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1. ABSTRACT

Monocytes and macrophages are central cells of
the innate immune system, responding to a diverse
repertoire of pathogens. These cells originate from a
common myeloid precursor in the bone marrow and while
sharing responsibilities during innate immunity, differ
greatly in their lifespan. Normally, blood monocytes live
for just few days before undergoing apoptosis.
Macrophages, in contrast, live up for months. Monocytes’
lifespan can switch dramatically, from prolonged survival
during inflammation to apoptosis as inflammation resolves.
Interestingly, many of the mechanisms mediating survival
during inflammation and cancer also operate in
monocyte/macrophage differentiation. Differentiation and
inflammatory stimuli determine monocyte/macrophage
lifespan, by blocking the apoptotic pathway and activating
a myriad of survival pathways. How these complicated
networks of survival and apoptotic regulators are integrated
remains yet to be fully elucidated. The present review
summarizes the different monocytes’ subpopulations and
their function during pathogen recognition. We discuss the
role of the caspases and the mechanisms that determine
monocytes/macrophages fate highlighting their significance
in the regulation of inflammatory diseases.
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2. INTRODUCTION

The blood consists of a suspension of plasma and
cells, corresponding to 1/12" of the body weight of an adult
(approximately 5-6 L) (1). Blood cells originate from
pluripotent hematopoietic stem cells (HSCs) in the bone
marrow, which give rise to two progenitors cell lineages,
the lymphoid and myeloid stem cells. The myeloid stem
cell can differentiate towards megakaryocyte, pre-
erythrocytes, myeloblasts, and monoblasts (see in the same
issue Droin et al. and (2)). In addition, leukocytes (or
white cells) are classified based on the presence of granules
in granulocytes and agranulocytes. The granulocytes are
composed of neutrophils (50-70%), eosinophils (2-4%),
and basophils (0.5-1%) totaling normally between 5,000-
10,000 cells/mm®. The agranulocytes are composed of
lymphocytes (20-40%) and monocytes (3-8%), totaling
300-700 cells/mm’. The leukocytes play a fundamental
role in the immune system by responding to a diverse
repertoire of pathogens including bacteria, viruses,
parasitic, fungal infections, and in some pathological
conditions against the host cells (3). Several steps control
the number of hematopoietic cells. In one hand, stem cells
proliferate giving rise to different cell lineages in the
presence of the appropriate differentiation factors.
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Moreover, once cellular identity is achieved, a well-
coordinated balance between survival and cell death
pathways determines leukocyte’s fate.

Monocytes and macrophages are central
components of the innate immune system, that are
responsible for the recognition of the inflammatory stimuli,
the initiation of the inflammatory response that is
characterized by the production of proinflammatory
cytokines, and the clearance of the insult allowing the
resolution of inflammation. Similarly to other
hematopoietic cells, monocytes and macrophages’ lifespan
is determined by the homeostatic balance between survival
and apoptotic pathways. Intense investigation in this area
in the last decade revealed a complex network, far from
being completely understood.  But, with new tools
available, a more detailed characterization has identified
different subpopulation of monocytes and macrophage that
seem to have distinct functional patterns of activity. In this
review we will focus on the complex networks and
molecules that control monocyte/macrophage cell fate and
the regulation of the major pathways.

3. MONOCYTES

Monocytes and macrophages originate in the
bone marrow from a common progenitor, the colony-
forming unit macrophage (CFU-M). The colony-
stimulating factor-1 (CSF-1) promotes the differentiation of
the CFU-M into an intermediate stage named “monoblast”,
which in turn differentiates into a “promonocyte”. What
determines a promonocyte stage has not yet being fully
characterized but this cell will give origin to monocytes (4).
These different stages were characterized based on their
size, nuclear/cytoplasmic ratio, granularity, and shape (5).
The life span of the cells in the bone marrow has not been
defined, but once they reach the bloodstream they live for a
short period of time. Pioneer work from van Furth
determined, using radiolabeled cells in vivo, that the
majority of the monocytes circulate in the bloodstream for
48 hr and only a small fraction (15%) remained alive for up
to 168 hr (6). After this period of time, circulating
monocytes undergo spontaneous apoptosis or programmed
cell death (PCD) (7). Monocytes can escape their apoptotic
fate, by migrating to different organs and differentiating
into tissue macrophages, processes that will be described in
detail in the following sections.

Monocytes express specific receptors responsible
for pathogen recognition (8). Recently, Auffray and others
demonstrated using mice expressing GFP-labeled-
monocytes that circulating monocytes present a “patrolling
behavior”, allowing the fast recognition of pathogens and
rapid recruitment to damage tissue (9, 10). In addition,
their rapid response is accompanied by their ability to
produce inflammatory cytokines including between others
interleukin-1 beta (IL-1fB), IL-8, IL-10, tumor necrosis
factor alpha (TNF-a), interferon gamma (IFN-y), and
growth factors like macrophage-colony stimulation factor
(M-CSF) and granulocyte macrophage-colony stimulation
factor (GM-CSF) (11). These cytokines act in autocrine
and paracrine fashion increasing monocyte life span by
blocking PCD prolonging their survival and their
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accumulation in tissues (12-15). In addition, the
persistence of activated monocytes at sites of inflammation
is mediated by the formation of immune complexes (IC)
triggering secretion of several inflammatory cytokines that
also contribute to monocyte accumulation (16). Monocytes
exposed to ICs, showed the activation of the PI3K/AKT
survival pathway and the inhibition of spontaneous
apoptosis (16). In chronic inflammatory diseases such as
rheumatoid arthritis (RA) and atherosclerosis, the persistent
high levels of inflammatory cytokines and the presence of
ICs constitute critical factors mediating the excessive
infiltration of monocyte/macrophages contributing to the
persistence of inflammation (17).

3.1. Subpopulations of monocytes

In the early sixties, van Furth and colleagues
described the presence of two pools of monocytes (6).
Studying the kinetics of monocytes’ fate in mice, they
found that the majority of the monocytes remained in
circulation, whereas a small pool of monocytes was
randomly able to leave the circulation and migrate to
specific tissues becoming macrophages (18). Based on the
expression of the cluster of differentiation (CD) known also
as the human leukocyte differentiation antigens (HLDA),
monocytes are referred as CD14" cells due to their ability to
express the lipopolysaccharide (LPS) binding protein
receptor CD14 (19). With the use of flow cytometry
analysis (FACS) and two-color immunofluorescence, a new
subpopulation of monocytes was identified due to the
expression of the low affinity Fcy receptor (FcyRIII) or
CD16 (20, 21). Based on these findings, monocytes are
currently classified into two groups the “classical” or
CD14°CD16  and the “non-classical” or CD14'CD16".
The classical subpopulation represents 95% of the
circulating monocytes in healthy individuals, whereas the
non-classical comprised the remaining 5% (20).
Experiments in human and mouse cells stimulated with
LPS showed that both populations produced similar levels
of IL-1B, TNFa, and IL-6, but the CD14°CD16™ produce
higher levels of IL-10 (22-24).

Two subpopulations can be also characterized within the
non-classical depending on the level of CD14 expression,
the CD14"8" CD16" and the CD14%™ CD16" comprising
4.7% and 0.8% respectively of total circulating monocytes.
These two groups differ in their size, CD14"¢" CD16" are
larger than the CDI14%™ CDI6" (184 and 13.4 pm
respectively) (20). In addition, they share the same
repertoire of cell surface expression molecules (CSEM) but
differ in the expression level of some of them (Table 1) (20,
22, 24-27). The CD14"¢" CD16" express high levels of
ICAM-1 and VCAM-1 (20). On the other hand, CD14%™
CDI16" express low levels of TLR2, producing high levels
of TNFa but low IL-10 upon LPS stimulation (24). These
characteristics suggest that CD14%™ CD16" are the major
producers of TNFa during inflammation (24, 28). Studies
in sepsis patients revealed increased numbers of
CD14'CD16" in PBM and high levels of IL-10, IL-6, and
TNFa (25). Similarly increased in the CD14%™ CD16" was
reported in patients with lung injury (29). Further analysis
from chronic colitis, atherosclerosis, and sepsis patients
showed that the increased number of CDI4'CDI16"
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Table 1. Cell Surface Expression Molecules (CSEM) and their function

FUNCTION CSEM CD14°CD16 CD14""CD16" CD14*"CD16" Macrophages
CD14 high high low -
CD16 - + + +
TLR 4 + + + +
TLR 2 low high low +
MHC-I high high high +
Activation MHC-II — — - hi
HLA-DR low high high +
FcyRI + - - high
FcyRIIT - + + high
CD86 low high high low
MR - - - +
ScR - - +
CDlla low - high
Adhesion ICAM-1 B + i Tow
VCAM-1 - + + low
CCR2 + - -
Migration CD62L + - z —
CX;CR1 low high high low
" Constitutively expressed; - Absent; "¢" Highly expressed; °” Lowly expressed

corresponded just to an elevated level of the CD14%™
CD16" subpopulation (25, 30, 31). Together, these data
support the importance of this small subpopulation in the
physiopathology of inflammatory diseases. While the
mechanisms mediating such response are not yet fully
understood, it may suggest different migratory properties of
these subpopulations.

3.2. Properties of monocytes

The central function of monocytes is innate
immune-surveillance. Circulating monocytes can migrate
to tissues differentiating into macrophages. The migration
is a multi-step mechanism that involves adhesion and
extravasation, mediating the localization of monocytes to
the specific tissues, and culminating with their
differentiation into macrophages. Initially, it was proposed
that the migration of monocytes from the peripheral blood
to the tissues was random (6). However, it is by now well
accepted that monocytes present migratory properties
depending on the expression of leukocyte adhesion
molecules on their surface and their ability to move upon a
gradient of chemoattractant factors (13, 32). The mechanisms
involved in adhesion, were initially analyzed in vitro in
isolated venous and arterial endothelial cells (EC) co-cultured
with monocytes.  Pretreatment with different cytokines,
showed that monocytes’ attachment is cytokine-dependent and
clearly mediated by the expression of numerous members of
the LAM (leukocyte adhesion molecules) family (33).
CD14°CD16" monocytes express ICAM-1 or CDIlb
(intracellular adhesion molecule 1) and VCAM-1 or CD49
(vascular cell adhesion molecule-1), which mediate their
interaction with the vascular endothelium (33) (Figure 1).
Treatment with IL-4 or IL-1p induces increased expression of
ICAM-1 and VCAM-1 in monocytes, promoting their
interaction with EC (34). Furthermore, blocking antibodies for
ICAM-1, LFA-1 (lymphocyte function-associate antigen) or
CDl11a prevented their adhesion (35). Thus, cytokines
facilitate the adherence of monocytes to EC by regulating the
expression of these receptors. In the case of the classical
CDI14°CDI16, the interaction with EC is facilitated by the
expression of CCR2 and CD62L (the chemokine receptor and
leukocyte adhesion molecule respectively (36) and Figure 1).
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During inflammation, a complex network of cytokines elicited
by the monocytes and the damaged tissues contribute to their
migratory process. Monocytes induce MCP-1 (monocyte
chemoattractant protein-1) which mediates their recruitment to
the tissues (37). On the other hand, tissues produce fractalkine
(FNK) (38), attracting the monocytes expressing the
fractalkine receptor (CX;CR1) (12, 39). The second step in
migration is extravasation, which involves the trafficking of
the monocytes from the blood vessel to the tissue.
CD14'CD16 express low level of the fractalkine receptor,
CX;CR1°Y. In contrast, CD14°CD16" express high level of
fractalkine receptor, CX;CR1™® (10, 40). Hence, it is
recognized that specific subpopulations of monocytes
characterized by defined surface expression molecules, will
provide the source for resident or recruited tissue macrophages
found at sites of inflammation (Figure 1).

The mouse and human CD14 share high level of
sequence homology (41). In addition, mouse monocytes
express Gr-1, a cell surface protein belonging to the Ly-6G
“lineage-restricted proteins on lymphoid cells”. Based on the
expression level of Gr-1 mouse monocytes can be also divided
in two populations: CD14°Gr-I" and CD14"Gr-I' 42). Like
human monocytes, these populations express the fractalkine
receptor CX3CR1. Thus, it has been suggested that the human
CD14'CD16CX5CR1"™ are equivalent to the mouse
CD14"Gr-I"CX;CR1™ and the CD14°CD16"CX;CR1™" to
the mouse CD14"Gr-I'CX;CR1"" (10, 43). With the used of
adoptive transfer techniques and GFP-labeled cells, it was
showed that CD14"Gr-I"CX3CR1"™ have a shorter life span
and migrate faster under inflammatory conditions so they have
been recognized as the “inflammatory subset”, whereas the
CD14°Gr-1"CX;CR1"™"  are considered the “resident”
monocytes (10). Therefore, the migratory properties have
been suggested to be most likely due to the different
expression of CX;CR1 (9, 38, 43).

4. MACROPHAGES
The realization that macrophages originate from

monocytes was described first by van Furth (5). However,
the term macrophage was defined almost 100 years ago by
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Figure 1. Model of monocyte migration and differentiation into macrophages

Aschoff (44) to describe a large phagocytic mononuclear
cell. Macrophages have been classified as the most
specialized cell in the phagocytic system and take their
named depending on their tissue localization (45-47). They
are called Kupffer cells in the liver, alveolar macrophages
in the lungs, histiocytes in the connective tissues, osteoclast
in the bones, microglia in the brain, and Langerhans cells in
the skin (48). Sometimes their named is based on the organ
where they are found such as lymph node, thymus,
gastrointestinal, genitor urinary, red pulp, endocrine,
pleural, epithelial or peritoneal macrophages. Macrophages
are highly heterogeneous and can express different cell
surface receptors, even within the same organ, making the
understanding of these cells even more challenging (47).
Regardless of their localization, macrophages are markedly
different from monocytes in their longer life span, ranging
from months to years (7, 48). The pathways and proteins
that confer this longer survival are not fully characterized,
but their identification and recognition will evidently
provide important tools to potentially manipulate
macrophage accumulation.

4.1. Monocyte to macrophage differentiation

The process of monocyte to macrophage
differentiation is initiated once monocytes reach the target
tissue. Monocytes can differentiate into tissue
macrophages, dendritic cells, and osteoclast (49). This
review will focus only on monocyte to macrophage
differentiation. GM-CSF, M-CSF, and CSF-1 can meditate
the differentiation process. These differentiation stimuli
activate survival pathways leading to changes in gene
expression, which ultimately determine phenotypic changes
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and specify the expression of macrophage-associated cell
surface antigens. Animal models have been instrumental to
study the differentiation process. GM-CSF deficient mice
for example develop normally and have normal hematocrite
and leukocyte numbers but develop lymphoid hyperplasia
in the lungs (50). On the other hand, M-CSF deficient mice
are smaller, have a lower body weight, and show extensive
skeletal deformities due to a reduction in the number
osteoclasts.  Interestingly, these animals have severely
reduced number of blood monocytes, peritoneal
macrophages, and tissue macrophages but present normal
hematocrite’s numbers. In addition, M-CSF deficient mice
develop osteoporosis. Thus, these findings suggest that M-
CSF has a fundamental effect on the myeloid progenitor
cells that give raise to monocytes and macrophages (51,
52).

In vitro studies with primary monocytes and
human myelomonocytic leukemia cell lines such as U937,
HL-60, and THP-1 have been extensively used to study
differentiation. These cell lines in the presence of M-CSF,
GM-CSF, or retinoic acid (ATRA) differentiate into
macrophages (26, 53, 54). Human monocytes and bone
marrow macrophages cultured in the presence of M-CSF
can live up to 28 days, increasing in size from 11.6 to 22.4
um and developing the classical macrophage phenotype
(55-57). The complete morphological characteristics of a
mature macrophage are acquired during the first 5-7 days
of differentiation. After 48 hr GM-CSF-treated monocytes
and bone marrow macrophages show a decrease in CD14
expression and an increase in CD11b, scavenger receptor
(ScR), and mannose receptor (MR or CD206) (26, 58). In
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fact, MR is the best characterized marker of all mature
monocyte-derived macrophages showing high sequence
homology in vertebrates (59-62).

M-CSF and GM-CSF binding to their receptors
induce the activation of survival signaling pathways (see
Hunter et al. in this issue for a comprehensive review).
One of the most extensively studied kinases activated
during this process, is Protein Kinase B (PKB or AKT) (see
Rane and Klein in the same issue). M-CSF stimulation of
monocytes activates the PI-3K/PDK1 pathway promoting
the phosphorylation/activation of AKT. Treatment of
monocytes with the PI3K inhibitor LY294002, results in an
inhibition ~of AKT and  monocyte/macrophage
differentiation (54). GM-CSF or ATRA treatment of
monocytes and myelomonocytic cells, results in the
activation of the MAPK/ERK/MEK signaling pathway by
promoting the phosphorylation of Mitogen-Activated
Protein Kinase (MAPK), Extracellular signal-Regulated
Kinase (ERK1/2), and MAP-ERK-kinase (MEK1) and the
activation of the transcription factors such as NF-kff and
signal transducers and activators of transcription (STAT)
family members (53, 63).

Gene expression analysis of M-CSF or GM-CSF-
differentiated monocytes showed an increase in the
expression of several genes (64-66) such as the
transcription factor PU.1, a member of the transformation-
specific genes ets family and surface receptors such as
MHC-II, FcyR and ScR, between others (65, 67).
Consistent with its role in differentiation, PU.1"" mice show
decrease lymphoid and myeloid precursors (68). ScR
expression is regulated by PU.1 so it is conceivable that
ScR expression increases accompanying the increase of
PU.1 expression during differentiation (27). Microarray
analysis of monocytes and myelomonocytic cells
stimulated with TPA show a dramatic increase of Hsp27
(66). In agreement with these results we found a forty-time
increase in the expression of Hsp27 protein during
monocyte/macrophage differentiation (69). In contrast, the
expression of genes involved in signal transduction and
apoptosis, such as calreticulin and PKCS were
downregulated during differentiation (64). Thus, the
differential gene and protein profiles help to identify the
similarities and differences of monocytes and macrophages
(64, 65).

Comparative proteomics analysis of monocytes
and alveolar macrophages show that monocytes express
high levels of cytoskeleton proteins related with phagocytes
and chemotaxis, such as serine protease, leukocyte elastase
inhibitor, cofilin, F-actin capping protein  (70). Whereas
the alveolar macrophages express high levels of cathepsin
B, Hsp27, aldehyde dehydrogenase, pyruvate kinase,
aldolase A, phosphoglycerate mutase I, superoxide
dismutase and peroxiredoxin. These findings suggest the
specialized function of alveolar macrophages in phagocytic
functions (70). Interestingly, comparative analysis between
healthy mammary macrophages and TAMs (Tumor
Associated Macrophages) found in the mammary tumor,
show different cell surface protein expression and changes
in the morphology including size, density and tumoricidal
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effect distribution (71). Thus, these findings suggest that
gene profile in tissue specific macrophages is determined
by the combination of cytokines, adrenergic, and
cholinergic agonists, hormones and immunoglobulins
found in the tumor microenvironment (47, 71, 72).

An important regulator of monocyte to
macrophage differentiation is the cyclin inhibitor p21
which is known to control cell proliferation.
Myelomonocytic cells induced to differentiate with TPA
show increased p21 mRNA (73). Furthermore, p21 stably
transfected myelomonocytic cells arrest at GO/G1, resulting
in a more differentiated stage and express higher levels of
CD11b (74). In the other hand, myelomonocytic cells
stably transfected with antisense-p21 have reduced levels
of differentiation when treated with ATRA (74).
Interestingly, p21 knockout mice have normal numbers of
monocytes and macrophages, This effect may be due to the
fact of redundancy of p21 with other cell cycle dependent
regulators  (75). However, when challenged
intraperitoneally with serum from RA mice the p2l
deficient mice failed to develop RA, lacked monocyte
accumulation in synovial fluids and had no cartilage or
bone erosion (76). Interestingly, cytometry analysis of
monocyte subpopulation, showed that only the CD14"Gr-1"
CX;R1™" (inflammatory subset) was decreased, whereas
the resident subset of CD14'Gr-17 CX;R1™" was not
altered (76). Thus, these findings suggest that while in
vitro p21 has a role in cell-cycle arrest facilitating
monocyte/macrophage differentiation, while in vivo p2l
seems to be responsible in their migratory properties during
inflammation (74, 76).

4.2. Functions of macrophages

Initially macrophages were described as large
phagocytic cells able to “eat” (77). Currently, is well
known that their function also includes antigen
presentation, mainly due to the MHC responsible for
recognition of self and non-self molecules. This property
allows macrophages to initiate the primary inflammatory
response and their participation in tissue remodeling. In
addition, macrophages are also responsible in the
phagocytosis of apoptotic cells, a process clearly non-
inflammatory (78). The phagocytic functions are mediated
by an extensive repertoire of receptors, which identity and
mechanisms of function continue to be an area of intense
investigation (61).

4.2.1. Antigen presentation

Macrophages initiate cell-mediated immune
response against pathogens. The pathogen recognition
pattern is mediated by the MHC chains, leading to the
formation of the “MHC-peptide complex” that initiates the
inflammatory response (79). The MHC are classified in
class I and II, based on the structure of their extracellular
chains, also referred as Cla or HLA-DR and CD38 or
HLA-DQ respectively (80). MHC-II presents two
extracellular chains o and B forming a four-domain
structure (al, a2, B1, and B2) (81). Monocytes express
MHC-I, but during differentiation MHC-I expression is
inhibited while MHC-II is induced (82). MHC-II
expression is regulated by the coactivator class II
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transactivator  (CIITA). The expression of this
transactivator is regulated by a complex mechanism. The
expression of the CIITA gene can be controlled by three
independent promoters (pl, pIIl, pIV). While pl and plIII
drive CIITA expression in dendritic and B cells
respectively, pIV is responsible for regulating its
expression in macrophages. Consistently, deletion of pIV
resulted in selective depletion of MHC-II in macrophages
(83). Moreover, pIV conditional knockout mice develop
various inflammatory and autoimmune syndromes, due the
loss of MHC-II-mediated antigen presentation (83).

4.2.2. Phagocytosis

Macrophages are the most specialized cells of the
phagocytic  system, representing a major defense
mechanisms against a wide variety of microorganism,
including virus, fungi, protozoa, and bacteria. Furthermore,
they are also able to phagocytose apoptotic cells
contributing to the clearance of defective cells promoting
tissue repair and remodeling. The recognition of pathogens
and cells is mediated by specific macrophage surface
receptors (84). During apoptosis, dying cells change
membrane symmetry exhibiting a new range of
extracellular molecules (85). Probably the best
characterized is the exposure of the phosphatidyl serine
(86), in a process that depends on caspase-3 activation (87).
The recognition of apoptotic bodies by macrophages is
mediated by specific receptors including the
phosphatidylserine receptor (PSR), the scavenger receptors,
the ATPase membrane transporter ABC1 and one of the
tyrosine kinase receptor Tyro3 (see Curtis ef al., in this
issue and (87-90)). Mice lacking ABC1 accumulate
apoptotic bodies during development (90). Thus, these
molecules allow the macrophage to differentiate between
alive and death cells.

Lipopolysaccharide and polysaccharides present
in pathogens’ cell walls are recognized by macrophages by
the MHC-II, the TLR, MR, ScR and FcyR (91-93). These
specific signals once recognized allow the formation of the
“peptide-complex”. The receptor-peptide complex
coordinates the reorganization of the cytoskeleton and
recruitment of several molecules such as lectins, N-
acetylglucosamine, and the integrins receptor vitronectin
(94, 95). Following the internalization, the target-peptide is
enclosed in the phagosome, a plasma membrane-
surrounded-vesicle (96). Soon after its formation, the
phagosome modifies its phospholipids composition,
acquiring hydrolases and lysosomal proteins that contain
N-acetylglucosamine-1-phosphate (GlcNAc-1-P) linked to
serine residues (97). In the phagosome, apoptotic bodies
are opsonized suppressing the transcription and translation
of inflammatory cytokines (78). The phagosome-
containing pathogens acidified (lower pH) and lysosome
proteins are recruited onto the phagosomes inducing the
production of hydrogen peroxide (H,O,) and reactive
oxygen species (ROS) that act as a killing mechanism (98).
In turn, H,O, induces the release of macrophage-
inflammatory protein (MIP-lo. and -f), and monocyte
chemotactic protein-1 (MCP-1), cytokines that contribute
to the inflammatory process (99). Once phagocytosis is
finished, the phagosome moves and re-integrates into the
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cellular membrane (100) (see Curtis ef al. in the same issue
for an extensive review in phagocytosis). Interestingly,
while many parasites are clear rapidly by phagocytosis,
others such as in the case of Chagas’s disease in this case
the Trypanosome cruzi, remains inside the phagosome for a
long time (101). These intracellular parasites inhibit the
apoptotic mechanism, contributing to development of
chronic inflammation (101, 102).

4.2.3. Repair and remodeling

The initial evaluation of the role of macrophages
was conducted in mechanically-damage tissue. Mice
exposed to abdominal-tissue damaged, repaired tissue
faster inhibiting the formation of peritoneal adhesion, when
peritoneal macrophages were applied intraperitoneally
(103). After abdominal surgeries there is a high incidence
of “peritoneal adhesion” contributing to post-surgery
complications. Interestingly, animal models are
extensively utilized to study this mechanism.  The
“macrophage Fas-induced apoptosis” or MAFIA model
carries two copies of the FasR linked to a myristylated-
targeting peptide able to induce, when the cells are exposed
to AP29187, the trimerization of the intracellularly tail of
the death receptor (104). Upon trimerization cells undergo
apoptosis due to the activation of caspase-3. In the MAFIA
mice the FasR-chimera was clone under the control of the
macrophage specific receptor c-fms (CSF-1). Hence, this
model provides a system to conditionally ablate
macrophages when exposed to the AP29187 compound. In
contrast to wild-type animals, MAFIA mice treated with
AP20187 show peritoneal adhesions post-surgery (61).
These findings support the important role of macrophages
during tissue repair and remodeling. Hence, understanding
the role of macrophages in more detail can be a great tool
in developing new approaches for tissue repair.

5. MONOCYTE AND MACROPHAGE CELL FATE

Cell fate is determined by the balance between
survival and apoptotic pathways. In monocytes, a
constitutively activated cell death program seems to
support their short life span. Notably, monocytes’ life span
has great plasticity, as mentioned in above sections,
prolonged survival is triggered by malignant transformation
or during inflammation (105), but survival is promptly
reverted as inflammation resolves. In contrast,
macrophages have acquired mechanisms that inhibit the
apoptotic program and activate survival pathways
responsible for promoting a longer live span. The distinct
molecules that regulate the changes in cell fate have been
much studied in the last decade providing a complex
repertoire  of proteins responsible for cell fate
determination. In this section, we will discuss general
mechanisms that control monocytes and macrophages life
span.

Programmed cell death (PCD) or apoptosis is an
evolutionary conserved mechanism essential for normal
development and provides a cellular defense against
pathogens (106). Importantly, apoptosis participates in the
control of cell number during maturation of the immune
system and in the resolution of the immune response (107).
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Apoptosis was originally recognized by a group of distinct
morphological changes, such as nuclear fragmentation,
cytoskeleton disruption, cell shrinkage, and membrane
blebbing which then lead to the fragmentation of the dying
cell into apoptotic bodies that are recognized and engulfed
by macrophages (88, 105). In addition, apoptosis involves
the biochemical activation of the apoptotic machinery
composed by a well-conserved group of cysteine-proteases,
the caspases (108). Fourteen caspases have been so far
identified (109). These proteins are constitutively
expressed as inactive  precursors that become
proteolytically active upon apoptosis. The founder member
of the family, caspase-1, was identified in monocytes being
responsible for cleaving the inflammatory cytokines IL-13
and IL-18 (110). Caspase-1 knockout mice show decrease
inflammation when infected with bacteria or LPS (110,
111). By now the role of caspase-1 in regulation of
inflammation is well recognized. In addition, caspase-4
and -5 have also been involved in inflammation (112).

Based on their position in the apoptotic cascade,
the caspases are classified in “initiators” (caspase-1, -2, -8,
-9, and -10) and “executioners” (caspase-3, -7, -6).
Initiator caspases possess a long N-terminal prodomain
containing protein-protein interaction motifs; caspase-1, 2,
4, 5, and 9 contain the caspase recruitment domain
(CARD). Whereas caspase-8 and -10, contain the death
effector domains (DEDs) (113). These domains participate
in the activation of the caspases by providing protein-
protein interaction. In contrast, the executioners or effector
caspases have a short amino-terminal prodomain that is not
evolutionary conserved. As the role of this domain remains
unclear, the regulation of the executioner caspases by
interacting proteins is still elusive. Recently, we show that
Hsp27 binds to the amino-terminal domain of caspase-3,
inhibiting its second proteolytic cleavage (69). Whether
the prodomains of the other executioner caspases are able
to provide docking sites for inhibitors remains to be proven.

Apoptosis can be activated by two main
pathways, the death receptor or “extrinsic” and the
mitochondria-mediated or “intrinsic” pathways.  The
extrinsic pathway is triggered by the binding of ligands to
the death cell surface receptors belonging to the TNF-
receptor family (114). In monocytes the extrinsic pathway
is modulated by two major receptors belonging to the TNF
family, the CD95 or Fas receptor (FasR) and the Tumor
Necrosis (TNF)-Related Apoptosis-Inducing receptors
TRAIL-R1 and TRAIL-R2 also named DR4 and DRS
respectively (115, 116). Activation of these receptors
promotes the recruitment of the cytoplasmic adaptor
proteins TRADD and FADD that in turn, activate caspase-8
(117). In the intrinsic pathway, apoptotic stimuli induce
changes in the mitochondria membrane permeabilization,
allowing caspase-9 activation (118). Different molecules
are involved in the regulation of mitochondrial
permeabilization, providing a homeostatic balance that
contributes in cell fate determination.  Importantly,
independently of how apoptosis is initiated all pathways
converge en the activation of the executioner caspases,
which are responsible for cleaving proteins of diverse
biological function from transcription factors to kinases and
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phosphatases. The caspase-mediated proteolysis is
essential for the formation of apoptotic bodies. As the
apoptotic process must be tightly regulated, it is postulated
that multiple checkpoints contribute to the proper
regulation of the caspase cascade.

5.1. Pro-apoptotic regulators

In monocytes, the trimerization of the death
receptors leads to the recruitment of adaptor proteins. FasR
recruits the cytoplasmic adaptor protein “Fas Associated
Protein with Death Domain” (FADD) and TRAIL-R1/2 the
cytoplasmic adaptor protein TNF receptor-associated
protein (TRADD) (117). Recruitment of these proteins
forms the  “DISC  complex”, composed by
FasR/FADD/caspase-8 or  TRAIL/TRADD/capase-8
respectively (116, 119) (Figure 2). FADD and TRADD
contain two Death Domains (DED) able to recruit other
DED-containing proteins (117). For example, caspase-8
and caspase-10 interaction with FADD and TRADD
through DED-DED domains leads to their autoproteolytic
activation (113, 120). Activated caspase-8 can either
directly or indirectly activate caspase-3 (116, 121).

The inhibition of the cognate FasR/FasL in
monocytes’ cultures results in the inhibition of monocyte
spontaneous apoptosis (122). The functional role of Fas in
vivo was evaluated using the FasR (lpr/lpr) and FasL
(Ipr/gid) knockout mice. Both mice have increased

numbers of inflammatory and resident subsets of
monocytes  (CD14°Gr-1"CX;CR1™  and CDI14°Gr-1"
CX;CR1"en respectively), resulting in

lymphadenopathy, splenomegaly, and in accumulation
of macrophages in the tissues including lung, liver and
spleen (115, 123). Together, these findings highlight
the importance of the Fas-mediated pathway in
monocyte/macrophage cell fate.

The role of caspases in vivo has been more
difficult to study, caspase-8 and caspase-9 knockout
homozygous embryos mice are non-viable showing
neural tube defects, while heterozygous embryos, can
survive up to 4-5 weeks but present phenotypes that
vary in severity (124, 125). Caspase-3 knockout mice,
has severe development defects and die early in life,
suggesting that caspase-3 is an essential caspase in
apoptosis and has also functional roles in development
(126).  Future work in conditional knockouts may
provide specific knowledge in the role of these caspases
in monocyte/macrophage life span.

The intrinsic pathway is activated normally in
response to stress or death stimuli, such as DNA-
damaging agents (127). Upon stress cytochrome c
and Smac/Diablo are released from the mitochondria.
Cytochrome ¢ in the presence of ATP binds to the
apoptotic protease activating factor 1 (Apaf-1) and
caspase-9 forming the “apoptosome”. The
apoptosome, was first identified in monocytic
leukemia cells, induces caspase-9 activation followed
by cleavage of caspase-3 (128, 129). Smac/Diablo
forms a complex with XIAP relieving caspase-3 form
the inhibition of XIAP (130, 131) (Figure 2).
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The Bcl-2 (B-cell lymphoma 2) family is composed by a
large number of homologues which act as pro- or anti-
apoptotic regulators, which modulate release of cytochrome
¢ and Smac/Diablo release from the mitochondria to the
cytoplasm (118, 132) (Figure 2). This family includes, the
anti-apoptotic proteins Bcl-2, Bel-xL, Al, Bcl-w, Mcl-1
and pro-apoptotic members. The pro-apoptotic family
members are classified based on the number of conserved
Bcl-2 homology (BH) domains. One group composed by
the Bax family includes Bak, Bax, and Box, have three
BH3 domains. The second group corresponds to the BH3-
only domain proteins. This group includes Bad, Bid, Bik,
Bmf, Bim, Hrk, Noxa, and Puma (133). Thus, Bcl-2-
proteins act as “guardians” regulating in pairs cellular fate.
The function of the Bcl-2-like proteins can be regulated
through phosphorylation, dimerization, transcriptional
regulation, proteolytic cleavage, and cellular localization
(134).

In myelomonocytic leukemia cells, the presence
of Bcl-2, Bel-xL, and Mcl-1 was showed to contribute to
cell survival. Overexpression of Bcl-2 and Bcl-xL in
monocytic cells increases the protection against apoptotic
stimuli. Bcl-2  protective activity is mediated by
phosphorylation via AKT. Bcl-2  phospho-negative
mutants show a dramatic decrease in the ability to protect
myelomocytic cells during flavopiridol or TRAIL-induced
apoptosis (135, 136). The presence of Bik, Bak, Bax, Bad,
and Bid has also been reported in the monocytic lineage.
Subcellular localization of these proteins, from the
cytoplasm to mitochondrial membrane, seems to promote
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apoptosis (137, 138). Mcl-1 expression decreases in cells
treated with flavopiridol, resulting in an increase of cell
death in myelomonocytic leukemia cells (141). In addition,
Mcl-1is overexpressed in tissue macrophages isolated from
RA patients whereas the silencing of Mcl-1 resulted in the
induction of apoptosis (141, 142). The expression levels of
some of the Bcl-2 family members can be transcriptionally
regulated by NF-kB (133, 139). In agreement with this,
blocking of NF-kB with the specific inhibitor PDTC
(pyrrolidine dithiocarbamate) in primary macrophages or a
macrophage-like cell line (RAW), resulted in lost of
mitochondrial homeostasis and cell death (140). Activation
of survival pathways mediated by JNK and STAT1, results
in an increase of Mcl-1 in monocyte-derived macrophages
and tissue macrophages (143). Mycobacterium infection of
THP-1 cells induces transcriptional downregulation of Bak
and Bax but upregulation of Mcl-1 (144). Bad is regulated
by AKT-dependent phosphorylation of Ser''? and Ser'*®,
inhibition of PI3K/PDK1/AKT signal pathway, results in
its translocation to mitochondria promoting apoptosis
(145). In addition, dimerization of the Bcl-2-members is
other important regulatory mechanism.  The direct
interaction of homo- and hetero-dimers results in pore
formation allowing the release of apoptogenic factors to the
cytoplasm (146). In monocytes, Bax/Bak and Bim/Bcl-2
associate with the VDACI (Voltage Dependent Activation
Channel 1) in the outer mitochondrial membrane
contributing to activation of apoptosis by facilitating pore
formation (147, 148). Bid is the only member of the
family, whose activity is regulated by cleavage. Monocytic
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cells treated with TRAIL show caspase-8 activation leading
to the cleavage of Bid (tBid). tBid translocation to the
mitochondria, promotes the oligomerization of Bax/Bak
helping to induce cell death (149).

Another important regulator of cell fate are the
serine/threonine kinases belonging to the Protein kinases C
family (150). The PKC family consists of 11 isoforms that
is divided in classical (a, B, and ), novel (3, €, 1, and 0)
and atypical ({, A and 1) (151). The classical and atypical
have anti-apoptotic properties, whereas the novels have
been described as pro-apoptotic (150). The isoforms are
differentially expressed in monocytes and macrophages,
suggesting their possible role in monocyte differentiation
and life span (152). Classical members of this family such
as PKCa and B increase during PMA-stimulation and
monocyte/macrophage  induced-differentiation  (153).
Microarray analysis of myelomonocytic cells induce to
differentiate with TPA show an increase in PKCa and a
decrease in PKC§ expression (65). PKCe is highly
activated during tumorigenesis and can also be activated in
LPS-stimulated macrophages (154). Some the PKC
isoforms: PKCS, e, and ( are cleaved by caspase-3
suggesting the existence of a feedback loop that may
regulate the activity of these enzymes (155-157). Tyrosine
phosphorylation of PKCd correlates with its translocation
to the nucleus followed by apoptosis (158). Consistently,
treatment of cells with the caspase-3 inhibitor DEVD-
FMK, show a decrease in its cleavage and apoptotic
activity (159). Our group recently found that PKCd
associates and phosphorylates caspase-3 (Figure 2). The
phosphorylation of caspase-3 increases its apoptotic
activity (160). This effect is specific of PKCS, as other
isoforms failed to phosphorylate caspase-3 (160). It will be
interesting to know how the phosphorylation affects the
ability of caspase-3 to interact with other pro- and anti-
apoptotic mediators.

5.2. Anti-apoptotic regulators

Monocytes evade the apoptotic fate during
inflammation, differentiation and malignant transformation.
This is achieved by the contribution of survival pathways
that in turn block the apoptotic cascade. While the details
of this crosstalk are far from being understood, it has
become clear that the inhibition of apoptosis acts at
multiple levels. Monocyte/macrophage prolonged survival
is mediated by the increased expression of anti-apoptotic
proteins like IAPs, Bcl-2 family members, and heat shock
proteins. In addition, inflammatory cytokines and
chemokines stimulate monocyte migration and promote
their accumulation and differentiation. Thus, chronic
inflammatory diseases and cancer are characterized by an
increase in monocyte/macrophage populations (161).

IAPs or “inhibitor of apoptosis” constitute a
conserved family first characterized in baculovirus (162).
IAPs have a common zinc-binding domain named
Baculovirus IAP Repeat (BIR) (162). Eight human
orthologues have been described so far including: XIAP
(ILP-1, MIHA), ILP-2 (Ts-IAP), cIAP-1 (HIAP2, MIHB),
cIAP-2 (HIAP1, MIHC), ML-IAP (Livin, KIAP), NAIP,
Survivin (TIAP) and Apollon (Bruce). Some of the IAPs
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contain a second zinc-binding motif named RING that
binds to the caspase-recruitment domains (CARD) (163-
165). The X-linked IAP (XIAP) is the best-characterized
member of this family. XIAP binds directly to caspase-3
inhibiting its activation (166). During Fas-induced
apoptosis, XIAP is cleaved in two fragments, one
containing two BIR domains (BIR-1 and -2) and the other
containing the RING domain. BIR1-2 and the RING bind
differentially to the caspases. Immunoprecipitations using
recombinant proteins XIAP show that BIR 1-2 binds to
caspase-3 and -7, whereas the RING motif is able to bind to
caspase-9 (167). Moreover, in a cell free system approach
using recombinant proteins and THP-1 cell lyses shown
that, XIAP associates with caspase-9 halting the activation
of the apoptosome-dependent activation of caspase-3 (164).
In monocytes and myelomonocytic leukemia cells, four
members of this family have been described: XIAP, c-IAP1, c-
IAP2, Survivin (168, 169). Survivin has been found highly
expressed in circulation and in synovial fluids of RA patients.
Overexpression of recombinant survivin in monocytes has
been associated with an increase on ICAM-1 expression (170).
These results can suggest that survivin is related with the
physiopathology of bone destruction mediated by
monocyte/macrophage in RA (170). LPS or PMA stimulated
monocyte-derived macrophages, show downregulation of
cIAP2 mRNA correlating with an increase in the caspase-3
activity (169). XIAP is also highly expressed during
monocyte/differentiation  differentiation and malignant
myelopoiesis, and has been proposed as a marker of poor
prognosis in patients with acute myeloid leukemia (AML),
suggesting that uncontrolled survival mechanisms may
impair AML therapies (171).

Heat-shock proteins (Hsps) especially Hsp27,
Hsp70, and Hsp90 have been implicated in defense
mechanisms against apoptosis (172).  Hsp70 has a
protective effect during heat shock in myelomonocytic cells
(172). In addition, an increase in the expression of Hsp70
has been observed during monocyte to dendritic cell
differentiation (173). Increase expression of Hsp27 has
been correlated with survival in response to stress and
cytotoxic stimuli (174). Ex-vivo experiments showed that
Hsp27 expression interferes with the accumulation of
cytosolic cytochrome c in cancer cells (172). Hsp27 can
bind to Bcl-2 family members and its expression markedly
decreases Bax activation (175). Hsp27 sequestration of
cytochrome c inhibits the activation of caspase-9 (176). In
addition, we showed recently that Hsp27, in sharp contrast
with Hsp70 is constitutively expressed in monocytes.
Moreover, af3-crystalline, the closest Hsp27 homologue is
not present in primary human monocytes (69).
Interestingly we found that Hsp27 interacts with the
prodomain of caspase-3 inhibiting its proteolytic activation
(69).  Whether this inhibitory function of Hsp27 is
conserved in other executioner caspases will need to be
determined. Interestingly, we found that during
monocyte/macrophage differentiation the level of Hsp27
increases dramatically. Consistent with its role as an anti-
apoptotic regulator, silencing of Hsp27 increases the
number of apoptotic macrophages (69). Thus, it will be
interesting to see whether Hsp27 contributes to
monocyte/macrophage differentiation.
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6. MONOCYTES
INFLAMMATION

AND MACROPHAGES IN

The patrolling behavior of monocytes and tissue
macrophages is essential in the initial host response to
infection. The initiation and resolution of acute and
chronic inflammation are mediated by the activation of
monocytes and macrophages, which are triggered by the
recognition and phagocytosis of pathogen through
specialized receptors (84, 177). Active macrophages
surrounding tissue damage or malignant tissues produce
inflammatory cytokines that diffuse toward veins, which
increase the level of inflammatory cytokines in the
monocyte microenvironment (32). Monocytes become
activated migrating to the tissues where they participate in
tissue damage or repair and remodeling depending on the
cytokines available at sites of inflammation (Figure 1). The
activation of monocyte and macrophages is mediated by
specialized receptors, such as MHC (see section 4.2) and
the Toll-like receptor (TLR) family (84). The highly
conserved TLR family is composed of nine members
involved in pathogen recognition (178). TLRs are type I
integral ~membrane  glycoproteins, containing an
extracellular domain with leucine-rich-repeat (LRR) motifs
and a cytoplasmic domain homologous to IL-1R (TIR)
(179). TLRs can be found in the cellular membrane, like in
the case of TLR1, TLR2, TLR4, TLRS5, and TLR6 whereas
TLR3, TLR7, TLR8, and TLRY9 are localized in
intracellular membranes (180). Activation of TLRs triggers
two signaling pathways, one mediated by the myeloid
differentiation factor 88 (MyD88) and the other mediated
by interferon regulatory factor 3 (IRF3) (179). TLR2,
TLR4, TLR7, TLRY activate the MyDS88 multi-step
signaling pathway, resulting in activation and translocation
of NF-kf and IRF3 to the nucleus promoting the production
of cytokines, IL-18 and TNFo (Figure 2) (84). TLR3
activates IRF3 signal pathway, resulting in the activation
and translocation of IRF3 to the nucleus promoting the
production of IL-1f (181). In monocytes and macrophages
TLR1, TLR2, TLR4, TLRS and TLR6 have been identified
in the plasma membrane (182). Macrophages express the
TLR3, TLR7, and TLRY intracellulary the endosome
membranes, whereas only TLR9 is found in the endosome
membranes in monocytes (8, 181, 182). LPS purified form
Gram’ bacteria and lipopeptide (BLP) from Gram' have
been excellent tools to study the processes of
monocyte/macrophage activation (183). For example, the
signal transduction pathway activated by these pathogens
was studied in bone marrow macrophages (BMM) derived
form the MyD88 knockout mice. Microarray analysis of
BMM treated with the Gram" L. Monocytogenes show that
MyD88-/- macrophages fail to produce inflammatory
cytokines such as IL-1B, IL-6 and TNFa and also NO
(184). The activation of the IRF3 signaling pathway was
evaluated in RAW macrophages treated with poly (I:C), a
synthetic TLR3 ligand. These experiments showed the
activation NF-kf§ and the increased production of IL-1f
(181). Ex-vivo experiments using BMM obtained from
TLR2+/+TLR4-/- or TLR2-/-TLR4+/+ mice treated with
the M. Lipomannan, a Gram™ bacteria, demonstrated that
TNFa and NO production are mediated by TLR4 (185).
These findings are in agreement with results obtained using
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purified BLP or LPS in the same animals (185). Together
these data show that TNFa production is TLR-dependent,
with BLP activating the pathway via TLR2 and LPS via
TLR4 (185). As we previously described (section 3.1
Subpopulation of Monocytes), different subpopulations of
monocytes are able to induce inflammatory cytokines upon
LPS stimulation. Notably, CD14h_‘ghCD16+ are the main
producers of IL-10, whereas CD14%"CD16" produce TNFa
(28). Comparative studies in monocytes and monocyte-
derived macrophages showed that TLR agonists induce
similar levels of inflammatory cytokines except in the case
of poly (I:C), which induces a major induction of TNFa in
macrophages (182). TAMs can also recognize pathogens
trough the TLR contributing to the inflammatory milieu of
the tumor (186).

The resolution of inflammation is initiated when
the stimuli has been eliminated, resulting in the
downregulation of inflammatory cytokines and the
upregulation of prostaglandin E, (PGE,;) (187) and
leukotrienes (LTs). PGE, helps decreasing the exudation
and blood flow into the inflammatory tissue (188).
Administration of LTs in the local exudates of
inflammation results in a decrease of TNFa (189). In
addition, reactivation of the apoptotic ~machinery
contributes to tissue repair and to the clearance of activated
monocytes and other leukocytes (190). The resolution
process can be short or acute taking just few days.
Otherwise, it can be longer up to years constituting a
chronic condition. The mechanisms causing the persistence
of inflammation are not yet fully understood but it is clear
that high levels of inflammatory cytokines in circulation are
key elements in chronic inflammation in RA and chronic
colitis (43, 191).

Based on these findings therapeutic approaches to
target inflammation has been based on the ability to reduce
inflammatory cytokines. In this context, current use of
anti-TNFo as an anti-inflammatory therapy is used in
patients with chronic inflammation that has negative results
with the conventional therapies (191). TNFa and IL-6, IL8
and IL-10 inhibitors have been used as alternative therapies
in patients with inflammatory conditions, such as RA and
chronic colitis (192-194). However, these studies have
reported only 50-60% success (191, 194). In line with
these results it could be of great significance to define new
additional therapeutic approaches targeting activated
monocytes to undergo apoptosis. This approach could help
reducing inflammatory cytokines at the same time that
contributes to the clearance of activated monocytes at sites
of inflammation.

7. CONCLUSIONS

Monocytes and macrophages act as key guardians
mediating innate immunity and participating in the
acquired immunity. Moreover, different subpopulations of
monocytes have being recently characterized and are being
recognized to have a very different contribution to innate
immunity and differentiation. Monocytes and macrophages
originate from a shared progenitor, express similar
receptors, and activate a comparable cascade of
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inflammatory mediators. However, they differ dramatically
in their cellular life span. Monocytes can switch from
being short live undergoing apoptosis in a day to presenting
a prolonged survival during inflammation and quickly then
to a short live as the inflammation resolves. Macrophages’
life span has less plasticity they live longer and are quite
resistant to apoptotic stimuli. While much is known about
the apoptotic and survival pathways it is noteworthy how
little is known about the cross-talk of this complex network
and its unique regulation in different lineages. More
understanding of these regulatory pathways will potentially
allow control inflammation by us to manipulating
monocyte/macrophage lifespan.
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