et al., 2013). Recent data 

also suggest that Treg cells are heterogeneous and may be divided into distinct 

subtypes with features, including chemokine receptor expression, associated with Th1, 

Th2 or Th17 cells (Duhen et al., 2012; Tian et al., 2012). Thus, Treg cells may be 

activated in parallel with Th cell subsets and could co-migrate with effector Th cells to 

sites of infection ensuring the effective control of immune responses. 

Macrophages 

Origin and development 

Macrophages reside within almost every tissue and display different phenotypes and 

functions depending on the tissue-specific requirements (Murray and Wynn, 2011; 

Davies et al., 2013; Wynn et al., 2013; Gordon et al., 2014). The traditional view has 

been that adult tissue macrophages originate from myeloid cell precursors in the bone 
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marrow. In this model, myeloid precursors mature into monocytes, enter the 

circulation and migrate to the tissues where they mature into macrophages both during 

homeostasis and inflammation (Geissmann et al., 2010). However, recent data based 

on lineage-tracing mouse models have revealed that several tissue macrophage 

populations (for instance in the skin, brain, lung and liver) originate from myeloid 

progenitors in the yolk sac or fetal liver during embryonic development and persist 

until adulthood (Ginhoux et al., 2010; Hoeffel et al., 2012; Schulz et al., 2012). 

Recent data also show that most tissue macrophages are not dependent on the 

replacement by bone marrow-derived blood monocytes, neither at the steady state nor 

during certain infections (like Th2-driven parasitic infections); instead they self-

maintain or accumulate by proliferating within the tissues (Jenkins et al., 2011; 

Hashimoto et al., 2013). In contrast, some tissues have been shown to be dependent on 

the continuous recruitment of blood monocytes to maintain tissue macrophage 

numbers under non-inflammatory conditions, for instance the gastrointestinal tract 

(Bain et al., 2013) and the pregnant uterus (Tagliani et al., 2011). However, it is likely 

that many tissues are populated by heterogeneous macrophage populations originating 

from embryonic myeloid precursors as well as from blood-derived monocytes (Schulz 

et al., 2012; Ginhoux and Jung, 2014). 

In parallel with findings that blood monocytes do not significantly contribute to the 

replacement of macrophages in most tissues in mice, there has been increasing 

knowledge on monocyte biology. Two major blood monocyte subsets can be 

identified in humans, the classical CD14++CD16- and the non-classical 

CD14+/lowCD16+ subsets (Tacke and Randolph, 2006; Ancuta et al., 2009; Ziegler-

Heitbrock et al., 2010). Classical monocytes account for ~90-95% of all blood 

monocytes, express CCR2 (Weber et al., 2000) and are believed to be recruited to 

tissues during infections or to tissues that depend on the continuous recruitment of 

monocytes, like the gut and uterus (Shi and Pamer, 2011; Wynn et al., 2013). In 

contrast, the non-classical monocytes (~5-10% in blood) lack CCR2 expression and 

have been described as patrolling blood-resident cells whose function is to maintain 

endothelial integrity (Cros et al., 2010).  
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Macrophage growth factors 

Regardless of their origins, macrophages are critically dependent on growth factors for 

their survival and development (Hamilton and Achuthan, 2013; Wynn et al., 2013). 

Important macrophage growth factors include GM-CSF (also known as CSF-2), M-

CSF (also known as CSF-1) and the most recently discovered IL-34 that shares 

receptor with M-CSF (Lin et al., 2008). Although originally described as 

hematopoietic-cell growth factors (at least M-CSF and GM-CSF) (Morstyn and 

Burgess, 1988), it has become increasingly recognized that these factors not only act 

during the early developmental stages of myeloid cells, but can also influence the 

function of mature macrophage populations. M-CSF is the most abundant of the 

macrophage growth factors, being constitutively produced by many cell types and 

being present in the circulation during homeostatic conditions (Hamilton, 2008). The 

relevance of M-CSF for the development and maintenance of tissue macrophages has 

largely been defined by studies on Csf1op/ Csf1op mice, which are homozygous for an 

inactivating mutation in the gene encoding M-CSF (Wiktor-Jedrzejczak et al., 1990). 

These mice suffer from widespread macrophage deficiencies, for instance in the bone 

marrow, kidney and uterus, while some tissues are only partially or not at all affected, 

for instance the brain and skin (Wiktor-Jedrzejczak and Gordon, 1996). IL-34, that 

shares receptor with M-CSF, shows similar effects on macrophage differentiation but 

appears to be restricted to certain macrophage populations; to date, IL-34 has mainly 

been shown to regulate the development of microglia and Langerhans cells in mice 

(Greter et al., 2012b; Wang et al., 2012). In contrast to the constitutive production of 

M-CSF, GM-CSF is found at low levels in the circulation at the steady state and its 

detection often requires cell stimulation (Hamilton, 2008). GM-CSF-deficient mice 

show normal macrophage development in most tissues, with the exception of lung 

macrophages that show severe deficiencies leading to pulmonary disease (Stanley et 

al., 1994). Instead, GM-CSF appears to be involved in the homeostatic maintenance of 

DCs in non-lymphoid tissues (Greter et al., 2012a). 
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Effect of growth factors on macrophage function 

In addition to spatial differences, macrophage growth factors have different effects on 

the function of mature macrophages. Most knowledge about the effects of M-CSF and 

GM-CSF (and to a lesser extent also IL-34) on macrophage differentiation and 

function is derived from studies where macrophages have been generated in vitro from 

blood monocytes (particularly in the case of human macrophages). By this approach, 

M-CSF has been demonstrated to induce macrophages with predominantly anti-

inflammatory properties. These include high production of IL-10 and low production 

of pro-inflammatory cytokines such as TNF, IL-12 and IL-23, low expression of the 

co-stimulatory molecules CD80 and CD86 and consequently, poor capacity to induce 

Th1 responses (Verreck et al., 2004; Akagawa et al., 2006; Xu et al., 2006; Fleetwood 

et al., 2007). In addition, macrophages differentiated with M-CSF have been shown to 

inhibit the proliferation of T cells and to induce CD25+Foxp3+ Treg cells (Munn et al., 

1999; Savage et al., 2008). By contrast, GM-CSF promotes macrophages with low IL-

10 and high TNF, IL-12 and IL-23 production and high expression of CD80 and 

CD86 (Verreck et al., 2004; Akagawa et al., 2006; Xu et al., 2006; Fleetwood et al., 

2007). Accordingly, GM-CSF macrophages promote Th1 responses and lack the 

ability to induce Treg cells. Similar to M-CSF, IL-34 promotes macrophages with an 

IL-10high and IL-12low phenotype and with low T cell stimulatory properties (Barve et 

al., 2013; Foucher et al., 2013). Importantly, these phenotypic and functional 

differences are largely retained after microbial challenge (Akagawa et al., 2006; 

Verreck et al., 2006; Foucher et al., 2013).  

Macrophages generated in the presence of M-CSF and GM-CSF also differ in regards 

to the chemokines they produce. M-CSF mainly promotes production of the 

monocyte-recruiting CCL2, while neither Th1- nor Th2-associated chemokines (for 

instance CXCL10 and CCL22) are induced (Verreck et al., 2006; Fleetwood et al., 

2007). In contrast, macrophages generated by GM-CSF do not produce CCL2, but 

instead express or produce CCL17 and CCL22 (Verreck et al., 2006; Lacey et al., 

2012). Less is known about the chemokine repertoire of IL-34-induced macrophages; 
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however, transcriptional profiling suggests that IL-34 and M-CSF macrophages have 

similar chemokine and chemokine receptor repertoires (Foucher et al., 2013).  

Macrophage growth factors in disease 

Impaired regulation of macrophage growth factors has been implicated in the 

development of several diseases. GM-CSF has been shown to be associated with 

several inflammatory and autoimmune disease models (such as arthritis, 

atherosclerosis and multiple sclerosis) and to be involved in both Th1 and Th17 

responses (Hamilton and Achuthan, 2013). Recent data also show that GM-CSF can 

initiate autoimmune inflammation independently of Th1 and Th17 responses (Codarri 

et al., 2011; Noster et al., 2014) and that it can also drive the development of Th2-

associated allergic inflammation (Llop-Guevara et al., 2014). Increased M-CSF levels 

have also been linked to inflammatory conditions; however, the role of M-CSF in 

promoting inflammation is not clear and may be context-dependent (Hamilton, 2008). 

In contrast, much data suggests that increased M-CSF levels promote tumor growth, 

likely by the induction of tumor-associated macrophages (TAMs) that may suppress 

anti-tumor immunity (Pollard, 2004; Hamilton, 2008; Tamimi et al., 2008). Several 

reports have also linked elevated levels of IL-34 to inflammatory diseases (Masteller 

and Wong, 2014), in particular in rheumatoid arthritis where IL-34 was proposed to 

contribute to osteoclast formation (Hwang et al., 2012). However, overexpression of 

IL-34 has also been associated with tumor progression, by promoting TAMs and 

increasing angiogenesis (Segaliny et al., 2014).   

Functional macrophage diversity 

Macrophages belong to the mononuclear phagocyte system and are an important 

component of innate immunity. Important functions include the recognition and 

elimination of microorganisms, the processing and presentation of antigens to T cells 

and the production of cytokines and chemokines, which promote recruitment of 

leukocytes and amplification of the immune response (Mantovani et al., 2004; Benoit 

et al., 2008; Biswas and Mantovani, 2010; Gordon et al., 2014). Macrophages are also 

involved in several non-immunological processes during development and 
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homeostasis, including the phagocytosis of apoptotic cells and debris, tissue 

remodeling, angiogenesis and regulation of metabolism (Pollard, 2009; Biswas and 

Mantovani, 2012; Wynn et al., 2013). Besides this functional diversity, macrophages 

have been described to have a high degree of plasticity, being able to adapt their 

phenotype and function in response to changing microenvironments (Stout and 

Suttles, 2004).  

Macrophage activation and polarization 

Based on phenotypical and functional characteristics, macrophages have commonly 

been categorized into distinct subsets. Originally, macrophages were described as pro-

inflammatory cells involved in the elimination of intracellular pathogens. Classical 

activation is linked to Th1 responses and is typically induced by IFN-γ, initially 

produced by for example NK cells or at later stages by Th1 cells, and by TNF 

produced by macrophages themselves in response to Toll-like receptor (TLR) signals 

(Mosser and Edwards, 2008; Sica and Mantovani, 2012) (Fig. 2). Classically activated 

macrophages produce pro-inflammatory cytokines including IL-12, IL-23 and TNF, 

produce reactive oxygen species and express high levels of molecules associated with 

antigen presentation (for instance HLA-DR and CD80/CD86). Accordingly, these 

macrophages contribute to the elimination of intracellular microorganisms and the 

amplification of Th1 immune responses. In addition, if uncontrolled, classically 

activated macrophages may cause extensive tissue damage. When the Th2-associated 

cytokine IL-4 was observed to induce macrophages with reduced pro-inflammatory 

potential and with a phenotype distinct from the classically activated macrophages, 

they were termed alternatively activated (Stein et al., 1992). This phenotype is 

induced by IL-4 and IL-13, which are primarily produced by mast cells, basophils, 

group 2 innate lymphoid cells (ILC2) and Th2 cells (Martinez et al., 2009; Doherty, 

2015) (Fig. 2). Alternatively activated macrophages show reduced production of pro-

inflammatory cytokines, such as IL-12, IL-1β and TNF, and increased production of 

IL-10 and IL-1RA (IL-1β receptor antagonist). These cells participate in Th2 

responses associated with parasitic infection, promote tissue remodeling and are  
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Figure 2. Schematic representation of the main characteristics of macrophages influenced by 
Th1 stimuli (IFN-γ and TNF or TLR ligands), Th2 cytokines (IL-4 and IL-13) or the 
homeostatic cytokine IL-10. The major lymphocyte populations interacting with each 
macrophage subset are shown. CTL: Cytotoxic T lymphocyte, DC-SIGN: Dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin, EGF: Epidermal growth 
factor, FN1: Fibronectin-1, ILC2: Group 2 innate lymphoid cell, MR: Mannose receptor, SR: 
Scavenger receptor, TLR: Toll-like receptor, VEGF: Vascular endothelial growth factor. 

generally less inflammatory than classically activated macrophages (Martinez et al., 

2009). In analogy to the Th1 and Th2 paradigm, it was later proposed that 

macrophages should be termed M1 and M2 (Mills et al., 2000), representing the 

classically and alternatively activated macrophages, respectively.  

Extended nomenclature and classification of macrophage polarization 

With the observation that other stimuli promoted macrophages with immune 

regulatory properties that clearly differed from the alternative Th2-associated 

activation, an extended nomenclature was proposed that included three M2 

macrophage sub-phenotypes (Mantovani et al., 2004). In this model, M2a 

macrophages are induced by IL-4 and IL-13 (alternatively activated), M2b are induced 

by immune complexes in combination with TLR ligands and M2c by IL-10 or 

glucocorticoids (sometimes termed deactivated). Although different in several aspects, 

the M2 macrophages produce low levels of proinflammatory cytokines, like IL-1β, 

TNF, IL-12 and IL-23 (with the exception of M2b that produce IL-1β, TNF and IL-6) 

and high levels of IL-10 and are mainly immune regulatory (Mantovani et al., 2004). 

Several other terms have been suggested, for instance ‘innate activation’ by microbial 

stimuli, ‘humoral activation’ by Fc and complement receptors and ‘deactivation’ by 

anti-inflammatory factors like IL-10, TGF-β and glucocorticoids (Gordon, 2003), or 

based on their main functional properties, ‘wound healing’ and ‘regulatory’ 

macrophages (Mosser and Edwards, 2008). In addition, macrophages generated in 

vitro in the presence of GM-CSF or M-CSF alone have been described as M1 and M2 

polarized, due to their pro-inflammatory versus anti-inflammatory properties (Verreck 

et al., 2004). Figure 2 shows a schematic view of the differences between Th1- and 

Th2-associated, and IL-10-induced macrophages. 
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Although meant to facilitate the description of different macrophage subsets, the lack 

of consensus in addition to the oversimplified use and overinterpretation of some of 

these definitions have led to confusion and misinterpretation (reviewed in Martinez 

and Gordon, 2014; Murray et al., 2014). First, the phenotype and function of different 

subsets is mainly based on observations in vitro where a restricted number of stimuli 

have been used to differentiate and polarize macrophages. As a result, they do not 

cover the diversity of tissue-resident macrophages or macrophages associated with 

certain conditions or diseases, where macrophages are influenced by multiple factors 

that may affect macrophage polarization. In addition, in vitro macrophage subsets are 

commonly described as stable end-stage cells; also this in contrast to the nature of 

macrophages that are known to be plastic and thus able to change properties according 

to the surrounding microenvironment (Stout and Suttles, 2004). An additional problem 

is that macrophages obtained from tissues are heterogeneous in terms of phenotype, 

stage of differentiation and function (Biswas and Mantovani, 2010; Sica and 

Mantovani, 2012; Davies et al., 2013) and thus comparison with strictly defined in 

vitro subtypes may be misleading. In addition, the use of a restricted number of 

markers to define macrophage polarization has proven problematic. This is in part due 

to the lack of lineage-specific markers and the overlapping phenotypes and functions 

among macrophage subsets. One example is the use of CD206 (also known as 

mannose receptor, MR) as a marker of alternatively activated or M2 macrophages. 

Although it was originally shown to be upregulated by IL-4 and downregulated by 

IFN-γ (Stein et al., 1992), studies show that GM-CSF macrophages express higher 

CD206 levels than M-CSF macrophages (Brocheriou et al., 2011; Kittan et al., 2013). 

Thus by only using CD206, GM-CSF macrophages (often defined as M1 as described 

above) would be classified as M2 macrophages. 

In an effort to overcome the inconsistencies in macrophage definitions it was recently 

suggested that macrophages should be termed by the stimuli that was used to polarize 

them, for instance M(IL-4) or GM(IFN-γ) for macrophages stimulated with M-CSF 

and IL-4 or GM-CSF and IFN-γ, respectively (Murray et al., 2014). In addition, it was 

encouraged that researchers use a combination of markers to define the phenotype of 

the macrophages being studied. This is particularly important when describing tissue-
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derived macrophages that may not exactly fit an in vitro defined subset. In this thesis, 

I will use this newly described nomenclature but for simplicity I will also refer to M1 

and M2 macrophages to describe macrophages with predominantly pro-inflammatory 

and immune regulatory properties, respectively. Importantly, M2 will not be used as a 

term for the originally described alternatively activated phenotype induced by Th2 

cytokines, but as a general term for macrophages with immune suppressive or 

homeostatic properties. 

Markers differentially expressed on macrophage subtypes 

Some of the markers that have been used to define specific macrophage 

subpopulations (in particular M2 macrophages) in humans, are described below.  

CD206 (the mannose receptor) is a pattern recognition receptor (PRR) that recognizes 

mannose and fucose residues on both endogenous and microbial structures (such as M. 

tuberculosis and C. albicans) leading to endocytosis and antigen presentation 

(Geijtenbeek and Gringhuis, 2009). CD206 was the first described marker that 

distinguished between macrophages stimulated by IL-4, which induced its expression, 

or IFN-γ, which decreased its expression (Stein et al., 1992). More recently, also GM-

CSF has been shown to strongly upregulate CD206 expression (Brocheriou et al., 

2011; Kittan et al., 2013). CD206 has been shown to mediate anti-inflammatory 

responses in DCs by promoting production of IL-10, downregulation of co-

stimulatory molecules and production of the Th2-associated chemokines CCL17 and 

CCL22 (Chieppa et al., 2003).  

CD209 (Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin, DC-SIGN) is also a PRR with specificity for mannose- and fucose-containing 

structures, and is expressed on immature DCs and some macrophage subsets 

(Geijtenbeek and Gringhuis, 2009). Expression of CD209 was initially shown to be 

induced by IL-4 or IL-13 and to be downregulated by lipopolysaccharide (LPS) or 

TNF and was therefore associated with Th2 immunity (Soilleux et al., 2002; Puig-

Kroger et al., 2004). More recently, CD209 has been shown to be induced by M-CSF 

and to be expressed by IL-10-producing TAMs (Dominguez-Soto et al., 2011). In 
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addition, some probiotic bacteria have been shown to utilize CD209 to reduce the 

production of pro-inflammatory cytokines and to induce tolerogenic DCs that promote 

conversion of Treg cells (Smits et al., 2005; Konstantinov et al., 2008). The fact that 

many pathogens also down-modulate host immune responses by targeting CD209 

supports an immune regulatory role for this receptor (van Kooyk and Geijtenbeek, 

2003).  

The scavenger receptor CD163 is expressed on most populations of tissue-resident 

macrophages but not on DCs (Van den Heuvel et al., 1999) and its best characterized 

function is related to the clearance of senescent red blood cells (Fabriek et al., 2005). 

Although CD163 has mainly been identified as the receptor for 

hemoglobin:haptoglobin complexes, some data suggest that it may also recognize and 

bind bacteria and could be involved in host defense (Fabriek et al., 2009). CD163 

expression is upregulated by M-CSF, IL-10 and glucocorticoids and downregulated by 

both Th2-associated (IL-4) and pro-inflammatory stimuli (GM-CSF, LPS, IFN-γ and 

TNF) (Van den Heuvel et al., 1999; Buechler et al., 2000; Sulahian et al., 2000). 

Macrophages have also been shown to upregulate CD163 expression upon co-culture 

with Treg cells, through a mechanisms that was partly mediated by IL-10 but not Th2 

cytokines (Tiemessen et al., 2007).  

Neuropilin-1 (NRP-1) has been linked to Treg cells in mice (Bruder et al., 2004; 

Sarris et al., 2008) and has been shown to enhance the angiogenic activity of 

endothelial cells (Sulpice et al., 2008), implicating a role for NRP-1 in both immune 

suppression and tissue remodeling. In macrophages, NRP-1 expression was induced 

by M-CSF and suppressed by IFN-γ and was therefore suggested as a marker of M2 

macrophages (Ji et al., 2009).  

Pro-inflammatory M1 macrophages are best described by their high expression of 

molecules associated with antigen presentation (HLA-DR, CD80/CD80 and CD40) 

and production of pro-inflammatory cytokines, in particular IL-12 and IL-23, and the 

lack of M2 markers (Mantovani et al., 2004; Biswas and Mantovani, 2010). In 

addition, M1 macrophages produce Th1-attracting chemokines (CXCL9, CXCL10 

and CXCL11), in contrast to M2 macrophages (Th2-associated or anti-inflammatory) 
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that either produce the Th2-attracting CCL17 and CCL22 or CCL2 and CCL18 

(Mantovani et al., 2004; Biswas and Mantovani, 2010).  

Among transcription factors, interferon regulatory factor (IRF) 5 was proposed to 

have a critical role in the polarization of M1 macrophages (Krausgruber et al., 2011). 

IRF5 was shown to be highly expressed on macrophages differentiated under the 

influence of GM-CSF but not M-CSF and to promote upregulation of genes encoding 

IL-12 and IL-23 and to repress IL-10. IRF5+ macrophages could also induce Th1 and 

Th17 cells but not Th2 or Treg cells and was therefore proposed as a master regulator 

of M1 macrophages.  
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Pregnancy  

Establishment of the placenta 

The placenta is composed of a fetal part that includes the chorionic plate and chorionic 

villi, and a maternal part consisting of the endometrium (called decidua basalis) (Fig. 

3). In the field of reproductive immunology, the fetal part of the placenta is commonly 

referred to as the “placenta”, and the maternal part is referred to as the “decidua”. 

Therefore, the terms “placenta” and “decidua” will be used throughout this thesis. 

Already before pregnancy is established, the endometrium starts an adaptation process 

(decidualization) that is required for successful implantation and placental 

development. Decidualization occurs as part of the menstrual cycle in response to 

estradiol and progesterone, and involves increased vascularization, differentiation of 

stromal cells into decidual cells, and infiltration of leukocytes (Cartwright et al., 

2010). In case that pregnancy occurs, progesterone levels are maintained high and the 

decidualization process continues. Implantation starts with attachment of the 

blastocyst to the endometrial epithelium, after which the trophoblast layer starts to 

differentiate into an inner cytotrophoblast layer and the surrounding multinucleated 

syncytiotrophoblast (Gude et al., 2004). The blastocyst sinks beneath the epithelium 

and becomes ultimately surrounded by the endometrium. After implantation is 

completed, cytotrophoblast (CTB) cells start to proliferate and differentiate, leading to 

the formation of the placenta with its characteristic structure with branching villi 

(Gude et al., 2004; Cartwright et al., 2010) (Fig. 3). Some CTB cells fuse to become 

the multinucleated syncytiotrophoblast layer that surrounds the floating villi. Beneath 

the syncytiotrophoblast is a layer of CTB cells and the villous mesenchyme, and these 

together form the placental membrane. This membrane functions as a barrier between 

maternal blood in the intervillous space and fetal blood within the capillaries in the 

villous core. This is also the site of oxygen and nutrient exchange and the removal of 

waste products. The villous mesenchyme also harbors fetal macrophages, called 

Hofbauer cells, which display homeostatic properties within the M2 range and may  



31 
 

Figure 3. Schematic representation of the fully developed human placenta. 

have an important phagocytic function during placental formation (Bulmer and 

Johnson, 1984; Bockle et al., 2008; Tang et al., 2013). 

Differentiating CTB cells may also become extravillous trophoblast (EVT) cells that 

migrate through the anchoring villi into the decidua. EVT cells invade the decidua and 

migrate to remodeling vessels where they replace vascular smooth muscle cells 

(VSMC) and endothelial cells to form the spiral arteries. This process results in the 

dilation and rupture of uterine arterioles and the release of maternal blood into the 

intervillous space (Fig. 4, left panel). The migration of EVT cells through the decidual 

stroma and the remodeling of vessels is a coordinated process that involves 

degradation of extracellular matrix and a high rate of cell renewal and apoptosis 

(Cartwright et al., 2010). Decidual NK cells are considered important in this process, 

but decidual macrophages may also support tissue remodeling, in particular the 

phagocytosis of apoptotic cells (discussed later on).  
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Requirement of maternal immune adaptation 

The extensive invasion by trophoblast cells is a feature of haemochorial placentation, 

which is the most invasive type of placentation (Benirschke, 1994). The structural 

organization of this placental type results in several sites where maternal immune cells 

are exposed to trophoblast cells. The syncytiotrophoblast layer that covers the 

placental villi and the EVT cells that penetrate the spiral arteries are in direct contact 

with maternal blood leukocytes. There is also a close association between invading 

trophoblast cells and the leukocytes that populate the decidua (described in more 

detail below and in Fig. 5). Thus, although the maternal immune system is not in 

direct contact with the fetus itself, fetally derived trophoblast cells could potentially 

elicit a maternal immune response towards the semi-allogeneic fetal-placental unit. 

This is why the existence of mechanisms to limit maternal immune activation is of 

crucial importance for normal fetal development. Indeed, failure of the maternal 

immune system to adapt adequately during pregnancy has been associated with 

several pregnancy disorders. Before describing the immune adaptations that are 

associated with normal pregnancy, some common pregnancy complications will be 

introduced. 

Pregnancy‐associated complications 

The most common pregnancy complications that may be associated with immune 

maladaptation are recurrent spontaneous miscarriages, preeclampsia and preterm 

labor. 

Spontaneous miscarriage is the most common complication during early pregnancy 

(~15%) and is most often caused by chromosomal abnormalities or fetal 

malformations that are incompatible with life (Adolfsson and Larsson, 2006; Larsen et 

al., 2013). In contrast, recurrent spontaneous miscarriages, defined by three 

(sometimes two) consecutive pregnancy losses before gestational weeks 20-22, have a 

prevalence of 1-3% and are considered to be more heterogeneous with many possible 

causes (Matthiesen et al., 2012; Larsen et al., 2013). Although several risk factors  
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Figure 4. Spiral arteries and trophoblast invasion in healthy and preeclamptic 
pregnancy. Preeclampsia is characterized by shallow trophoblast invasion and 
defective vascular remodeling leading to reduced maternal blood flow, which in turn 
may compromise fetal growth. Failure of decidual natural killer (NK) cells and 
macrophages (MΦ) to recruit trophoblast cells and support angiogenesis may 
contribute to the development of the disease. EVT: extravillous trophoblast. Figure 
from Svensson-Arvelund et al. (2014). 

have been identified, including chromosomal abnormalities, endocrine dysfunction 

and trombophilias, about 50% of cases remain unknown (idiopathic). Increasing 

evidence suggests that failure of the maternal immune system to adapt properly may 

be an underlying cause of idiopathic recurrent miscarriage.  

Preeclampsia is a disorder with multiple clinical features affecting both the mother 

and the fetus (Sibai et al., 2005). It is characterized by shallow trophoblast invasion 

and defective spiral artery remodeling (Fig. 4). The resultant poor placentation leads 

to reduced maternal blood flow compromising fetal growth and causing maternal 

hypertension. The maternal syndrome is also associated with severe inflammation and 

endothelial dysfunction affecting multiple organs. The pathogenesis of preeclampsia is 

unknown but is believed to involve maladaptation of the maternal immune system 

(Redman and Sargent, 2010). This concept is supported by the observations that the 
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risk of developing preeclampsia is lowered with increased exposure to paternal 

antigens before pregnancy (Kho et al., 2009). In addition, preeclampsia occurs more 

often in first pregnancies, while change of partner increases the risk, supporting the 

hypothesis that decreased risk correlates with maternal immune adaptation to the fetus 

(Redman and Sargent, 2010).  

Preterm birth, occurring in 5-15% of all pregnancies, is the most common cause of 

neonatal deaths worldwide, and is also associated with complications later in life 

(Chang et al., 2013). Similar to recurrent miscarriages, preterm labor seems to be 

associated with multiple pathological mechanisms (Romero et al., 2014). It is 

generally recognized that infection-induced inflammation is the cause of a subset of 

all preterm deliveries (Romero et al., 2006). This is mediated by the release of 

inflammatory cytokines, chemokines and prostaglandins in a manner similar to 

spontaneous labor. However, breakdown of maternal fetal tolerance or vascular 

disorders (for instance preeclampsia) may also contribute to premature birth by 

mechanisms that are not well understood.  

Thus, in spite of intensive research, the pathological mechanisms behind recurrent 

miscarriage, preeclampsia and preterm birth remain unresolved making prediction, 

prevention and treatment difficult. This may in part be due to the limited knowledge 

about the immune adaptations associated with healthy human pregnancy. Therefore, 

an increased understanding of maternal immune adaptation should offer new insights 

into mechanisms of potential importance also in pregnancy-associated complications.  
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Immune regulation during pregnancy  

Characteristics of trophoblast cells  

An important property of trophoblast cells that allows interaction with maternal 

immune cells without triggering activation is their restricted expression of MHC 

antigens. In contrast to the fetus that has a full MHC expression, trophoblast cells 

completely lack MHC class II molecules as well as the most polymorphic of the 

classical MHC class I molecules, HLA-A and HLA-B (Trundley and Moffett, 2004). 

The villous syncytiotrophoblast cells that are surrounded by maternal blood are devoid 

of any MHC expression, while EVT cells in the decidua express the non-classical 

MHC class I antigens HLA-G and HLA-E, and the classical HLA-C antigen 

(McMaster et al., 1995; King et al., 2000a; King et al., 2000b). HLA-G has been 

proposed to be involved in the modulation of maternal immune responses and has for 

instance been shown to inhibit cytokine production and reduce NK cell cytotoxicity, 

to eliminate activated cytotoxic CD8+ T cells and to induce production of TGF-β by 

APCs (Rieger et al., 2002; Hunt et al., 2005). Although less pronounced, HLA-E has 

also been shown to inhibit NK cell cytotoxicity (King et al., 2000a). 

HLA-C expression may also prevent NK cell activation by binding to inhibitory NK 

cell receptors, and this interaction has been shown to be of particular importance for 

placentation, possibly by the regulation of trophoblast invasion (Hiby et al., 2004; 

Sanchez-Rodriguez et al., 2011). Although HLA-C could also potentially induce 

detrimental immune responses by CD8+ T cells, these cells usually do not cause fetal 

rejection (Tilburgs and Strominger, 2013). How this protection is mediated is not well 

understood, but likely involves multiple immune regulating mechanisms that are 

present at the fetal-maternal interface. 

In addition, trophoblast cells produce large amount of hormones, including 

progesterone, estradiol, and human chorionic gonadotrophin (hCG) that besides 

promoting endocrine effects are involved in modulating the maternal immune 

response. Progesterone has been shown to suppress the development of Th1 cells 
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while promoting Th2 cells and the production of IL-10 (Miyaura and Iwata, 2002) and 

to induce production of M-CSF and leukemia inhibitory factor (LIF), shown to be 

essential for murine pregnancy (Piccinni et al., 2001). Progesterone has also been 

suggested to modulate the activation of macrophages (Jones et al., 2008; Menzies et 

al., 2011). The effects of estradiol have been proposed to be concentration-dependent, 

with low concentrations promoting IFN-γ production and Th1 immunity and high 

levels stimulating IL-10 secretion and Th2 immunity (Whitacre et al., 1999; Beagley 

and Gockel, 2003). Other effects of estradiol include reduced antigen presentation by 

APCs and activation of T cells and induction of Treg cells (Beagley and Gockel, 

2003; Polanczyk et al., 2006). Also hCG has been shown to down-modulate immune 

responses by reducing the production of IFN-γ and TNF and increasing the production 

of IL-10 and TGF-β (Khil et al., 2007). In addition, hCG increased the number and 

suppressive function of Treg cells and prevented fetal loss in mice (Schumacher et al., 

2013).  

Trophoblast cells have been shown to express and produce Th2-associated and 

immune suppressive cytokines, including IL-4, IL-13, IL-10 and TGF-β (Chaouat et 

al., 1999; Hanna et al., 2000; Sacks et al., 2001; Simpson et al., 2002). In contrast, 

pro-inflammatory cytokines like IL-12, TNF and IFN-γ are present at lower levels in 

trophoblast cells (Sacks et al., 2001). Trophoblast cells may also be an important 

source of the macrophage growth factors M-CSF and GM-CSF (Bartocci et al., 1986; 

Jokhi et al., 1994; Engert et al., 2007). Other mechanisms that have been described to 

promote fetal tolerance include the elimination of maternal reactive T cells by 

indoleamine 2,3-dioxynenase (IDO) or Fas-ligand (FasL) and the induction of 

tolerogenic cells by for instance galectin-1 (Hunt et al., 1997; Munn et al., 1998; Blois 

et al., 2007). 

Systemic adaptations of the maternal immune system 

Despite the unique properties that trophoblast cells have acquired to limit the 

activation of circulating maternal immune cells, immune changes do occur 

systemically during pregnancy, likely as a result of placental-derived factors including 
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cytokines, growth factors, hormones and trophoblast-derived microvesicles. The 

observations that inflammatory diseases like multiple sclerosis and rheumatoid 

arthritis ameliorate during pregnancy, support a systemic influence of pregnancy 

(Ostensen et al., 1983; Confavreux et al., 1998). 

Th and Treg cells 

After the initial proposal that pregnancy was associated with a shift from Th1, towards 

Th2 immunity (Wegmann et al., 1993), the frequencies of Th cells, including the more 

recently described Th17 cells, have been extensively studied in the circulation of 

healthy pregnant women. Despite some initial studies showing enhanced Th2 immune 

responses (Saito et al., 1999a), the reports have been inconsistent and the consensus 

appears to be that no major changes occur in the circulating Th cell compartment, and 

that adaptations are more likely to occur at the fetal-maternal interface (Saito et al., 

2010; Ernerudh et al., 2011). Many reports have also addressed the frequency of 

circulating Treg cells and initial findings showed that human pregnancy was 

associated with increased circulating Treg cell numbers (Heikkinen et al., 2004; 

Sasaki et al., 2004; Somerset et al., 2004). However, the observed increase was likely 

due to an increase in activated non-suppressive CD4+CD25high T cells that were 

included when using the traditional gating strategies for Treg cells (Mjosberg et al., 

2009; Ernerudh et al., 2011; Jiang et al., 2014). Most recent reports, using a more 

strict definition of Treg cells (for instance CD4dimCD25high or including Foxp3 and 

CD127) show that circulating Treg cell numbers are unaltered or even decreased 

(Tilburgs et al., 2008; Mjosberg et al., 2009) and this has been proposed to be due to 

specific Treg cell migration to the decidua (Tilburgs et al., 2008). 

Innate immune cells 

Pregnancy has been associated with increased circulating numbers and activation of 

monocytes and granulocytes (Sacks et al., 1999). Granulocytes have for instance been 

shown to produce increased levels of CXCL8 and reactive oxygen species (Sacks et 

al., 1998; Luppi et al., 2002). Monocytes have been shown to upregulate the 

expression of activation markers like CD64 (FcγRI), to have enhanced potential to 
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produce reactive oxygen species and to produce pro-inflammatory cytokines including 

IL-12 and IL-1β (Sacks et al., 1998; Luppi et al., 2002; Sacks et al., 2003). More 

recent reports also show differential regulation of monocyte subsets during normal 

pregnancy, with increased numbers of non-classical (CD14+/lowCD16+) and decreased 

numbers of classical (CD14++CD16-) monocytes (Melgert et al., 2012). The non-

classical subset has been considered more pro-inflammatory due to its increased 

potential to produce pro-inflammatory cytokines, such as TNF and IL-1β (Ancuta et 

al., 2009; Cros et al., 2010; Ziegler-Heitbrock et al., 2010). The increased activation 

of blood leukocytes may in part be caused by the release of microparticles from 

syncytiotrophoblasts into the circulation (Germain et al., 2007). The activation of 

innate immune cells has been proposed to protect the mother against infections and to 

serve a compensatory mechanism for the weakened adaptive immunity observed in 

the circulation (Sacks et al., 1999). However, not all innate components show 

activated phenotypes; DCs have been shown to be decreased and to show a more 

suppressive phenotype with for instance lower expression of the co-stimulatory CD86 

and increased expression of the tolerance-associated molecules CD200 and CD200R 

(Cordeau et al., 2012; Darmochwal-Kolarz et al., 2012). In addition, NK cells show 

decreased production of IFN-γ (Veenstra van Nieuwenhoven et al., 2002) and a shift 

towards a Th2-associated phenotype has been proposed (Borzychowski et al., 2005). 
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Maternal immune adaptation at the fetal‐maternal interface 

The most pronounced changes occur at the fetal-maternal interface, where maternal 

immune cells in the decidua are closely associated with placental trophoblast cells 

(Fig. 5). The human decidua is populated by a unique composition of immune cells 

with specialized functions that are necessary to meet the requirements associated with 

pregnancy. The majority of decidual leukocytes during early human pregnancy are 

innate immune cells, where NK cells account for ~70% and macrophages ~20% of all 

leukocytes, while only ~10% are T cells (Starkey et al., 1988; King et al., 1991). 

Some DCs are also present (~1%), while B cells and granulocytes are scarce (Bulmer 

and Johnson, 1984; Gardner and Moffett, 2003; Ban et al., 2008).  

Restricted T cell activation 

Several mechanisms have been described to limit the activation of the maternal 

immune system and the likelihood of mounting an anti-fetal immune response. The 

trophoblast cells’ lack of MHC class II and classical MHC class I (HLA-A and -B) 

molecules (which are the main cause of CD4+ and CD8+ T cell activation and 

transplant rejection), prevents strong immune responses towards fetal antigens 

(Tilburgs and Strominger, 2013; Nancy and Erlebacher, 2014). Studies in mice have 

also shown that although decidual DCs could potentially process and present placental 

or fetal antigens, they fail to migrate to lymph nodes thus reducing the potential of 

activating Th cells (Collins et al., 2009). In addition, the recruitment of activated T 

cells to the decidua is limited and reactive cytotoxic T cells are eliminated by clonal 

deletion (Erlebacher et al., 2007; Nancy et al., 2012), thus limiting the potential of 

inducing an inflammatory environment in the decidua. As mentioned above, 

molecules produced or expressed by trophoblast cells (for instance IDO and FasL) 

may be in part responsible for the elimination of activated T cells. 

Th1, Th2 and Th17 cells  

Given the importance of Th cells and Treg cells in generating and controlling immune 

responses, much research has focused on the role of these populations in the  
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Figure 5. Schematic representation of the fetal-maternal interface. Fetal-derived trophoblast 
cells are in close contact with maternal immune cells in the decidua. The major leukocyte 
populations in the first trimester decidua are natural killer (NK) cells, macrophages (MΦ), 
cytotoxic T (Tc) cells and T helper (Th) cells, in particular regulatory T (Treg) cells. A small 
population of dendritic cells (DCs) is also present. These immune cells come into close 
contact with invading extravillous trophoblast cells (EVT), which proliferate from 
cytotrophoblast cells (CTB) and migrate from the placental villi to the decidua to take part in 
the remodeling of spiral arteries. STB: Syncytiotrophoblast cells. 
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maintenance of human pregnancy. Early data from mouse models proposed that fetal 

tolerance was associated with enhanced local production of Th2 cytokines (IL-4, IL-5, 

IL-13 and IL-10) and that the Th1 cytokine IFN-γ could promote fetal rejection (Lin et 

al., 1993; Wegmann et al., 1993; Raghupathy, 1997). Human pregnancy was initially 

also reported to be associated with increased IL-4 and decreased IFN-γ secretion by 

decidual T cells (Saito et al., 1999b). More recent data, defining Th1, Th2 and Th17 

cells by their chemokine receptor expression, showed that Th2 cells are not increased 

in the decidua as compared to blood and that decidual Th17 cells are scarce (Mjosberg 

et al., 2010). In addition, a subset of CCR6- Th1 cells that secrete moderate levels of 

IFN-γ was increased, whereas CCR6+ Th1 cells associated with high secretion of IFN-

γ were found to be less frequent in the early pregnancy decidua (Acosta-Rodriguez et 

al., 2007; Mjosberg et al., 2010). The high frequency of the CCR6- Th1 cell subset 

was interpreted to be consistent with the view of early pregnancy as a state of 

controlled mild inflammation.  

Treg cells 

Treg cells have been shown to be essential to the establishment and maintenance of 

murine pregnancy (Aluvihare et al., 2004; Rowe et al., 2012b; Samstein et al., 2012). 

The accumulation of Treg cells has been shown to occur in both syngeneic and 

allogeneic pregnancies, and in response to fetal-specific antigens but also 

independently of fetal antigens, for instance by pregnancy-associated hormones 

(Aluvihare et al., 2004; Zhao et al., 2007; Guerin et al., 2009; Rowe et al., 2012b). In 

humans, CD4+CD25high Treg cells are enriched in the decidua, express markers of 

activation (CD45R0 and HLA-DR) and show a suppressive phenotype, with high 

expression of Foxp3 and CTLA-4 (Heikkinen et al., 2004; Tilburgs et al., 2006; 

Tilburgs et al., 2008; Mjosberg et al., 2010; Dimova et al., 2011). In contrast to mouse 

pregnancy, little is known about the specificity and the mechanisms that promote 

expansion of Treg cells in humans. Indirect evidence suggests that human Treg cells 

might recognize and expand in response to paternal antigens (Mjosberg et al., 2007; 

Tilburgs et al., 2008). The conversion and expansion of human Treg cells may be 

supported by factors present in seminal fluid (in particular TGF-β) or by factors 
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produced at the fetal-maternal interface, including hormones and cytokines (Guerin et 

al., 2009; Ernerudh et al., 2011; Robertson et al., 2013). It has also been suggested 

that the locally produced chemokines CCL4 and CCL17 attract Treg cells by binding 

to CCR5 and CCR4, which have been shown to be expressed on decidual Treg cells 

(Kallikourdis et al., 2007; Mjosberg et al., 2010). hCG may also be involved in the 

recruitment of Treg cells to the fetal-maternal interface in humans (Schumacher et al., 

2009).  

Dysregulation of Th cell populations, in particular the activation of Th1 and Th17 

cells, as well as defective induction of Treg cells have been implicated in the 

development of pregnancy complications associated with failure to induce or maintain 

fetal tolerance (Saito et al., 2010; Ernerudh et al., 2011; Jiang et al., 2014). 

Decidual NK cells 

In peripheral blood, the majority of NK cells (~90%) belong to the cytotoxic 

CD56dimCD16bright subtype, while only a small proportion belongs to the more 

regulatory and cytokine-secreting CD56brightCD16-/dim subtype (Nagler et al., 1989; 

Cooper et al., 2001). In contrast, most human decidual NK cells are CD56brightCD16- 

(Starkey et al., 1988; King et al., 1991), and seem to be cytokine-producing cells that 

express immunosuppressive molecules (Koopman et al., 2003; Engert et al., 2007). In 

addition, although they express NK cell-activating receptors and cytolytic granules 

(King et al., 1991; Koopman et al., 2003; Hanna et al., 2006), decidual NK cells have 

been proposed to have limited cytotoxic ability (Kopcow et al., 2005), a feature that is 

essential for their close association with trophoblast cells. The reduced cytotoxic 

potential is believed to be mediated by inhibitory receptors and their interaction with 

MHC class I molecules (HLA-C, -E, and -G) on EVT cells (Manaster and 

Mandelboim, 2010; Vacca et al., 2011a).  

Decidual NK cells have mostly been implicated to have a role in spiral artery 

remodeling. For instance, they have been shown to be closely associated with 

remodeling vessels (Smith et al., 2009; Hazan et al., 2010), to promote trophoblast 

invasion (Hanna et al., 2006; De Oliveira et al., 2010; Fraser et al., 2012) and to 
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stimulate vascular remodeling by the production of angiogenic factors (Hanna et al., 

2006; Lash et al., 2006; Kalkunte et al., 2009). The interaction of activating NK cell 

receptors with MHC I molecules on trophoblast cells seems to promote both 

chemotactic and angiogenic factors (Hanna et al., 2006), suggesting that a moderate 

level of activation is necessary for proper trophoblast invasion and spiral artery 

remodeling. The importance of this balance has been demonstrated by studies showing 

that too much inhibition by NK cell receptors is associated with an increased risk of 

developing preeclampsia (Hiby et al., 2004; Sanchez-Rodriguez et al., 2011), which is 

characterized by poor trophoblast invasion and impaired vascular remodeling.  

The origin of decidual NK cells is not well established but may involve the maturation 

from endometrial NK cells or hematopoietic precursors in response to pregnancy-

associated factors (Manaster et al., 2008; Vacca et al., 2011b). In addition, NK cells 

might be recruited from peripheral blood and differentiate locally into decidual NK 

cells, for instance in response to TGF-β (Keskin et al., 2007; Carlino et al., 2008; 

Male et al., 2010). The recruitment from blood to decidua may be mediated by 

CXCL10 and CXCL12 through the interaction with CXCR3 and CXCR4 that have 

been shown to be expressed on decidual NK cells (Hanna et al., 2003).  

Decidual macrophages 

Macrophages represent the most abundant APC population in the decidua and their 

high frequency persists throughout pregnancy (Bulmer and Johnson, 1984; Starkey et 

al., 1988; Williams et al., 2009). Given their potential to respond to microbial antigens 

as well as alloantigens, decidual macrophages have been proposed to play a central 

role in creating a balance between the activation of pro-inflammatory responses and 

the maintenance of immune homeostasis during pregnancy (Nagamatsu and Schust, 

2010b; Svensson-Arvelund and Ernerudh, 2015). Furthermore, due to their pro-

inflammatory potential, decidual macrophages have also been implicated in the 

initiation of parturition, which is characterized by production of inflammatory 

cytokines, including IL-1β, IL-6 and TNF, and infiltration of leukocytes with 
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inflammatory properties (Nagamatsu and Schust, 2010a; Hamilton et al., 2013). 

However, the most important immunological events occur in early pregnancy, the 

time when the placenta is being established and when the maternal immune system 

needs to adjust to support the growing fetus. Therefore, literature reporting the 

phenotype and function of macrophages from early human pregnancy will be 

described below (if not otherwise stated). 

Phenotype and function of decidual macrophages  

Two decades ago it was shown that decidual macrophages from early human 

pregnancy had a more suppressive effect on the proliferation of T cells than blood 

monocytes in a mixed lymphocyte reaction (Mizuno et al., 1994). This study 

suggested that decidual macrophages have the ability to process and present 

alloantigens and possess immune suppressive activity. Besides this early observation, 

the function of decidual macrophages has mainly been deduced from gene expression, 

cell surface phenotyping and cytokine secretion analyses. For instance, the 

observation that decidual macrophages were the major source of IL-10 among 

decidual leukocytes, implicated them as important immune suppressors (Lidstrom et 

al., 2003). At the same time, it was reported that the majority of CD14+ decidual 

macrophages expressed the pattern recognition receptors CD209 (DC-SIGN) and 

CD206 (mannose receptor) associated with an M2 macrophage phenotype (Kammerer 

et al., 2003; Laskarin et al., 2005). Further, global gene expression profiling showed 

that a large number of upregulated genes in decidual macrophages were associated 

with immune regulation and M2 polarization (Gustafsson et al., 2008). These included 

the previously described CD206 and CD209, but also the newly proposed M2 marker 

NRP-1 and the chemokines CCL2 and CCL18. Another observation indicating an 

immune regulatory function of decidual macrophages was their role in the clearance 

of apoptotic cells (Mor and Abrahams, 2003). It is only recently that the function of 

human decidual macrophages has been studied in more detail, and several reports now 

suggest that decidual macrophages influence the function of both decidual NK cells 

and T cells (Vacca et al., 2010; Co et al., 2013; Sayama et al., 2013). The function of  
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Figure 6. Decidual macrophages 
may support spiral artery 
remodeling by promoting 
trophoblast invasion (for instance by 
IL-33) and producing factors 
associated with tissue remodeling 
and angiogenesis (MMP9 and 
VEGF). They may also maintain a 
homeostatic tissue environment by 
phagocytosing apoptotic cells and 
debris. EVT: Extravillous 
trophoblast, MMP: Matrix 
metalloproteinase, VEGF: Vascular 
endothelial growth factor. Figure 
adapted from Svensson-Arvelund 
and Ernerudh (2015). 

decidual macrophages is likely controlled by epigenetic mechanisms; in particular, 

genes encoding M1-associated factors (for instance IL-1β and the IL-12 receptor β2 

subunit) are hypermethylated, while genes encoding M2-associated factors (for 

instance A2M and IL-10) are hypomethylated, suggesting a predisposition towards an 

immune regulatory phenotype (Kim et al., 2012).  

Decidual macrophages may also have other functions, an area of research that was in 

part reinforced by microarray data reveling expression of tissue remodeling genes 

(Gustafsson et al., 2008). For instance, decidual macrophages contribute to spiral 

artery remodeling by promoting trophoblast invasion into the decidua and by 

remodeling of the extracellular matrix (Fig. 6). This concept is supported by the 

accumulation of decidual macrophages in areas close to invading trophoblast cells and 

remodeling spiral arteries (Smith et al., 2009; Helige et al., 2014). Decidual 

macrophages express or produce factors particularly associated with tissue 

remodeling, for instance matrix metalloproteinase-9, fibronectin-1 and collagens, and 

angiogenic factors such as epidermal growth factor (EGF) and vascular endothelial 

growth factor (VEGF) (Engert et al., 2007; Li et al., 2009; Smith et al., 2009). In 
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addition, decidual macrophages produce chemotactic cytokines and chemokines (for 

instance CXCL8 and IL-33) proposed to promote trophoblast recruitment (Engert et 

al., 2007; Fock et al., 2013). Another important function attributed to decidual 

macrophages is the clearance of debris and apoptotic cells that are generated during 

spiral remodeling. Supporting this, macrophages with phagocytic activity are closely 

associated with apoptotic VSMCs around the remodeling vessels (Hazan et al., 2010), 

and production of molecules such as fibronectin-1 and C1q by decidual macrophages 

may facilitate the uptake of apoptotic cells (Gustafsson et al., 2008; Svensson-

Arvelund and Ernerudh, 2015). The process of apoptotic clearance may be particularly 

important to limit the inflammatory potential at the fetal-maternal interface (Mor and 

Abrahams, 2003; Svensson-Arvelund and Ernerudh, 2015). 

Origin and development of decidual macrophages 

The origin of decidual macrophages in human pregnancy is largely unknown. 

Experiments in mice suggest that uterine macrophages originate from blood-derived 

Ly6Chi monocytes, the mouse counterpart of classical CD14++CD16- human 

monocytes, by a CCR2-dependent mechanism (Tagliani et al., 2011). CCL2, the main 

CCR2 ligand, is produced by many cells at the fetal-maternal interface in humans, 

including macrophages, NK cells, decidual stromal and trophoblast cells (Engert et 

al., 2007; Gustafsson et al., 2008; He et al., 2012), suggesting that macrophage 

numbers may be maintained by the active recruitment of blood monocytes, in a 

manner similar to mouse pregnancy. The high proportion of proliferating (Ki67+) 

decidual macrophages also suggests that they proliferate on site, possibly from 

endometrial macrophages, which represent one of the major leukocyte populations in 

the non-pregnant uterus (Kammerer et al., 2003). This idea would support the recently 

observed importance of macrophage proliferation in most tissues (Hashimoto et al., 

2013). At least in the mouse uterus, macrophage proliferation was shown to be 

induced by M-CSF (Tagliani et al., 2011). However, very little research has focused 

on the mechanisms that control human decidual macrophage differentiation and 

function, and the factors that influence the polarization of these cells are unknown. 
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The role of decidual macrophages in pregnancy complications 

Given their important role in both immune regulation and tissue remodeling, 

macrophages have been implicated in the development of pregnancy complications. 

Most studies have focused on the number of decidual macrophages and these have 

failed to show consistent results for instance showing both unaltered, decreased and 

increased numbers of macrophages in preeclamptic patients (Burk et al., 2001; 

Lockwood et al., 2006; Kim et al., 2007; Schonkeren et al., 2011). Thus, the role of 

decidual macrophages in the development of complications is likely to be more related 

to the function of macrophages (or a combination of the both). Indeed, some studies 

have reported altered expression of M2 macrophage markers (for instance CD163, 

CD206 and CD209) (Schonkeren et al., 2011; Hsu et al., 2012; Prins et al., 2012) or 

production of factors influencing macrophage polarization (for instance GM-CSF and 

IL-10) (Hennessy et al., 1999; Huang et al., 2010; Schonkeren et al., 2011) in 

pregnancy complications. However, evidence is still scarce, partly reflecting the 

limited information about decidual macrophage function during healthy pregnancy. 
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Aims and hypotheses 

 

The general aim of this thesis was to increase our understanding of how the maternal 

immune system adapts during pregnancy to accept the semi-allogeneic fetus. The 

adaptations that occur at the fetal-maternal interface were assessed, in particular the 

role of decidual macrophages in maintaining a tolerogenic microenvironment but also 

the role of the placenta in promoting immune cells with regulatory properties. 

Specific aims 

 The aim of paper I was to characterize first trimester decidual macrophages in 

terms of cell surface expression and secretion of cytokines, and to identify key 

molecules involved in the polarization of decidual macrophages into cells with 

an immunosuppressive phenotype. 

 

 The aim of paper II was to analyze the immunological function of decidual 

macrophages, in particular their role in promoting the unique composition and 

phenotype of decidual leukocytes.  

 

 The aim of paper III was to investigate if the placenta could contribute to the 

tolerant immune environment that is necessary for protecting both itself and the 

fetus. More specifically, we tested the ability of human placental tissue and 

trophoblast cells from early human pregnancy to induce homeostatic M2 

macrophages and Treg cells and searched for specific factors involved in this 

process. 
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Hypotheses 

 

 In paper I we hypothesized that decidual macrophages would show a phenotype 

characteristic for M2 macrophages and that this phenotype could be induced by 

anti-inflammatory (IL-10) or Th2-related (IL-4 and IL-13) cytokines or by 

pregnancy-associated hormones (in particular progesterone and estradiol). 

 

 In paper II we hypothesized that decidual macrophages would mainly produce 

immunosuppressive cytokines and induce Treg cells. We also hypothesized that 

decidual macrophages would produce chemokines associated with the recruitment 

of NK cells, monocytes and Treg cells. Further, we anticipated that the cytokine 

and chemokine profile of decidual macrophages would be similar to that of 

macrophages polarized with M-CSF and IL-10. 

 

 In paper III we hypothesized that the fetal placenta, being a temporary organ 

closely associated with maternal leukocytes, would promote the polarization of 

homeostatic M2 macrophages and the induction of Treg cells. In particular, 

placental trophoblast cells were expected to play a major role in the adaptation 

process, through production of molecules such as M-CSF, IL-10, TGF-β, LIF and 

CCL18. 
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Study design and methodological 
considerations  

Subjects 

A total of 66 healthy first trimester pregnant women undergoing elective surgical 

abortions at Linköping University Hospital, Sweden (n=50) or at the Royal Victoria 

Infirmary, Newcastle upon Tyne, UK (n=16) were included in papers I-III. The 

maternal age and gestational length of the pregnant women in papers I-III is 

summarized in Table I. In all cases, pregnancies were viable as determined by crown-

rump length by using ultrasound. Misoprostol (Cytotec®) was given to all women 

prior to surgery. In all studies, samples were collected after obtaining informed 

consent and the studies were approved by the Local Ethics Committees of Linköping 

University (papers I-III) and Newcastle and North Tyneside (paper III). 

In paper I, decidual tissues and venous blood samples were collected from 28 of the 

pregnant women recruited in Linköping (Table II). In paper II, decidual tissues and 

venous blood samples were collected from 17 of the pregnant women recruited in 

Linköping. Eleven of these women were also included in paper I.  

 

 

Table I. Information about the pregnant women participating in 
papers I-III* 

  
Paper  I 
(n=28) 

Paper  II 
(n=17) 

Paper  III 
(n=45) 

Age at inclusion 
(years) 

28 (17-43) 32 (20-43) 25 (16-42) 

Gestational age at 
inclusion (weeks) 

10 (7-11) 9 (7-11) 9 (7-11) 

*Data is shown as median and range (parentheses). 
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Table II. Overview of patient samples used in papers I-III 

  Paper I Paper II Paper III 

Patient ID DMC 
Isolated 
DecMΦ 

Isolated 
DecMΦ 

Placental 
tissue 

Isolated 
CTB/EVT cells 

Dec#3 x 
Dec#10 x         
Dec#11 x 
Dec#12 x         
Dec#15 x 
Dec#16 x         
Dec#17 x x 
Dec#19 x         
Dec#20 x 
Dec#21 x         
Dec#23 x 
Dec#24 x         
Dec#25 x 
Dec#26 x     x   
Dec#28 x 
Dec#30 x         
Dec#35 x 
Dec#36 x x x x   
Dec#37 x x x 
Dec#38   x x     
Dec#39 x x x 
Dec#41   x x     
Dec#42 x x 
Dec#43   x x x   
Dec#44 x x x 
Dec#45 x         
Dec#46 x x x x 
Dec#47   x x x   
Dec#48 x x x x 
Dec#49       x   
Dec#54 x 
Dec#55       x   
Dec#57 x 
Dec#58 x x   
Dec#59       x 
Dec#60 x   
Dec#61       x 
Dec#62 x   
Dec#63       x 
Dec#64 x   
Dec#65       x 
Dec#67   x x  
Dec#68       x   
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Table II. Cont.   
 Paper I Paper II Paper III 

Patient ID DMC 
Isolated 
DecMΦ 

Isolated 
DecMΦ 

Placental 
tissue 

Isolated 
CTB/EVT cells 

Dec#69 x 
Dec#70       x   
Dec#71 x 
Dec#72     x x   
Dec#73 x x 
Dec#76     x     
Dec#78 x 
B1303         x 
B1307 x 
B1308         x 
B1309 x 
B1312         x 
B1313 x 
B1317         x 
B1318 x 
B1320         x 
B1321 x 
B1324         x 
B1325 x 
B1327         x 
B1328 x 
B1330         x 
B1331 x 

DMC: Decidual mononuclear cells, DecMΦ: Decidual macrophages, CTB: Cytotrophoblast, 
EVT: Extravillous trophoblast. 
 
 

In paper III, first trimester placental tissues were collected from 45 pregnant women, 

29 recruited in Linköping and 16 in Newcastle. Thirteen of the women from 

Linköping were also included in paper I or II. In papers I and II, decidual cells were 

analyzed, while only placental tissue was used in paper III. Samples from the women 

recruited in Newcastle, were exclusively used to isolate trophoblast cells (Table II). 

For the in vitro assays in papers I-III, blood samples were collected on one or more 

occasions from healthy non-pregnant female volunteers not taking hormonal 

contraceptives or any other medication. Twelve different women are included in paper 

I, 17 in paper II and 23 in paper III.  
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Ethical considerations  

The use of samples from first trimester women undergoing elective abortions raises 

some ethical concerns. An important aspect is the use of abortion material; in our 

studies, we only use tissues from the mother (decidua) and placenta and not the fetus 

itself. The aborted fetus is treated with respect and according to the general guidelines 

for aborted material at the clinic. Another ethical consideration is whether it is 

ethically correct to ask women for participation when they are in a vulnerable 

situation. Here, the first judgement is done by the medical staff who will not ask 

women for participation when this is considered inappropriate. The women are then 

always given oral and written information about the study, which is done after the 

decision of the abortion procedure has been made. Participation is always voluntary 

and it is made clear that participation will not affect the present or future treatment 

and that the decision can be withdrawn at any time. Since the information is usually 

given a couple of weeks before the procedure, the women have time to consider their 

decision without feeling pressure. Also, most women agree to participate as they feel 

they contribute to a good thing.    

First trimester samples as a model of healthy pregnancy 

In papers I-III, samples obtained from human first trimester pregnancy terminations 

were used to study immune adaptations associated with healthy pregnancy. One major 

caveat of this model is the fact that the outcome of these specific pregnancies is 

unknown. That is, despite showing normal development at the time of ultrasound 

before the surgical procedure, it is possible that some of the pregnancies might have 

developed complications later on. Nevertheless, the majority of pregnancies are likely 

to have developed normally meaning that results obtained from these samples mostly 

represent the normal situation. In addition, pregnancies that may have developed 

complications are likely to be heterogeneous with varying underlying causes, and the 

impact on a specific analysis should be limited. 
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Recently described approaches may help overcome this problem. For instance, first 

trimester decidual tissue could be obtained during chorionic villous sampling and the 

results could therefore be correlated with the outcome of pregnancy (Prins et al., 

2012). One limitation of this approach is the small amount of tissue that can be 

obtained, in addition to the limited number and perhaps selected set of patients that 

may undergo chorionic villous sampling. Another method may be the use of uterine 

artery Doppler ultrasound to define first trimester pregnancies with normal or high 

resistance indices. This measurement reflects the level of spiral artery remodeling and 

thus the risk of developing complications associated with impaired vascular 

remodeling, such as preeclampsia (Fraser et al., 2012). However, only an 

approximation of the risk is obtained and only to a certain group of complications.  

All women undergoing surgical pregnancy terminations were given the synthetic 

prostaglandin E1 (PGE1) analogue misoprostol (administered orally or vaginally), 

which is used to enhance uterine contractility and cervical ripening (Tang et al., 

2007). However, misoprostol has also been shown to influence the local immune 

response by promoting the infiltration of monocytes and neutrophils to the decidua 

after vaginal treatment (Milne et al., 2005). In contrast, misoprostol administrated 

orally reduced the proliferation of peripheral blood mononuclear cells (PBMC) and 

inhibited production of IFN-γ, IL-2 and IL-4 but did not affect IL-10 production 

(Waiser et al., 2003). Increased phagocytosis by PBMC was also observed, but the 

phagocytosing leukocyte population was not identified in this study. Although the 

effects of in vivo administrated misoprostol on human macrophages have not been 

described, monocytes stimulated in vitro with PGE1 show decreased expression of the 

co-stimulatory molecules CD86 and CD40 (Takahashi et al., 2003). Misoprostol or 

PGE1 have also inhibitory effects on the inflammatory cytokines IL-18 and TNF by 

monocytes and macrophages; however, these effects were observed upon LPS-

stimulated cytokine production and the spontaneous effects appear to be modest 

(Haynes et al., 1992; Takahashi et al., 2005). The effects of misoprostol on PRRs, 

such as CD163, CD206 or CD209, have to our knowledge not been described.  
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It can thus not be excluded that misoprostol treatment may influence both the number 

and phenotype of decidual macrophages. In theory, monocyte infiltration would result 

in a higher percentage of newly arrived monocytes in relation to fully differentiated 

decidual macrophages, and in that case the proportion of mature macrophages 

expressing certain markers may be underestimated in our results. Regarding the effect 

on macrophage function, it is possible that misoprostol treatment may have skewed 

macrophages towards a more anti-inflammatory phenotype. However, since plasma 

concentrations of misoprostol reach similar levels within 2 hours, regardless of the 

route of administration (Tang et al., 2007), blood monocytes would also have been 

affected by this treatment. Comparison between blood monocytes from pregnant and 

non-pregnant women, suggests that misoprostol has no major impact at least on the 

phenotype of blood monocytes. Also, the potential impact of misoprostol on the 

interpretation of macrophage function is reduced when comparing decidual 

macrophages with blood monocytes or by using monocytes as baseline, as is the case 

for microarray data.   
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Experimental design 

In the following sections, the design of experiments used in papers I-III will be 

described and discussed. An overview of the analytical methods used in papers I-III is 

shown in Table III; and a summary of the analyzed markers, cytokines and 

chemokines is shown in Table IV; details are described in the respective papers. 

In vitro polarization of macrophages 

In papers I and II, macrophages generated in vitro were analyzed in parallel with 

decidual macrophages. Briefly, CD14+ monocytes isolated from peripheral blood were 

cultured for six days in culture medium containing 10% fetal calf serum and either 

GM-CSF or M-CSF and additional polarizing factors (Fig. 7). One of the major 

objectives was to identify factors that regulate the differentiation and polarization of 

decidual macrophages (including growth factors, but also cytokines and hormones). 

Therefore, it would have been desirable to culture macrophages also in the absence of 

M-CSF or GM-CSF, which alone promote macrophages with distinct functional  

Table III. Overview of the methods used in papers I-III 
    Paper I Paper II Paper III 

MACS       
Blood CD14+ x x x 

  Blood CD4+   x x 
Decidua CD14+ x x 

FACS       
Treg and responder Th cells x 

Flow cytometry x x x 
Multiplexed bead assay x x x 
ELISA   x x 
Real-time RT-PCR x x x 
Microarray x x   
Immunohistochemistry x 
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Table IV. Markers, cytokines and chemokines analyzed in papers I-III 

    
Method 

Paper 
I 

Paper 
II 

Paper 
III 

Monocytes/Macrophages 

 
CD14, ICAM-3, CD163, 
CD206, CD209 

Flow cytometry x 
 

x 

CD11c, NRP-1 Flow cytometry x 
IRF5 Real-time RT-PCR x 

 
*IL-10 

Multiplexed bead 
assay 

x 
 

x 

 
*IL-1β, IL-6, TNF, CCL4 

Multiplexed bead 
assay 

x 
  

 
*IL-12p70, IL-23 

Multiplexed bead 
assay  

x x 

 
*IL-27 

Multiplexed bead 
assay  

x 
 

*IL-35 ELISA x 

 
TGF-β1‐3 

Multiplexed bead 
assay   

x 

*p35, p19, p40, Ebi3, p28 Real-time RT-PCR x 

 
*CXCL1-3, CCL2, CXCL10, 
CCL22, CCL20 

Multiplexed bead 
assay  

x 
 

*CCL18 ELISA x x 

 

420 macrophage-related genes 
(100 decidual macrophage-
specific) 

Microarray x 
  

 
589 Immune Response genes, 40 
with Chemotactic Activity 

Microarray 
 

x 
 

Th cells 
CD4, CD25 Flow cytometry x x 

 

CD127, CD39, CTLA-4, 
CD45R0, CD45RA, HLA-DR, 
CD69 

Flow cytometry 
  

x 

Foxp3, T-bet, GATA-3, Rorγt Flow cytometry x x 
Foxp3 Real-time RT-PCR x 

 
GM-CSF, IL-2, IL-10, IL-13, 
IL-17, IFN-γ, TGF-β1-3 

Multiplexed bead 
assay   

x 

PBMC (Transwell system) 

 
CD14, CD3, CD4, CD8, CD56, 
CD25, CD19 

Flow cytometry 
 

x 
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Table IV. Cont. 

  
Method 

Paper 
I 

Paper 
II 

Paper 
III 

Placenta/trophoblast cells     
 GM-CSF, M-CSF, IL-10, TGF-

β1-3, IL-1RA, IL-1β, IL-6, TNF, 
IL-12p70, IL-23, IFN-γ, IL-13, 
IL-17, IL-2, TRAIL, IL-33, LIF, 
TSLP, CCL2, CXCL1-3, 
CXCL8, CXCL10, CXCL11, 
CCL17, CCL20, CCL22 

Multiplexed bead 
assay   

x 

 CCL18 ELISA x 
  M-CSF, GM-CSF, IL-10, CD14, 

CD163 
Immuno-

histochemistry   
x 

*Also analyzed in CD14-depleted decidual and blood mononuclear cells 
 

 

properties (M2- and M1-like, respectively). Although the presence of colony-

stimulating factors is essential for macrophage survival and differentiation in vitro, it 

has been shown that human serum alone may be sufficient to promote macrophage 

survival or differentiation (Andreesen et al., 1990; Brugger et al., 1991) and could 

therefore potentially be used to differentiate “unpolarized” macrophages. However, 

we found that macrophages cultured in the presence of human serum without addition 

of growth factors showed markedly reduced viability and differentiated poorly (data 

not shown). Having to choose growth factor, it could be argued that M-CSF would be 

the optimal choice. Due to its constitutive production in most tissues and the high 

circulating levels it has been proposed that exposure to M-CSF should be viewed as 

the normal condition for differentiating macrophages (Hamilton, 2008). M-CSF is also 

the predominant growth factor used to differentiate macrophages in vitro (Murray et 

al., 2014). In contrast, GM-CSF controls DC homeostasis in vivo (Greter et al., 2012a) 

and is commonly used to generate monocyte-derived DCs, usually in combination 

with IL-4 or IL-13 (Conti and Gessani, 2008). However, although most tissue 

macrophage populations are dependent on M-CSF, it should be remembered that some 

macrophages, such as alveolar macrophages and microglia, are rather dependent on 

GM-CSF (or IL-34).  
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Figure 7. MACS-sorted CD14+ blood monocytes from healthy female volunteers were 
differentiated into macrophages in the presence of different stimuli for six days. All factors 
were added the first day (day 0), except for LPS and IFN-γ that were added after three days 
(day 3). Blood monocytes (day 0) and differentiated macrophages (day 6) were characterized 
for cell surface marker expression, cytokine and chemokine production and gene expression. 
All combinations of factors were used in paper I, while those used in paper II are shown in 
bold. P: progesterone, E: estradiol. 
 

 
Thus, in order to avoid the potential bias associated with using one growth factor, we 

chose to analyze the effects of potentially polarizing factors in macrophages 

differentiated under the influence of both M-CSF and GM-CSF (Fig. 7). One 

exception was the polarization of pro-inflammatory macrophages (classically 

activated or M1) that were used for comparison purposes. These macrophages were 

always stimulated with GM-CSF in combination with LPS and IFN-γ. In some 

experiments macrophages were differentiated with a combination of M-CSF and GM-

CSF. 

In paper III, GM-CSF was used as a basic growth factor when analyzing the effects of 

placental factors on the polarization of macrophages, because placental conditioned 

medium alone failed to promote macrophage survival and differentiation. Since GM-
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CSF induces M1-like characteristics, this design made it possible to analyze the 

potential of placental-derived factors to promote an M2 phenotype in M1-primed 

macrophages, an effect that would have been difficult to observe in M-CSF-driven 

macrophages. A disadvantage of using GM-CSF is that it may not represent in vivo 

conditions where GM-CSF is likely to be produced at low levels in the absence of 

inflammatory stimuli (Hamilton, 2008). Thus, the relatively high levels of GM-CSF in 

our in vitro cultures could counteract the full potential of the placenta to induce 

regulatory properties at the steady state.  

The most common experimental design for generating polarized macrophages is the 

differentiation in the presence of M-CSF or GM-CSF and the subsequent activation 

with cytokines (or TLR ligands) (Martinez et al., 2006; Jaguin et al., 2013; Kittan et 

al., 2013). However, in papers I and II, macrophages were cultured in the presence of 

macrophage growth factors as well as polarizing factors (cytokines or hormones) from 

the first day of culture (Fig. 7). The aim of the experiments was to mimic the 

differentiation and polarization of decidual macrophages in vivo, and we reasoned that 

as soon as monocytes exit the blood circulation and enter the tissue they would be 

exposed to potentially polarizing factors produced at the fetal-maternal interface. The 

one exception was the classically activated macrophages that were stimulated with 

LPS and IFN-γ after three days of differentiation with GM-CSF.  

Chemotaxis assay  

In paper II, a Transwell system was used to analyze the ability of macrophages to 

recruit different cell populations. Due to the difficulty in obtaining enough numbers of 

decidual macrophages from first trimester pregnancies, we used macrophages 

generated in vitro with M-CSF and IL-10 as a model for decidual macrophages. These 

macrophages displayed a chemokine profile similar to that of decidual macrophages 

as determined by gene expression (microarray) and protein (ELISA and multiplexed 

bead assay) analysis and should therefore behave similarly in the chemotaxis assay 

(discussed in more detail later on). The Transwell system consisted of two chambers  
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Figure 8. Schematic representation of the Transwell system used for the chemotaxis assay. 
Recruiting macrophages were CFSE-labeled and placed at the bottom of the Transwell 
system. Target cells (PBMC) were placed in a Matrigel-coated insert with semipermeable 
membrane. Wells with medium alone were used as control. PBMC were allowed to migrate 
overnight and were then characterized by flow cytometry.  
 

 
separated by a Matrigel-coated semi-permeable membrane (Fig. 8). Matrigel is a 

biological mixture of basement membrane proteins and is commonly used as a 

substitute for extracellular matrix (Kleinman and Martin, 2005), and has for instance 

been used to study the migratory ability of invading trophoblast cells (Tarrade et al., 

2001). As compared to the semi-permeable membrane alone, it provides a more 

physiological barrier, which cells must actively migrate through, reducing the 

spontaneous migration of cells. PBMC were placed in the upper chamber and were 

allowed to migrate through the membrane into the lower chamber containing 

macrophages. The recruiting macrophages were pre-labeled with the cell division-

tracking dye carboxyfluorescein diacetate succinimidyl ester (CFSE) to distinguish 

them from the recruited cells. The recruited cells were then counted by using 
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TruCount tubes and were analyzed by flow cytometry to define the proportion of 

different cell populations. 

Since we wanted to study the ability of macrophages to recruit different cell 

populations in an unbiased manner, we used PBMC as target cells. Similar systems 

have been used where the migratory ability of different cells was analyzed by placing 

PBMC in the upper chamber and by characterizing the migrated cells by flow 

cytometry (Hayashida et al., 2001; Huang et al., 2008). Although this approach 

provides a more in vivo-like system where different cell populations compete for 

chemokine ligands, it may impede the analysis of small populations such as Treg 

cells. Since we were interested in the Treg cell recruitment potential of macrophages, 

an option would have been to analyze the migratory ability of isolated Treg cells (or at 

least CD4+ T cells), which is perhaps the most commonly used approach in 

chemotaxis assays (Nguyen et al., 2009; Chenivesse et al., 2012). The use of 

macrophages in the lower chamber may have also interfered with the analysis of 

recruited cells (in particular small populations) and an alternative would have been to 

use conditioned media from macrophages. Although conditioned medium is 

commonly used (Wu et al., 2005; Huang et al., 2008), we chose to use macrophages 

because they could provide with the continuous production of chemotactic factors thus 

creating a chemokine gradient sustained over time. 

Th cell polarization; unstimulated versus stimulated cells 

In paper III, we studied the effects of placental explant conditioned medium (PE CM) 

on Th cell polarization and activation as well as the effect on Treg cell induction. In 

order to mimic the decidual microenvironment at the resting state, CD4+ T cells were 

cultured with PE CM without TCR stimulation (termed unstimulated), and to test the 

ability of placental-derived factors to prevent or suppress Th cell activation, Th cells 

were stimulated by anti-CD3/CD28 antibodies to obtain TCR and co-stimulatory 

signals (Fig. 9).  



64 
 

Figure 9. Design of the experiments used to study the effect of placental conditioned medium 
on Th cell activation and polarization and the induction of Treg cells. Isolated CD4+ T cells 
were cultured in uncoated or anti-CD3/CD28 Ab-coated wells and in the absence or presence 
of conditioned medium for five days. The cells were then characterized by flow cytometry, 
multiplexed bead assay, ELISA and/or real-time RT-PCR.  
 

 
One obvious drawback of anti-CD3/CD28-stimulation is the strong and widespread 

activation of Th cells that does not mirror antigen-specific T cell activation in vivo 

(Tan et al., 2014). However, in order to study suppressive effects in vitro it is usually 

necessary to activate a large number of cells, and this is not easily achieved by 

antigen-stimulation. A strong stimulation was also necessary to induce a clear 

upregulation of activation-associated parameters and to be able to evaluate the 

potential suppressive function of placental factors within a reasonable number of 

experiments. The general activation of Th cells, including activation of Th1, Th2 and 
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Th17 cells, also allowed evaluating the effects on Th cell activation regardless of the 

type of stimuli. 

Since Treg cell induction may require TCR stimulation (Chen et al., 2003), the 

potential effect of PE CM on Treg cell induction could also be studied in anti-

CD3/CD28-stimulated Th cells in parallel with the effects on unstimulated Th cells. 

Although it is unclear to what extent Treg cells expand in response to fetal antigens in 

human pregnancy (Guerin et al., 2009; Ernerudh et al., 2011), this allowed us to 

evaluate the in vitro potential of placental factors to expand the Treg cell population 

by a model reflecting both antigen-specific and antigen-non-specific mechanisms. 

Treg cell suppression assay  

In paper III, we wanted to test whether the Treg cells induced by placental factors 

were functional. CD4+ T cells were cultured with PE CM for five days and the 

expanded population of Treg cells was isolated by flow cytometry-activated cell 

sorting (FACS) (Fig. 10). Since it is not possible to isolate viable cells based on the 

expression of Foxp3, Treg cells were defined as CD4dimCD25high as previously 

described (Mjosberg et al., 2009). CD4+CD25- responder cells were isolated in 

parallel and were labeled with the cell division-tracking dye CFSE (Lyons, 2000). 

CFSE is a fluorescent dye that is incorporated into the cytosol of cells, and dilution of 

CFSE caused by proliferation of cells is then measured with flow cytometry. The 

responder cells were then stimulated with anti-CD3/CD28 antibodies and were co-

cultured with the placental-induced Treg cells for five more days at the ratio 2:1. As 

discussed above, the stimulation with anti-CD3/CD28 antibodies results in the robust 

activation of T cells that may not be reflective of in vivo activation. An alternative 

could have been to analyze the ability of Treg cells to downregulate the expression of 

the activation markers HLA-DR, CD69 and CD154 (CD40 ligand), which are more 

rapidly induced and may require a lower degree of stimulation (Canavan et al., 2012). 

Nevertheless, inhibition of proliferation assessed by CFSE is well-established and is 

one of the most common methods to define Treg cell function in vitro. 
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Figure 10. Treg cell suppression assay. 
Isolated CD4+ T cells were cultured in 
the presence of  placental explant 
conditioned medium (PE CM) and after 
five days of culture, CD4+CD25- 
responder cells and CD4dimCD25high 
Treg cells were isolated by FACS. The 
responder cells were labeled with the 
cell division-tracking dye CFSE, 
stimulated with anti-CD3/CD28 
antibodies (Abs) and co-cultured with 
the PE CM-induced Treg cells for five 
days at the ratio 2:1. Proliferation was 
assessed by flow cytometry (FC). 

First trimester placental explants  

In paper III, we aimed to study the ability of placental-derived factors to influence Th 

cell polarization and activation and to promote the polarization of Treg cells and 

homeostatic macrophages. First trimester placental villi were dissected into small 

pieces (termed placental explants) and were cultured overnight in culture medium. 

The conditioned medium was then used to stimulate macrophages and Th cells during 

their differentiation in vitro (Fig. 11). Although we hypothesized that trophoblast cells 

play a central role in immune modulation, the placenta harbors many other cell types, 

including mesenchymal stromal cells, endothelial cells and fetal macrophages that 

could potentially contribute to the production of soluble factors, as well as influence 

the function of trophoblast cells. Thus, one advantage of using placental explants is 

that it represents a physiological environment where trophoblast cells are cultured 

together with the cells that they are typically in contact with (Miller et al., 2005). The 

simple and rapid procedure to prepare placental explants also reduces cell damage and  
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the risk of inducing stress-induced inflammation (Gohner et al., 2014). A 

disadvantage is the inability to identify specific cell populations responsible for a 

certain property or mechanism. However, we used immunohistochemistry (IHC) to 

identify the cellular source of placental-derived factors that were identified as central 

for the induction of homeostatic leukocytes. We also analyzed the effect of isolated 

trophoblast cells in parallel with placental explants (discussed below). 

 

 

Figure 11. Placental tissue explants or isolated CTB and EVT cells from first trimester 
pregnancies, or the trophoblast cell line HTR-8/SVneo were cultured overnight in culture 
medium. The conditioned medium (CM) was used to stimulate Th cells or macrophages 
during their differentiation process. The CM was analyzed for cytokines, chemokines and 
growth factors, and some of these factors were blocked by neutralizing antibodies during the 
stimulation of Th cells or macrophages. CTB cells: Cytotrophoblast cells, EVT cells: 
Extravillous trophoblast cells, MΦ: Macrophages. 
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First trimester primary trophoblast cells and the HTR‐8/SVneo 
trophoblast cell line 

In paper III, we also tested if isolated trophoblast cells, the primary cell component of 

the placenta, could take part in the induction of homeostatic macrophages and Treg 

cells (Fig. 11). CTB cells, located under the superficial syncytiotrophoblast layer, 

represent a high proportion of all trophoblast cells contributing with great production 

of cytokines and growth factors. EVT cells are less frequent but due to their invasive 

nature they come into close contact with the maternal immune cells in the decidua and 

may have a great influence on the polarization of these cells. CTB and EVT cells were 

isolated by enzymatic digestion of placental villi followed by density centrifugation in 

a Percoll gradient. The purity of isolated EVT and CTB cells was routinely tested and 

was confirmed to be >97% by immunostaining for cytokeratin 7 (all trophoblast cells) 

and HLA-G (EVT) as previously described (Lash et al., 2010). In addition, we 

compared primary trophoblast cells with the first trimester trophoblast cell line HTR-

8/SVneo, which shows many similarities with invasive EVT cells (Graham et al., 

1993) and is commonly used as a surrogate for freshly isolated trophoblast cells.  

Some obvious advantages in using HTR-8/SVneo cells are the unlimited availability 

and the reproducibility of experiments. However, like many other cell lines, HTR-

8/SVneo cells differ from primary trophoblast cells in many aspects (King et al., 

2000c; Apps et al., 2009; Morales-Prieto et al., 2012) and data obtained from these 

cells may not accurately reflect the properties of trophoblast cells. On the other hand, 

the use of freshly isolated trophoblast cells is also associated with downsides. The 

prolonged separation procedure, for instance in comparison to placental explants, may 

cause cell damage and the induction of pro-inflammatory mediators. The high yield 

and purity of isolated trophoblast cells, or any other cells from solid tissues, require 

disaggregation of the tissue, which is commonly achieved by enzymatic digestion, a 

method also used by us. The specific effects of this treatment on the viability and 

function of trophoblast cells has not been thoroughly evaluated. However, detailed 

analysis of immune cells after mechanical or different enzymatic disaggregation 

procedures shows that a wide range of cell surface receptors is altered by the 
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enzymatic treatment (Grange et al., 2011; Quatromoni et al., 2015). On the other 

hand, one advantage of enzymatic separation is that it may be associated with 

increased cell viability as compared to mechanical separation (Quatromoni et al., 

2015). Although mechanical disaggregation of placental tissue may not be sufficient 

for the isolation of trophoblast cells (in contrast to isolation of immune cells), the use 

of a milder enzyme treatment has been proposed to improve the quality of isolated 

first trimester trophoblast cells (Stenqvist et al., 2008) and should be considered in 

future experiments.  

Taken together, a combination of several approaches (the use of placental explants, 

IHC analysis of placental tissue, isolated primary trophoblast cells and the HTR-

8/SVneo cell line), should limit the impact of individual disadvantages on the results.  

Microarray data 

In papers I and II, microarray analysis was used to compare the gene expression 

profiles of decidual macrophages and in vitro macrophage populations. The different 

macrophage subsets analyzed in the respective papers are shown in Table V. Because 

of the large number of stimulation combinations, the in vitro macrophages were 

differentiated at different occasions. Macrophages that were generated in parallel, i.e. 

from blood monocytes from the same donor, were grouped together to form one 

“experiment set” as shown in Table V. As a consequence, blood monocytes and for 

instance GM(LPS/IFNγ) macrophages include more samples than for instance 

GM(IL-10) macrophages that were only included in one experiment set. However, to 

avoid bias caused by uneven number of replicates between groups of samples, only 

samples within the same experiment set were compared statistically (see below). 

Microarray technology has become widely used and is a powerful method to analyze 

the expression of a large number of genes in an unbiased manner. This is a major 

advantage in comparison with other methods, where the number of markers or 

analytes is rather limited (for instance flow cytometry and multiplexed bead assay).  
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Table V. Samples used in the microarray analysis*

Exp. set Monocyte/macrophage subset Paper I Paper II 

A 
Blood monocytes (pregnant) x x 
Decidual macrophages x x 

B 

Blood monocytes (non-pregnant) x x 
M x x 
M + IL-10 x x 
M + IL-4 + IL-13 x x 
M + P x  
M + E x  
M + IL-10 + IL-4 + IL-13 + P + E x  
GM + LPS + IFN-γ x x 

C 

Blood monocytes (non-pregnant) x x 
GM x x 
GM + IL-10 x x 
GM + IL-4 + IL-13 x x 
GM + P x  
GM + E x  
GM + IL-10 + IL-4 + IL-13 + P + E x  
GM + LPS + IFN-γ x x 

D 

Blood monocytes (non-pregnant) x  
M x  
GM x  
GM + M x  
GM + M + IL-10 x  
GM + LPS + IFN-γ x  

*Sample details are available at the GEO database 
http://www.ncbi.nlm.nih.gov/projects/geo/ under Acc. GSE30595  
M: M-CSF, GM: GM-CSF, P: progesterone, E: estradiol,  
Exp. set: Experiment set 

  

The possibility of comparing the different macrophage subsets based on gene 

expression profiles in papers I and II was particularly valuable considering the 

phenotypic overlap and lack of unique markers for different macrophage 

subpopulations.  

Regarding statistical analysis of the data, the high number of genes analyzed in 

combination with few replicates for each condition presents a statistical challenge. 

Although the risk of mass significance is reduced by using false discovery rate (FDR) 
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correction, the opposite risk exists, the risk of not finding biologically relevant 

differences. However, in contrast to global gene expression analysis that includes tens 

of thousands of genes, we chose to focus on 100 decidual macrophage-specific genes 

in paper I and 589 genes associated with immune function in paper II (described in 

more detail in the papers). A total of 420 macrophage-related genes were analyzed in 

paper I; however, only the 100 mentioned above were subject to statistical analysis. 

Further, the statistical comparison was not performed between all groups of samples. 

Instead, differentiated macrophages were compared with their matching blood 

monocytes, thus limiting the number of comparisons. Importantly, the interpretation 

of the results was not with focus on statistical differences, but rather on fold change 

patterns and results from hierarchical clustering, which in an unbiased manner 

grouped samples with similar gene expression patterns together.  

Statistical methods 

Details regarding the statistical methods used are provided in each paper. All analyses 

were performed by using Graph Pad Prism version 5.0 or 6.0, with the exception of 

microarray data, which were analyzed with GeneSpring GX 11.0.2 or 12.6. In general, 

flow cytometry and real-time RT-PCR data were analyzed with parametrical tests, 

because the majority of data was normally distributed. In contrast, cytokine and 

chemokine data from multiplex bead assays and ELISA were analyzed with non-

parametrical tests. p values ≤ 0.05 were considered statistically significant (* p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001). 

For microarray data, statistical differences were calculated using ANOVA and the 

Tukey post-hoc test with Benjamini-Hochberg FDR multiple testing correction. Genes 

were defined as differentially regulated when p≤ 0.05 and the mean fold change 

regulation was at least +/-2. 
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Results and Discussion 

Phenotype and subpopulations of decidual macrophages 

In paper I, the phenotype of CD14+ decidual macrophages from first trimester 

pregnancies was analyzed by flow cytometry, and CD14+ blood monocytes were 

analyzed as a reference population. The M2 markers CD163, CD206 and CD209 and 

the potential new marker NRP-1 were expected to be upregulated on decidual 

macrophages. In contrast, intercellular adhesion molecule (ICAM)-3 was used as a 

control for being downregulated, since this was the case at the gene expression level 

in decidual macrophages as compared to blood monocytes (Gustafsson et al., 2008). 

An early observation was that decidual macrophages not only showed lower 

expression of ICAM-3 as compared to blood monocytes (Fig. 12A), but could also be 

further divided into two distinct populations based on the level of ICAM-3 expression 

(Fig. 12B). ICAM-3low and ICAM-3high decidual macrophages showed differential 

expression of all markers analyzed, with ICAM-3low cells displaying significantly 

higher expression of CD163, CD206, CD209 and NRP-1 than ICAM-3high cells (Fig. 

12C). Since ICAM-3high macrophages were phenotypically more closely related to 

blood monocytes, we speculated that the ICAM-3high population might represent 

newly recruited monocytes or a contamination of blood in the sample. During the 

preparation of paper I, CD14+ decidual macrophages were also reported to subdivide 

into two populations based on CD11c expression (CD11clow or CD11chigh), with 

similar differential expression of CD206 and CD209 (Houser et al., 2011). When 

analyzing decidual macrophages with both markers we found a good correlation 

between ICAM-3 and CD11c expression, and CD209 and CD206 showed similar 

patterns of expression on ICAM-3low and ICAM-3high, as on CD11clow and CD11chigh 

decidual macrophages, respectively (paper I, Fig. 1D-E).  
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Figure 12. Phenotypic characterization of decidual macrophages (MΦ). Flow cytometry was 
used to characterize the phenotype of CD14+ blood monocytes and CD14+ decidual MΦ from 
first trimester healthy pregnant women (n=17). A, Expression of ICAM-3 in percent of 
CD14+ blood monocytes and CD14+ decidual MΦ. B, The histogram shows that CD14+ 
decidual MΦ can be divided into two distinct subpopulations based on ICAM-3 fluorescence 
intensity: CD14+ICAM-3- (low) (left peak) and CD14+ICAM-3+ (high) (right peak). C, 
Expression of cell surface markers in percent of CD14+ blood monocytes or decidual MΦ 
shown as the total CD14+ population or as the CD14+ICAM-3- or CD14+ICAM-3+ 
subpopulations. All bars represent means. *** p ≤ 0.001. 
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Although the CD11chigh population was proposed to be a unique subpopulation of 

tissue macrophages (Houser et al., 2011), several observations suggest that the ICAM-

3highCD11chigh population consists of immature macrophages and blood monocytes. 

First, by analyzing the relative expression of ICAM-3 (expressed as the mean 

fluorescence intensity (MFI) ratio) we observed a dramatic downregulation of ICAM-

3 in all in vitro macrophage subsets, regardless of stimuli (Fig. 13). This observation 

is supported by a study reporting the rapid downregulation of ICAM-3 upon 

macrophage differentiation, but also in response to transendothelial migration in an in 

vitro model (Estecha et al., 2012). The downregulation of ICAM-3 mRNA occurred 

within 24h and was maintained through the differentiation process. Second, by using 

lineage-tracing techniques, Ly6Chi monocytes were demonstrated to give rise to 

intestinal tissue macrophages expressing CD163 and CD206 (Bain et al., 2013). These 

characteristics were absent on newly arrived monocytes and gradually increased upon 

macrophage maturation. Analogous populations were found in the human intestine, 

where CD14+ cells expressing high levels of CD11c corresponded with an immature 

CD163lowCD209low phenotype while CD11clow cells corresponded with a mature 

 

Figure 13. Relative expression of ICAM-3 on blood monocytes and different in vitro 
differentiated macrophages. Expression of ICAM-3 is expressed as the mean fluorescence 
intensity (MFI) ratio, which was calculated as the ratio between the MFI of specific Ab-
stained cells and the MFI of isotype control-stained cells. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001 (versus blood monocytes). E: estradiol, GM: GM-CSF, M: M-CSF, Mo: monocytes,  
P: progesterone. 
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CD163highCD209high tissue macrophage phenotype. A similar pattern of continuous 

Ly6Chi monocyte recruitment to the uterus in mice (Tagliani et al., 2011), supports the 

presence of macrophages at different stages of differentiation, including newly arrived 

CD11chigh monocytes. In addition, Tagliani et al. used a novel technique to 

characterize intra- and extravascular leukocytes, and found that intravascular 

monocytes constituted a high proportion of uterine decidual monocytes/macrophages 

(Tagliani et al., 2011). When analyzing decidual mononuclear cells by flow 

cytometry, the presence of decidual intravascular monocytes is inevitable. Given that 

blood monocytes express strikingly higher levels of ICAM-3 than differentiated 

macrophages, the ICAM-3high population should largely consist of intravascular 

monocytes and newly recruited monocytes. Thus, although both ICAM-3 and CD11c 

are potentially useful markers for identifying a more homogenous population of fully 

differentiated decidual macrophages, this issue deserves further investigation. With 

this in mind, results presented below, apart from flow cytometry data, represent the 

total CD14+ decidual macrophage population. 

Taken together, CD14+ decidual macrophages showed a distinct pattern of expression 

with the majority of cells being CD163+ CD206+ CD209+ and NRP-1+, a pattern that 

was more pronounced on the ICAM-3low population. These markers were therefore 

used to evaluate the similarity between decidual macrophages and the different in 

vitro polarized macrophages. 

The influence of M‐CSF and IL‐10 on decidual macrophage 
polarization 

Increasing evidence suggests that decidual macrophages predominantly show an 

immune suppressive phenotype, but the factors that induce these characteristics have 

not been characterized. The view of pregnancy as a Th2-dominated condition in 

combination with the decidual macrophage expression of CD206 and CD209 often 

described in Th2-associated macrophages (Stein et al., 1992; Soilleux et al., 2002; 

Kammerer et al., 2003; Puig-Kroger et al., 2004; Laskarin et al., 2005), suggested that 
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IL-4 and IL-13 may influence decidual macrophage polarization. However, a great 

number of additional factors, like other cytokines, growth factors and hormones, have 

been proposed to induce macrophages with M2 properties, and could potentially be 

involved in the differentiation and polarization of decidual macrophages. 

In paper I, we therefore evaluated the influence of M-CSF, GM-CSF, IL-4 and IL-13, 

IL-10, progesterone and estradiol on macrophage differentiation and polarization by 

generating macrophages in vitro in the presence of these factors. Our results showed 

that M-CSF and in particular IL-10 (in combination with both GM-CSF and M-CSF) 

could induce macrophages with characteristics of decidual macrophages (CD163+ 

CD206+ CD209+ NRP-1+ ICAM-3low) (Fig. 14). In contrast, IL-4 and IL-13 induced a 

different pattern of expression, while progesterone and estradiol had no influence on 

macrophage polarization (Fig. 14). M-CSF/IL-10-stimulated and decidual 

macrophages also showed comparable cytokine secretion patterns, based on analysis 

of IL-6, IL-10, TNF and CCL4 (paper I, Fig. 6B). In addition, this resemblance was 

largely supported in paper II where the IL-12 family cytokines IL-12, IL-23, IL-27 

and IL-35 and the chemokine profiles of the different macrophages were analyzed 

(paper II, Fig. 1B-E and Fig. 4-5 and 6A).  

The close relationship between decidual macrophages and macrophages polarized in 

vitro under the influence of M-CSF and IL-10 was supported by gene expression 

analysis by using hierarchical clustering, which in an unbiased manner grouped 

samples with similar gene expression patterns together (Fig. 15, paper I, Fig. 4A and 

paper II, Fig. 1A and 6A). Similar clustering patterns were observed regardless of the 

functional groups of genes analyzed (immune modulating-, tissue remodeling-, cell 

cycle- or cell metabolism/transport-associated), indicating that decidual and M-

CSF/IL-10-driven macrophages are not only related in terms of immune function, but 

also in terms of more general biological processes (Fig. 15). These findings reflect the 

involvement of different macrophage subsets in various biological aspects, for 

instance metabolism and angiogenesis, which has been increasingly acknowledged 

(Pollard, 2009; Biswas and Mantovani, 2012). 
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Figure 14. Effect of different stimuli on macrophage (MΦ) polarization. CD14+ blood 
monocytes isolated from non-pregnant healthy women were cultured for six days and 
phenotypically characterized by flow cytometry. Left panels show macrophages cultured with 
GM-CSF (GM) and right panels with M-CSF (M) in addition to other stimuli. Data is 
presented as the percentage of cells expressing a specific marker. Mean + SD from five 
individual experiments, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 (versus GM or M 
macrophages, of which the means are highlighted by the dotted lines). E: estradiol, P: 
progesterone, Mo: monocytes 
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Figure 14. Cont.  
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Figure 15. Hierarchical clustering of conditions after grouping genes according to functions: 
A, Immune modulating, B, Tissue remodeling, C, Cell cycle-related and D, Cell 
metabolism/transport. Conditions with similar expression profiles were grouped together to 
form a clustering tree. Each column represents the averaged values of at least three samples 
of each condition (only two for GM+M+IL-10).The color map represents the normalized 
intensity values (normalized to the median of all samples) of genes (rows), where red and 
blue represents up- and downregulated genes, respectively. Some genes are represented by 
more than one probe and appear therefore more than once in the heat maps. Mo -P: 
Monocytes from pregnant women, Mo –NP: Monocytes from non-pregnant women, M: M-
CSF, GM: GM-CSF. MΦ: macrophages. 

Despite the obvious differences between the complex decidual environment and our in 

vitro model, decidual and M(IL-10) macrophages were surprisingly similar, 

supporting an important role of M-CSF and IL-10 in the regulation of decidual 

macrophages. In paper III, we also showed that macrophages cultured in the presence 

of conditioned medium from first trimester placental tissue acquire characteristics of 

decidual macrophages (CD14+ CD163+ CD206+ CD209+ and IL-10+ CCL18+ IL-12- IL-

23-) (paper III, Fig. 1). Furthermore, by using blocking antibodies, we showed that M-

CSF and IL-10 were partly responsible for this phenotype (paper III, Fig. 6A and B). 

Of note, in this model, the effects of M-CSF and IL-10 were apparent at physiological 

levels and as part of the complete pool of placental-derived factors. In addition, the 

decidual macrophage characteristics were induced despite the presence of GM-CSF 

(which was used a basic growth factor), which in paper I was shown to counteract the 

M2-polarizing effect of M-CSF.   

Thus in papers I-III, we show that M-CSF and IL-10 are potent inducers of the 

characteristics of decidual macrophages, and likely play a major role in the regulation 

of macrophages at the fetal-maternal interface. M-CSF has been proposed to promote 

macrophages with an increased threshold for activation, which may be important for 

maintaining tissue integrity (Hamilton, 2008). Similarly, IL-10 is a homeostatic 

cytokine constitutively produced both at the steady state and during inflammation to 

limit the extent of the immune response (Mosser and Zhang, 2008). During 

pregnancy, the ability of M-CSF and IL-10 to reduce the inflammatory potential of 

decidual macrophages may be crucial for preserving a homeostatic fetal environment. 
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Further, GM-CSF was observed to counteract the effect of M-CSF, and macrophages 

stimulated under the influence of both GM-CSF and M-CSF showed characteristics of 

GM-CSF macrophages (including cell surface expression, cytokine production and 

gene expression). The antagonistic effect of GM-CSF is likely to be dose-dependent 

(Hamilton, 2008; Brocheriou et al., 2011) and thus at low levels, local production of 

GM-CSF (for instance by the placenta as shown in paper III, Fig. 5A and Table I) is 

likely compatible with the induction of homeostatic macrophages in vivo. However, 

increased GM-CSF levels in relation to M-CSF could disturb the differentiation of 

homeostatic decidual macrophages contributing to the pathogenesis of pregnancy 

complications. Since our data also showed that IL-10 could restore the homeostatic 

M2 phenotype in macrophages cultured with GM-CSF, it could be argued that GM-

CSF together with IL-10 could regulate the differentiation of decidual macrophages. 

However, the numbers of uterine macrophages are not altered in GM-CSF-deficient 

mice (Moldenhauer et al., 2010), which contrasts data from M-CSF-deficient mice 

where uterine macrophages are almost absent (Wiktor-Jedrzejczak and Gordon, 1996).  

The relevance of M-CSF and IL-10 in pregnancy is supported by their increased levels 

at the fetal-maternal interface (Bartocci et al., 1986; Pampfer et al., 1992; Hanna et 

al., 2000), and by observations of increased rates of spontaneous abortions and 

increased susceptibility to infection-induced fetal loss in both M-CSF- (Pollard et al., 

1991; Qiu et al., 2009) and IL-10-deficient mice (Chaouat et al., 1995; Robertson et 

al., 2007; Thaxton et al., 2009). Thus, we suggest that M-CSF and IL-10 promote 

homeostatic M2 macrophages that are able to protect the fetus against invading 

pathogens without compromising fetal survival. In addition, increased decidual GM-

CSF levels (Huang et al., 2010), and reduced decidual and placental IL-10 have been 

described in preeclamptic patients (Hennessy et al., 1999; Schonkeren et al., 2011). 

Further, IL-10-induced M2 macrophages have been shown to promote, and M1-like 

macrophages to inhibit, trophoblast invasion in vitro (Renaud et al., 2005; Renaud et 

al., 2007). The poor placentation associated with preeclampsia may therefore in part 

be attributed to failure of decidual macrophages to acquire tissue remodeling 

properties that are associated with the M2 polarized phenotype.  
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Our results also showed that Th2 cytokines induced macrophages with characteristics 

distinct from M-CSF-, IL-10-, and decidual macrophages. Notably, upon culture with 

a cocktail of cytokines and hormones that included IL-4, IL-13 and IL-10 (Fig. 14), 

macrophages showed characteristics most similar to IL-10-stimulated macrophages. 

These results suggest that in the presence of IL-10, Th2 cytokines have little influence 

on the polarization of decidual macrophages. Although this is in contrast to the 

initially proposed Th2 paradigm in pregnancy (Wegmann et al., 1993), these results 

are supported by the preferential accumulation of Treg cells, but not Th2 cells, in the 

first trimester human decidua (Mjosberg et al., 2010). Taken together, our results are 

consistent with a predominantly homeostatic and tolerogenic, rather than a Th2-

dominated, environment at the fetal-maternal interface. 

Decidual macrophage function 

Cytokine production by decidual macrophages  

Although decidual macrophages have mainly been attributed immune suppressive or 

homeostatic properties, it has been pointed out that they differ from both M1 and M2 

macrophages (Houser et al., 2011). This interpretation was partly based on the 

comparison of the transcriptional profile of decidual macrophages (CD14+CD11chigh 

and CD14+CD11clow) with the gene profiles of M1 and M2 macrophages previously 

reported by Martinez and colleagues (Martinez et al., 2006). In that study, M1 and M2 

macrophages were generated in vitro under the influence of M-CSF, LPS and IFN-γ or 

M-CSF and IL-4, representing the typical Th1-associated and Th2-associated 

macrophages, respectively. Thus the lack of correlation between decidual 

macrophages and M2 macrophages was based on Th2-associated macrophages and 

not M2 macrophages in a broad sense, for instance those induced by IL-10, M-CSF or 

glucocorticoids (Mantovani et al., 2004). In this regard, our data showing that IL-4 

and IL-13 induce macrophages with characteristics clearly distinct from decidual 

macrophages, is in line with the data by Houser et al. (2011). However, decidual 

macrophages were also observed to secrete pro-inflammatory cytokines, including 
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TNF and IL-1β (in addition to the production of for instance IL-10 and TGF-β), 

suggesting that they also possess inflammatory potential (Houser et al., 2011).  

In paper I, we analyzed the spontaneous production of IL-10, IL-1β, IL-6 and TNF by 

decidual macrophages and by the different in vitro macrophage subsets. Our data 

showed that CD14+ decidual macrophages indeed produce IL-6 and TNF (Fig. 16). 

 

Figure 16. Cytokine secretion pattern in decidual macrophages and different in vitro M1 and 
M2 macrophage populations (n=3-6). Monocytes and macrophages were isolated and 
cultured overnight, after which cytokine levels were analyzed with a Multiplex bead assay. 
All bars represent medians. * p ≤ 0.05, ** p ≤ 0.01. MΦ: macrophages.  
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However, these cytokines were produced at similar levels by macrophages with 

immune suppressive phenotypes, for instance those polarized in the presence of M-

CSF and IL-10. In addition, TNF was produced at significantly higher levels by pro-

inflammatory GM(LPS/IFN-γ) macrophages than by decidual macrophages. These 

results demonstrate that production of pro-inflammatory cytokines by itself not 

necessarily correlates with pro-inflammatory macrophage activity, and the effect of 

specific cytokines is likely context-dependent. In fact, IL-6 has been shown to 

upregulate CD163 (Buechler et al., 2000) and to potentiate the M2 phenotype of 

tumor-associated macrophages by enhancing CD206 and CD209 expression (Roca et 

al., 2009; Dominguez-Soto et al., 2011). Thus, secretion of moderate levels of 

inflammatory cytokines does not contradict the classification of decidual macrophages 

as M2-polarized with potentially suppressive function.  

Further, a certain level of pro-inflammatory activity seems to be compatible, if not 

necessary, with homeostatic or suppressive functions. For instance, in a study showing 

that term decidual stromal cells could induce CD25highFoxp3+ Treg cells and mediate 

suppression of allo-responses, neutralization of IFN-γ reduced the suppressive 

function of decidual stromal cells (Erkers et al., 2013). In this study, it was also shown 

that administration of high levels of IFN-γ inhibited this suppressive potential, while 

low IFN-γ levels had no effect. The ability of IFN-γ to enhance suppressive function 

was also observed in co-cultures of decidual NK cells and macrophages, which 

together induced functionally suppressive Foxp3+CD25high Treg cells; in this model 

IFN-γ blockade partially reduced the Treg cell induction (Vacca et al., 2010).  

In paper II, we extended the panel of cytokines by analyzing the IL-12 family 

cytokines IL-12, IL-23, IL-27 and IL-35, which are influential in tailoring adaptive 

immune responses (Goriely and Goldman, 2008; Vignali and Kuchroo, 2012). These 

cytokines are unique among cytokines in that they are heterodimeric and composed of 

subunits that are shared between the members of the family. IL-12 is formed by p35 

and p40, while p40 together with p19 instead forms IL-23. p35 also pairs with Ebi3 to 

form IL-35, whereas Ebi3 together with p28 forms IL-27. Despite having common 

subunits, these cytokines have divergent functions, ranging from Th1- and Th17- 
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Figure 17. Secretion of IL-12 family cytokines by isolated CD14+ (n=4-10) and CD14-
depleted (n=2-7) mononuclear cells from blood and decidua (from first trimester 
pregnancies). The concentration of IL-12 family cytokines was measured by multiplexed 
bead assay or ELISA; the graphs show the medians and range. * p ≤ 0.05. 

promoting (IL-12 and IL-23) or both pro- and anti-inflammatory (depending on the 

context, IL-27) to immune suppressive and Treg cell-inducing (IL-35). While 

macrophages are a well-known source of IL-12, IL-23 and IL-27, production of IL-35 

has to date mainly been associated with Treg cell function (Collison et al., 2007).  

Consistent with an M2 phenotype, CD14+ decidual macrophages (but also CD14-

depleted decidual mononuclear cells) from first trimester pregnancies failed to 

spontaneously produce IL-12, IL-23 and IL-27 (Fig. 17). Accordingly, they expressed 

low mRNA levels of one (p28 for IL-27) or both (p35 and p40 for IL-12; p40 and p19 

for IL-23) corresponding cytokine subunits (paper II, Fig. 1C). Among the in vitro 

macrophage subsets, only GM(LPS/IFN-γ) macrophages produced significant levels 

of IL-12, IL-23 and IL-27 (Fig. 18), supporting that these cytokines are mainly 

induced during inflammatory conditions (Vignali and Kuchroo, 2012). In contrast, IL-

35 was detected in conditioned medium from decidual mononuclear cells and was 
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particularly produced by CD14+ decidual macrophages at significantly higher levels 

than by blood monocytes (Fig. 17). Accordingly, mRNA expression of Ebi3, which 

forms IL-35 together with p35, was expressed at significantly higher levels in decidual 

macrophages than in blood monocytes (paper II, Fig. 1C). Although p35 mRNA was 

detected at low levels in decidual macrophages, GM(LPS/IFN-γ) macrophages that 

secreted both IL-12 and IL-35 (Fig. 18) (both share the p35 subunit) also expressed 

low p35 mRNA levels (paper II, Fig. 1E), indicating that failure to detect p35  

 

Figure 18. Secretion of IL-12 family cytokines by different in vitro macrophage subsets 
(n=4-5). In vitro macrophages were generated from CD14+ monocytes from non-pregnant 
women. The concentration of IL-12 family cytokines was measured by multiplexed bead 
assay or ELISA; the graphs show the medians and range. Dotted lines denote the median of 
blood monocytes. * p ≤ 0.05, ** p ≤ 0.01,  # p=0.06 (versus CD14+ blood monocytes). M: M-
CSF, GM: GM-CSF. 
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may be due to methodological issues, possibly kinetic-related, rather than lack of 

expression by these cells.  

IL-35 has been shown to contribute to suppressive function and to protect against 

several autoimmune and inflammatory disorders and to alleviate graft-versus-host 

disease in allogeneic stem cell transplantation (Collison et al., 2007; Niedbala et al., 

2007; Collison et al., 2010; Olson et al., 2012; Shen et al., 2014; Liu et al., 2015), 

making it an interesting candidate for promoting fetal tolerance. The production of IL-

35 by decidual macrophages is however intriguing, since IL-35 has been shown to be 

mainly restricted to Treg cells in mice (Collison et al., 2007) and, in addition, the 

production by human Treg cells has been debated (Allan et al., 2008; Bardel et al., 

2008). However, human placental trophoblast cells (where IL-35 was first described) 

have been demonstrated to secrete IL-35 (Devergne et al., 1997; Mao et al., 2013), 

implying that in humans, IL-35 may have other cellular sources than Treg cells. 

Although decidual macrophage-derived IL-35 could promote conversion of Treg cells 

in the decidua, IL-35-induced Treg cells represent a unique population of IL-35-

producing CD4+Foxp3-IL-10-TGF-β- Treg cells (Collison et al., 2010) that have not 

yet been characterized in human (or mouse) decidua. 

A recent study showed that CD163+IL-10+ macrophages in the murine testis express 

the IL-35 subunits Ebi3 and p35, which were shown to limit lymphocyte infiltration 

and IFN-γ production, suggesting a role for macrophage-derived IL-35 in the 

maintenance of immune privilege (Terayama et al., 2014). Contrary to our 

expectations, the pattern of IL-35 secretion by in vitro macrophages did not correlate 

with immune regulatory phenotype since pro-inflammatory GM(LPS/IFN-γ) 

macrophages produced the highest levels of IL-35 in parallel with IL-12, IL-23 and 

IL-27 (Fig. 18). However, this is in line with the suggested role of IL-35 as an 

inducible cytokine that suppresses on-going inflammatory responses, in contrast to 

“house-keeping” cytokines (like TGF-β) that rather may prevent the onset of 

inflammation (Li et al., 2012; Vignali and Kuchroo, 2012). In addition, Ebi3 alone 

may have immune modulatory potential. For instance, it has been shown to limit IL-

12 production, thereby inhibiting Th1 induction during LPS-challenge (Zheng et al., 
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2013). A possible mechanism would be by competitive binding to p35, the shared 

subunit of IL-12 and IL-35 (Vignali and Kuchroo, 2012). 

Whereas the cytokine profile of decidual macrophages supports a homeostatic role at 

the resting state, it is less clear to what extent they are involved in the protection 

against invading pathogens. Expression of pattern recognition receptors (CD163, 

CD206 and CD209) on decidual macrophages suggests that microbial stimuli could 

trigger an inflammatory immune response and the induction of pro-inflammatory 

mediators (Fabriek et al., 2009; Geijtenbeek and Gringhuis, 2009). Indeed, decidual 

macrophages have been shown to respond with increased production of TNF and IL-

1β in response to microbial stimuli (Heikkinen et al., 2003; Singh et al., 2005; Houser 

et al., 2011). A recent report also demonstrated that decidual macrophages express 

mRNA for TLR1-9, of which TLR2, TLR3, and TLR4 where confirmed at the protein 

level (Duriez et al., 2014). TLR-ligation resulted in the increased production of 

several pro-inflammatory cytokines and chemokines, including IL-1β, TNF, IL-6, 

GM-CSF, CCL5 and CXCL8. Interestingly, the Th1 cell-recruiting chemokine 

CXCL10 was not induced and both IL-10 and IL-1RA (which antagonizes IL-1β) 

were induced in parallel with the pro-inflammatory cytokines (with the exception of 

TLR9 activation) (Duriez et al., 2014). The observation that IL-10 was the cytokine 

most strongly induced and that IL-1RA was secreted at levels higher than IL-1β even 

upon stimulation, supports that decidual macrophages maintain a high threshold of 

activation under inflammatory conditions, a property that may be crucial for 

preventing inflammation-induced fetal loss. 

Furthermore, multiple factors present in vivo may influence decidual macrophages by 

further down-modulating their pro-inflammatory potential. Potential factors include 

cytokines produced by the placenta, like M-CSF and IL-10 as discussed earlier, but 

also pregnancy-associated hormones. Although we did not observe any direct effects 

of physiological doses of progesterone and estradiol on macrophage polarization (Fig. 

14 and paper I, supplemental Table I), these and other hormones may modulate the 

effects of inflammatory stimuli on decidual macrophages. In support of this notion, 

treatment with progesterone or the glucocorticoid receptor agonist dexamethasone 
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reduced the production of nitric oxide, IL-12 and TNF from mouse macrophages in 

response to LPS (Miller and Hunt, 1998; Jones et al., 2008).   

In summary, these data suggest that decidual macrophages are predominantly 

tolerogenic at the steady state and that the inflammatory potential may be under strict 

control to preserve a microenvironment compatible with fetal development. 

Influence of decidual macrophages on the polarization of Th1, Th2, 
Th17 and Treg cells  

The cytokine secretion pattern of decidual macrophages, as well as data from gene 

expression profiling and phenotypic characterization, indicate a predominantly 

immune suppressive function of these cells. This is supported by the observations that 

isolated decidual macrophages were more suppressive than blood monocytes in a 

mixed lymphocyte reaction (Mizuno et al., 1994), and that they did not spontaneously 

induce proliferation of allogenic T cells (Kammerer et al., 2003). However, a more 

recent study showed that co-culture of isolated decidual macrophages with allogeneic 

CD3+ T cells indeed resulted in the proliferation of T cells, and this was shown to be 

preferentially within the CD4+ population (Vacca et al., 2010). By studying the 

decidual macrophage-primed CD4+ T cells in more detail, Vacca et al showed that a 

major proportion of the CD4+ T cells consisted of cells with a Treg cell phenotype 

(CD127low CTLA-4+ and CD39+) and with suppressive activity. Thus, analyzing the 

influence of decidual macrophages on specific Th cell populations should be more 

informative than studying proliferation of the entire CD3+ or CD4+ T cell population. 

Since the influence of decidual macrophages on specific Th cell subsets is unknown, 

we analyzed the ability of decidual macrophages to promote the expansion of Treg 

cells in parallel with the effects on Th1, Th2 and Th17 cell polarization (paper II). By 

using decidual macrophage conditioned medium during the polarization of CD4+ T 

cells for five days, we showed that decidual macrophages promote the selective 

expansion of Treg cells, defined as Foxp3+, CD4dimCD25high or CD25highFoxp3+ (Fig. 

19A-C). In contrast, the proportions of CD4+ T cells expressing the lineage-specific 

transcription factors T-bet, GATA-3 or Rorγt were not increased, showing that  
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Figure 19. Decidual macrophages preferentially induce Treg cells. The graphs show the 
effect of 25% and 50% conditioned medium (CM) from first trimester decidual macrophages 
on the polarization of Treg cells, defined as (A) Foxp3+, (B) CD4dimCD25high or (C) 
CD25highFoxp3+, and on (D) T-bet+ Th1, (E) GATA-3+ Th2 and (F) Rorγt+ Th17 CD4+ T 
cells. All data was analyzed by flow cytometry; bars show the mean + SD from eight (No CM 
and 25% CM) or three (50% CM) experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.  

decidual macrophages do not spontaneously induce Th1, Th2 or Th17 cell polarization 

(Fig. 19D-F). Our results differ with the results reported by Vacca et al, where 

decidual macrophages alone did not induce Treg cells, but required the interaction 

with decidual NK cells (Vacca et al., 2010). These discrepancies are likely due to 

differences in experimental design, for instance the use of CD3+ T cells (Vacca et al., 

2010) in contrast to isolated CD4+ T cells and the use of isolated decidual 

macrophages (Vacca et al., 2010) in contrast to conditioned medium. It may be 

speculated that although cytokines secreted by decidual macrophages promote Treg 

cell expansion in vitro (as was the case in our experiments), signals provided by cell-
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contact could counteract this effect, which could explain the lack of Treg cell 

induction observed in decidual macrophage-T cell co-cultures (Vacca et al., 2010). 

However, a recent paper showed that isolated term CD14+CD209+ decidual 

macrophages induced proliferation of Foxp3+ T cells and that the percentage of 

proliferating Foxp3+ T cells negatively correlated with the percentage of proliferating 

non-Treg cells (Foxp3-), which was interpreted as suppressive activity within the 

Foxp3+ Treg cell population (Hsu et al., 2012). This finding supports the ability of 

decidual macrophages to promote Treg cells also by cell-contact.  

Several macrophage-derived factors may contribute to expand the Treg cell 

population, including the established Treg cell-inducing factors TGF-β and IL-10 

(Groux et al., 1996; Chen et al., 2003; Rao et al., 2005). In addition, the emerging role 

of CCL18 as a Treg cell-inducing agent (Chang et al., 2010) and the high production 

of CCL18 by decidual macrophages (Fig. 20 and Gustafsson et al., 2008) implicates 

this chemokine in the Treg cell induction process. Interestingly, CD163+CD206+IL-

10highCCL18high macrophages induced by M-CSF from multipotent stromal cells (thus 

resembling decidual macrophages) were shown to induce CD4+CD25highFoxp3+ Treg 

cells by a CCL18-dependent mechanism (Melief et al., 2013). Thus, the role of 

CCL18 in promoting immune homeostasis at the fetal-maternal interface deserves 

further attention.  

As mentioned, the ability of decidual macrophages to influence the polarization of 

Th1, Th2 or Th17 cells has, to our knowledge, not been reported. However, allogeneic 

T cells co-cultured with decidual macrophages produced much lower levels of Th1-

associated IFN-γ, as compared with T cells co-cultured with blood monocytes 

(Sayama et al., 2013). Although Th1 cells were not specifically analyzed, this study 

corroborates our findings by showing that decidual macrophages are poor inducers of 

Th1-associated immune responses.  

Taken together, our findings support the view that decidual macrophages show 

predominantly homeostatic functions at the resting state by promoting the preferential 

expansion of CD25highFoxp3+ Treg cells, which is in line with the accumulation of 

Treg cells in the human decidua and their importance for maintained immune 
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homeostasis during pregnancy (Tilburgs et al., 2006; Mjosberg et al., 2010). As 

discussed for cytokines, the ability of decidual macrophages to influence Th cell 

responses during inflammation is of major interest and has implications for pregnancy 

complications. Although cytokine data suggest that the pro-inflammatory potential of 

decidual macrophages is somewhat limited, functional studies will be necessary to 

support this idea. 

A potential role for decidual macrophages in controlling cell 
trafficking at the fetal‐maternal interface 

Chemokines play an essential role in the trafficking of leukocytes during 

inflammation but they also contribute to homeostasis by promoting tissue-specific 

homing (Griffith et al., 2014). Although chemokines have gained much interest in 

several aspects of reproductive immunology (Du et al., 2014b), the role of decidual 

macrophages in contributing to the chemokine environment and the positioning of 

cells within the decidua has been surprisingly overlooked. NK cells have been 

attributed the ability to direct trophoblast invasion through production of the 

chemokines CXCL10 and CXCL8 and the interaction with their receptors CXCR3 and 

CXCR1 on trophoblast cells (Hanna et al., 2006). In paper II, by comparing the 

CD14+ and CD14-depleted decidual mononuclear cell populations, we show that 

chemokine production is mainly restricted to decidual macrophages (paper II, Fig. 3), 

including production of CXCL10. Although we did not analyze CXCL8, other studies 

comparing decidual CD14+ macrophages and CD56+ NK cells support that decidual 

macrophages also constitute the predominant source of CXCL8 (Li et al., 2009; 

Pitman et al., 2013). Further, decidual stromal cells or trophoblast cells are also a 

potential source of chemokines. Decidual stromal cells have been proposed to regulate 

monocyte recruitment by CCL2 (Lockwood et al., 2006) and, in mice, to control (or 

rather limit) the recruitment of T cells to the decidua by their inability to upregulate 

CXCR3 ligands (CXCL9 and CXCL10) and CCL5 (Nancy et al., 2012). Also the 

recruitment of decidual NK cells has been proposed to be controlled by decidual 

stromal cell production of CXCR3 ligands (CXCL10 and CXCL11) (Lockwood et al., 
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2013). Trophoblast cells have been proposed to control both NK cell and monocyte 

recruitment to the uterus (Drake et al., 2001; Hanna et al., 2003; Abrahams et al., 

2005).  

Challenging these observations, our unpublished data show that within the decidua, 

CD10+ stromal cells in general secrete lower levels of chemokines than the CD10- 

non-stromal compartment that mainly comprises immune cells (data to be published). 

Second, chemokine levels in conditioned media from decidual tissues were in general 

higher than in conditioned media from placental tissues. These data are based on the 

protein secretion analysis of ten different chemokines including CCL2, CXCL10, 

CCL22 and CCL18 (data to be published). Since decidual macrophages were a major 

chemokine source among decidual leukocytes it is tempting to speculate that decidual 

macrophages have a major influence in the control of leukocyte (and trophoblast) cell 

trafficking at the fetal-maternal interface and deserves to be further investigated.  

To facilitate interpretation of the results, we analyzed the chemokine profile of 

decidual macrophages in relation to the different in vitro macrophage subsets. By this, 

we showed that decidual macrophages preferentially secrete the monocyte- and Treg 

cell-associated chemokines CCL2 and CCL18. In contrast, the Th1-, Th2- and Th17-

recruiting chemokines CXCL10, CCL22 and CCL20 were produced at low levels 

from decidual macrophages, both in relation to the production of CCL2 and CCL18 

and in relation to the production from other macrophage subsets (Fig. 20). Similar to 

phenotypic and cytokine analyses, M(IL-10) macrophages showed a chemokine 

profile similar to decidual macrophages, while both M or GM(IL-4/IL-13) and 

 
Figure 20. Chemokine profile of decidual macrophages and different in vitro macrophage 
subsets. Decidual macrophages and blood monocytes (n=6; for CCL20, n=10) were isolated 
from first trimester human pregnancies. In vitro macrophages were generated from CD14+ 
monocytes from non-pregnant women (n=3-4). Cells were cultured overnight and the 
concentration of chemokines in the conditioned media was analyzed by multiplex bead assay 
or ELISA (medians are shown). Dotted horizontal lines denote the median of blood 
monocytes from pregnant women (for decidual macrophages) or from non-pregnant women 
(for in vitro macrophages). * p ≤ 0.05, ** p ≤ 0.01, # p=0.06 (versus blood monocytes).  
Dec MΦ: decidual macrophages, M: M-CSF, GM: GM-CSF.  
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Figure 21. Expression of selected chemokine transcripts in decidual macrophages and 
different in vitro macrophage subsets. Chemokines are categorized under the major cell types 
for which they have recruitment specificity. Decidual macrophages and blood monocytes 
were isolated from first trimester human pregnancies and in vitro macrophages were 
generated from CD14+ blood monocytes from non-pregnant women (n=3). Fold changes (log 
10 FC) in respect to blood monocytes are shown. Genes where considered significantly 
regulated (*) when p≤ 0.05 and the fold change regulation was at least +/-2. M: M-CSF, GM: 
GM-CSF, Dec MΦ: decidual macrophages.  
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GM(LPS/IFN-γ) macrophages showed different chemokine patterns (Fig. 20). These 

data was largely confirmed by the analysis of a larger group of chemokines by gene 

expression analysis with microarray (Fig. 21 and paper II, Fig. 6A). Our results 

suggest that decidual macrophages contribute to maintain high numbers of 

macrophages and Treg cells, while limiting recruitment of several lymphocyte subsets 

to the decidua.  

By using M(IL-10) macrophages as a model of decidual macrophages (which showed 

similar chemokine gene and protein patterns, Fig. 20 and 21 and paper II, Fig. 6A), we 

show that these cells preferentially promote the recruitment of CD14+ monocytes, 

possibly mediated by CCL2 (Fig. 22). Mouse studies showing the CCR2-dependent 

recruitment of macrophages to the pregnant uterus are in support of a CCL2-driven 

recruitment mechanism (Tagliani et al., 2011). Although it is possible that CCL18 

may contribute to Treg cell recruitment in vivo, CCL18-producing M(IL-10) 

macrophages failed to induce migration of Treg cells in our chemotaxis model (Fig. 

22). Since these results are based on an in vitro model using M(IL-10) macrophages, 

the role of decidual macrophages in the recruitment of decidual leukocytes requires 

further investigation. In addition to their primary recruiting potential, chemokines are 

involved in several other functional processes. In this regard, the ability of CCL2 to 

 

Figure 22. M-CSF- and IL-10-stimulated macrophages selectively recruited CD14+ 
monocytes. Macrophages were generated from CD14+ blood monocytes from non-pregnant 
women. CFSE-labeled macrophages (125 000 or 250 000) were placed in the lower wells and 
PBMC in the upper wells of a Transwell plate and cells were allowed to migrate overnight. 
Recruited cells were identified as CFSE- and were characterized by flow cytometry. The 
graphs show the mean + SD of six experiments. * p ≤ 0.05, ** p ≤ 0.01 (versus medium 
control). Ctrl: medium control, PBMC: peripheral blood mononuclear cells. 
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promote M2 polarization (Sierra-Filardi et al., 2014) and of CCL18 to promote 

induction of Treg cells (Chang et al., 2010; Melief et al., 2013), polarization of M2 

macrophages (Schraufstatter et al., 2012) and tolerogenic DCs (Azzaoui et al., 2011), 

makes them potential candidates in the maintenance of fetal-maternal tolerance by 

promoting a tolerogenic leukocyte environment.  

Decidual macrophages are prominent chemokine producers and therefore, failure to 

acquire M2 characteristics and accordingly, increased production of inflammatory 

chemokines, may be associated with the development of complications. CXCR3 

ligands have been of particular interest because of their involvement in Th1-associated 

responses, which are incompatible with normal fetal development. For instance, 

CXCR3-mediated recruitment of T cells during Listeria monocytogenes infection in 

mice resulted in fetal loss (Chaturvedi et al., 2015). Interestingly, decidual stromal 

cells did not account for the increased production of the CXCR3 ligand CXCL9, 

supporting previous data where decidual stromal cells fail to upregulate CXCL9 and 

CXCL10 upon inflammatory stimuli (Nancy et al., 2012). In contrast, infiltrating 

macrophages and neutrophils were shown to be responsible for this inflammatory 

chemokine production (Chaturvedi et al., 2015). The observation that isolated human 

decidual macrophages fail to upregulate CXCL10 upon TLR-ligation in vitro (Duriez 

et al., 2014) supports the idea that newly recruited monocytes, rather than “resident” 

or differentiated decidual macrophages, may differentiate into Th1 chemokine-

producing M1 macrophages. 

Increased chemokine production during labor (Hamilton et al., 2013) and increased 

local and circulating levels of CXCL10 and CXCL11 in preeclampsia (Gotsch et al., 

2007; Boij et al., 2012; Lockwood et al., 2013) suggests that altered chemokine 

production may be associated with both normal (in the case of labor) and pathological 

inflammatory responses also in the absence of infections. Thus, failure to maintain an 

M2 phenotype and a shift towards M1 polarization with increased production of 

inflammatory, in particular Th1-recruiting, chemokines could contribute to the 

accumulation of inflammatory leukocytes commonly associated with adverse 

pregnancy outcomes.  
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Markers of polarized macrophage subsets 

Although not the principal aim in papers I and II, the comparison of a wide panel of 

cell surface markers, cytokines, chemokines and genes across the different in vitro 

polarized macrophage subsets, provided the opportunity to evaluate the suitability of, 

and to identify new, subset-specific macrophage markers. Some of these markers are 

discussed below. 

Expression of CD163 is often associated with M2, including both homeostatic and 

Th2-associated, macrophages (Biswas and Mantovani, 2010). Our results showed 

however that CD163 is mainly restricted to M-CSF- and IL-10-induced macrophages, 

since not only LPS/IFN-γ but also IL-4/IL-13 downregulated CD163 expression (Fig. 

14), making CD163 a potential marker of homeostatic macrophages. This is supported 

by studies evaluating the effects of M-CSF versus GM-CSF and the additional effects 

of IL-10, IL-4 and IFN-γ (Ambarus et al., 2012; Kittan et al., 2013). Importantly, 

CD163 is also expressed on many tissue macrophages that predominantly have 

homeostatic functions (Van den Heuvel et al., 1999). CD209 is another marker 

commonly used to define M2 macrophages and our results showed that it is induced 

by both homeostatic and Th2 stimuli while it is downregulated by pro-inflammatory 

stimuli (Fig. 14), in line with previous data (Soilleux et al., 2002; Puig-Kroger et al., 

2004; Dominguez-Soto et al., 2011). CD209 may be used as a general M2 marker, but 

additional markers should be used to define the specific subtype. In contrast, NRP-1 

that was proposed to be an M2 marker because of its upregulation by M-CSF and 

dowregulation by IFN-γ (Ji et al., 2009), was highly expressed on all macrophage 

subsets analyzed in paper I (Fig. 14). However, by evaluating the relative expression 

(MFI) among subsets, the high NRP-1 expression on IL-4/IL-13 macrophages 

suggests that it may be more associated with Th2 responses (paper I, supplemental 

Table I).  

The transcription factor IRF5 has been proposed to promote M1 macrophages with 

production of IL-12 and IL-23 and to inhibit M2 polarization and IL-10 production 

(Krausgruber et al., 2011). In paper I, we could confirm that GM(LPS/IFN-γ) 
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macrophages expressed high levels and decidual macrophages low levels of IRF5; 

however, the pattern of expression was not entirely consistent with an M1-promoting 

and M2-inhibiting function (paper I, Fig. 6A). Although the original suggestion of 

IRF5 as an M1 marker was based on M-CSF- and GM-CSF-driven macrophages, 

more recent data show that both M-CSF and GM-CSF upregulate IRF5 (Lacey et al., 

2012). In addition, IL-4-stimulated macrophages were shown to express higher levels 

of IRF5 than LPS/IFN-γ-stimulated macrophages (Jaguin et al., 2013), supporting our 

data and questioning the suitability of this transcription factor as an M1 marker. 

Also, the distinct chemokine profiles observed among in vitro macrophages may be 

useful for the classification of different macrophage subsets as has been previously 

suggested (Mantovani et al., 2004). High production of CXCL9-11 was, as expected, 

a characteristic associated with GM(LPS/IFN-γ) or M1 macrophages (Fig. 20 and 21), 

which is in line with other reports (Mantovani et al., 2004; Jaguin et al., 2013; Kittan 

et al., 2013). Production of the Th2-related chemokines CCL17 and CCL22 was 

however not restricted to IL-4/IL-13-stimulated macrophages as anticipated, but was 

also induced in response to GM-CSF and GM-CSF in combination with LPS/IFN-γ 

(Fig. 20 and 21). In contrast, CCL26 that is an eosinophil-recruiting chemokine 

(Blanchard et al., 2006) emerged as a potential chemokine specific for Th2 immunity 

(Fig. 21). Further, homeostatic macrophages, in particular IL-10-induced, may be 

characterized by the combined high production of CCL2 and CCL18, and low 

production of both Th2- and Th1-associated chemokines (CCL17, CCL22, CCL26, 

CXCL9-11) (Fig. 20 and 21). 
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Role of the placenta in promoting a homeostatic immune 
environment 

Induction of homeostatic M2 macrophages and Treg cells 

It is fairly settled that decidual immune cells adopt immune regulatory properties and 

that these are essential for a healthy pregnancy outcome. However, the mechanisms 

behind this adaptation in humans are largely unknown. Since the placenta is a 

temporary organ closely associated with decidual leukocytes, we hypothesized that it 

could have a major influence on decidual leukocyte adaptation. The placenta and 

trophoblast cells have indeed been described to have a wide range of immune 

regulatory properties; still the ability of the human placenta and the relative 

contribution of placental-derived factors in promoting tolerogenic leukocytes have not 

been addressed in a physiological setting. Therefore, in paper III we evaluated the 

effects of placental- and trophoblast-derived factors on the differentiation and 

polarization of the major decidual leukocyte populations with regulatory functions, i.e. 

macrophages, Th cells and Treg cells. 

By using conditioned medium from first trimester placental tissue during the in vitro 

differentiation of macrophages, we showed that placental factors can induce 

macrophages that express CD14, CD163, CD206 and CD209 and produce IL-10 and 

CCL18 but not IL-12 and IL-23, i.e. resembling decidual macrophages (Fig. 23). We 

further showed by using neutralizing antibodies that M-CSF and, in particular, IL-10 

were involved in the M2 polarization process (paper III, Fig. 6A-B). As discussed 

earlier, these results highlight the involvement of M-CSF and IL-10 in the regulation 

of decidual macrophage differentiation and polarization. These data also identified the 

placenta as an important source of M-CSF (whose levels greatly exceeded the levels 

of GM-CSF) and of IL-10, and both factors were mainly expressed by CTB cells and 

syncytiotrophoblasts (paper III, Fig. 5 and Table I). However, in addition to the 

placenta, several other cells (including decidual stromal cells, NK cells, Th cells and  
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Figure 23. Soluble factors from placental tissue induce macrophages with homeostatic 
properties. Placental explant conditioned medium (PE CM) induced expression of the 
macrophage markers CD14, CD163, CD206 and CD209, and reduced ICAM-3 expression in 
a dose-dependent manner. PE CM (12.5%) also induced the production of IL-10 and CCL18 
from macrophages, while IL-12 and IL-23 were not induced. Macrophages were generated 
from CD14+ monocytes by culturing them for six days in the presence of 5 ng/ml GM-CSF 
(GM) alone or in combination with PE CM. The graphs show the mean + SD from 12 
individual experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. MΦ: macrophages. 

macrophages themselves) can produce M-CSF and IL-10 (Hatayama et al., 1994; 

Piccinni et al., 2001; Lidstrom et al., 2003; Engert et al., 2007) and may further 

influence the M2 polarization of decidual macrophages.  

In order to mimic the decidual microenvironment at the resting state, CD4+ T cells 

were cultured with PE CM without any additional stimulation (“unstimulated”). In this 

way, we showed that placental factors could promote the preferential expansion of 

Treg cells (defined as Foxp3+, CD4dimCD25high or CD25highFoxp3+) and increase the 

production of IL-10 by CD4+ T cells (Fig. 24 “unstim”, and paper III, Fig. 3A). The 

expanded Treg cell population was CD127low, expressed the suppressive markers 

CTLA-4 and CD39, and was predominantly CD45R0+ (paper III, Fig. 3C),  
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Figure 24. Soluble factors from placental tissue preferentially induce Foxp3 expression and 
production of IL-10 in CD4+ T cells. The graphs show the effect of 6.25% and 12.5% first 
trimester placental explant conditioned medium (PE CM) on the polarization of Treg, Th1, 
Th2 and Th17 cells. The bar graphs show the expression of the transcription factors Foxp3 
(Treg), T-bet (Th1), GATA-3 (Th2) and Rorγt (Th17) in the CD4+ T cell population and the 
scatter plots show the production of cytokines from the corresponding Th cell subset. 
Peripheral blood CD4+ T cells were cultured either unstimulated (Unstim) or stimulated with 
0.25 µg/ml anti-CD3 and anti-CD28 antibodies (aCD3/CD28) for five days in the presence or 
absence of PE CM. The graphs show the mean + SD (bar graphs) or the median (scatter 
plots) of eight individual experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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thus resembling decidual Treg cells (Tilburgs et al., 2008; Mjosberg et al., 2010). 

Further, we showed that the placental-induced Treg cells were functionally 

suppressive in vitro, by evaluating their effect on the proliferation of CFSE-labeled 

and anti-CD3/CD28-stimulated responder cells (paper III, Fig. 3D-E). Expression of 

the Th1-associated transcription factor T-bet was also increased by placental-derived 

factors, but this increase was not paralleled by increased production of IFN-γ by CD4+ 

T cells (Fig. 24). In contrast, expression of GATA-3 and Rorγt and production of IL-

13 and IL-17, associated with Th2 and Th17 cells respectively, were not induced. The 

selective increase of Treg cells is in line with their reported accumulation in the 

human decidua (Tilburgs et al., 2006; Mjosberg et al., 2010) and with the importance 

of Treg cells in murine pregnancy (Aluvihare et al., 2004; Rowe et al., 2012b; 

Samstein et al., 2012). Although the increase in T-bet+ cells was unexpected, a high 

frequency of CCR6- Th1 cells, associated with moderate production of IFN-γ, has 

been reported in the human decidua (Mjosberg et al., 2010), thus supporting a role of 

the placenta in shaping the decidual microenvironment.  

An increasing number of in vitro studies clearly demonstrate the important 

bidirectional communication among decidual cells that results in the development of 

tolerogenic leukocytes. For example, decidual macrophages are able to inhibit NK cell 

cytotoxicity (Co et al., 2013), to suppress T cell proliferation and activation (Mizuno 

et al., 1994; Sayama et al., 2013) and to induce Treg cells (Vacca et al., 2010; Hsu et 

al., 2012), which our results further support. Also decidual stromal cells have been 

shown to contribute to limited T cell activation and induction of Treg cells 

(Nagamatsu et al., 2009; Erkers et al., 2013). Although, to our knowledge, the 

function of human decidual Treg cells has not been studied, the ability of Treg cells to 

induce CD163+CD206+CCL18+ M2 macrophages and macrophages with limited pro-

inflammatory potential in vitro (Taams et al., 2005; Tiemessen et al., 2007), suggests 

that also decidual Treg cells may promote M2 macrophages. Nevertheless, since our 

results indicate that placental-derived factors can promote homeostatic macrophages 

and Treg cells, we hypothesize that the placenta itself, being a newly developed organ, 

is the primary trigger of maternal immune cell adaptation. We also suggest that the 

crosstalk between the induced tolerogenic leukocytes is an essential secondary  
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Figure 25. Effect of 6.25% and 12.5% placental explant conditioned medium (PE CM) on 
the activation of CD4+ T cells. Peripheral blood CD4+ T cells were cultured either 
unstimulated (Unstim) or stimulated with 0.25 µg/ml anti-CD3 and anti-CD28 antibodies 
(aCD3/CD28) for five days in the presence or absence of PE CM. The graphs show the mean 
+ SD (bar graphs) or the median (scatter plots) of eight individual experiments. * p ≤ 0.05, ** 
p ≤ 0.01, *** p ≤ 0.001. 
 

 
mechanism to sustain the homeostatic uterine environment induced by the placenta. 

The influence of the placenta on tolerogenic decidual leukocytes is likely not 

restricted to macrophages and Th cells. For, example it was recently reported that 

trophoblast-derived thymic stromal lymphopoietin (TSLP) could promote DCs with 

tolerogenic properties, for instance with high production of IL-10 and TGF-β and low 

production of IL-12 and TNF (Du et al., 2014a). In turn, these DCs induced the 

conversion of functionally suppressive CD4+CD25+Foxp3+ Treg cells that also 

produced IL-10 and TGF-β.  

Placental-derived factors also caused a general downregulation of Th cell activation in 

anti-CD3/CD28-stimulated cells, as shown by for example decreased levels of HLA-

DR and CD25 and a generally reduced production of cytokines, including those 
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associated with Th1, Th2 and Th17 immunity (Fig. 24 and 25, “aCD3/CD28”). We 

interpreted these data as the ability of the placenta to limit Th cell activation 

regardless of the type of immune response. Similar to the effect of placental-derived 

M-CSF and IL-10 on macrophage polarization, we suggest that the placenta promotes 

Th cells with an increased threshold of activation, which may be essential for 

preserving a homeostatic decidual immune environment. Bearing in mind that fetal 

rejection might not only be caused by activation of placental/fetal-specific T cells but 

also by general immune cell activation, for instance during infections (Krishnan et al., 

1996; Rowe et al., 2012a), the ability of the placenta to induce immune cells with a 

reduced inflammatory potential might be essential for maintaining tissue integrity and 

preventing inflammation-induced fetal rejection.  

Our data also showed that conditioned medium from isolated CTB and EVT cells 

could induce the phenotype of decidual macrophages and the expansion of Treg cells 

(Fig. 26A and C), indicating trophoblast cells as major inducers of decidual immune 

cell adaptation. Notably, IL-10 that was involved in both M2 macrophage and Treg 

cell polarization was produced at particularly high levels by isolated CTB and EVT 

cells (paper III, Fig. 5B and Table I). Although the major cellular components of the 

placenta are trophoblast cells, other cells are present in the placental villous core and 

could potentially promote immune cells with regulatory functions. For example, 

placental mesenchymal stem cells have been shown to promote M2 macrophages 

(CD163+CD206+IL-10+IL-12-) and to limit T cell activation (Chang et al., 2006; 

Abumaree et al., 2013). However, considering that trophoblast cells are in closer 

association with decidual leukocytes, we suggest that these are the major placental cell 

type influencing decidual immune cells. Mesenchymal stem cells, together with 

trophoblast cells, are perhaps more likely to influence the polarization of fetal 

placental macrophages (Hofbauer cells), which show many similarities with decidual 

macrophages (Bockle et al., 2008; Joerink et al., 2011).   
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Figure 26. Effect of conditioned medium (CM) from (A) isolated first trimester placental 
cytotrophoblast (CTB) and extravillous trophoblast (EVT) cells or (B) the trophoblast cell 
line HTR-8/SVneo (HTR-8) on macrophage cell surface markers. Effect of (C) CTB or 
EVT CM or (D) HTR-8 CM on CD25highFoxp3+ Treg cells. (A and B) Macrophages were 
generated from CD14+ monocytes (isolated from non-pregnant women) by culturing them 
for six days with GM-CSF (GM) alone or in combination with CM. (C and D) CD4+ T cells 
(isolated from non-pregnant women) were cultured for five days with CM at the indicated 
concentrations. All graphs show the mean + SD from nine individual experiments. * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001. MΦ: macrophages. 
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The HTR‐8/SVneo cell line differs from primary trophoblast cells 

In paper III, we also evaluated the effects of conditioned medium from the first 

trimester trophoblast cell line HTR-8/SVneo, which is commonly used as a substitute 

for primary trophoblast cells. Although HTR-8/SVneo cells in some ways behaved 

similar to placental tissue and CTB and EVT cells, they also differed in several 

aspects. For instance, HTR-8/SVneo conditioned medium failed to induce 

upregulation of CD209 (Fig. 26B). Further, HTR-8/SVneo cells enhanced the 

activation of anti-CD3/CD28-stimulated Th cells by for instance upregulating HLA-

DR and both transcription factors and cytokines associated with Th1, Th2 and Th17 

cells (paper III, supplemental Fig. 2). These results were in contrast to the 

downregulating effects of placental conditioned medium on activated Th cells. In 

addition, the concentrations required to induce the M2 phenotype in macrophages and 

the expansion of Treg cells were considerably higher for HTR-8/SVneo than for CTB 

and EVT cells (Fig. 26). A clear difference from primary trophoblast cells was the 

lack of IL-10 production by HTR-8/SVneo cells (paper III, Fig. 5B and Table I), 

which is likely an important explanation to the different effects on both macrophages 

and Th cells. Notably, HTR-8/SVneo cells instead produced considerably higher 

levels of TGF-β1 and TGF-β2 than did CTB and EVT cells (paper III, Fig. 5C and 

Table I), possibly accounting for some of the regulatory effects observed. Our data is 

in line with other studies showing that HTR-8/SVneo cells, like several other cell 

lines, may not be representative of primary trophoblast cells (King et al., 2000c; Apps 

et al., 2009; Morales-Prieto et al., 2012).  

Factors involved in the expansion of Treg cells 

Although Treg cells have been extensively studied in the context of pregnancy, the 

factors responsible for the specific enrichment of Treg cells at the fetal-maternal 

interface in humans are still unknown. However, due to their essential role in the 

establishment and maintenance of pregnancy, a redundancy of factors is to be 

expected. In paper III, by using neutralization antibodies, we showed that placental-

derived IL-10, TGF-β and TNF-related apoptosis-inducing ligand (TRAIL) partially 
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contributed to the Treg cell induction (paper III, Fig. 6C-E). These factors have been 

shown to promote Treg cell expansion by different mechanisms. For example, TGF-β 

promotes the conversion of naïve CD4+ T cells into Foxp3-expressing Treg cells 

(Chen et al., 2003; Rao et al., 2005). In contrast, the apoptosis-inducing factor TRAIL 

may promote the preferential expansion of an already existing Treg cell population 

while inhibiting expansion of non-Treg cells, as shown in a mouse model (Ikeda et al., 

2010). IL-10 may also promote the preferential survival of Treg cells by specifically 

upregulating the anti-apoptotic Bcl-2 in Treg cells but not in conventional T cells 

(Santner-Nanan et al., 2013). Although the relevance of such mechanism, i.e. the 

preferential induction of apoptosis in non-Treg cells by TRAIL and IL-10, remains to 

be confirmed, it is in line with the established role of trophoblast-derived FasL and 

IDO in eliminating activated T cells (Hunt et al., 1997; Munn et al., 1998), which also 

should be in favor of an increased Treg cell proportion.  

Other factors proposed to be involved in the generation of Treg cells are LIF and 

CCL18 (Gao et al., 2009; Chang et al., 2010). However, neither anti-LIF nor anti-

CCL18 neutralizing antibodies had an effect on the expansion of Treg cells induced 

by PE CM (data not shown). Still other placental-derived factors, for example soluble 

HLA-G, galectin-1 and pregnancy-associated hormones, (Blois et al., 2007; Selmani 

et al., 2008; Schumacher et al., 2013; Schumacher et al., 2014), may influence the 

generation of Treg cells. Together with the ability of decidual macrophages to induce 

Treg cells, as discussed previously, these placental-derived factors may be part of a 

redundancy of mechanisms that may ensure that homeostasis and fetal tolerance is 

maintained to protect the fetus.  
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Summary and conclusions 

The semi-allogeneic nature of the fetus implicates a great challenge during pregnancy, 

since the maternal immune system needs to adapt in order to tolerate the fetus without 

compromising the ability to protect the mother and the fetus against infections. 

Increasing evidence suggests that decidual macrophages and Treg cells have an 

important role in creating an immune environment that is compatible with normal fetal 

development. However, although the function of Treg cells is well established, the 

function of decidual macrophages has not been thoroughly investigated. Further, the 

factors involved in the regulation of decidual macrophages and Treg cells in humans 

are largely unknown.  

In paper I and II, we showed that decidual macrophages from first trimester human 

pregnancy have characteristics mainly associated with homeostatic functions 

(summarized in figure 27). They expressed pattern recognition receptors (CD163, 

CD206 and CD209) and produced predominantly immune suppressive cytokines, 

including IL-10 and IL-35, while production of pro-inflammatory cytokines (for 

instance IL-12, IL-23 and TNF) was limited. These data suggest that decidual 

macrophages may contribute to the protection against infections while preserving a 

homeostatic uterine environment. Decidual macrophages also promoted the expansion 

of CD25highFoxp3+ Treg cells but not of T-bet+ Th1, GATA-3+ Th2 or Rorγt+ Th17 

cells, suggesting that they contribute to establish fetal tolerance. Further, we showed 

that decidual macrophages are a prominent source of chemokines, implicating them as 

major regulators of cell trafficking at the fetal-maternal interface. In particular, they 

produced high levels of the monocyte- and Treg cell-associated chemokines CCL2 

and CCL18, while Th1-, Th2- and Th17-recruiting chemokines were produced at low 

levels. Decidual macrophages could therefore contribute to shape the unique decidual 

leukocyte composition by maintaining high numbers of macrophages and Treg cells, 

while limiting recruitment of several lymphocyte subsets to the decidua.  
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Figure 27. Proposed regulation and function of decidual macrophages during early 
human pregnancy. Locally produced M-CSF and IL-10 may contribute to the polarization of 
homeostatic M2 macrophages. Decidual macrophages may protect the fetus against infections 
while maintaining a homeostatic uterine environment, for instance by producing suppressive 
cytokines and by inducing Treg cells. Decidual macrophages may also contribute to the 
unique decidual leukocyte composition by selective recruitment of monocytes and Treg cells, 
while limiting migration of other lymphocytes into the decidua.  

 

In papers I and II, we also showed that M-CSF and IL-10, but not Th1 and Th2 

stimuli, induced macrophages that resemble decidual macrophages in terms of cell 

surface marker expression, cytokine and chemokine production and gene expression. 

Further, in paper III, placental tissue and placental trophoblast cells were identified as 

an important source of M-CSF and IL-10. These factors may therefore play an 

important role in the regulation of decidual macrophages during early human 

pregnancy. 
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In paper III, we demonstrated that human fetally derived placental tissue promoted the 

induction of homeostatic M2 macrophages (CD163+CD206+CD209+IL-10+CCL18+) 

and the selective expansion of functionally suppressive CD25highFoxp3+ Treg cells 

(Fig. 28). The placenta also limited activation of Th cells, for instance by generally 

reduced cytokine production. Our data suggests that the placenta has a unique ability 

to induce immune cells with a reduced inflammatory potential, which might be 

essential for maintaining tissue integrity and preventing inflammation-induced fetal 

loss. 

Figure 28. Influence of the placenta on the decidual microenvironment. Placental 
trophoblast cells may create a homeostatic and tolerant environment by producing factors, 
like M-CSF, IL-10, TGF-β and TRAIL, that induce homeostatic macrophages (MΦ) and 
regulatory T (Treg) cells and also limit excessive Th cell activation. We propose that the 
placenta is a primary inducer of tolerogenic immune cells thereby supporting normal fetal 
development. Figure from Svensson-Arvelund et al. (2015). 
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Future perspectives 

The data presented in this thesis may offer improved possibilities to further explore 

and understand the pathogenesis of pregnancy-associated complications. Furthermore, 

the identification of factors regulating normal physiology during pregnancy may be 

useful in the search for potential biomarkers in pregnancy complications. In addition, 

pregnancy can be used as a model for successful tolerance induction and regulation of 

inflammation, which should be of great value in areas of medicine characterized by 

unrestrained inflammation, such as autoimmune diseases and transplantation 

reactions. 

However, several questions regarding the normal function of decidual macrophages 

remain unanswered. For example, due to their prominent ability to produce 

chemokines, the contribution of decidual macrophages to the recruitment of decidual 

leukocytes, both at the resting state and during infections, deserves to be further 

investigated, as does the role of decidual macrophages in the recruitment of placental 

trophoblast cells. Further, the interactions between decidual macrophages and other 

cells at the fetal-maternal interface is likely important for their function. It would 

therefore be valuable to analyze the properties of decidual macrophages in co-cultures 

with for instance NK cells, but also non-immune cells like decidual stromal cells and 

trophoblast cells. 

Also the origin of decidual macrophages, which has implications for the response to 

infections, is an area that requires further study. Although decidual macrophages have 

been proposed to be continuously recruited from blood monocytes (Tagliani et al., 

2011) a recent report suggested that a subpopulation of uterine macrophages may be 

of fetal origin (Zhao et al., 2015). In mice, infiltrating rather than tissue resident 

macrophages seem to account for the inflammatory response during infection in the 

uterus (Chaturvedi et al., 2015), but also in other conditions in other organs such as 

experimental autoimmune encephalomyelitis and colitis (Codarri et al., 2011; Bain et 

al., 2013). Thus, if decidual macrophages only derive from the continuous recruitment 

of monocytes, a pro-inflammatory milieu may cause the differentiation of M1 rather 
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than M2 macrophages, quickly disrupting the homeostatic decidual environment. In 

contrast, longed-lived resident macrophages may be more resistant to a pro-

inflammatory shift and may contribute to maintain a high threshold of activation as 

well as to a more rapid recovery after an inflammatory insult. Thus, an increased 

understanding regarding the origins of decidual macrophages would facilitate the 

extrapolation of results from isolated decidual macrophages to the in vivo situation. 

An interesting finding was the ability of M-CSF to induce homeostatic M2 

macrophages and of GM-CSF to counteract this effect. Several studies have analyzed 

the concentrations of these factors, especially GM-CSF, in pregnancy complications, 

however with inconsistent results (Greer et al., 1994; Gratacos et al., 1998; Hayashi et 

al., 2004; Huang et al., 2010; Boij et al., 2012). Given their dose-dependent and 

differential effects on macrophage polarization, studying the levels of M-CSF and 

GM-CSF in relation to each other, rather than analyzing them separately, should be 

more informative. It would also be of value to assess if circulating M-CSF and GM-

CSF concentrations mirror the levels at the fetal-maternal interface, for instance 

produced by decidual and placental explants from healthy pregnancy. In such case, an 

altered circulating M-CSF/GM-CSF ratio, reflecting an inflammatory uterine 

environment, could be used to predict adverse pregnancy outcomes. Moreover, due to 

their therapeutic potential (Hume and MacDonald, 2012; Hamilton and Achuthan, 

2013), understanding the role of M-CSF and GM-CSF (and the possible role of IL-34) 

at the fetal-maternal interface is of relevance for the potential treatment of pregnancy 

complications.  

Another potential biomarker is soluble CD163 (sCD163), which is shed from the cell 

surface of macrophages during inflammation and upon macrophage activation 

(Moller, 2012). Levels of sCD163 were for instance shown to be elevated in the 

cerebrospinal fluid of multiple sclerosis patients (Stilund et al., 2014) and in the serum 

of rheumatoid arthritis patients (Jude et al., 2013). In the context of pregnancy, 

increased serum sCD163 levels were shown to be associated with an increased risk of 

delivering preterm (Vogel et al., 2005). Since CD163-expressing decidual 

macrophages have been shown to be decreased in preeclampsia and spontaneous 



117 
 

abortions (Schonkeren et al., 2011; Piao et al., 2015), it is possible that increased 

circulating sCD163 levels may also be found in these conditions, even before 

symptoms appear, reflecting a local shift from M2 to M1 macrophage activation.  
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