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1. Introduction

Placenta formation occurs through a complex and coordinated effort between the fetus’s
extraembryonic tissues and the gravid endometrial tissues. Many macrophages are
present in the placenta throughout pregnancy and have been detected as early as day 10
of pregnancy (Chang et al., 1993). Placental macrophages include Hofbauer cells of the
fetal chorionic villi and decidual macrophages of the maternal decidua basalis (Figure 1)
(Bulmer & Johnson, 1984). Functions of placental macrophages include the production of
substances that regulate local immune reactions (such as factors that regulate maternal
immunological tolerance and fetal protection) and that promote angiogenesis in the
placenta during its development (Mues et al., 1989; Sevala et al., 2007). Although they
represent a significant presence on both the maternal and fetal sides of the placenta,
placental macrophage functions have not been completely elucidated and still remain a
significantly studied area of investigation.
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Fig. 1. The mesenchymal core of this fetal tertiary chorionic villus contains a Hofbauer cell,
seen as a large, pale-staining placental macrophage with an eccentric nucleus.
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2. General placenta function

The placenta provides an interface for communication between the maternal blood and the
developing fetus. Substances are selectively transported between the separate but closely
approximated maternal and fetal vascular systems. Substances exchanged between the fetal
blood (contained within fetal vessels of chorionic villi) and maternal blood (located within
sinusoids surrounding villi) include nutrients, waste products, oxygen, carbon dioxide,
hormones, cytokines, immunoglobulins, drugs, and microbes.

Signaling molecules found in the placenta, such as hormones and cytokines, are important
for the maintenance of pregnancy, maternal-fetal tolerance, parturition, lactation, and
barrier to infection. Placental cells that produce these mediators include fetal trophoblasts
and placental macrophages. This article is not intended to describe the placenta and all of its
components in detail, but to discuss one facet of this complex, transient, vital organ of
pregnancy, the placental macrophage.

3. Macrophage phenotypes overview

Human monocytes and macrophages are players in the innate immune system. Macrophages
are bone marrow/hematopoietic-derived cells that migrate through the blood circulation to
home to and take up residence within various tissues, where they play a pivotal role in
coordinating processes such as development and host defense by secretion of cytokines,
chemokines and growth factors and by phagocytosis. Furthermore, macrophages link the
innate and adaptive immune systems through phagocytosis, digestion, and antigen
presentation (macrophage expression of Human Leukocyte Antigen (HLA) class II
molecules and co-stimulatory receptors such as CD80/CD86) to T lymphocytes. The role of
macrophages in the orchestration of inflammation, immune responses, and wound
healing/tissue remodeling has been a field of intensive study.

Macrophages exhibit great plasticity in their ability to transform between phenotypes. While
unstimulated, resting macrophages are relatively quiescent and express low levels of
cytokines and growth factors, activation by agents in the surrounding micro-environmental
milieu polarizes macrophages to yield a broad spectrum of macrophage phenotypes based
on location and micro-environmental influences. Environmental stimuli that influence the
expression of inducible genes and polarization of macrophages may include activating
agents, pathogens, cytokines, hypoxia, and ischemia (Pinhal-Enfield et al, 2003;
Ramanathan et al., 2007).

Based on exposure to surrounding micro-environmental cues, macrophages are induced to
alter their expression profiles. Two major classifications have been used in the past to
describe activated macrophages as polarized towards pro-inflammatory or anti-
inflammatory phenotypes. Although categorization of macrophage phenotypes can be
muddled by assorted combinations of activating agents, macrophages respond to micro-
environmental stimuli and are typically described as “classically”-activated (M1) pro-
inflammatory macrophages or “alternatively”-activated (M2) wound healing macrophages.
Based on exposure time and the types of activating stimuli, macrophages may switch
activation state to other phenotypes (Martinez et al., 2009; Daley et al., 2010; Porcheray et al.,
2005; Classen et al., 2009). M1 macrophages induce processes during injury and infection
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that promote inflammatory processes and promote Thl- type immune responses leading to
enhanced killing of microbes and tumor cells. M2 macrophages on the other hand, display
immunosuppressive effects, resolve inflammation through production of anti-inflammatory
cytokines, enhance phagocytosis and elimination of debris, secrete growth and angiogenic
factors that stimulate tissue remodeling and repair, and stimulate Th2-type immune
responses. M2 macrophages are characterized by a distinctive molecular repertoire and have
been implicated in the down-regulation of inflammation, tissue remodeling, repair, parasite
killing, allergic reactions, tumor promotion, and placenta formation (Pinhal-Enfield &
Leibovich, 2011; Leibovich et al., 2010). These descriptions of polarized M1 macrophages or
M2 macrophages only represent macrophages at the far ends of the spectrum. Macrophage
phenotypes might be better described as a series of gradations and nuances within a broad
spectrum between the pro-inflammatory macrophage at one far end and the anti-
inflammatory macrophage at the other end.

3.1 Induction of macrophage phenotypes

Heterogenous macrophage populations are found within tissues. These differentiated
macrophages are plastic and retain the capacity to transform their phenotype in response to
micro-environmental cues and immune-specific influences. Activated macrophages switch
phenotypes to develop phagocytic and secretory profiles directed for specific functional
activities that are in alignment with the original stimuli (Daley et al., 2010).

Unstimulated macrophages express low levels of inflammatory cytokines and growth
factors such as tumor necrosis factor-o. (TNF-a), interleukin (IL)-12, and vascular endothelial
growth factor (VEGF). Stimulation of macrophages with products of pathogenic agents such
as Toll-like Receptor (TLR) agonists (e.g., lipopolysaccharide (LPS), flagellins, or
lipoproteins), either with or without interferon-y (IFN-y) induces “classical” M1 activation,
characterized by production of TNF-a and IL-12.

M2 “alternatively activated” macrophages are commonly characterized as being induced in
response to IL-4 and IL-13 through the IL-4 receptor-o. (IL-4Ra), and up-regulating
expression of IL-10, TGF-B, and VEGF while down-regulating expression of TNF-a and IL-
12 (Martinez et al., 2009; Classen et al., 2009). M2 macrophages also display a series of cell
surface and intracellular markers (Table 1). Further investigation, however, has revealed
that IL-4 and IL-13 are not necessary for induction of the M2-like phenotype and mouse
wounds lacking IL-4/IL-13 still contain M1 and M2-like macrophages (Daley et al., 2010).
The IL-4/IL-13-independent pathways of alternative macrophage activation that induce
phenotypes resembling M2 macrophages represent an intense field of study as the
functional traits of these M2 macrophages and the different activating agents that induce
them are characterized.

3.1.1 M1 macrophages

M1 macrophages promote and coordinate inflammatory processes during injury and
infection that are essential for intracellular pathogen removal. These macrophages are
induced by pathogen associated molecular patterns (PAMPs), such as the TLR4 agonist,
LPS, damage associated molecular patterns (DAMPs), such as those derived from
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mitochondria of apoptotic neutrophils, and IFN-y (produced by activated Thl, Tcl, NK
cells). Pro-inflammatory and cytotoxic responses against intracellular pathogens and
transformed cells (such as cancer cells) are directedthrough induction of cytokines (e.g., IL-1,
IL-6, IL-12, TNF-a)) and inflammatory mediators (e.g., nitric oxide (NO) through inducible
NO synthase (iNOS)), and increases in leukocyte recruitment and phagocytic and antigen
presenting activity. These initial, pro-inflammatory M1 macrophages predominate in the
early wound, which becomes a dynamic cauldron of mediators that are in constant flux as
interactions, inductions, and adaptations take place (Martinez et al., 2009; Classen et al.,
2009; VanGinderarchter et al., 2006). In contrast, M2 macrophages are critical for the
resolution of inflammation and the induction of angiogenesis, tissue remodeling, and repair
through production of anti-inflammatory cytokines, growth and angiogenic factors, and by
phagocytosis and elimination of debris (Martinez et al., 2009; Daley et al., 2010; Classen et
al., 2009; Taylor et al., 2005; Rubartelli et al., 2007; VanGinderarchter et al., 2006). M2
macrophages are discussed in further detail in the next section.

M1 M2
IL-4, IL-13
INDUCING IC +IL-1pB or TLR agonists
AGENTS IEN-y, LPS GC, IL-10, TGF-B
TLR and AR agonists
IL-10, IL-1R antagonist,
TNF-a, IL-12, IL-1, IL-6, IL-23, TGE-p, CD206, CD23,
UP- IP-10. MIP-1o.. MHC I CDS0 AMAC-1. CCL22, CCL17,
REGULATED C—OH; ena;,e(;’ AR I\//[MP9 ’ CCL2/MCP-1, IL-1Ra,
EXPRESSION NO /ﬁg\los e i?at;) bt IL-1 decoy receptor, TGF-B,
piratory Arg-1, Fizz-1, Ym1/Ym2,
dectin-1, VEGF
DOWN-
REGULATED IL-12, TNF-a
EXPRESSION
GENERAL infl £ anti-inflammatory
PROFILE pro-mtiammatory and wound healing

Table 1. Inducing agents involved in the regulation of gene expression contribute to the
development of M1 and M2 macrophage phenotypes. (Martines et al., 2009; Leibovich et al.,
2011).

3.1.2 M2 macrophages

Macrophage phenotypes can vary and switch based on temporal and environmental cues,
making their investigation and classification complex. Wound macrophages in the early
stages of healing have a more M1-like profile with elevated expression of TNF-a and IL-6
and less TGF-f, while those in later stages of healing have a more M2-like profile, with less

www.intechopen.com



The Role of Macrophages in the Placenta 131

pro-inflammatory cytokine expression, no induction of iNOS, and elevated markers of
alternative activation, including CD206, dectin-1, arginase-1 (Arg-1), and chitinase 3-like 3
(Ym1) (Daley et al., 2010; Black et al., 2008) It is worth noting that the complexity of
studying alternatively-activated M2 macrophage phenotypes is also attributed to divergent
profiles in different animal models. While Arg-1 has become a reliable marker of murine M2
macrophages, it is not a good marker for human M2 macrophages.

The M2 macrophage phenotype describes a broad category of anti-inflammatory, wound
healing macrophages that down-regulate effects of pro-inflammatory M1 macrophages and
have often been described as IL-4/IL-13-dependent. However, both M1 and M2-like
macrophage phenotypes were also observed in wounds in mice where IL-4 and IL-13
signaling is absent. Stimulation of macrophages with IL-4 and IL-13 (cytokines produced by
induced CD4+ Th2 and CD8+ Tc2 cells, NK cells, basophils, mast cells, eosinophils) results
in “alternative activation” of macrophages . These “alternatively activated” macrophages
were first termed M2 macrophages, have anti-inflammatory and wound healing properties,
and are associated with allergic and anti-parasitic responses (Martinez et al., 2009). M2
macrophages express low levels of pro-inflammatory mediators (such as TNF-a, IL-12, IL-
1B, IL-8, and oxygen radicals) and express elevated levels of anti-inflammatory cytokines,
growth factors, and phagocytic receptors such as IL-10, VEGF, TGF-B, CD206 mannose
receptor, and CD204 scavenger receptor (Martinez et al., 2009; Classen et al., 2009; Stein et
al., 1992; Abramson and Gallin, 1990). M2 macrophages tailor immune responses by
chemokine secretion patterns that attract specific sets of leukocytes (monocytes, basophils,
memory T cells, Th2 cells, and eosinophils). See Table 1 for a list of some M2 macrophage
markers (Martinez et al., 2009; Classen et al., 2009; Mantovani et al., 2006). In addition to
their key role in resolving inflammation and mediating repair, M2 macrophages also play a
role in some pathological processes. Up-regulation of alternative macrophage gene
expression leads to stifling of Thl responses and consequent vulnerability to infection,
allergic responses in asthma, tumor progression assisted by tumor-associated M2-like
macrophages (TAMs), and fibroproliferative complications of infection and inflammation
(VanGinderarchter et al.,, 2006, Mantovani et al., 2006; Luo et al., 2006; Yang et al., 2009;
Porta et al., 2009; Macedo et al., 2007).

Further characterization of macrophages has lead to the exploration of other types of
alternatively activated M2-like macrophages involved in wound healing that are IL-4/1L-13-
independent. The broad category of M2 macrophages has been subdivided based on
inducing agents and subsequent expression patterns. M2 macrophage subtypes include the
more commonly investigated M2a macrophage (activated by IL-4 or IL-13), M2b
macrophage (induced by immune complexes (ICs) and IL-1p or TLR agonists), M2c
macrophage (stimulated by IL-10, transforming growth factor-p (TGF-B), or glucocorticoids),
and M2d macrophage (a new subtype induced by switching M1 macrophages into M2-like
macrophages through initial TLR activation followed by adenosine Ajs receptor (A2aR)
activation) (Figure 2) (Martinez et al., 2009; Leibovich et al., 2011).

In contrast to the relatively well-characterized M2a macrophage subtype, many M2
macrophages (M2b, M2c, M2d) are not associated with a Th2 immune response or IL-
4/1L-13 activation. Evidence of this is seen with M2 macrophage activation in IL-4Ro KO
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mice and in the presence of the IL-13Ra2 decoy receptor in spite of inhibition of IL-13-
dependent phosphorylation of downstream STAT6 and the absence of IL-4 or IL-13 in the
wound environment. These IL-4/IL-13-deficient mice exhibit macrophages with both M1
and M2 overlapping and non-overlapping expression patterns (Daley et al., 2010;
Leibovich et al., 2011).

ALTERNATIVELY ACTIVATED CLASSICALLY ACTIVATED
ANTI-INFLAMMATORY/REPAIR/ANGIOGENIC INFLAMMATORY
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Fig. 2. The broad spectrum of macrophage phenotypes induced by various agents show
overlapping and non-overlapping patterns of gene expression.

Investigation of the influence of multiple co-stimulators on macrophages allows for some
insight on downstream signaling pathways and the resulting phenotypic macrophage
profiles. For example, in the inflammatory environment, the retaliatory metabolite
adenosine rapidly accumulates extracellularly as an ATP breakdown product and TLRs and
AsaRs are both expressed on macrophages as important regulators of inflammation and
repair. Understanding the downstream effects from simultaneous activation of these
receptors may provide insight on how to enhance or block M2 macrophage effects by
regulating signaling mediators or using receptor agonists or antagonists. Characterization of
M2 macrophages by simultaneous induction with multiple agents may more accurately
mimic true micro-environmental conditions. Co-stimulation of TLRs and A»aRs may be a
more relevant reflection of macrophage surroundings, where adenosine accumulation
occurs in inflammatory, ischemic, and hypoxic settings, leading to phenotype switching
from TLR agonist-induced pro-inflammatory M1 macrophages (secrete TNF-o and IL-12) to
adenosine-induced wound healing and anti-inflammatory M2d macrophages (down-
regulation of TNF-o. and IL-12 and secretion of IL-10 and VEGF) in a temporally defined
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manner. This induction of AaRs plays a key role in switching pro-inflammatory M1 to an
angiogenic M2-like phenotype. Solitary activation of these receptors may not show
expression patterns seen in co-stimulation models. This example of receptor co-stimulation
on macrophages shows that macrophage activation and its role in wound healing is a
complex event involving multiple micro-environmental stimuli (Leibovich et al., 2011;
Macedo et al., 2007). Knowledge of the processes leading to the phenotypic switches
occurring in macrophages may yield potential therapeutic targets for promoting wound
healing or for dampeningabnormal wound healing. Although macrophages have varying
and dynamic roles that adapt to activating agents in the surrounding milieu, a clear
understanding of how to manipulate and switch these phenotypic profiles may provide
potential benefits.

4. Placental macrophages

In adult tissues, macrophages coordinate tissue homeostasis and orchestrate host defense
and wound healing. During fetal development, macrophages are abundantly present in the
pregnant uterus and placenta. These placental macrophages play a key role in synthesis of
vital mediators involved in the establishment and maintenance of pregnancy, parturition,
lactation, local immune reactions, and maternal-fetal tolerance.

Although they exhibit their own, unique phenotypic profile, placental macrophages display
key features of many other tissue macrophages. These characteristics include growth with
stimulation by colony-stimulating factor-1, expression of Fc receptors and phagocytosis, and
expression of macrophage markers (CD14, CD11b/Cd18, and F4/80) (Chang et al., 1993).

4.1 Origins of placental macrophages

In the human placenta, macrophages have been detected as early as day 10 of pregnancy
and many of these macrophages are present throughout pregnancy (Chang et al., 1993)
Placental macrophages reside within fetal chorionic villi and uterine decidua during
pregnancy, where they assist placental development, manage host defense, and maintain
pregnancy.

Fetal placental macrophages and maternal placental macrophages reach the placenta by
different routes. During prenatal development, monocyte progenitors originate in the
hypoblast-derived fetal yolk sac and migrate to the mesenchymal core of fetal chorionic villi
in the placenta. These placental macrophages on the fetal side are called Hofbauer cells.
Placental macrophages on the maternal side of the placenta are derived from hematopoietic
pluripotent stem cells that differentiate into monocyte progenitors, which will mature and
leave the bone marrow to enter the blood. After an approximate 8 hour migration through
the circulatory system, the maturing monocyte will enter various organs and tissues, such as
the uterine endometrial stroma, where tissue-specific factors will further induce
differentiation to form a tissue macrophage (Figure 3) (McIntire et al., 2006).

4.2 General functions of placental macrophages

Macrophages are present in many tissues, including the placenta, and make up a dynamic
and heterogenous population of cells. Macrophage phenotypes and functions, which are
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induced at least in part by the surrounding micro-environmental milieu, are crucial in
inflammation, immunity, and wound healing. Macrophages are induced by environmental
cues to regulate expression of growth factors, chemokines, cytokines, proteolytic enzymes,
adhesion molecules, and phagocytic receptors (Martinez et al., 2009).

yolk sac hematopoietic stem cell

mesenchymal core of endometrial
fetal chorionic villus decidual stroma

Hofbauer cell decidual macrophage

Fig. 3. Placental macrophages originate from two different sources. Hofbauer cells originate
from yolk sac cells that migrate to ultimately take up residence in the fetal chorionic villi of
the placenta. Decidual macrophages are bone marrow-derived and take up residence in the
uterine endometrial stroma of the placenta’s decidua basalis.

Macrophages are abundant in the placenta and play a large role through regulation of
immune cells and tissue growth. Placental macrophages are influential in many processes,
including implantation, trophoblast function, placenta construction (via induction of
angiogenesis), maternal-fetal tolerance, fetal defense/protection from infection, and
parturition (Bulmer & Johnson, 1984; Mues et al., 1989; Sevala et al., 2007; Kzhyshkowska et
al., 2008; Nagamatsu & Schust, 2010; Garcia et al., 1993). Placental macrophages are pivotal
to many of these processes because of their plasticity and ability to switch phenotypes
based on surrounding micro-environmental cues. For example, decidual placental
macrophages respond to placental stimuli that control maternal immune reponses to the
fetus (maternal-fetal tolerance) as well as to pathogenic stimuli during infections (host
defense). During pregnancy, placental macrophages are exposed to local stimuli that induce
an array of macrophage phenotypes with M1 and M2 characteristics. Placental macrophages
express surface markers and secrete mediators such as cytokines, prostaglandins, proteolytic
enzymes, and chemokines (McIntire et al., 2006). It should be noted that while
microenvironmental modulation of placental macrophages plays an important role in
regulating macrophage phenotype, it is also possible that selective recruitment of distinct
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monocyte sub-populations might also play role. The nature of the monocyte precursor
subpopulations that give rise to resident placental macrophages has not been studied in
detail, and the role of local proliferation of macrophages in the placenta versus recruitment
of new macrophages from the circulation in the maintenance of macrophage homeostasis is
not yet clear.

4.2.1 Placental macrophages in placenta construction

Macrophages are abundant in fetal tissue and these macrophages play a role in placental
development. Angiogenesis is critical for vascular development in the fetal chorionic villi of
the placenta and is induced by secretion of VEGF from nearby Hofbauer cells located in the
chorionic villus mesenchyme. VEGF binds the fms-like tyrosine kinase 1 receptor (Flt-1),
which is expressed on trophoblast and endothelial cells during early pregnancy (Clark et al.,
1986). Interestingly, the placenta produces elevated levels of soluble Flt-1 receptor (sFlt-1) in
women with pre-eclampsia. This sFlt-1 sequesters VEGF and results in dysfunctional
angiogenesis in the placenta (Luttun and Carmeliet, 2003) Placental development
progresses (apoptosis, phagocytosis, matrix degradation, remodeling) via continued
interactions between maternal decidual placental macrophages and fetal-derived
trophoblasts (Nagamatsu & Schust, 2010).

In addition to secretion of angiogenic factors by fetal Hofbauer cells that promote
angiogenesis during placental development, maternal decidual placental macrophages also
contribute to angiogenesis in the placenta by the abundant expression of the stabilin-1
scavenger receptor. Stabilin-1 is a receptor for placental lactogen (PL), a prolactin growth
hormone secreted by trophoblasts. PL is important for placental angiogenesis, as seen by
the correlation between low PL concentrations and aberrant placental angiogenesis leading
to intrauterine growth restriction. PL is also involved in post-natal growth and
mammogenesis/lactogenesis (Kzhyshkowska et al., 2008). Stabilin-1 binds and endocytoses
PL. Internalized PL within the decidual macrophage can then proceed through a
degradation pathway in which PL within lysosomes is enzymatically digested or through a
storage pathway in which PL migrates to the trans-Golgi network for processing to be stored
within secretory vesicles until called upon for release by low extracellular PL concentrations.
Therefore, stabilin-1 expression on decidual M2 macrophages may serve as a sensor to
regulate extracellular PL (through endocytosis and intracellular sorting of PL) and result in
further regulation of factors involved in angiogenesis during placental growth
(Kzhyshkowska et al., 2008).

4.2.2 Placental macrophages in maternal-fetal tolerance

There are multiple factors involved in maternal-fetal tolerance. Decidual placental
macrophages are an integral component for suppression of the maternal immunologic
response to the allogenic placenta and fetus. Macrophages are antigen presenting cells
(APCs) that often activate T cells to initiate an adaptive immune response. However,
although decidual placental macrophages constitutively express major histocompatibility
complex class IT molecules, they have a decreased ability to present antigens to T cells. As a
result, T lymphocyte activation does not occur and the allogenic fetus is protected from
rejection by the maternal immune system. Another result of placental macrophage inability
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to present antigen to T cells is the inability of placental macrophages to induce an efficient
immune response against Listeria monocytogene despite expressing MHC class II molecules
(Chang et al., 1993; Nagamatsu & Schust, 2010) Furthermore, placental macrophages express
higher levels of indole 2,3 dioxygenase (IDO), which catabolizes L-tryptophan. L-
tryptophan is required for T-cell activation and inhibition of IDO correlated to rejection of
the fetus by the mother (Gordon et al., 2003).

4.2.3 Placental macrophages as a barrier to infection

The main defenders against infection of the placenta are placental macrophages. Among
many other functions, macrophages play a vital role in removal of nonself as well as
unwanted self-ligands through expression of scavenger receptors and other receptors that
are targeted for pathogen binding, such as Toll-like receptors (e.g., TLR4 bind LPS) and
chemokine-CC motif-receptor 5 (CCR5) (HIV-1 infection requires surface expression of
CCR5 and CD4). While sometimes displaying a weak barrier to some pathogens like
Listeria monocytogenes, placental macrophages often show a strong barrier to numerous
bacterial and viral infections (Garcia-Crespo et al., 2009; Kzhyshkowska et al., 2008).

Although macrophages are primary targets for viral infection, placental macrophages are
less susceptible to HIV-1 infection (and other viral infections) than other macrophages. The
placenta is often a barrier to viral replication, and viral transmission from mother to infant
often occurs during the birth. Placental macrophages show lower levels of susceptibility to
HIV-1 infection than monocyte-derived macrophages and this may be attributed to differing
phenotypes. Although there are lower levels of CD4 and CCR5 expression in placental
macrophages, it has been suggested that the mode of HIV-1 restriction in the placenta occurs
at the transcriptional level. HIV-1-infected placental macrophages and monocyte-derived
macrophages show different protein secretion profiles. Peroxiredoxins are antioxidant
molecules that are more abundantly associated with placental macrophages compared to
monocyte-derived macrophages. Also, some peroxiredoxins (1,2, and 4) have been shown to
have anti-viral activity against HIV-1. Compared to monocyte-derived macrophages,
placental macrophages show abundant secretion of peroxiredoxin 5. The up-regulated
secretion of peroxiredoxin and its protective role against HIV-1 in the placenta may be
through suppression of TNF-a-induced transcriptional activity of nuclear factor-kappa light
chain enhancer of activated B cells (NF-xB). In fact, although there appears to be no
difference in viral integration for placental macrophages versus other monocyte-derived
macrophages, there is reduced viral protein expression in placental macrophages. Therefore,
HIV-1 restriction appears to be occuring in placental macrophages at the transcriptional
level. NF-kB is required for viral transcription of HIV-1 and suppression may lead to
inefficient HIV-1 replication in placental macrophages. TNF-o-induced transcriptional
activity of NF-xB may also be thwarted in placental macrophages by down-regulation of
cystatin B. Cystatin B induces NO production in macrophages, which up-regulates TNF-o.
Reduced HIV-1 replication has been correlated with cystatin B down-regulation and
increased HIV-1 replication is enhanced by NO synthesis in macrophages. These factors
(among others) distinguish placental macrophages from other macrophages and are
influential in the restriction of HIV-1 (and perhaps other viruses) in the placenta (Garcia et
al, 2009; Garcia-Crespo et al., 2010).
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4.2 4 Placental macrophages as a mediator in parturition and other signaling/hormone

Placental macrophages exhibit varying phenotypes throughout pregnancy. Placental
macrophages are stimulated by changes in the micro-environment to switch phenotypes at
varying stages of pregnancy as well as during aberrant activity. During late pregnancy,
placental macrophage activity is switched to play a role in parturition through production of
pro-inflammatory cytokines and prostaglandin E). Altered placental macrophage
phenotypes are also linked to the pathologic disease such as preeclampsia (Nagamatsu &
Schust, 2010; Wetzka et al., 1997).

During most of pregnancy placental macrophages have an M2-like immunosuppressive
gene expression profile (such as IL-10 secretion). However, decidual placental macrophages
may expess pro-inflammatory characteristics. For example, CD11cH! decidual placental
macrophages may express pro-inflammatory and antigen-presenting genes while CD11cLO
decidual placental macrophages express anti-inflammatory and tissue repair genes (Houser
et al., 2011). It is important to recognize that classification of placental macrophages is
complex and dependent on multiple factors, such as location within the placenta, stage of
pregnancy, and factors (e.g., hormones and hypoxia) that change the surrounding micro-
environment. Differential recruitment of distinct monocyte sub-populations may also play
a role, as mentioned earlier.

4.3 M2-type placental macrophages

Placental macrophages display polarization towards an alternatively-activated, M2
phenotype. Hofbauer cells (fetal placental macrophages within chorionic villi) and decidual
macrophages (maternal placental macrophages within the endometrial decidual stroma) are
both classified as M2/alternatively-activated macrophages (Joerink et al., 2011; Gustafsson
et al., 2011). The role of IL-4 in polarization of placental macrophages is blurred by variable
placental macrophage phenotypic profiles. Although IL-4 is involved in endocytosis of
stabilin-1-bound PL by placental macrophages, decidual macrophages induced via IL-4-
independent means display different expression profiles than those seen with IL-4
stimulation, indicating that a Th2 environment is not required for decidual macrophage
development (Svensson et al., 2011; Kzhyshkowska et al., 2008).

As M2 macrophages, the placental macrophage profile typically shows down-regulation
of pro-inflammatory mediators and up-regulation of mediators that are
immunosuppressive and anti-inflammatory. However, as with many other tissue
macrophages, a placental macrophage does not exhibit a phenotype extreme that solely
expresses M2 markers. Placental macrophages may express M1 markers, but the
representative expression pattern emphasizes many M2 markers. The placental
macrophage M2 marker expression is regulated by activating agents (such as cytokines,
hormones, and adenosine) in the surrounding micro-environment in a manner that yields
an M2 phenotype profile that is distinct from other M2 macrophages. The exact nature
and combinations of activating agents to achieve this unique profile has yet to be
completely elucidated. Analyses of M2 placental macrophages from normal pregnancies
and pregnancies with complications have shed some light on dysregulation. In fact, a
correlation between dysregulation of some placental macrophage markers and
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preeclampsia (MR, CCL2, IGF-1, MMP9), pre-term labor (CCL18) and intrauterine growth
restriction (IGF-1) has been shown (Gustafsson et al., 2011).

Placental macrophages typically lack or exhibit low expression of pro-inflammatory M1
markers (such as CX3CR1, IL-7R and CCR?7), as described in Hofbauer cells by Joerink et al.
(2011). Many placental macrophage M2 markers have been investigated. A number of M2
markers have been identified in placental macrophages such as DC-SIGN (attachment factor
for HIV-1 entry), CD163 and mannose receptor/CD206, stabilin-1, CCL18 (involved in
tolerance of T lymphocytes with reduced expression after the onset of labor), CD209,
fibronectin-1 and insulin-like growth factor-1 (IGF-1), TREM-2, alpha 2 macroglobulin
(A2M), prostaglandin D, synthase (PGDS), and IL-10 (Kzhyshkowska et al., 2008;
Gustafsson et al.,, 2011; Svensson et al., 2011; Joerink et al., 2011). Recall that placental
macrophages are not at the extreme end of the M2 spectrum of macrophages and that M1-
type markers can also be seen in placental macrophage populations. For example, placental
macrophages express IL-6 and CCL2 (aka monocyte-chemoattractant protein-1, MCP-1),
which are typically pro-inflammatory M1 markers. It has been suggested that CCL2
expression by placental macrophages may be important for monocyte recruitment to
decidua and that macrophage phenotypes may then be altered by other environmental
factors upon arrival (Svensson et al., 2011; Gustafsson et al., 2011). Furthermore, Houser et
al. (2011) have characterized decidual placental macrophages as having profiles associated
with M1 and M2 macrophages. As mentioned previously, CD11cH! decidual macrophages
are pro-inflammatory while CD11clO decidual macrophages are anti-inflammatory. Thus,
decidual macrophages have varying phenotypes that help to coordinate maternal-fetal
interactions at the placenta (Houser et al., 2011).

5. Research and clinical implications
5.1 Advantages and limitations of experimental models/materials

It should be emphasized that some limitations to consider in the characterization of
alternatively-activated macrophages include species-species variation in gene expression
patterns and variable effects of the micro-environment surrounding macrophages.
Investigation of M1 and M2 marker expression has been focused more predominantly using
murine macrophages and human homologs for some murine markers have not been found
(Martinez et al., 2009).

Furthermore, agents in the environment surrounding macrophages influence macrophage
activation, and while in vitro models are useful, analyses obtained from them are limited.
Macrophages in culture enable investigators to highlight activation factors and gene
expression patterns; however, absence of in vivo models may overlook interactions with
other cell types and the mediators that they may elaborate. It is crucial to investigate
interactions of expressed proteins that may be different in an in vivo context in which there
may be interaction with other cells or mediators. Macrophage activation is a complex and
dynamic enterprise with characteristics that vary with time to result in early and late
markers. For example, expression of CCL18 in decidual macrophages declines with onset of
labor (Gustaffson et al., 2011). Macrophage phenotype switching is driven in a temporally-
orchestrated manner that depends upon alterations in the micro-environment, such as that
seen in the changing placenta.
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5.2 Clinical implications and future research

M1 and M2 macrophages are pivotal players in host defense, wound repair, and
pregnancy and further investigation into these polarized activated macrophage
phenotypes may elucidate normal and variant processes. Knowledge of processes
associated with placental macrophages may shed light on pathological mechanisms and
may present attractive potential pharmaceutical targets to regulate disease. For example,
decidual macrophages with overexpression of M1 markers have been implicated in
parturition and early embryo loss (Gustaffson et al.,, 2011). Thus, manipulation of
placental macrophage phenotypes by modulating signaling pathways in macrophages or
by altering the surrounding environment may provide therapeutic benefits. For example,
because of their angiogenic effects, induction of M2 macrophages phenotypes may
enhance placental growth.

6. Conclusion

Macrophages are found throughout the body and exhibit a broad spectrum of phenotypes
based in large part on the surrounding microenvironment. Placental macrophages exhibit a
phenotypic profile more characterisitic of M2 macrophages that are immunomodulatory
and promote angiogenesis for placental development. Investigation of placental
macrophages may provide insight into normal development as well as possible causes of
embryo loss.

7. Acknowledgment

Dr. Leibovich’s research on macrophage phenotypes has been supported by grants from the
US Public Health Service National Institute of General Medical sciences (NIGMS)(5-RO1-
GMO068636).

8. References

Abramson SL, Gallin JI. (1990) IL-4 inhibits superoxide production by human mononuclear
phagocytes. Journal of Immunology, Vol. 145, pp. 435-1439.

Black SG, Wilson JM, Ernst PB, Smith MF. (2008) Aa adenosine receptor stimulation
enhances arginase I expression in macrophages resulting in a phenotypically
unique macrophage. FASEB, Vol. 22, 1065.25. (Abstract)

Bulmer JN, Johnson PM. (1984) Macrophage populations in the human placenta and
amniochorion. Clinical Experimental Immunology, Vol. 57, pp. 393-403.

Chang MDY, Pollard JW, Khalili H, Goyert SM, Diamond B. (1993) Mouse placental
macrophages have a decreased ability to present antigen. Proceedings of the National
Academy of Sciences, Vol. 90, pp. 462-466.

Classen A, Lloberas J, Celada A. (2009) Macrophage activation: classical versus alternative.
Methods in Molecular Biology, Vol. 531, pp. 29-43.

Clark D, Chaput A, Tutton D. (1986) Active suppression of host-vs-graft reaction in
pregnant mice. VII. Spontaneous abortion of allogeneic CBA /] x DBA/2 fetuses in

www.intechopen.com



140 Embryology — Updates and Highlights on Classic Topics

the uterus of CBA/] mice correlates with deficient non-T suppressor cell activity.
Journal of Immunology, Vol. 136, pp.1668-1675.

Daley JM, Brancato SK, Thomay AA, Reichner JS, Albina JE. (2010) The phenotype of
murine wound macrophages. Journal of Leukocyte Biology, Vol. 87, pp. 59-67.
Garcia-Crespo K, Cadilla C, Skolasky R., Melendez LM (2009) Restricted HIV-1 replication
in placental macrophages is caused by inefficient viral transcription. Journal of

Leukocyte Biology, Vol. 87, 633-636.

Garcia K, Garcia V, Laspiur JP, Duan F, Melendez LM. (2009) Characterization of the
Placental Macrophage Secretome: Implications for Antiviral Activity. Placenta, Vol.
30, pp. 149-155.

Gustafsson C, Mjosberg J, Matussek A, Geffers R, Matthiesen L, Berg G, Sharma S, Buer ],
and Ernerudh J. (2011) Gene Expression Profiling of Human Decidual
Macrophages: Evidence for Immunosuppressive Phenotype. PLoS ONE, Vol. 3, pp.
€2078.

Houser BL, Tilburgs T, Hill ], Nicotra ML, Strominger JL. (2011) Two Unique Human
Decidual Macrophage Populations. Journal Of Immunology, Vol. 186, pp. 2633-2642.

Joerink M, Rindsjo E, van Riel B, Alm ], Papadogiannakis N. (2011) Placental macrophage
(Hofbauer cell) polarization is independent of maternal allergen-sensitization and
presence of chorioamnionitis. Placenta, Vol. 32, pp. 380-385.

Kzhyshkowska ], Gratchev A, Schmuttermaier C, Brundiers H, Krusell L, Mamidi S, Zhang
J, Workman G, Sage EH, Anderle C, Sedlmayr P, Goerdt S. (2008) Alternatively
activated macrophages regulate extracellular levels of the hormone placental
lactogen via receptor-mediated uptake and transcytosis. Journal of Immunology, Vol.
180, pp. 3028-3037.

Leibovich S] and Pinhal-Enfield G . (2011) Macrophage heterogeneity and wound healing.
Advances in Wound Care, Vol. 2, pp. 89-95.

Luo Y, Zhou H, Krueger C, Kaplan S, Lee SH, Dolman C, Markowitz D, Wu W, Liu C,
Reisfeld RA, Xiang R. (2006) Targeting tumor-associated macrophages as a novel
strategy against breast cancer. Journal of Clinical Investigation, Vol. 116, pp. 2132-
2141.

Luttun A and Carmeliet P. (2003) Soluble VEGF receptor Fltl: the elsuive preeclampsia
factor discovered? The Journal of Clinical Investigation, Vol. 111, pp. 600-602.

Macedo L, Pinhal-Enfield G, Alshits V, Elson G, Cronstein BN, Leibovich SJ. (2007) Wound
healing is impaired in MyD88-deficient mice: A role for MyD88 in the regulation of
wound healing by adenosine Axa receptors. American Journal of Pathology, Vol. 171,
pp. 1774-1788.

Mantovani A. (2006) Macrophage diversity and polarization: in vivo veritas. Blood, Vol. 108,
pp. 408-409.

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. (2004) Macrophage polarization:
tumor-associated macrophages as a paradigm for polarized M2 mononuclear
phagocytes. Trends in Immunology, Vol. 25, pp. 677-686.

Martinez FO, Helming L, Gordon S. (2009) Alternative activation of macrophages: an
immunologic functional perspective. Annual Reviews in Immunology, Vol. 27, pp.
451-483.

www.intechopen.com



The Role of Macrophages in the Placenta 141

MclIntire RH, Petroff MG, Phillips TA, Junt JS. (2006) In vitro models for studying human
uterine and placental macrophages. Methods in Molecular Medicine , Vol. 122, pp.
123-145. Placenta and Trophoblast: Methods and Protocols, Vol. 2, edited by MJ Soares
and JS Hunt, Humana Press Inc

Mues B, Langer D, Zwaldo D, Sorg C. (1989) Phenotypic Characterization of Macrophages
in Human Term Placenta. Immunology, Vol. 67, pp. 303-307.

Nagamatsu T, Schust DJ. (2010) Review: The Immunomodulatory Roles of Macrophages at
the Maternal — Fetal Interface. Reproductive Sciences, Vol. 17, pp. 209-218.

Pinhal-Enfield G, Leibovich SJ. (2011) Macrophage Heterogeneity and Wound Healing.
Advances in Wound Care, Vol. 2, pp. 89-95.

Pinhal-Enfield G, Ramanathan M, Hasko G, Vogel SN, Salzman AL, Boons GJ, Leibovich SJ.
(2003) An angiogenic switch in macrophages involving synergy between Toll-like
receptors 2, 4, 7, and 9 and adenosine A(2A) receptors. American Journal of Pathology,
Vol. 163, pp. 711-721.

Porcheray F, Viaud S, Rimaniol AC, Leone C, Samah B, Dereuddre-Bosquet N, Dormont D,
Gras G. (2005) Macrophage activation switching: an asset for the resolution of
inflammation. Clinical Experimental Immunology, Vol. 142, pp. 481-489.

Porta C, Rimoldi M, Raes G, Brys L, Ghezzi P, Di Liberto D, Dieli F, Ghisletti S, Natoli G, De
Baetselier P, Mantovani A, Sica A. (2009) Tolerance and M2 (alternative)
macrophage polarization are related processes orchestrated by p50 nuclear factor B.
Proceedings of the National Academies of Science, Vol. 106, pp. 14978-14983.

Ramanathan M, Luo W, Csoka B, Hasko G, Lukashev D, Sitkovsky M, Leibovich SJ. (2009)
Differential regulation of HIF-1a. isoforms in murine macrophages by TLR4 and
adenosine Aa receptor agonists. Journal of Leukocyte Biology, Vol. 86, pp. 681-689.

Ramanathan M, Pinhal- Enfield G, Hao I, Leibovich SJ. (2007) Synergistic up-regulation of
vascular endothelial growth factor (VEGF) expression in macrophages by
adenosine A2A receptor agonists and endotoxin involves transcriptional regulation
via the hypoxia response element in the VEGF promoter. Molecular Biology of the
Cell, Vol. 18, pp. 14-23.

Rubartelli A, Lotze MT. (2007) Inside, outside, upside down: damage-associated molecular-
pattern molecules (DAMPs) and redox. Trends in Immunology, Vol. 28, pp. 429-436.

Sevala Y, Korguna ET, Demir R. (2007) Hofbauer Cells in Early Human Placenta: Possible
Implications in Vasculogenesis and Angiogenesis. Placenta, Vol. 28, pp. 841-845.

Stein M, Keshav S, Harris N, Gordon S. (1992) Interleukin 4 potently enhances murine
macrophage mannose receptor activity: a marker of alternative immunologic
macrophage activation. Journal of Experimental Medicine, Vol. 176, pp. 287-292.

Svensson J, Jenmalm MC, Matussek A, Geffers R, Berg G, Ernerudh J. (2011) Macrophages
at the fetal-maternal interface express markers of alternative activation and are
induced by M-CSF and IL-10. Journal of Immunology, Vol. 87, pp. 3671-3682.

Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S. (2005)
Macrophage receptors and immune recognition. Annual Reviews in Immunology;
Vol. 23, pp. 901-944.

Van Ginderachter JA, Movahedi K, Ghassabeh GH, Meerschaut S, Beschin A, Raes G,
Baetselier P. (2006) Classical and alternative activation of mononuclear

www.intechopen.com



142 Embryology — Updates and Highlights on Classic Topics

phagocytes: Picking the best of both worlds for tumor promotion. Immunobiology,
Vol. 211, pp. 487-501.

Wetzka B, Clark DE, Charnock-Jone DS, Zahradnik HP, Smith SK. (1997) Isolation of
macrophages (Hofbauer cells) from human term placenta and their prostaglandin
E; and thromboxane production. Human Reproduction, Vol. 12, pp. 847-852.

Yang HZ, Cui B, Liu HZ, Chen ZR, Yan HM, Hua F, Hu ZW. (2009) Targeting TLR2
attenuates pulmonary inflammation and fibrosis by reversion of suppressive
immune microenvironment. Journal of Immunology, Vol. 182, pp. 692-702.

www.intechopen.com



Embryology - Updates and Highlights on Classic Topics

EMBRYOLOGY Edited by Prof. Luis Violin Pereira

5 AND HIGHLIGHTS ON CLASSIC

Fereire

ISBN 978-953-51-0465-0

Hard cover, 222 pages

Publisher InTech

Published online 30, March, 2012
Published in print edition March, 2012

Embryology is a branch of science concerned with the morphological aspects of organismal development. The
genomic and molecular revolution of the second half of the 20th century, together with the classic descriptive
aspects of this science have allowed greater integration in our understanding of many developmental events.
Through such integration, modern embryology seeks to provide practical knowledge that can be applied to
assisted reproduction, stem cell therapy, birth defects, fetal surgery and other fields. This book focuses on
human embryology and aims to provide an up-to-date source of information on a variety of selected topics.
The book consists of nine chapters organized into three sections, namely: 1) gametes and infertility, 2)
implantation, placentation and early development, and 3) perspectives in embryology. The contents of this
book should be of interest to biology and medical students, clinical embryologists, laboratory researchers,
obstetricians and urologists, developmental biologists, molecular geneticists and anyone who wishes to know
more about recent advances in human development.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Grace Pinhal-Enfield, Nagaswami S. Vasan and Samuel Joseph Leibovich (2012). The Role of Macrophages
in the Placenta, Embryology - Updates and Highlights on Classic Topics, Prof. Luis Violin Pereira (Ed.), ISBN:
978-953-51-0465-0, InTech, Available from: http://www.intechopen.com/books/embryology-updates-and-
highlights-on-classic-topics/the-role-of-macrophages-in-the-placenta

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia HE EEMIERARKE5S _ LEERR R A ANIRE D AE4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0

