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Abstract

Monocytes and macrophages are central cells of the innate
immune system, responsible for defending against diverse
pathogens. While they originate from a common myeloid
precursor and share functions in innate immunity, each has
a very distinct life span finely tuned by the apoptotic cas-
pases. Normally, circulating monocytes are short-lived and
undergo spontaneous apoptosis on a daily basis. Macro-
phages, however, have a longer life span. In chronic inflam-
matory diseases and, as recently recognized, in the tumor
microenvironment, the inhibition of the apoptotic program
promotes monocyte survival contributing to the accumula-
tion of macrophages and the persistence of an inflammatory
milieu. A complex network of differentiation factors and
inflammatory stimuli determine monocyte/macrophage life
span by blocking the apoptotic pathway and activating a
myriad of survival pathways. Our understanding of apopto-
sis has flourished over the last decade, and its relevance in
the regulation of the immune system is now indisputable.
Nevertheless, how the complicated networks of survival and
apoptotic regulators are integrated to determine cellular life

span remains elusive. This review summarizes the contribu-
tion of the caspases and their regulators in monocyte/mac-
rophage cell fate and discusses how these molecules orches-
trate the initiation, maintenance, and resolution of inflam-
mation. More provocatively, we discuss possible strategies
to control inflammation by manipulating leukocyte life span.

Copyright © 2010 S. Karger AG, Basel

Introduction

Monocytes and macrophages are essential compo-
nents of the innate immune system. They comprise what
was just recently recognized as a heterogenous family of
professional phagocytic cells responsible for the recogni-
tion and clearance of pathogens and dead cells. Mono-
cytes and macrophages play central roles in the initiation
and resolution of inflammation, principally through
phagocytosis, release of inflammatory cytokines, reac-
tive oxygen species (ROS) and the activation of the ac-
quired immune system [1]. Monocytes and macrophages
originate from a common myeloid progenitor cell in the
bone marrow. Under normal circumstances, monocytes
circulate in the bloodstream for a very short time before
undergoing spontaneous apoptosis [2]. In response to dif-
ferentiation factors, monocytes escape their apoptotic
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fate by differentiating into macrophages, cells with a lon-
ger life span found in almost every single organ [3]. A bal-
anced network of survival and cell death proteins deter-
mines the fate of these cells. For example, increased levels
of the small heat shock protein 27 (Hsp27) in macro-
phages inhibit the activation of caspase-3, an essential
caspase for monocyte apoptosis [4]. The presence of stim-
ulatory signals triggers monocyte survival by inhibiting
the apoptotic pathway, thus contributing to the mainte-
nance of the inflammatory response [5]. Then, as inflam-
mation resolves, almost like under a ‘magical spell’, the
apoptotic program reassumes and monocytes undergo
apoptosis, facilitating the resolution of the immune re-
sponse [6].

Although monocytes represent an important part of
the host defense, accumulation of monocytes can be
harmful and aggravate diseases such as atherosclerosis,
arthritis and multiple sclerosis [7]. Recently, the realiza-
tion that monocytes/macrophages play fundamental bio-
logical roles in development, wound healing, tissue ho-
meostasis and even cancer progression prompted an ur-
gency to understand the molecular mechanisms that
determine their life span and cell fate. Considering the
plasticity of monocytes/macrophages to change their life
span depending on the external and internal cellular
cues, it is likely that complex survival and apoptotic mo-
lecular networks are in place to orchestrate cell fate. A
better understanding of how to integrate these networks
should provide novel approaches on how to regulate
monocyte/macrophage accumulation at sites of inflam-
mation. In this review we critically evaluate various bio-
logical aspects and processes of monocyte/macrophage
survival and death signaling.

Monocytes: Emerging Roles of Monocyte
Subpopulations

Monocyte heterogeneity is well accepted and their
contribution to disease progression seems to be clearly
diverse. Broadly, these subsets are divided into ‘classical’
and ‘non-classical’” on the basis of differential expression
of antigenic markers and emerging recognized biological
responses. The majority of monocytes (approx. 90-95%)
are defined as classical and strongly positive for surface
receptor CD14 [lipopolysaccharide (LPS)-binding pro-
tein receptor CD14/Toll-like receptor TLR-4/MD2] and
CD16 (FcyRIII)-negative [8]. The classical population ex-
presses FcyRI (CD64). The non-classical subpopulation
is characterized by the expression of CD16". The non-

Monocyte/Macrophage Cell Fate

classical CD14*CD16* can be further divided into 2
other subpopulations, namely CD14%¢"CD16* and
CD14%™CD16* monocytes, with strikingly different
functions [9, 10]. Pioneering work by Ziegler-Heitbrock
[11] and others uncovered the crucial role of CD14*CD16*
in inflammation. Upon stimulation, CD14*CD16" are ca-
pable of producing TNFa and IL-1B. But the CD16" sub-
groups differ in their ability to release IL-10. In contrast
to CDI14bightCD16*, CD149mCD16" and classical
CD14*CD16~ produce very low amounts of IL-10 when
stimulated with LPS [10]. CD14*"8"CD16* monocytes
also have high expression of CD11b and TLR4 in com-
parison to CD14*CD16~ and CD144™CD16*. In addition,
CD14"18CD16* and CD149™CD16" express high levels
of HLA-DR, CD86, CD54 and low levels of CD64 in com-
parison to the major classical subpopulation of mono-
cytes. The actual function of the CD14*CD16" mono-
cytes remains elusive, but these cells may be expanded in
the blood of patients with conditions such as sepsis, pul-
monary tuberculosis, AIDS and cancer. It may therefore
be an oversimplification to state unambiguously that the
CD14*CD16" monocytes act as pro-inflammatory mono-
cytes during all in vivo infections. In this regard, interest-
ing studies showed increased CD14*CD16* numbers mo-
bilized from the marginal pool during exercise, suggest-
ing a dynamic localization of specific subpopulations
[11]. Further studies have shown that monocyte subpopu-
lations also differ on other surface molecules, such as the
chemokine receptors CCR2, CCR5 and CX3CR1. CCR5
and CX3CRI are highly expressed on the minor subset
CD14%™CD16*, while the expression of CCR2 and lower
levels of CX3CRI are characteristic of the CD14right
CD16™ monocytes [12]. The expression of specific chemo-
kine receptors and adhesion molecules might have im-
portant functional consequences for these cells, resulting
not only in differences in migration patterns but also
conferring differential susceptibility to infections [13].
Increased numbers of CD144™CD16* have been reported
during infections in humans, including hemolytic ure-
mic syndrome, bacterial sepsis and HIV, and also in ex-
perimental SIV infections in monkeys. Great progress
during the recent years using animal models has provid-
ed a better understanding of the complex monocyte het-
erogeneity, their origins and localization [for an extensive
review see 14]. Notably, recent comprehensive studies
comparing human and mice monocyte gene expression
profiles showed the expected conservation between sim-
ilar monocyte subsets in mice and humans; however,
some important differences found between the species
highlight the limitation of using animal models to under-
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stand human diseases [15]. Future studies comparing the
protein expression profile will also be of value to better
characterize specific signatures of each subpopulation.

The emerging realization is that these subsets have dif-
ferent behaviors contributing to many diseases. As better
reagents and models emerge, the possibility to dissect
these subsets and determine their individual contribu-
tions becomes vital for the implementation of novel treat-
ments based on modulating monocyte numbers, func-
tion and life span.

Heterogenous Macrophages

Macrophages are large phagocytic cells originally
identified by Aschoff [16]. They are found in almost every
organ and were historically given different names based
on their tissue in which they reside. Due to great advanc-
es in the study of the tumor microenvironment in the last
decade, it has become even more obvious that macro-
phages constitute a highly heterogeneous pool with dis-
tinct biological activities that are influenced both by ge-
netics and environment.

Macrophages originate from monocytes in response
to differentiation factors such as granulocyte-macro-
phage colony-stimulating factor (GM-CSF), macrophage
colony-stimulating factor (M-CSF), and colony-stimulat-
ing factor-1 (CSF-1). GM-CSF-deficient mice have nor-
mal hematocrit and leukocyte numbers but develop lym-
phoid hyperplasia in the lungs [17]. M-CSF-deficient
mice show extensive skeletal deformities and reduced
numbers of blood monocytes, peritoneal macrophages
and tissue macrophages, suggesting its fundamental role
in monocyte and macrophage biogenesis [18]. Compara-
tive studies have demonstrated differences in gene ex-
pression between monocytes and macrophages and their
different life spans. Unlike monocytes, macrophages
have a long life span, ranging from months to years [19].
Changes in transcription factors and surface receptor ex-
pression showed that macrophages express decreased
CD14 and increased levels of CD11b, mannose receptor
[MR or CD206], the transcription factor PU.1, surface re-
ceptors MHC-II, FcyR and scavenger receptor, among
others [20]. In addition, differences in the expression of
molecules involved in survival and cell death have been
documented. Stimulation of monocytes with phorbol es-
ter 12-O-tetradecanoylphorbol-13-acetate shows a dra-
matic increase of the anti-apoptotic Hsp27, and decreased
expression of the pro-apoptotic protein kinase C 3 (PKC3)
[21]. In agreement with these results, we found a 40-fold
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increase in the expression of Hsp27 protein during mono-
cyte/macrophage differentiation [4]. Similarly, compara-
tive proteomic analysis of monocytes and alveolar mac-
rophages showed the specialized function of alveolar
macrophages in phagocytic functions.

A tumor represents a fantastic model system to study
monocyte/macrophage biology. In fact, it has been shown
that increased recruitment of macrophages to solid tu-
mors leads to both poor prognosis and outcome. Interest-
ingly, it has been demonstrated that individuals taking
nonsteroidal anti-inflammatory drugs (NSAIDs) have a
reduction in the risk of developing certain cancers [22].
Canonically, both monocytes and tissue macrophages are
recruited to the site of a tumor to initiate an anti-tumor
response. Two subtypes of macrophages found in tumors
are ‘M1’ and ‘M2’ macrophages. M1 macrophages are
termed for their ability to assist in a T helper-1 (Th1) im-
mune response mediated by IFN-v, IL-13 and TNFa.. M1
macrophages present antigens to B cells, express IL-12,
IL-23 and other inflammatory cytokines, and produce
reactive oxygen and nitrogen species, which aid in their
tumor-fighting function [23]. On the contrary, M2 mac-
rophages or ‘tumor-associated macrophages’ (TAMs) are
derived from direct tumor cell interaction and exposure
to IL-4, IL-10, IL-13 and glucocorticoid hormones and
instigate a Th2 response which acts to both up-regulate
the expression of anti-inflammatory cytokines and
down-regulate the production of pro-inflammatory me-
diators. M2 cells are characterized by IL-4 production,
high expression of IL-10 and TGEF, release of immune
complexes, and their ability to promote angiogenesis by
expressing VEGF, and tissue remodeling and repair by
expressing matrix metalloproteinases [23, 24]. TAMs are
critical in tumor progression and are represented by a
myriad of macrophage subtypes that do not resemble
classical M1 macrophages that express the anti-tumor
program described above.

Interestingly, macrophage subtypes may not be pre-
determined prior to recruitment but ‘programmed’ or
‘educated’ by the tumor microenvironment upon arrival.
If so, the potential to manipulate and ‘re-educate’ these
TAMs back to an M1 phenotype can provide a novel op-
portunity to alleviate diseases characterized by mono-
cyte/macrophage infiltration. In fact, recent advances by
Eubank et al. [25] suggest an effectiveness of GM-CSF to
help inhibit the growth of both murine breast cancer in
an orthotopic PyMT model and in human breast cancer
in SCID mice [unpubl. data]. It is reported that super-
physiological doses of GM-CSF administered in the local
tumor environment induces the production of sVEGFR-1
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from macrophages, resulting in the suppression of tu-
mor-produced VEGF and angiogenesis [26]. Fortuitously,
GM-CSF recruits significantly more macrophages to
these tumors than those untreated. At one time, this ef-
fect might be considered a detriment to tumor therapy as
a number of studies have shown that removal of TAMs
leads to a reduction in angiogenesis and metastases [24].
But, because GM-CSF seems to either maintain the M1
macrophage phenotype recruited into the tumor, or be-
cause GM-CSF ‘re-educates’ or re-programs’ the M2
TAMs back to an M1 phenotype, this suggests that an in-
crease in M1 macrophages is beneficial and illustrates
that influencing the M1/M2 polarity of macrophages
provides an opportunity for the host immune cells to
once again perform their initial role as tumor-fighting
cells.

Recent studies have shown that a unique subpopula-
tion of monocytes, namely CD144™CD16*CCR2" which
makes up about 20% of CD14*CD16" cells, expresses the
endothelial cell marker Tie-2, which falls into the catego-
ry of host immune cells that aid tumor growth and an-
giogenesis. Tie-2 is a receptor for angiopoietin-2 (Ang-2),
an angiogenic growth factor produced by blood vessels
under hypoxia to recruit Tie-2-expressing endothelial
cells. Consequently, a population of Tie-2-expressing
monocytes is also recruited, which maintain their mono-
cyte morphology subsequent to extravasation and diape-
desis, and reside in perivascular regions to promote an-
giogenesis. Depletion of Tie-2-expressing monocytes has
been shown to suppress tumor progression and metasta-
ses [27].

Studies such as this suggest it may be advantageous
to focus on other monocyte/macrophage populations
which are selected for in both peripheral blood and tissue
of patients with diseases. The mechanisms of recruitment
into tissues seem to differ between classical and non-clas-
sical monocytes. In particular, the expression levels of
L-selectin (CD62-L), a molecule central in mediating the
adhesion of monocytes to the endothelium and their ex-
travasation into the intima during the key steps in ath-
erogenesis, is lower in CD16" compared to classical
CD147CDI16". A dramatic expansion of CD16" mono-
cytes has been described in atherosclerosis patients, and
this population showed increased L-selectin expression
compared with the levels found in CD16" from normal
individuals. Additionally, asthma patients have increased
numbers of CD14%™CD16* monocytes expressing the
hemoglobin scavenger receptor CD163, which plays a role
in an anti-inflammatory response. As discrepancies
based on technical differences arose, the contribution of
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the CD163 receptor remains controversial, and further
investigations will help to establishing its contribution
(see table 1 for more diseases and corresponding cell sub-
populations).

The aforementioned studies highlight the potential for
novel therapeutic applications based on the manipulation
of each unique disease microenvironment. It is now be-
coming likely that specific monocyte/macrophage sub-
populations are representative of certain diseases that in-
volve the regulation and maintenance of unique subtypes
of immune cells. Certainly, once in the tissue microenvi-
ronment, effects such as cytokine expression profile from
surrounding cells as well as oxygen tension play a role in
which cells progress the disease and which cells fight the
disease. In such cases, is it possible that treatment strate-
gies involving manipulation of proliferating immune cell
subtypes in systemic blood may help control the inflam-
matory regulation that leads to the pathology of a disease?
Looking ahead, improvements in microdissection tech-
niques coupled with new immunolabeled antibodies
should allow both a better characterization of these cells
and superior evaluation of such treatments.

Monocytes/Macrophages and Their Role in Innate
Immunity

Monocyte/macrophage surveillance is essential in the
initial host reaction to infection by initiating an inflam-
matory response. The activation of monocytes/macro-
phages is triggered by the recognition of self and non-self
stimuli mediated through a myriad of specialized mem-
brane and intracellular receptors. The MHC (major his-
tocomaptibilty complex) receptor family is classified as
class I and I1, based on the structure of their extracellular
chains, also referred to as Cla or HLA-DR and CD38 or
HLA-DQ, respectively. Monocytes express MHC-I, but
during differentiation MHC-I expression is inhibited
while MHC-II is induced [28]. The Toll-like receptor
(TLR) family constitutes an evolutionarily conserved
‘pathogen-recognition-receptors’ protein group that rec-
ognizes conserved ‘pathogen-associated-microbial-pat-
terns’ composed of 9 members involved in pathogen
recognition. TLRs are type I integral membrane glyco-
proteins, containing an extracellular domain with leu-
cine-rich repeat motifs and a cytoplasmic domain homol-
ogous to IL-1R (TLR) responsible for ‘self’-signal recogni-
tion (fig. 1). In monocytes and macrophages TLRs 1, 2, 4,
5,6 and 10 have been identified in the plasma membrane.
Intracellularly, TLRs 3,7 and 9 are found in the endosome
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Table 1. Mononuclear phagocyte subpopulations in human disease

Disease

Prevalent subpopulation(s)

References!

Solid tumors

M2 macrophages (TAMs) [any phenotype other than classic M1 macrophage]
CD144m/CD16*/Tie2*/CD45*/CD11b*/L-selectin"/CCR2"

Mantovani, 2002, 2004

De Palma, 2005; Venneri, 2007; Murdoch, 2007

Sepsis PBMs: CD14%#"/CD16*/HLA-DR*/CD86*/CD11b*/CD33*; low phagocytic ability Schinkel, 1999; Skrzeezynska, 2002;
Fingerle, 1993
COPD AMs: CD14%¢h/CD16*/CD11c™8"/CD86*/CD11a* Lofdahl, 2006; Zhou, 2009
Atherosclerosis PBMs: CD14igh/CD16*/CDt62-1bright Boudjeltia, 2008
PBMs: CD14*¢"/CD16" Mosig, 2009
PBMs: CD144™m/CD16%/ScR*/DRisht Draude, 1999; Belge, 2002
PBMs: CD14%m or right/CD16+ (obesity) Rogacev, 2009
Cystic fibrosis ~ PBMs: CD149™ or b1i¢h/CD167/CCR2* Rao, 2009
Sarcoidosis PBMs: CD14%™/CD16*/CD69*/VLA-1* Heron, 2008; Okamoto, 2003
PBMs: CD14"¢"/CD167/P,X;bright Okamoto, 2003
IPF PBMs and AMs: increased CD144™/CD16*/CD11b* Hogsteden, 1992
PBMs and AMs: CD13%/CD144™CD33*/U26*/Max3* Hogsteden, 1993
AMs higher than PBMs: RFD9*/CD68*
AMs: increased DDR1b* on CD144™ cells Matsuyama, 2005
CILD AMs: CD149™/CD16*/CD11b*/HLA-DR* Krombach, 1996
Asthma PBMs: increased CD14%4™/CD16* Rivier, 1995; Tomita, 2002
AMs: increased CD16"/CD18"/CDw32*/CD44*/CD71*/HLA-I*/HLA-DR*/HLA-DQ* Viksman, 1997
AMs: CD14%™/reduced CD16*/IL10R* Moniuszko, 2007
PBMs: increased CD14"g"t/CD16*/CD163* Moniuszko, 2007
Rheumatoid PBMs: increased CD144™/CD16*/HCgp-39* Baeten, 2000
arthritis SynMacs: increased CD14%™/CD16* Ziegler-Heitbrock, 1993; Wahl, 1992;
Kawanaka, 2002
IBD PBMs: increased CD14%™/CD16* Hanai, 2008

IntMacs: CD149™/CD209*
MucMacs: increased CD40*

Kamada, 2009
Perminow, 2009

Receptor expression: ‘dim’ = +; ‘bright’ = ++. AMs = Alveolar macrophages; PBMs = peripheral blood monocytes; COPD = chronic obstructive pul-
monary disorder; IPF = idiopathic pulmonary fibrosis; CILD = chronic inflammatory lung disease; IBD = inflammatory bowel disease; TAMs = tumor-
associated macrophages; SynMacs = synovial fluid macrophages; IntMacs = intestinal lumen macrophages; MucMacs = mucosal macrophages.

! Only first author is shown (for full references see www.karger.com/doi/10.1159/000296507.

membranes, whereas only TLR9 is found in the endo-
some membranes in monocytes. TLR4 recognizes LPS,
the major constituent of the outer wall of Gram-negative
bacteria and one of the most studied activators of mono-
cytes/macrophages [29]. Activation of TLR4 is mediated
by a signal transduction pathway involving the myeloid
differentiation factor 88 (MyD88) inducing the formation
of the TRAF6/IRAK/MyD88 complex mediated by the
activation of IRAK (IL-1R-associated kinases). Four
IRAKSs have been identified but only IRAK1 and IRAK4
show kinase activity and are central for the activation of
NF-kB. IRAK4 is required for TLR signaling, as IRAK4-
deficient mice showed no response to IL-1§ or LPS, and
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patients with inherited IRAK4 mutations fail to respond
to IL-1B [30]. In addition, IRAKI1-deficient mice showed
decreased cytokine production in response to LPS, sug-
gesting a sufficient, yet non-essential, role for the proper
production of inflammatory cytokines. Activation of
IRAK1/4 induces the recruitment of the adaptor mole-
cules MyD88 and TRAF6 (TNF receptor-associated fac-
tor 6), an E3 ubiquitin ligase, resulting in the formation
of the MyD88/IRAK/TRAF6 complex. Formation of this
complex promotes the activation of a kinase cascade that
involves the MAPK (mitogen-activated protein kinases),
TAK1 (TGF-B-activated kinase 1) and/or MEKK3. The
activation of these kinases leads to the activation of the
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Fig. 1. Signaling networks regulating monocyte and macrophage life span.

IKK complex responsible for controlling NF-kB. The
IKK complex is formed by 2 kinase-containing subunits,
IKKa and B, and a regulatory subunit IKKy phosphory-
lates NF-kB inducing NF-kB transcriptional activity [31]
leading to the production of pro-inflammatory cytokines
and chemokines. Stimulation of TLRs typically induces
the activation of the MAPKs p38, extracelluar signal-reg-
ulated kinase, and c-jun-terminal kinase (JNK) by path-
ways that remain to be fully characterized. Altogether,
the stimulation of TLRs leads to the production of pro-
inflammatory mediators such asIL-18 and TNFa, among
others. These cytokines are responsible for mediating im-
munity and inducing prolonged monocyte survival [5].
In some cases, TNFa-induced apoptosis of alveolar mac-
rophages has been reported in Mycobacterium tuberculo-
sis infection. In this regard, conflicting data regarding
the effect of cytokine survival stimuli in apoptosis might
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be due to differences on dosage or length of the treatment.
In addition, these effects may just reflect the unique reg-
ulation of the survival/apoptotic networks in heteroge-
neous populations of monocytes and macrophages [8].
Notably, recognition of a ‘self’-stimulatory signal such as
IL-1 shares great similarities with ‘non-self recognition’
in terms of receptor and signal transduction conserva-
tion. In addition, monocyte activation can also be at-
tained through the interaction between monocytic CD40
with the CD40 ligand present on activated lymphocytes,
leading also to prolonged monocyte survival. Further,
monocyte activation can be mediated by their interaction
with platelets, in parallel with the increased surface ex-
pression of Mac-1 (CD11b/CD18) and proteolytic shed-
ding of L-selectin, release of superoxide anion, and in-
creased tissue factor expression [32].
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In inflammatory diseases such as atherosclerosis,
monocytes are activated and recruited to the developing
lesion of the arterial wall. Increased production of mono-
cyte chemoattractant protein-1 (MCP-1/CCL2) and ROS
is characteristic of the activation process. As a result,
monocytes increase the production of cytokines such as
IL-8,IL-1B, and TNFa that further contribute to the local
inflammation. An excessive production of these pro-in-
flammatory mediators has been associated with multiple
organ system failure [33]. Once inflammation is estab-
lished in the affected tissue, the second phase described
for the classical monocytes is the production and release
of anti-inflammatory mediators such as TGF-8, IL-10,
IL-13, IL-4 and prostaglandin E2 in an effort to counter-
act ongoing inflammation.

Monocyte activation confers survival signals essential
for the functional integrity of monocytes. This enables
cells to remain viable in microenvironments of immune
or inflammatory lesions that are rich in cytotoxic inflam-
matory mediators and reactive free radical species. How-
ever, prolonged activation can be deleterious and has been
implicated in the pathogenesis of many inflammatory
diseases including atherosclerosis, rheumatoid arthritis
and tumor development. As a consequence of these find-
ings, therapeutic approaches to target inflammation are
based on the ability to reduce inflammatory cytokines.
Anti-TNFa therapies have been used in patients with in-
flammatory conditions, such as rheumatoid arthritis and
chronic colitis. However, these studies have reported only
a50-60% success rate. In support of these results, it could
be of great significance to define alternative therapeutic
approaches targeting activated monocytes to undergo
apoptosis. This approach could help reduce inflammatory
cytokines and at the same time contribute to the clearance
of activated monocytes at sites of inflammation.

In fact, the potential use of plant flavonoids as anti-
inflammatory nutraceuticals is emerging as a potential
alternative therapeutic approach targeting both pro-in-
flammatory mediators and monocyte numbers. Flavo-
noids are known for their anti-inflammatory, anti-oxi-
dant, anti-viral, anti-microbial, and anti-allergic anti-
proliferative, and anti-metastatic properties. Flavonoids
can scavenge ROS, chelate iron ions and inhibit lipid ox-
idation. Curcumin, obtained from rhizome of Curcuma
longa and abundant in Asian diets, has strong anti-in-
flammatory and anti-oxidant properties inhibiting pro-
inflammatory mediators such as TNFa and COX-2 by
modulating NF-kB [34]. Apigenin, a flavone abundant in
the Mediterranean diet, has potent anti-inflammatory
activity. We showed that apigenin inhibits the production
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of pro-inflammatory cytokines in LPS-stimulated hu-
man monocytes and mouse macrophages by negatively
modulating the phosphorylation of NF-«B [35]. In fact,
apigenin is more effective as an anti-inflammatory than
resveratrol, another plant phenolic compound found in
grapes. More importantly, we found that the apigenin an-
ti-inflammatory activity also reduces survival of stimu-
lated monocytesin a model of lung inflammation [Doseff,
unpubl. obs.]. Hence, the ability of apigenin and other
flavonoids to modulate both innate immunity and mono-
cyte life span may provide alternative therapies for in-
flammation.

Monocyte and Macrophage Cell Fate

Monocyte life span is determined by the integration of
a complex network of survival and death signals [36]. In
monocytes, a constitutively active cell death program de-
termines their short life span. During inflammation or
in the presence of differentiation factors, apoptosis is
blocked, sustaining prolonged survival of monocytes. In-
terestingly, as inflammation resolves, the survival pro-
gram is promptly halted and apoptosis reassumes. Thus,
in monocytes, ‘on and off” apoptotic switches control cell
fate. Macrophages, however, have acquired mechanisms
that inhibit the apoptotic program and activate survival
pathways responsible for promoting a longer life span. In
this section, we discuss general mechanisms that control
monocyte and macrophage life span.

Regulation of Monocyte Cell Death

Programmed cell death or apoptosis is an evolution-
arily conserved mechanism essential for normal devel-
opment and defense against pathogens. Apoptosis is
characterized by a group of biochemical and distinct
morphological changes including 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 [6]. In addition, apoptosis
involves the activation of a well-conserved group of cys-
teine-proteases, the caspases. The caspases are constitu-
tively expressed as inactive zymogens that become pro-
teolytically active upon apoptosis (fig. 1). Functionally,
the caspases are divided into 2 groups: inflammatory and
apoptotic. Inflammatory caspases include caspases 1, 4,
5, 11, 12, and 13. The role of caspase-1 in inflammation
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has been nicely documented. Caspase-1, identified origi-
nally in monocytes, is responsible for cleaving the in-
flammatory cytokines IL-13 and IL-18. Mice lacking cas-
pase-1 show decreased inflammation when infected with
bacteria or LPS. Inflammatory caspases assemble into
multiprotein complexes termed ‘inflammasomes’, which
are required for their activation. The expression and role
ofinflammasomes and inflammatory caspases have been
studied in human monocytes, and findings suggest that
they may have key roles in the pathogenesis of inflamma-
tory diseases [37].

Based on their position in the apoptotic cascade, the
caspases are classified as ‘initiators’ (caspases 1,2, 8,9 and
10) and ‘executioners’ (caspases 3, 6 and 7). Initiator cas-
pases 1,2, 4, 5 and 9 have a caspase recruitment domain
located in the amino-terminal involved in protein-pro-
tein interaction. Caspases 8 and 10 contain death effector
domains (DEDs) participating in protein-protein inter-
actions. In contrast, the executioner caspases have a short
amino-terminal or prodomain. Lack of crystal structures
and evolutionary conservation limits our current under-
standing of how the amino-terminal domain contributes
to the activation of the executioner caspases. Recently, we
have shown that Hsp27 binds to the amino-terminal do-
main of caspase-3, inhibiting its second proteolytic cleav-
age [4]. Whether prodomains of other executioner cas-
pases are able to mediate associations remains to be
shown.

Apoptosis can be activated by 2 main pathways, the
death receptor or ‘extrinsic’ and the mitochondria-medi-
ated or ‘intrinsic’ pathways. The extrinsic pathway is trig-
gered by the binding of ligands to the death cell surface
receptors belonging to the TNF receptor family [38]. In
monocytes, the extrinsic pathway is modulated by 2 ma-
jor 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 DRS5, respectively. Activation of
these receptors promotes the recruitment of the cytoplas-
mic adaptor proteins TRADD (TNFRSF1A-associated
via death domain) and FADD (Fas-associated protein
with death domain) which, in turn, activate caspase-8.
Monocytes and macrophages treated with endogenous
doses of TNF initiate an immune response that, in the
case of monocytes, promotes prolonged survival. Thus,
apoptosis through the extrinsic pathway is mainly medi-
ated by the trimerization of FasR recruits the cytoplas-
mic adaptor protein FADD and TRAIL-R1/2 the cyto-
plasmic adaptor protein TNF receptor-associated pro-
tein (TRADD) forming the ‘DISC complex’ (fig. 1). FADD
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and TRADD contain DED able to recruit other DED-
containing proteins [39]. For example, caspase-8 and cas-
pase-10 interaction with FADD and TRADD through
DED-DED domains leads to their auto-proteolytic acti-
vation. Caspase-8 can either directly or indirectly acti-
vate caspase-3. Caspase-10, which is closely related to cas-
pase-8, was also shown to be recruited to the DISC com-
plex, become activated and initiate signaling pathways
resulting in apoptosis. The functional role of Fas in
vivo was demonstrated as both FasR (Ipr/lpr) and FasL
(Ipr/gid) knockout mice have increased numbers of
inflammatory and resident subsets of monocytes
(CD144™Gr-1*CX3CR1'°Y and CD144™Gr-1-CX3CR1Migh,
respectively), resulting in lymphadenopathy, splenomeg-
aly, and in the accumulation of macrophages in the tissue
including lung, liver and spleen [40]. Together, these find-
ings highlight the importance of the Fas-mediated path-
way in monocyte/macrophage cell fate.

In the intrinsic pathway, apoptotic stimuli including
stress or DNA-damaging agents induce changes in mi-
tochondria membrane permeabilization, allowing cas-
pase-9 activation. Upon stress, cytochrome ¢ and Smac/
Diablo are released from the mitochondria. Cytochrome
c in the presence of ATP binds to the apoptotic protease
activating factor 1 (Apaf-1) and caspase-9 forming the
‘apoptosome’ [36]. The apoptosome, first identified in
monocytic leukemia cells, induces caspase-9 activation
followed by cleavage of caspase-3. Smac/Diablo forms a
complex with XIAP relieving caspase-3 from the inhibi-
tion of XIAP. Different molecules related to the Bcl-2 (B-
cell lymphoma 2) family are involved in the regulation of
mitochondrial permeabilization, providing a homeostat-
ic balance that contributes to cell fate determination.

ROS, which are produced as a result of aerobic me-
tabolism, mainly by mitochondria, are important regula-
tors of apoptosis. Importantly, ROS produced as a result
of respiratory burst did not trigger monocyte apoptosis.
Reactive nitrogen species interplay with ROS in apoptosis
and both have been widely involved in the extrinsic and
intrinsic pathways [41]. Activation of Fas causes elevated
levels of ROS and treatment with anti-oxidants such as
N-acetylcysteine and glutathione was shown to com-
pletely block Fas-mediated apoptosis in monocytes.
Moreover, lowering ROS levels with vitamin C prevents
Fas-dependent apoptosis in human monocytes [42]. In
addition, activation of monocytes causes a massive gen-
eration of ROS, e.g. Oz, H,0,, '0,, and OH", and chlori-
nated oxidants such as HOCI that accompanies increased
production of cytokines, e.g. IL-13 and TNFa. Numer-
ous studies suggest that both the oxidative stress induced
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by ROS and increased production of pro-inflammatory
cytokines contribute to inflammatory disease condi-
tions. Thus, ROS produced by mitochondria seem to be
central in the induction of apoptosis by regulating the
extrinsic and intrinsic pathways.

Another important pro-apoptotic regulator of cell fate
is the serine/threonine PKC3. The PKC family consists of
multiple isoforms divided in 3 groups: classical, novel and
atypical. The classical group of PKCs, have anti-apoptot-
ic properties and important functions in pathogen acti-
vation, whereas the novel group has been described as
pro-apoptotic [43]. The isoforms are differentially ex-
pressed in monocytes and macrophages, suggesting their
possible role in monocyte differentiation and life span.
Classical members of this family such as PKCa and § in-
crease during PMA stimulation and monocyte-/macro-
phage-induced differentiation resulting in a decrease in
PKC3 expression. Some of the PKC isoforms (PKCS, -¢,
and -{) are cleaved by caspase-3, suggesting the existence
of a feedback loop that may regulate the activity of these
enzymes. We found that PKC3 associates and phosphor-
ylates caspase-3, increasing its apoptotic activity [44].

Importantly and independent of the initiating stimuli,
once apoptosis is initiated, executioner caspases become
activated, cleaving proteins of diverse biological func-
tions, ranging from transcription factors to kinases and
phosphatases. In fact, some of the caspase substrates con-
tribute to the formation of apoptotic bodies. Thus, the
apoptotic process must be tightly regulated, suggesting
the existence of multiple checkpoints that contribute to
the timely activation of the caspase cascade. These check-
points provide unique ‘on’ and ‘off” switches to use as
molecular targets to potentially control monocyte accu-
mulation at sites of inflammation.

Regulation of Monocyte Cell Survival

Anti-apoptotic proteins work by inhibiting caspases or
the activation of the apoptotic program. Phosphatidyl
inositol 3-kinase (PI-3K)/Akt, ERK, Fas, TNF, heat shock
proteins and anti-apoptotic molecules, among others,
play key roles in determining monocyte life span by reg-
ulating gene transcription and inhibiting the apoptotic
program.

PI-3Ks are central mediators of hematopoietic cell sur-
vival, producing 3’-inositol phosphatidylinositol (PIP3)
metabolites involved in a multitude of cellular events,
such as mitogenic responses, differentiation, apoptosis,
cytoskeletal organization, phagocytosis, oxidative burst,
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TLR-mediated stimulation, and the assembly of the
NADPH-dependent oxidase involved in microbial kill-
ing. In addition, PI-3K serves important roles in the acti-
vation of oxidase, including recruitment and localization
of p47Ph* and p40PP* to the membrane and activation of
p47Ph°* and activation of Akt. The Akt/(protein kinase B)
are serine/threonine kinases critical mediators of cell
survival. Mice deficient in phosphatases that regulate Akt
phosphorylation such as the SHIP (Src-homology 2-con-
taining inositol 5" phosphatase) and PTEN (tensin homo-
log deleted on chromosome ten) suffer expansion of tis-
sue macrophage populations. The Akt kinase has 3 iso-
forms, namely Aktl, Akt2, and Akt3, that share a highly
conserved pleckstrin homology domain involved in
membrane recruitment. Akt translocation to the cell
membrane induces its phosphorylation by PDK1 and
PDK2, resulting in the suppression of cellular apoptosis.
Akt direct phosphorylation of caspase-9 inhibits the in-
trinsic apoptotic pathway, thereby blocking caspase-3 ac-
tivation [45]. In addition, survival signaling by PI-3K/Akt
acts through modulation of Bcl-2 expression through
modulation of NF-«kB and by phosphorylation of the an-
ti-apoptotic proteins Bad and XIAP. In the presence of
survival factors, activation of Akt/PI-3K induces mono-
cyte differentiation into tissue macrophages [46]. Akt ac-
tivity also mediates prolonged monocyte survival stimu-
lated by pro-inflammatory signals such as IL-1§3 and LPS
[5]. This coordinated control by Akt helps maintaining
mitochondrial membrane potential and prevents the cy-
tochrome c release and other pro-apoptotic mediators.
Maintaining mitochondria functions keeps cellular ATP
production and normal metabolism, thereby preventing
cells from dying by necrosis or autophagy. Through the
activation of mMTOR, Akt exerts control on the translation
of nutrient transporters. Future studies in this area will
provide a better understanding on how metabolism in-
fluences the homeostatic balance that determines cell
death and survival.

In monocytes/macrophages the MAPK, including the
extracellular signal-regulated kinase (ERK), the c-JNK,
and p38, are hubs to multiple networks of survival [47].
ERK1/2 are activated in response to mitogens and growth
factors, whereas JNK and p38 pathways are preferentially
activated by stress-inducing agents. Stimulation of mono-
cytes with LPS results in activation of the ERK, JNK and
p38. ERK can phosphorylate a variety of cytoplasmic and
nuclear substrates that control cellular growth, differen-
tiation, survival and apoptosis. Some of the substrates,
including phospholipases, cytoskeletal proteins and tran-
scription factors such as Elk1 and NF-IL6, are responsible
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for inducing AP-1, a central regulator of cytokines and
metalloprotease production. In addition, ERK promotes
survival by increasing the expression of B¢l-2 family pro-
teins and by inhibiting expression of apoptotic proteins
(IAP) and recently shown by phosphorylation of cas-
pase-9 blocking its activation. Thus, survival switches
operate at the level of caspases or upstream in the apop-
totic cascade. Main upstream regulators are the Bcl-2
family proteins acting as pro- or anti-apoptotic proteins.
This family includes the anti-apoptotic proteins Bcl-2,
Bcl-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) do-
mains. One group composed of the Bax family includes
Bak, Bax, and Box, which have three BH3 domains. The
second group corresponds to the BH3-only domain pro-
teins. Over-expression of Bcl-2 and Bcl-xL in monocytic
cells increases the protection against apoptotic stimuli.
This group includes Bad, Bid, Bik, Bmf, Bim, Hrk, Noxa
and Puma. These proteins, through mechanisms still un-
clear, modulate release of cytochrome c and Smac/Diablo
from the mitochondria to the cytoplasm (fig. 1). The pres-
ence of Bik, Bak, Bax, Bad and Bid has also been reported
in the monocytic lineage. In addition, Mcl-1 is over-ex-
pressed in tissue macrophages isolated from rheumatoid
arthritis patients whereas the silencing of Mcl-1 resulted
in the induction of apoptosis. Dimerization of the Bcl-2
members results in pore formation allowing the release
of apoptogenic factors to the cytoplasm. In monocytes,
Bax/Bak and Bim/Bcl-2 associate with the VDACI1 (Volt-
age Dependent Activation Channel 1) in the outer mito-
chondrial membrane contributing to activation of apop-
tosis by facilitating pore formation. Monocytic cells treat-
ed with TRAIL show caspase-8 activation leading to the
cleavage of Bid (truncated Bid, tBid). tBid translocation
to the mitochondria promotes the oligomerization of
Bax/Bak helping to induce cell death. Thus, Bcl-2 pro-
teins act as ‘guardians’ of cell fate by regulating in pairs
cellular survival.

Apoptosis, Clearance and Dual Role of
Monocytes/Macrophages in Resolution of
Inflammation

As professional phagocytes, monocytes/macrophages
orchestrate the clearance of invading pathogens and
apoptotic cells, playing fundamental roles in remodeling
and immunity. Defective clearance of apoptotic bodies
has been associated with autoimmunity and is crucial for
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the resolution of inflammation. Phagocytosis accelerates
the resolution of inflammation by producing anti-in-
flammatory mediators such as TGF- and prostaglandin
E2 and by down-regulation of pro-inflammatory cyto-
kines [6]. Numerous specific surface receptors are in-
volved in recognition of pathogens, but so far only a
handful of receptors responsible for recognition of apop-
totic cells have been described [48]. Notably, apoptotic
cells were found to release lysophosphatidylcholine, due
to the caspase-3-mediated activation of the calcium-in-
dependent phospholipase A2, inducing the ‘eat-me’ sig-
nal to attract monocytes/macrophages [49]. Whether
these signals and receptors would be potential targets to
eliminate unwanted cells should provide future areas for
therapeutic intervention. The contribution of these re-
ceptors and the ‘eat-me’ signals in individual monocyte
subpopulations will need to be investigated.

Resolution of acute inflammation also requires apop-
tosis of inflammatory cells, including monocytes/macro-
phages. Apoptotic caspases play a fundamental role by
proteolytically dismantling cells by degrading proteins
with diverse biological functions. We found that cas-
pase-3 activation is essential for CD14* monocyte apop-
tosis inducing nuclear fragmentation [2]. Interestingly,
selective depletion of CD14"CDI16" upon glucocorticoid
treatment may be due to the increased levels of expression
of glucorcorticoid receptors in this subpopulation [50].
Changes in apoptosis between classical and non-classical
monocytes have also been described in response to heat
shock and exercise. Probably, these differences are in part
due to the differential expression of heat-shock proteins
and adaptive immunity described in monocyte subsets.
We found that activation of caspase-3 in CD14" is tightly
regulated by multiple checkpoints including proteolytic
removal of its amino-terminal prodomain, phosphoryla-
tion by PKC3, and its association with the Hsp27 and
XIAP inhibitors. How stimulatory signals control these
checkpoints will need further study. Whether the central
hubs for the survival-apoptosis regulatory network are
shared by different monocyte subpopulations will need
further investigation.

Conclusions and Future Directions

Monocytes/macrophages are critical for innate immu-
nity, protecting us from self and non-self antigens. Ho-
meostatic control of monocytes/macrophages is shared
between pro- and anti-inflammatory molecules and is es-
sential for the regulation of the immune system. In a con-
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stant tug-of-war, stimulatory and death signals deter-
mine monocyte/macrophage life span. As a more defined
map of the signal transduction pathways emerges, the
potential to recognize model networks of survival and
apoptosis should provide additional therapeutic ap-
proaches to regulate accumulation of monocytes/macro-

phages at sites of inflammation.
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