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A. Malamitsi-Puchner, Greece
Sunil Kumar Manna, India
Francesco Marotta, Italy
D.-M. McCafferty, Canada
Barbro Melgert, The Netherlands
Vinod K. Mishra, USA
Eeva Moilanen, Finland
Jonas Mudter, Germany
Marja Ojaniemi, Finland
Sandra Helena Oliveira, Brazil
Jonathan Peake, Austria
Vera L. Petricevich, Mexico

Peter Plomgaard, Denmark
Marc Pouliot, Canada
Michal Amit Rahat, Israel
Jean-Marie Reimund, France
Alexander Riad, Germany
Huub Savelkoul, The Netherlands
Natalie J. Serkova, USA
Sunit Kumar Singh, India
Helen C. Steel, South Africa
Dennis Daniel Taub, USA
Kathy Triantafilou, UK
Fumio Tsuji, Japan
Peter Uciechowski, Germany
Giuseppe Valacchi, Italy
Luc Vallières, Canada
Jan van Amsterdam, The Netherlands
Elena Voronov, Israel
Jyoti J. Watters, USA
Soh Yamazaki, Japan
Satoru Yui, Japan
Teresa Zelante, Singapore
Dezheng Zhao, USA
Freek J. Zijlstra, The Netherlands



Contents

Control and Resolution Mechanisms of the Inflammatory Response, Vı́ctor M. Baizabal-Aguirre,
Carlos Rosales, Constantino López-Maćıas, and Marisa I. Gómez
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Inflammation is beneficial to the organism because it repre-
sents one of the first barriers against external and internal
stimuli. It is a complex process in which a number of cells
and molecules play different roles in a coordinated and well-
controlled manner. However, a failure of the mechanism that
self-regulates and resolves the process may lead to chronic
inflammation, and this in turn may cause degenerative
diseases such as cancer, diabetes, and autoimmune and car-
diovascular diseases. Therefore, a deep knowledge about the
cellular and molecular mechanisms used to resolve inflam-
mation is mandatory to design tools and strategies to control
it. This task is not easy taking into account that different
signaling pathways activate several molecules involved in the
resolution of the inflammatory response and some of them
interfere with cellular activities unrelated to the resolution
phenomenon. In addition, many reports have shown that
severalmolecules activate or inhibit inflammation depending
on the tissue or the physiological context. Furthermore, it has
been observed that inhibition of severalmolecules considered
as proinflammatory has resulted in the intensification of the
inflammatory response. Having this ismind, this special issue

has gathered original and review articles that will help us
to expand our knowledge on the complex process of the
inflammation control and resolution. More importantly, the
papers presented in this special issue are a good reference
to recognize what type of studies is missing and the way we
could fill the gaps.

As stated before, the inflammatory response is a complex
molecular process triggered not only by chemical structures
derived from microorganisms but also by structures deliv-
ered when cells suffer a nongenetically programmed form
of death such as that caused by chemotherapeutic drugs,
necrosis, necroptosis, and pyroptosis. The review article by
Sangiuliano et al. explains the important role that the redox
microenvironment (ROS and RNS) plays to control and
resolve inflammation caused by molecules produced during
cell death. These authors also point out how the oxidation of
several thiol-containing proteins acts as a regulatory molecu-
lar switch to reverse the effects of proinflammatory cytokines.
Resolution of inflammation, following apoptotic cell death,
is also fundamental to keep homeostatic conditions. In an
interesting paper, Byun et al. propose the experimentally
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tested hypothesis that apoptotic cells induce the expression
of the hepatocyte growth factor (HGF) through activation
of the cyclooxygenase-2 (COX-2)/prostaglandin E

2
(PGE
2
)

signaling in macrophages. The results presented indicate
that the HGF/c-Met and COX-2/PGE

2
signaling pathways

communicate with each other via a positive feedback cross-
talk loop, enhancing the synthesis of PGE

2
and HGF, that

in turn act as anti-inflammatory and antifibrotic molecules
during the interaction of apoptotic cells with macrophages.

Taking into consideration that resolution of inflammation
is a complex phenomenon that involves the activation or
inhibition of many molecules, Alves-Perez et al. discuss
in this issue recent reports about key signaling molecules
(i.e., CDK, ERK1/2, p38, JNK, cAMP, PI3K, and NF-𝜅B)
which proved to be important for the inflammatory response
resolution and leukocyte survival (annexin A1, hydrogen
peroxide, and TRAIL), and how their regulation induces the
tissue to recover its homeostatic state. Besides, the authors
argue that more in vivo studies are certainly necessary to
use these molecules as effective therapeutic targets in chronic
inflammatory diseases.

It is well known that obesity is a public health problem in
developed and developing countries because complications
such as metabolic syndrome have become one of the main
causes of death. The comprehensive and well-documented
review by Khan et al. is a good reference to understand the
complex relations between obesity, metabolic syndrome, and
chronic inflammation. Importantly, as the authors’ state, this
chronic inflammatory response may lead to different types of
cancers. According to the authors’ proposal, one of the key
strategies to resolve obesity-induced chronic inflammation is
the ingestion of the anti-inflammatory omega-3 fatty acids,
among other strategies.

A significant body of literature has emerged during the
last fifteen years describing the signaling cascades induced
by Toll-like and Nod-like receptors in response to microbial
PAMPs. In this issue, Oviedo-Boyso et al. have extensively
reviewed these signaling cascades with a main focus in the
interconnections among pathways triggered by TLRs and
NLRs that serve to initiate host inflammatory responses
critical for pathogen eradication during disease. Although
the synergistic activity of these receptors has been proved,
the authors emphasize the need for a better understand-
ing of which molecules are involved in such synergistic
effects. Moreover, novel signaling pathways that regulate
the induction of inflammatory mediators in response to
invading microorganisms are being permanently described.
In this issue Silva-Garćıa et al. have revised recent findings
about the role of Wnt/𝛽-catenin signaling in the control
of inflammatory responses induced by pathogenic bacteria.
Current and future studies including different pathogenic
microorganisms and cell types will allow the identification of
key interconnection points of several signaling pathways that
may be used as novel targets to control inflammation during
infections and noninfection diseases.

The role of innate immunity in shaping adaptive immune
responses as well as the capacity of T cell subtypes to modu-
late inflammation is actually well-recognized. CD4+CD25+ T
cells (Tregs) in particular have acquired especial attention due

to their potential to modulate several inflammatory cascades.
In this issue Zhang et al. have described the role of Tregs in
the attenuation of fine particle matter-induced inflammation
in endothelial cells. Their findings significantly contribute to
elucidating signaling cascades that could serve as potential
targets to treat the adverse effects of fine particle matter in
cardiovascular diseases.

An important aspect of immunity is the intimate rela-
tionship between innate and adaptive responses to control
inflammation. Allergy responses have always been consid-
ered as an aberrant immune-mediated inflammatory reaction
against harmless substances. In particular, due to its early
introduction in a person’s life, allergy to cow’s milk proteins
is one of the earliest food allergies. In this issue Jo et al.
discuss the role of cellular immunity in allergic inflammation
and tolerance induction against cow’s milk proteins. The role
of innate dendritic cells in initiating an immune response
against milk proteins via activation of T cells is presented.
Then, the interplay between Th2 cells and IgE-producing B
cells and at the same time the downregulation of regulatory
T cells (Treg) leading to cow’s milk allergy are described.
The cellular mechanisms discussed may help elucidate how
to better control this one and other types of allergies.

Hepatitis C virus (HCV), Epstein Barr virus (EBV),
human papillomavirus (HPV), and human T-cell lym-
photropic virus type-1 (HTLV-1) are considered important
risk factors for the induction of tumourmalignancies. Inflam-
matory response elicited by these viruses could lead to the
eradication of the infection; however, it could also promote
tumour development. Although the mechanisms involved
in this apparent paradox have been intensively investigated,
there is little known about how the cells participating in
the control and resolution of inflammatory responses could
contribute to the carcinogenic process. The review article
by Ouaguia et al. presents the current evidence on the
natural and induced Tregs contribution to the generation
of HCV-, HTLV-1-, and EBV-associated cancers through the
promotion of the control or resolution of the inflammatory
response triggered by these viral infections.

Vı́ctor M. Baizabal-Aguirre
Carlos Rosales

Constantino López-Maćıas
Marisa I. Gómez
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Early sensing of pathogenic bacteria by the host immune system is important to develop effective mechanisms to kill the invader.
Microbial recognition, activation of signaling pathways, and effector mechanisms are sequential events that must be highly
controlled to successfully eliminate the pathogen. Host recognizes pathogens through pattern-recognition receptors (PRRs) that
sense pathogen-associatedmolecular patterns (PAMPs). Some of these PRRs include Toll-like receptors (TLRs), nucleotide-binding
oligomerization domain-like receptors (NLRs), retinoic acid-inducible gene-I- (RIG-I-) like receptors (RLRs), and C-type lectin
receptors (CLRs). TLRs and NLRs are PRRs that play a key role in recognition of extracellular and intracellular bacteria and control
the inflammatory response. The activation of TLRs and NLRs by their respective ligands activates downstream signaling pathways
that converge on activation of transcription factors, such as nuclear factor-kappaB (NF-𝜅B), activator protein-1 (AP-1) or interferon
regulatory factors (IRFs), leading to expression of inflammatory cytokines and antimicrobial molecules.The goal of this review is to
discuss how the TLRs and NRLs signaling pathways collaborate in a cooperative or synergistic manner to counteract the infectious
agents. A deep knowledge of the biochemical events initiated by each of these receptors will undoubtedly have a high impact in the
design of more effective strategies to control inflammation.

1. Introduction

All living organisms are constantly challenged by microor-
ganisms and a variety of particles (from air pollution and
cellular stresses) that represent a health threat. To counteract
this burden, the innate immune system needs to react
promptly and adequately to eliminate them, while at the same
time to preserve tissue normal function. In the last decade
there has been an enormous progress in the study of the
molecularmechanisms that allow the host to fight against any
antigenic stimuli and to keep internal homeostasis. In gen-
eral, the innate immune host defense includes three essential
sequentially events: (1) microbial recognition, (2) activation
of signaling pathways, and (3) effector mechanisms.

Hosts are able to recognize distinct PAMPs present in
microorganisms through a wide variety of PRRs. To date,

a broad range of PRRs have been reported that include TLRs,
NLRs, RLRs, and CLRs (for a complete description, see [1]).
The different subcellular localization of PRRs and the broad
array of PAMPs that can be recognized by them, allows
the host to sense a large number of pathogen bacteria and
develop an adequate immune response. Upon recognition of
PAMPs by PRRs signal transduction pathways are activated
that converge on transcription factors, such as NF-𝜅B, AP-
1 or IRFs. Activation of these transcription factors regulates
the inflammatory and innate immune response through the
expression of proinflammatory mediators and antimicrobial
effectors. Since some pathogenic bacteria possess PAMPs that
can be simultaneously recognized by several PRRs and this
leads to the activation of common transcription factors, it is
likely that a collaborative response among different signaling
molecules may exert regulatory functions after recognition of
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Table 1: Expression and localization of TLRs and NLRs in cellular types.

Receptor Cellular type Localization Reference
TLR1 Monocytes, mature macrophages, mast cell, and dendritic cells Cell surface [191]
TLR2 Monocytes, mature macrophages, and mast cell Cell surface [191]
TLR3 Dendritic cells Endosomes [191]

TLR4 Predominately in monocytes, mature macrophages, dendritic cells,
mast cells, and intestinal epithelial cells Cell surface [191]

TLR5 Predominately in intestinal epithelial cells, monocytes, macrophages,
and dendritic cells Cell surface [191]

TLR6 Monocytes, mature macrophages, and mast cell Cell surface [191]
TLR7 Monocytes, macrophages, and plasmacytoid dendritic cells Endosomes [191]
TLR8 Monocytes, macrophages, and mast cells Endosomes [191]
TLR9 Monocytes, macrophages, and plasmacytoid dendritic cells Endosomes [191]

TLR10 Macrophages, trophoblasts, and intestinal epithelial cells in response
to L. monocytogenes

Cell surface, but can colocalize
with TLR2 in phagosome [23–25]

TLR11 Macrophages, dendritic cells, and human embryonic kidney cells Cell surface and endoplasmic
reticulum [26, 27]

TLR12 Macrophages and dendritic cells Colocalizes with TLR11 in
endoplasmic reticulum [26, 27]

NOD1 Macrophages, human mononuclear cells, intestinal epithelial cells,
and dendritic cells Intracellularly [50–52]

NOD2 Macrophages, neutrophils, dendritic cells, Paneth cells, human airway
smooth muscle cells, and epithelial and endothelial cells Intracellularly [50–52]

NLRC4 Macrophages and gut epithelial cells Intracellularly [109, 111, 114]
NLRP1 Lymphocytes, respiratory epithelial cells, and myeloid cells Intracellularly [95, 96]
NLRP3 Myeloid cells and human bronchial epithelial cells Intracellularly [82]

pathogenic bacteria. Therefore, the aim of this review is to
discuss recent findings on the collaborative activity of TLRs
and NLRs in the modulation of the inflammatory response
induced by virulence factors of pathogenic bacteria.

2. Recognition of Pathogenic
Bacteria by the Host

Animals, including humans, respond to a wide range of
antigenic stimuli in order to preserve their homeostatic con-
ditions [2]. Professional (macrophages, neutrophils, and den-
dritic cells) and nonprofessional (epithelial and endothelial
cells) phagocytes express various PRRs that recognize PAMPs
as well as other nonbiological stimuli [3, 4]. Among the most
important PAMPs are lipoteichoic acid (LTA) and peptido-
glycan (PGN) from Gram-positive bacteria, lipopolysaccha-
ride (LPS) fromGram-negative bacteria, lipoarabinomannan
(LAM), lipopeptides, lipoglycans and lipomannans from
mycobacteria, glycosylphosphatidylinositol (GPI), anchored
lipids from Trypanosoma cruzi, zymosan isolated from yeast,
profilin from Toxoplasma gondii, and DNA from bacteria and
mycobacteria [5–8]. To date, a broad range of PRRs have been
reported, such as TLRs, NLRs, RLRs, and CLRs.

3. Toll-Like Receptors

TLRs constitute a family of receptors, with different speci-
ficities, 10 in humans and 12 in murines. They are able

to recognize a structural diversity of PAMPs like glycans,
lipids, proteins, lipoproteins, and nucleic acids [9] and are
widely known as key players of the inflammatory and innate
immune response [10]. TLRs are expressed in various cellular
compartments. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11
are predominantly expressed on the cell surface, although
it has been reported that after ligand binding, TLR2 and
TLR4 are internalized to phagosomes. TLR3, TLR7, TLR8,
TLR9, and TLR13 are expressed in intracellular vesicles such
as the endoplasmic reticulum, endosomes, lysosomes, and
endolysosomes and mainly recognize nucleic acid [11, 12].
TLRs are expressed in a broad variety of cells such as dendritic
cells, macrophages, neutrophils, monocytes, T and B cells,
epithelial cells, endothelial cells, fibroblasts, and even neural
cells (Table 1) [13–18]; however, each type of cell contains a
specific set of TLRs [19–22].

Monocytes, mature macrophages, and dendritic cells
virtually express all TLRs, while TLR4 and TLR5 are also
expressed in intestinal epithelium. Moreover, it has been
reported that plasmacytoid dendritic cells and mast cells
express TLR7 and TLR8, respectively [19, 23–25]. Interest-
ingly, TLR12 colocalize with TLR11 in endoplasmic reticulum
of macrophages [26, 27]. TLR signaling has been shown to be
involved in several functions in gut, such as epithelial cells
proliferation, IgA production, maintenance of tight junc-
tion, antimicrobial peptide expression and pathogen bacteria
recognition [20, 28–32]. Airway epithelial cells express TLR1,
TLR2, TLR3, TLR4, TLR5, and TLR6 [33–35], although TLR4
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has a constitutive expression and intracellular localization
[36]. However, TLR7 andTLR9 are only expressed in primary
airway epithelial cells [21, 37].

TLRs also play a major role in cutaneous host defense
against microorganisms [22, 38]. Normal keratinocytes of
the epidermis constitutively express TLR1, TLR2, and TLR5,
while TLR3 andTLR4 are barely detectable [38, 39]. However,
other work showed evidence that keratinocytes express TLR4
at the mRNA and protein level [40, 41]. Latter it has been
shown that keratinocytes respond to double-strand RNA
(dsRNA) and express a functional TLR3 [42, 43]. Interest-
ingly, TLR6 and TLR9, but not TLR7 and TLR8 [44], are also
expressed by keratinocytes [45].

4. NOD1 and NOD2

NLRs constitute a family of intracellular receptors that detects
PAMPs and endogenous molecules. This family contains 16
members that have been categorized into five structurally
different subfamilies: NLRA, with an acidic transactivation
domain; NLRB, with a baculovirus inhibitor of apoptosis
protein repeat; NLRC, with a CARD domain; NLRP, with a
Pyrin domain; and NLRX that contains an uncharacterized
domain [46]. Probably, the NLRC receptors NOD1 and
NOD2 that recognize intracellular bacterial products, as
well as NLRPs that respond to multiple stimuli to form a
multiprotein complex termed the NALP-inflammasome, are
the best characterized so far [47–49] and will be discussed
below.

The expression of NLRs has been described in a variety
of cellular types (Table 1), for example, NOD1 is ubiquitously
expressed in various cell types such as macrophages, human
mononuclear cells, intestinal epithelial cells, and dendritic
cells, while NOD2 is expressed at higher levels in phago-
cytic cells and Paneth cells of the small intestine [50–52].
NOD1 and NOD2 have emerged as key pathogen recognition
molecules of the innate immune responses [53, 54]. Since the
first report of NOD1 as a receptor of invasive Shigella flexneri
[55, 56], other works have shown that NOD1 is the receptor
involved in the cytosolic recognition of invasive Gram-
negative bacteria or PGN delivered into the epithelial cells
through outer membrane vesicles (OMV) derived from these
types of bacteria or injected through type three secretion
systems (TTSS) [57–60].Theparticipation ofNOD1 inGram-
negative bacteria sensing might represent a selective advan-
tage to the host because these types of bacteria are a common
threat of the epithelial cells lining the intestinal mucosa [61].
NOD1 and NOD2 have been shown to detect enteric bacteria
such as Shigella, Salmonella, Listeria, Yersinia, pathogenic
Escherichia coli strains, andMycobacterium species [62]. The
expression ofNOD2has also been associatedwith the chronic
intestinal inflammation in Crohn’s disease, where stimulation
with muramyl dipeptide (MDP) seems to play an important
role [63].

In contrast to NOD1 that is expressed in a wide range
of cells and tissues, the expression of NOD2 seems to be
restricted to macrophages, neutrophils, dendritic cells, and
lung epithelium [64, 65]. Specifically in the lung, several

reports have shown that NOD1 is expressed in epithe-
lial cells, endothelial cells, human airway smooth muscle
cells, and leukocytes [66–69] and responds to pathogens
such as Chlamydophila pneumoniae, Legionella pneumophila,
Klebsiella pneumoniae, Haemophilus influenzae, and Pseu-
domonas aeruginosa [58, 70–73]. NOD2 has been found
mainly in macrophages, neutrophils, and bronchial cells [70,
74–76] and senses Streptococcus pneumoniae, Staphylococcus
aureus, E. coli, C. pneumoniae, andM. tuberculosis [77–79].

5. NLR Inflammasomes

NLRPs are a subgroup of NLRs constituted by proteins such
as NLRP1, NLRP3, NLRP4, NLRP6, NLRP7, and NLRP12
that are involved in the formation of multiprotein complexes
termed inflammasomes [80]. These complexes consist of
one or two NLR proteins, the adapter molecule apoptosis
associated speck-like containing a CARD domain (ASC) and
pro-caspase-1 [81].These inflammasomesmight sense several
microbial products and a variety of stress and damage asso-
ciated endogenous signals. Probably the best characterized
inflammasome is the one formed by the NLRP3 scaffold,
the ASC adaptor and caspase-1 [82], and its expression is
induced by inflammatory cytokines and TLR agonists in
myeloid cells and human bronchial epithelial cells [82]. As the
other inflammasomes, the NLRP3 inflammasome mediates
the caspase-1-dependent conversion of pro-IL-1𝛽 and pro-IL-
18 to IL-1𝛽 and IL-18 and are involved in a form of cell death
termed pyroptosis [83].

NLRPs respond to a broad variety of bacteria and it has
been shown that NLRP3 is activated by the lung pathogenic
microorganisms K. pneumoniae, Listeria monocytogenes [84,
85], S. pneumoniae, S. aureus [86], C. pneumoniae [87], M.
tuberculosis [88], L. pneumophila [89], influenza virus [90,
91],Porphyromonas gingivalis [92],Aspergillus fumigatus [93],
and Aeromonas veronii [94]. NLRP3 seems to be involved
in the host defense against the enteric pathogens Citrobacter
rodentium andClostridium difficile inmice [62]; however, this
response is far from being fully characterized.

Although NLRP1 was the first NLR described as a part
of an inflammasome, its mechanism of activation is not well
studied. It is abundantly expressed in lymphocytes, respi-
ratory epithelial cells, and myeloid cells [95, 96]. The best-
characterized activator of NLRP1 is the lethal toxin (LT) from
Bacillus anthracis [97]; LT activates caspase-1 and induces
rapid cell death via NLRP1 [81]. A recent work showed that
NLPR1 inflammasome is activated by T. gondii in mice and
rats infection models [98]. NLRP7 is only present in human
peripheral blood mononuclear cells after LPS and IL-1𝛽
stimulation [99]. Despite its function in bacterial infections
the experimental evidence indicates that NLRP7 is activated
in macrophages by bacterial lipopeptides and Mycoplasma
as well as S. aureus infection, leading to formation of an
inflammasome [100].

NLRPs also negatively control the inflammatory response
by lowering the NF-𝜅B activation and IFN𝛽 production [101,
102]. They regulate autophagy during group A streptococcal



4 Mediators of Inflammation

infection by interacting with the autophagy regulator Beclin-
1 [103]. On the other hand, NLRP6 inhibits NF-𝜅B signaling
downstream of TLRs in macrophages in vitro and mouse
in vivo [104], which seems to be important to regulate the
immune response against components of the gut microflora
[105]. Also it has been described that ablation ofNlrp6 confers
resistance to L. monocytogenes and Salmonella typhimurium
infections [104]. Although the lack of Nlrp6 gene could be
beneficial to control infection caused by these pathogens,
it must be studied how its deficiency might affect the gut
homeostasis. Another member of the NLRs family NLRP12
functions as a negative regulator of inflammation. It is
expressed in myeloid cells and its expression is reduced by
TNF𝛼 and TLR stimulation [106, 107]. However, a recent
report has demonstrated that NLRP12 does not significantly
contribute to the in vivo host innate immune response to
LPS stimulation, K. pneumoniae infection, orM. tuberculosis
[108].

Early experiments revealed that flagellin delivered into
the cytosol is an important bacterial component for the
activation of the NLRC4 inflammasome independently of
TLR5 activation [109]. Besides NLRC4 regulates of host
defense by activating caspase-1 and IL-1𝛽/IL-18 secretion
in macrophages infected with Salmonella enterica serovar
Typhimurium, L. pneumophila, and P. aeruginosa. [110, 111]. S.
flexneri, a pathogen bacterium lacking flagellum, also induces
the activation of the NLRC4 inflammasome through PrgJ,
a protein that forms the basal body rod of the type three
secretion system [112–114]. Furthermore, NLRC4 protects
the gut from chemically induced acute colitis as well as the
mortality caused by dissemination of Salmonella beyond the
gut [115].

On the other hand, the absent in melanoma-2 (AIM2)
protein is a member of the IFI20X/IFI16 (PYHIN) protein
family that binds DNA from virus and bacterial pathogens.
Upon DNA sensing, AIM2 triggers the assembly of the
inflammasome, leading to caspase-1 activation, IL-1𝛽 mat-
uration and pyroptotic cell death [116, 117]. Several studies
have shown that AIM2 inflammasome is important in the
recognition of DNA from pathogen bacteria, such as Fran-
cisella tularensis in macrophages [118], Francisella novicida
in dendritic cells [119], L. monocytogenes in macrophages
[84, 120–122], Mycobacterium sp. in macrophages [123, 124],
S. pneumoniae in macrophages [125], and P. gingivalis in
gingival epithelial cells [92]. Even AIM2 inflammasome is a
critical molecular platform for regulating IL-1𝛽 release and
survival during acute central nervous system (CNS) S. aureus
infection [126].

6. Signaling Activated in Response to PAMPs

Initially, sensing of pathogenic bacteria by host activate
signaling pathways that turn on mechanisms to kill the
microorganism [2]. However, when the infection and inflam-
matory response have been resolved different mechanisms
are launched to repair any tissue damage and return to the
basal state [127]. This means that initiation, control, and
termination of the inflammatory response and infectionmust

be highly regulated. The inflammatory response is under the
control of the NF-𝜅B, AP-1 or IRFs transcription factors,
which driving the expression of genes that mediate several
processes such as cell proliferation and release of antimi-
crobial molecules and cytokines that regulate the immune
response [128]. In the following sections, the signaling mech-
anisms activated by TLRs, NLRs, and the collaborative action
of both are discussed.

6.1. TLRs Signaling. TLR signaling pathways have been
studied and reviewed extensively and it is known that they
play a crucial role against pathogenic microbial infection
through the induction of inflammatory cytokines and type
I interferons (Type I IFNs) [11, 129, 130]. TLR signaling
is activated in a myeloid differentiation primary response
gene 88- (MyD88-) dependent and TIR-containing adaptor-
inducing IFN-𝛽- (TRIF-) dependent manner, with MyD88
signaling predominantly leading to the activation of NF-𝜅B,
while TRIF signaling leading to both interferon regulatory
factor 3 (IRF3) and, to a lesser extent, NF-𝜅B activation
(Figure 1) [131, 132].

TLRs have an extracellular leucine-rich repeat (LRR)
domain, a transmembrane domain and a cytoplasmic
Toll/IL-1 receptor (TIR) domain. The LRR domain of TLRs
is involved in the recognition of proteins (e.g. flagellin and
porin from bacteria), carbohydrates (e.g. zymosan from
fungi), lipids (LPS), lipid A, and lipoteichoic acid (LTA from
bacteria), nucleic acids (CpG-containing DNA from bacteria
and viruses and viral RNA), protein or peptide deriva-
tives (lipoprotein and lipopeptides from various pathogens),
lipid derivatives (LAM from mycobacteria), profilin from
T. gondii, and diacyl-lipopeptides from mycoplasma [3, 133,
134]. On the other hand, the TIR domain of TLRs shows
homology with the cytoplasmic region of the IL-1 receptor
and interacts with TIR-domain-containing adaptors such as
MyD88, TIR-containing adaptor protein (TIRAP), TRIF and
TRIF-related adaptor molecule (TRAM) [135]. In the MyD88
signaling pathway, stimulation of TLRs triggers its association
with MyD88, which in turn recruits IL-1R-associated kinase
4 (IRAK4), allowing the assembly of IRAK1. IRAK4 then
induces the phosphorylation of IRAK1, which in turn inter-
acts with tumor-necrosis-factor receptor-associated factor 6
(TRAF6). Phosphorylated IRAK1 and TRAF6 then dissociate
from the receptor and form a complex with transforming-
growth factor-𝛽-activated kinase 1 (TAK1), TAK1-binding
protein 1 (TAB1), and TAB2 at the plasma membrane,
promoting the phosphorylation of TAB2 and TAK1. IRAK1
is degraded at the plasma membrane and the remaining
complex, consisting of TRAF6, TAK1, TAB1, and TAB2,
associates with the ubiquitin ligases, ubiquitin-conjugating
enzyme 13 (UBC13) and ubiquitin-conjugating enzyme E2
variant 1 (UEV1A) in the cytosol. Ubiquitination of TRAF6
induces the activation and phosphorylation of mitogen-
activated protein kinases (MAPKs), Jun N-terminal kinase
(JNK), p38, extracellular signal-regulated kinase (ERK), and
the inhibitor of nuclear factor-𝜅B- (I𝜅B-) kinase (IKK) com-
plex, which consists of IKK-𝛼, IKK-𝛽, and IKK-𝛾 (also known
as IKK1, IKK2, and NEMO, resp.) [131, 132, 135]. The IKK
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Figure 1:TLRs signaling. TLR signaling is activated in aMyD88-dependent (black arrows) andTRIF-dependent (blue arrows)manner.MyD88
signaling leads to NF-𝜅B activation, while TRIF signaling leads to both IRF3 and NF-𝜅B activation. In the MyD88-dependent ubiquitination
of TRAF6 is important to activate MAPKs (JNK, p38 and ERK) or IKK complex to induce the translocation of NF-𝜅B to the nucleus. The
TRIF-dependent signaling pathway can activate NF-𝜅B, IRF3, and IRF7.

complex then phosphorylates the inhibitor of NF-𝜅B (I𝜅B),
which leads to its ubiquitination and subsequent degradation
by the proteasome 26S, allowing the translocation of NF-
𝜅B to the nucleus and expression of inflammatory cytokines,
chemokines, costimulatory molecules, and other effectors
necessary to build up the host cell “weapons” against the
invading pathogen [129, 136, 137]. The variety of genes
induced to express by TLRs may be due to the existence of
several adaptors that possess TIR domains. Except for TLR3
all TLRs recruit MyD88 and only TLR1, TLR2, TLR4, and
TLR6 recruit the additional adaptor TIR-domain-containing
adaptor protein (TIRAP, also known as MyD88-adaptor-like
protein, MAL) that functions as a bridge between the TIR
domain and MyD88 [1, 131, 135, 138].

Apart from the activation of NF-𝜅B and MAP kinases,
the TRIF-dependent signaling pathway also induces the acti-
vation of IFN𝛽. TRIF contains a Rip homotypic interaction
motif (RHIM) in its C-terminal region that mediates the
interaction with members of the receptor-interacting protein
(RIP) family. It was observed that TRIF activates NF-𝜅B

either by direct interaction with TRAF6 or through RIP-
1. Both TRIF/RIP-1 and TRIF/TRAF6 pathways converge at
the IKK complex to achieve maximum activation of NF-𝜅B-
dependent gene expression. Expression of the IFN𝛽 gene is
controlled by cooperative activation of NF-𝜅B, ATF2/c-Jun,
IRF3, and IRF7. Activation of TRAF3 by TRIF is important
to generate a link between TRIF and TANK-binding kinase
1 (TBK1, also known as NF-𝜅B activating kinase, NAK),
and this in turn activates TBK1 and IKK𝜀. TBK1 and IKK𝜀
then activate these two molecules that are responsible for
the activation of TRAF family member-associated NF-𝜅B
activator (TANK), which phosphorylates IRF3 and IRF7.
Phosphorylated IRF3 and IRF7 form homodimers and move
to the nucleus where it binds to IFN-stimulated response
elements (ISRE), resulting in the production of type I IFNs
and IFN stimulatory genes (ISGs) [4, 139–142]. Although
IRF7 is considered as the master regulator of IFN-𝛼 response
[143], IRF5 also seems to function downstream of TLR7 or
TLR9, and perhaps TLR8 signaling, although its expression
is mainly restricted to B cells, macrophages, monocytes and
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Figure 2:NOD1 and NOD2 signaling. Bacteria or their components reach the cytosol by several mechanisms.The interaction between NOD2
and NIK (blue arrows) activates the noncanonical NF-𝜅B pathway (p100/p52-dependent). While binding of PGN to LRR domain of NLRs
leads to recruitment of RIP-2 throughCARD-CARD interaction (black arrows). Ubiquitination of RIP-2 favors, on the one hand, the activation
of the MAPKs p38/JNK, and on the other hand activates IKK complex, which induces the activation of NF-𝜅B.

dendritic cells where can induce de INF-𝛼 production [144,
145]. Moreover, IRF1 has been identified as a downstream
signaling element of TLR7 in dendritic cell infected with
Candida albicans [146, 147].

6.2. NLRs Signaling. As stated above, the NLRs NOD1
and NOD2 regulate proinflammatory cytokine expression
induced by intracellular bacterial ligands. NOD1 recognizes
mainly Gram-positive PGN fragments containing the N-
acetylglucosamine-N-acetylmuramic acid tripeptide motif
with diaminopimelic acid (DAP). NOD2 detects muramyl
dipeptide (N-acetylmuramic acid-L-alanyl-D-isoglutamine),
which is a motif common of PGN from both Gram-
negative and Gram-positive bacteria [148–152]. In general,
NLRs possess a C-terminal LRR domain, often involved
in ligand recognition, a central NOD, and a variable N-
terminal effector domain that is used to classify NLRs
[153]. Once bacteria or their components reach the host
cytosol by phagocytosis, invasion, membrane vesicles, or
secretion systems, the interaction of NLRs with PGN takes
place [60, 154], although whether it is a direct or indirect
contact is still unclear. However, it has been well documented
that the inflammatory response initiated by NOD1 and
NOD2 induces the expression of proinflammatory cytokines,
chemokines, and antimicrobial peptides by activating NF-
𝜅B and AP-1 (Figure 2) [153, 155–157]. A direct interaction
between NOD2 and NF-𝜅B-inducing kinase (NIK) that

triggers the p100/p52-dependent induction of the noncanon-
ical NF-𝜅B pathway was demonstrated by Pan et al. [158].
Although the NLR signaling pathway is far from being fully
characterized the general model shows that sensing of PGN
leads to transient recruitment of RIP-2 through CARD-
CARD interaction [151, 159–161]. The RIP-2 recruitment
leads to IKK complex activation and the subsequent NF-
𝜅B activation through phosphorylation and ubiquitination
of I𝜅B𝛼, inducing proinflammatory cytokines production
[51, 162, 163]. Moreover, recruitment of RIP-2 by NOD1 also
activates JNK [164], and NOD1/2 seems to participate in
the activation of the type I IFN pathway [165]. Cellular
inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2) are
E3 ubiquitin ligases important for ubiquitination of RIP-2 and
for signaling downstream of both NOD1 and NOD2. Polyu-
biquitinated RIP-2 favors the recruitment and activation of
the TAK1-TAB2/3 complex. TAK1 in turn phosphorylates
and activates the MAPKs p38/JNK and NF-𝜅B pathways,
leading to cytokine, chemokine, and antimicrobial peptide
production [154, 160, 166, 167].

7. Combined Response of TLRs and
NLRs Signaling

As it was explained earlier TLRs and NLRs regulate the
cytokine and chemokine expression in response to bac-
terial ligands through their respective signaling pathways
[72, 168, 169]. It is likely that TLRs and NLRs act in
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a collaborative/synergistic, complementary, or compensable
manner, with the aim to increase the sensitivity to detect
and efficiently eliminate pathogenic bacteria. A number of
reports that analyze the interaction between TLRs and NLRs
have been published (Table 2). In human monocytic THP-1
cells a marked synergistic secretion of IL-8 was induced by
synthetic agonists of NOD1/2 and TLR2/4/9. This enhanced
IL-8mRNA expression andNF-𝜅B activation was suppressed
in NOD1 and NOD2 genes silenced monocytes [170]. This
synergism between NOD1/2 and TLRs was also observed in
the production of antimicrobial peptides PGN recognition
proteins (PGRPs) and 𝛽-defensin 2 in human oral epithelial
cells via NF-𝜅B [171]. Interestingly, costimulation of NOD1/2
and TLRs did not have any effect on IL-8 production, which
suggests a cell-type specific inflammatory response. Likewise,
in humanmonocytes and dendritic cells the NOD1/2 ligands,
DAP and MDP, respectively, exert a synergetic activity with
LPS in the expression of proinflammatory cytokines TNF-
𝛼, IL-1𝛽, IL-6, and IL-8 [172]. The synergistic effect of MDP
and TLR2/3/4 ligands on IL-6 and IL-12p40 expression was
also observed in wild type and NOD2−/− macrophages, via
NF-𝜅B, p38 and ERK signaling pathways [173]. Additionally,
treatment of human dendritic cell (DC) with MDP and
the NOD1 agonist FK565 along with TLR3/4/9 agonists
synergistically induced IL-12p70 and INF-𝛾 production [174].
Another NOD1 ligand M-TriDAP markedly increased the
response induced by LPS for multiple cytokines such as IL-
1𝛼, IL-1𝛽, IL-4, IL-6, GM-CSF, IL-10, and TNF-𝛼. In the same
study carried out by van Heel et al. [175] a strong synergistic
increase in IL-1𝛽 production was observed for TLR1/2,
TLR2/6, TLR4, TLR5, and TLR7/8 ligands (Pam

3
CysLys

4
;

MALP2; LPS; flagellin from S. typhimurium and R-848,
resp.) combined with M-TriDAP. Assays performed with
homozygotic macrophages for the 3020insCmutation and/or
TLR2−/− mice demonstrated that the NOD2 ligandMDP has
a synergistic effect on the induction of TNF-𝛼, IL-1𝛽, and IL-
10 upon costimulation with specific TLR2 agonists Pam

3
Cys

and MALP2 [176].
In amore recent work, it was shown that NOD1 and TLR2

cooperate to enhance human CD8 T cells proliferation and
expansion, and this cooperating action caused an enhanced
secretion of IL-2, IFN-𝛾, and TNF-𝛼 that was related to
increased activation of NF-𝜅B, JNK, and p38 signaling path-
ways [177]. Simultaneous stimulation of monocytes-derived
DC with NOD1 and NOD2 ligands combined with TLR7/8
or TLR4 agonists results in highly increased production of
IL-1𝛽 and IL-23 and expression of the inhibitor suppressor
of cytokine signaling 2 (SOCS2), where the NOD1/TLR
agonists combination was more relevant for the synergistic
activity observed [178]. Altogether, these results clarify the
existence of a cooperative action of TLRs and NLRs, which
become relevant in the context of infection by bacteria that
can be recognized by extra- and intracytosolic receptors.
Ferwerda et al. [179] demonstrate that TLR2 and NOD2 are
two nonredundant receptors that senseM. tuberculosis. They
found a synergistic action between these two receptors for
cytokine expression that was lost in cells from individuals
homozygous for NOD2 3020insC mutation or macrophages

harvested from TLR2−/− mice (Table 3). The same authors
also found that macrophages from TLR2 and TLR4 knockout
mice and NOD2mutant had a decreased production of TNF-
𝛼, IL-1𝛽, IL-6, and IL-10, which suggest that collaborative
activity of these PRRs is important to balance the amount
of pro- and anti-inflammatory response in M. paratubercu-
losis infection [179]. Evidence on the collaborative activity
between TLR2 and NOD2 was obtained by measuring IL-10
secreted from macrophages challenged with S. pneumoniae
cell-wall (PnCW) fragments [180]. Interestingly, in this IL-
10 production participated the protein adaptors RIP-2 and
MyD88, reflecting that both canonical signaling pathways
were involved. Infection of mice mesothelial cells (MC) with
L. monocytogenes caused an increased production of CXCL1
and CCL2 chemokines, which was notably decreased in MC
deficient in NOD1 and RICK [160].

C. pneumoniae, which is a common pathogen that causes
pneumonia in humans can be recognized by TLR2 and
TLR4 [181], as well as by NOD1/2 [70]. Sensing of C.
pneumoniae by these receptors induced a reduction in the
expression of IL-6, IL-12p40, and IFN-𝛾 in RIP-2−/− mice
at day 3 after infection compared with wild-type mice.
However, at days 5 and 14 after infection, the production
of these cytokines was significantly increased in wild-type
mice, indicating an initial impaired and delayed kinetics
of cytokine production in C. pneumonia-infected RIP-2−/−
mice.Thus, the collaborative activity of both NLRs and TLRs
is fundamental for efficient pathogen bacterial clearance.
This idea has been supported by later experiments in which
NLRC4 was necessary to eliminate L. pneumophila, while
TLR5 was necessary to recruit neutrophils [182]. Further-
more, it has been demonstrated that activation of RIP2-,
MyD88-, and Naip5/NLRC4-dependent signaling pathways
triggers a coordinated and synergistic response that protects
the host against lethal infection by L. pneumophila [183].
However, contrasting results were observed in P. aeruginosa
macrophage infection, since NLRC4 and caspase-1 activation
attenuated the autophagy activated by TLR5 and reduced the
type I interferon production [184], besides NLRC4 damp-
ens a beneficial IL-17-mediated antimicrobial host response
through IL-18 secretion [185].

On the other hand, in DCs infected with Helicobacter
pylori, the cooperative interaction between TLR2 and NOD2
showed to be important for IL-1𝛽 production and NLRP3
activation. This cooperative interaction inH. pylori infection
was confirmed in IL-1𝛽- and IL-1 receptor-deficient mice
in which the clearance of bacteria from the stomach was
impaired comparedwithwild-typemice [186]. Costimulation
of BALB/c mice with NOD1 and TLR5 ligands showed to
be important for efficient S. enterica clearance and improved
mice survival. This effect was accompanied with an increase
in IL-5, IL-6, IL-13, IL-21, IL-22, TNF-𝛼, and 𝛽-defensin
3 in small intestine [187]. More evidence of NOD2 and
TLR2 cooperative action was obtained in DC stimulated
with PGN from S. aureus [188]. Analysis of IL-6 and IL-1𝛽
production, revealed an additive effect of both receptors in
keratinocytes from murine oral epithelium, since in TLR2-
or NOD2-deficient keratinocytes the cytokine release was
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decreased by approximately 50% compared to wild-type
cells [189]. Infection of mouse macrophages with Vibrio
vulnificus and Vibrio cholerae revealed the activation of
caspase-1 via the NLRP3 inflammasome [190]. In this work,
experiments made with mice doubly deficient in MyD88
and TRIF (Myd–/–Trif –/–), demonstrated that NLRP3 activa-
tion requiredNF-𝜅B-dependentTLR stimulation.Altogether,
these results indicate that several sensors are necessary to
fight against pathogenic bacteria. Moreover, the specific
combination of PRRs seems to be coordinated according to
the bacteria or PAMPs involved, which subsequently affect
the host response by driving collaborative/synergistic activity.

8. Final Considerations

Most studies have focused on the characterization of the
inflammatory response triggered by several virulence factors
alone. However, it is important to take into account that in
physiological conditions the participation of several PRRs
that respond to different PAMPs could be more effective
for the host to combat infections. Regarding this issue, the
experimental evidence accumulated so far has pointed out
that the host response against pathogenic bacteria may be
the sum of several pathways induced by the recognition of
different PAMPs by different PRRs, which in turn trigger and
shape the subsequent innate and adaptive immune responses.
Although synergistic activity among NLRs and TLRs has
been demonstrated, the subjacent mechanisms are not clear.
Both receptors are able to activate NF-𝜅B, MAPKs, AP-1,
or IRFs signaling pathways; however, the molecules that are
involved in the synergistic activation of these pathways have
not been identified. Then, for a better understanding of the
molecularmechanisms bywhichNLRs andTLRs collaborate,
this synergistic activity will have to be further analyzed. Since
TRLs and NLRs play a fundamental role in the eradication of
invading pathogenmicroorganisms through the induction of
inflammatory and antimicrobial peptides, this collaborative
activity could be exploited to modulate or improve the
host response against pathogenic bacteria that causes an
exacerbated inflammatory response.

Finally, there is a growing interest in targeting these
PRRs for the treatment of sepsis, but also to fight against
inflammatory diseases such as cancer, rheumatoid arthritis,
inflammatory bowel disease, and systemic lupus erythe-
matosus [191, 192]. Several approaches, like ligand mimetics
to activate PRRs and antibodies or molecules to inhibit
them, have been used to identify therapeutics targets [193].
However, something that should be taken into account in the
development of these strategies is the collaborative activity
among different PRRs.
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of bacterial lipoproteins by Toll-like recepttor 6,” International
Immunology, vol. 13, no. 7, pp. 933–940, 2001.

[6] U. Zähringer, B. Lindner, S. Inamura, H. Heine, and C.
Alexander, “TLR2 - promiscuous or specific? A critical re-
evaluation of a receptor expressing apparent broad specificity,”
Immunobiology, vol. 213, no. 3-4, pp. 205–224, 2008.

[7] S. Krishna, A. Ray, S. K. Dubey et al., “Lipoglycans contribute
to innate immune detection of mycobacteria,” PLoS ONE, vol.
6, no. 12, Article ID e28476, 2011.

[8] L. Blanc, R. Castanier, A. K. Mishra et al., “Gram-positive
bacterial lipoglycans based on a glycosylated diacylglycerol lipid
anchor are microbe-associated molecular patterns recognized
by TLR2,” PLoS ONE, vol. 8, no. 11, Article ID e81593, 2013.

[9] S. Akira, S. Uematsu, and O. Takeuchi, “Pathogen recognition
and innate immunity,” Cell, vol. 124, no. 4, pp. 783–801, 2006.

[10] R. Medzhitov, “TLR-mediated innate immune recognition,”
Seminars in Immunology, vol. 19, no. 1, pp. 1–2, 2007.

[11] T. Kawai and S. Akira, “The role of pattern-recognition recep-
tors in innate immunity: update on toll-like receptors,” Nature
Immunology, vol. 11, no. 5, pp. 373–384, 2010.

[12] M. A. Anwar, S. Basith, and S. Choi, “Negative regulatory
approaches to the attenuation of Toll-like receptor signaling,”
Experimental and Molecular Medicine, vol. 45, pp. 1–14, 2013.

[13] T. Langefeld, M. Walid, R. Ghai, and T. Chakraborty, “Toll-
like receptors and NOD-like receptors: domain architecture
and cellular signalling,”Advances in Experimental Medicine and
Biology, vol. 653, pp. 48–57, 2009.

[14] C. Richez, P. Blanco, I. Rifkin, J.-F.Moreau, andT. Schaeverbeke,
“Role for toll-like receptors in autoimmune disease: the example
of systemic lupus erythematosus,” Joint Bone Spine, vol. 78, no.
2, pp. 124–130, 2011.

[15] Y. Xi, F. Shao, X. Y. Bai, G. Cai, Y. Lv, and X. Chen, “Changes in
the expression of the Toll-like receptor system in the aging rat
kidneys,” PLoS One, vol. 9, no. 5, Article ID e96351, 2014.

[16] X. He, Z. Jing, and G. Cheng, “MicroRNAs: new regulators
of toll-like receptor signalling pathways,” BioMed Research
International, vol. 2014, Article ID 945169, 14 pages, 2014.

[17] A. R. Jayakumar, X. Y. Tong, K. M. Curtis, R. Ruiz-Cordero, M.
T. Abreu, and M. D. Norenberg, “Increased Toll-like receptor 4



Mediators of Inflammation 11

in cerebral endothelial cell contributes to the astrocyte swelling
and brain edema in acute hepatic encephalopathy,” Journal of
Neurochemistry, vol. 128, no. 6, pp. 890–903, 2014.

[18] A. Klonowska-Szymczyk, A. Wolska, T. Robak, B. Cebula-
Obrzut, P. Smolewski, and E. Robak, “Expression of toll-like
receptors 3, 7, and 9 in peripheral blood mononuclear cells
from patients with systemic lupus erythematosus,”Mediators of
Inflammation, vol. 2014, Article ID 381418, 11 pages, 2014.

[19] L. A. J. O’Neill, E. J. Hennessy, A. E. Parker, and L. A. J. O’Neill,
“Targeting toll-like receptors: emerging therapeutics?” Nature
Reviews Drug Discovery, vol. 9, no. 4, pp. 293–307, 2010.

[20] M. T. Abreu, “Toll-like receptor signalling in the intestinal
epithelium: how bacterial recognition shapes intestinal func-
tion,” Nature Reviews Immunology, vol. 10, no. 2, pp. 131–144,
2010.

[21] I. Ioannidis, F. Ye, B. McNally, M. Willette, and E. Flaño,
“Toll-like receptor expression and induction of type I and type
III interferons in primary airway epithelial cells,” Journal of
Virology, vol. 87, no. 6, pp. 3261–3270, 2013.

[22] M. Pasparakis, I. Haase, and F. O. Nestle, “Mechanisms reg-
ulating skin immunity and inflammation,” Nature Reviews
Immunology, vol. 14, no. 5, pp. 289–301, 2014.

[23] M. J. Mulla, K. Myrtolli, S. Tadesse et al., “Cutting-edge
report: TLR10 plays a role inmediating bacterial peptidoglycan-
induced trophoblast apoptosis,”TheAmerican Journal of Repro-
ductive Immunology, vol. 69, no. 5, pp. 449–453, 2013.

[24] T. Regan, K. Nally, R. Carmody et al., “Identification of TLR10
as a key mediator of the inflammatory response to Listeria
monocytogenes in intestinal epithelial cells and macrophages,”
The Journal of Immunology, vol. 191, no. 12, pp. 6084–6092, 2013.

[25] S. M. Y. Lee, K.-H. Kok, M. Jaume et al., “Toll-like receptor 10 is
involved in induction of innate immune responses to influenza
virus infection,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 111, no. 10, pp. 3793–3798,
2014.

[26] W. A. Andrade, M. D. C. Souza, E. Ramos-Martinez et al.,
“Combined action of nucleic acid-sensing toll-like receptors
and TLR11/TLR12 heterodimers imparts resistance to toxo-
plasma gondii in mice,” Cell Host and Microbe, vol. 13, no. 1, pp.
42–53, 2013.

[27] J. C. Roach, G. Glusman, L. Rowen et al., “The evolution
of vertebrate Toll-like receptors,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102, no.
27, pp. 9577–9582, 2005.

[28] E. Cario andD. K. Podolsky, “Differential alteration in intestinal
epithelial cell expression of Toll-like receptor 3 (TLR3) and
TLR4 in inflammatory bowel disease,” Infection and Immunity,
vol. 68, no. 12, pp. 7010–7017, 2000.

[29] A. T. Gewirtz, T. A. Navas, S. Lyons, P. J. Godowski, and J. L.
Madara, “Cutting edge: bacterial flagellin activates basolaterally
expressed TLR5 to induce epithelial proinflammatory gene
expression,”The Journal of Immunology, vol. 167, no. 4, pp. 1882–
1885, 2001.

[30] J. M. Otte, E. Cario, and D. K. Podolsky, “Mechanisms of cross
hyporesponsiveness to Toll-like receptor bacterial ligands in
intestinal epithelial cells,” Gastroenterology, vol. 126, no. 4, pp.
1054–1070, 2004.

[31] L. Shang, M. Fukata, N. Thirunarayanan et al., “TLR signaling
in small intestinal epithelium promotes B cells recruitment and
IgA production in lamina propria,” Gastroenterology, vol. 135,
no. 2, pp. 529–538, 2008.

[32] E. C. Lavelle, C.Murphy, L. A. J. O’Neill, and E.M. Creagh, “The
role of TLRs, NLRs, and RLRs in mucosal innate immunity and
homeostasis,”Mucosal Immunology, vol. 3, no. 1, pp. 17–28, 2010.

[33] Q. Sha, A. Q. Truong-Tran, J. R. Plitt, L. A. Beck, and R.
P. Schleimer, “Activation of airway epithelial cells by toll-like
receptor agonists,”TheAmerican Journal of Respiratory Cell and
Molecular Biology, vol. 31, no. 3, pp. 358–364, 2004.

[34] A. K. Mayer, M. Muehmer, J. Mages et al., “Differential recog-
nition of TLR-dependent microbial ligands in human bronchial
epithelial cells,” The Journal of Immunology, vol. 178, no. 5, pp.
3134–3142, 2007.

[35] J. L. Koff, M. X. G. Shao, I. F. Ueki, and J. A. Nadel, “Multiple
TLRs activate EGFR via a signaling cascade to produce innate
immune responses in airway epithelium,” American Journal of
Physiology: Lung Cellular andMolecular Physiology, vol. 294, no.
6, pp. L1068–L1075, 2008.

[36] L.Guillott, S.Medjane, K. Le-Barillec et al., “Response of human
pulmonary epithelial cells to lipopolysaccharide involves toll-
like receptor 4 (TLR4)-dependent signaling pathways: evidence
for an intracellular compartmentalization of TLR4,” Journal of
Biological Chemistry, vol. 279, no. 4, pp. 2712–2718, 2004.

[37] D. Schneberger, S. Caldwell, R. Kanthan, and B. Singh, “Expres-
sion of Toll-like receptor 9 in mouse and human lungs,” Journal
of Anatomy, vol. 222, no. 5, pp. 495–503, 2013.

[38] N. Iram, M. Mildner, M. Prior et al., “Age-related changes in
expression and function of toll-like receptors in human skin,”
Development, vol. 139, no. 22, pp. 4210–4219, 2012.

[39] B. S. Baker, J. M. Ovigne, A. V. Powles, S. Corcoran, and L.
Fry, “Normal keratinocytes express Toll-like receptors (TLRs)
1, 2 and 5: modulation of TLR expression in chronic plaque
psoriasis,” British Journal of Dermatology, vol. 148, no. 4, pp.
670–679, 2003.
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[86] R. Muñoz-Planillo, L. Franchi, L. S. Miller, and G. Núñez,
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Virus infections are involved in chronic inflammation and, in some cases, cancer development. Although a viral infection activates
the immune system’s response that eradicates the pathogen mainly through inflammatory mechanisms, it is now recognized that
this inflammatory condition is also favorable to the development of tumors. Indeed, it is well described that viruses, such as
hepatitis C virus (HCV), Epstein Barr virus (EBV), human papillomavirus (HPV) or human T-cell lymphotropic virus type-1
(HTLV-1), are important risk factors for tumor malignancies. The inflammatory response is a fundamental immune mechanism
which involves several molecular and cellular components consisting of cytokines and chemokines that are released by various
proinflammatory cells. In parallel to this process, some endogenous recruited components release anti-inflammatory mediators to
restore homeostasis. The development of tools and strategies using viruses to hijack the immune response is mostly linked to the
presence of regulatory T-cells (Treg) that can inhibit inflammation and antiviral responses of other effector cells. In this review,
we will focus on current understanding of the role of natural and induced Treg in the control and the resolution of inflammatory
response in HCV-, HTLV-1-, and EBV-associated cancers.

1. Introduction

Cancer is a serious disease and a leading cause of death in the
world. It can develop after a bacterial, parasitic, or viral infec-
tion [1]. Viruses and bacteria can cause chronic inflammation
and are thought to contribute to more than 1.2 million cases
of infection-related disease per year [2, 3]. For example, hepa-
titis C virus (HCV), Epstein Barr virus (EBV), human
papillomavirus (HPV), Kaposi sarcoma-associated herpes
virus (KSHV), and human T-cell lymphotropic virus type-1
(HTLV-1) are important risk factors for malignancies such as
hepatocellular carcinoma (HCC), nasopharyngeal carcinoma
(NPC), cervical cancer, Kaposi sarcoma (KS), and Adult T-
cell leukemia (ATL), respectively [4–6]. Such viruses act
through inflammation-relatedmechanisms in addition to the

inhibition of tumor suppressive genes [7]. It has been shown
that some viral cellular transformations happen when the
virus genome interacts with the DNA of the host cell. Those
viruses are called oncogenic viruses, that is, human tumor-
viruses [5, 8]. Thereby, this results into uncontrolled cell
growth that occurs with the invasion of surrounding tissues
and the spread of malignant cells. The viral infection or the
presence of a tumor cell activates the immune system’s res-
ponse involving awide range of components that are resumed
under two general responses: the “innate immune response”
involving mainly neutrophils, monocytes, and dendritic cells
and the “adaptive immune response” which implies B and
T lymphocytes. The innate response provides the first line
of defense against invading pathogens. It leads to the halt of
the initial spread of infection but also activates the adaptive
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immunity and other secondary host defense mechanisms [9,
10].The adaptive immune response ismediated by theB andT
lymphocytes [11, 12].Themajor goal of this immune response
is to eradicate the pathogen mainly through inflamma-
tion mechanisms [13]. Indeed, inflammation and immunity
probably affect different stages of cancer development with
inflammation and innate immunity most commonly exert-
ing protumorigenic effects while adaptive immunity poten-
tially exerts antitumorigenic effects [14]. However, it is now
recognized that the inflammatory condition is favorable to
the development of tumors [2, 15]. Nevertheless, the inflam-
mation’s role in a wide variety of diseases such as cancer
has just been evaluated [14, 16]. While acute inflammation
seems to be a part of the antipathogenic response, chronic
inflammation can also lead to cancer [16].

The inflammatory response is a fundamental immune
mechanism known to be a localized protective reaction of
tissue against irritation, infection, injury, allergy, and tumors.
Inflammation is characterized by redness, pain, and thick-
ness. This process involves several molecular and cellu-
lar components consisting of lipid inflammatory media-
tors (leukotriene, prostaglandin, etc.) and cytokines (IFN𝛾,
TNF𝛼, IL2, IL12, etc.), as well as chemokines (CCL20,
CXCL10, CCL22, CCL17, etc.), that are released by various
proinflammatory cells such as T helper (Th)1,Th17,Th9,Th22,
monocytes, macrophages, dendritic cells, and cancer cells
themselves [6, 13, 15, 17–19]. The release of proinflammatory
factors by such cells leads to the recruitment of numerous
proinflammatory cells to the infection site [6]. At the same
time, a number of other cells are also recruited in order to
control the inflammation and to avoid chronic inflammation,
a characteristic in many chronic diseases such as cancer.
Thereby, some endogenous recruited components would
release anti-inflammatory and proresolving mediators to
restore homeostasis. The HCV antigens will activate the
humoral and cellular immune responses.The development of
mechanisms and strategies by the immune system to restore
immune homeostasis is mostly linked to the presence of Th2
but primarily to regulatory T-cells that can inhibit inflamma-
tion and the responses of others effectors cells [11, 19, 20].

Regulatory T-cells (Treg) are specialized subsets of the
adaptive immune response which are able to recognize
antigen peptides presented by MHC classes I and II via
their TCR. Treg cells suppress the autoreactive T-cells,
reduce inflammation, induce tolerance, and modulate the
immune response of the host in the context of autoimmune
pathologies, allergies, or virus-induced cancers [10, 19]. The
“suppressor T-cells” hypothesis was enunciated by Vadas and
his collaborators in 1976 but the common term “regulatory
T-cells” appeared for the first time with Sakaguchi in 1995
[21, 22]. In Humans, the lack of Treg cells is associated with a
multisystemic autoimmune disease known as IPEX (i.e.,
immunodysregulation, polyendocrinopathy, and enteropaty,
X-linked syndrome) [23]. Therefore, Treg cells seem to be
major inhibitors of autoimmune diseases.

For a decade, Treg have been widely described to be
involved in cancer. Indeed, most of Treg cells are chemoat-
tracted to tumor tissues where they proliferate locally and dif-
ferentiate into different Treg cell subpopulations that strongly

suppress the activation and the expansion of tumor-antigen-
specific effector T-cells [18, 20]. CD4+ regulatory T-cells refer
to the major Treg subset that has been described for decades.
Depending on their origin and the expression of cell surface
markers, we can distinguish 2 different types of CD4+ regu-
latory T-cells in humans. Briefly, the first type is a natural reg-
ulatory T-cells (nTreg) deriving from thymus. In vitro, those
cells are anergic and are characterized by a high expression of
the transcription factor forkhead box 3 (FOXP3), a con-
stitutive cell surface expression of CD25 (the interleukin-2
receptor alpha-chain), and both cell surface and cytoplasmic
expression of CTLA4 (the coinhibitory receptor cytotoxic T
lymphocyte antigen 4) [11, 19, 23]. Since their description, sev-
eral extra molecules have been put forward as Treg markers.
This includes GITR (glucocorticoid-induced TNF receptor
family related protein) [24], PD-1 (programmed death 1),
LAG3 (lymphocytes activation gene 3) [20, 25], HLA-DR
[26], CD45RA/CD45RO [27], CD62L (L-selectin), CD44,
CD28 (costimulatory molecule), CCR7 (chemokine (C-C
motif) receptor 7), CXCR4, OX40 (CD134), Folate receptor-4
[28], and CD39 [29]. Natural Treg cells were also char-
acterized by a lack or reduced expression of CD127
(the interleukin-7 receptor alpha-chain) [30]. It has been
demonstrated that nTreg exert their suppressive functions
either through cell-to-cell contact-dependent mechanisms
via membrane-bound molecules or through the secretion of
immunosuppressive cytokines [31]. For example, the high
CD25 expression on nTreg cells gives it the ability to consume
large concentrations of the proliferative cytokine IL2 and
thereby, nTreg may inhibit the proliferation and induce
apoptosis of surrounding T-cells. Moreover, CTLA4 interacts
with CD80/CD86 and thus inhibits the T-cell costimulation.
In addition, nTreg cells produce TGF𝛽 (transforming growth
factor beta) and IL10 (interleukin 10) to reduce antigen
presentation, to prevent antigen presenting cells (APCs)
maturation and to induce cell cycle arrest. ByCD39 andCD73
expression, nTreg cells also inhibit the ATP metabolism and
thus promote cell cycle arrest [31]. The second regulatory
CD4+ T-cell population consists of induced or adaptive Treg
cells that can be divided into 3 subsets. First, we distinguish
Tr1 or T regulatory type 1 cells which secrete vast quantities of
IL10 associated with a mild secretion of TGF𝛽. This subset is
characterized by a CD4, CD18, CD49b, LAG3, and GATA-
3 expression, lack of FOXP3, and relative CD25 expression
[32]. Tr1 are anergic in vitro and they suppress the cell pro-
liferation through their IL10 production [33]. Secondly, we
distinguish Th3 or T helper 3 that can be characterized by
a mild production of TGF𝛽, IL4, and IL10. Due to TGF𝛽
presence, näıve CD4+ T-cells can differentiate into Th3 cells
which possess an important role in negating autoimmune
reactions and promoting oral tolerance. There is some evi-
dence suggesting that Th3 cells can express some nTreg
molecules such as CD25, FOXP3, and CTLA4 [27, 34].
The third subset of iTreg, and the less studied, is iTR35 or
IL35-producing-CD4+ T-cells. Recently, it has been shown
that IL35, made up of two subunits IL12p35 and Ebi3, may
induce the emergence of regulatory T-cells that mediate the
suppression in a IL35-dependent manner [11, 19, 25, 35–37].
In general, induced regulatory CD4+ T-cells result from the
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peripheral differentiation of effector T-cells according to the
nature of the antigen or to the cytokinic environment [11, 36,
38]. As such, they represent the major subset of Treg present
in cancer [39].

Other T-cell populations that have been described to
exhibit regulatory functions are composed of CD8+ Treg [27,
40] and CD3+CD4−CD8− Treg cells [41]. These cells subse-
quently decrease the priming of cytotoxic CD8+ T-cells, reg-
ulate the immune response by cell-to-cell mechanisms, and
promote the development of tolerance [42]. SomeCD8+Treg
subsets are characterized by the expression of numerous
markers like CD25, CTLA4, FOXp3, HLA-DR, CD28, LAG3,
and GITR. Their suppressive function is exerted in a cell-to-
cell contact-dependent manner like that observed in nTreg.
Some CD8+ Treg cells may have a thymic origin while others
possess a peripheral one. Besides, there are also natural killer
regulatory T-cells (NKT Treg) generated from the thymus
that can be CD4+, CD8+, CD4−CD8−, or CD4+CD8+. The
latter secrete IL4, TGF𝛽, and IL10 to induce APCs cyto-
toxicity by a cell-to-cell contact-dependent mechanism [43].
Another small subset of Treg is gammadelta T regulatory cells
associated with the mucosal tolerance in Human [44].

To sum up their functions, Treg cells (natural and
induced) provide an important mechanism for the mainte-
nance of central and peripheral self-tolerance [11, 20]. Treg
exert their suppressive abilities to inhibit the effector’s cyto-
toxic antiviral and antitumoral responses in the tumor cells
environment [19]. By such skills, Treg favor the establishment
and persistence of many pathogens like viruses and could
then promote the progression of virus-related cancers [45].

Until today, the role of Treg in cancer development and
progression is not clear. Indeed, Treg appear to play a dual
role in cancer. Earlier evidence have suggested that Treg cells
accumulate in tumors and peripheral blood of cancer patients
and through suppression of antitumor immune responses
promote tumor growth such as in hepatocellular carcinoma
[46, 47], nasopharyngeal carcinoma [48], cervical cancer,
Kaposi sarcoma, ovarian cancer, and melanoma [49]. This
is the reason why Treg cells are often associated with a bad
prognosis in cancer [36, 37, 46, 47, 50, 51]. However, other
evidences indicate that in certain cancers, such as colorectal
carcinoma [38], Hodgkin lymphoma, and estrogen receptor
(ER) negative breast cancer, Treg suppress the pathogenic
agent and thus are of good prognosis [52]. Such a difference
implies that the clinical and prognostic outcomes of Treg in
cancer depends on environmental factors including infec-
tious agents, tumor-derived products, and locally-produced
cytokines, which shape the nature of immune responses,
includingTreg generation, recruitment, and function [39, 53].

In this review, we will focus on current understandings
of the role of natural and induced Treg in the control and
resolution of inflammatory response in HCV-, HTLV-1-, and
EBV-associated-cancers.

2. Role of Treg Cells in the Inflammation
Associated with HCV-Induced
Hepatocellular Carcinoma

Based on the data obtained from WHO in 2008, hepatocel-
lular carcinoma (HCC) represents the fifth cause of death in

men and the seventh in women worldwide [1]. In general,
HCC is the third most common cause of cancer related death
[54]. The incidence of HCC correlates with the incidence of
hepatitis C and B infections [55]. HCC is one of the most
aggressive cancers with an overall survival rate of 10% in 5
years, even in developed countries [56]. HCC is a heteroge-
neous tumor of varied etiologies.The hepatocarcinogenesis is
an asymptomatic and complex multistep process developing,
inmost cases, after decades of chronic liver disease, leading to
the progressive accumulation of genetic and epigenetic alter-
ations such as oncogenic activation, inactivation of tumor
suppressive genes, and activation of cell proliferation path-
ways, release of angiogenic and growth factors that result in
the malignant transformation of a healthy liver cells [57].
Nevertheless, it is still unclear at what stage the cumulative
disorders become irreversible. The only effective approaches
for patients with HCC are resection or liver transplantation.
It has been reported that HCV infection increases the risk
of HCC through the development of hepatic fibrosis and
cirrhosis [58, 59]. Indeed, HCV infection is a persistent
disease with a majority of patients remaining asymptomatic.
However, in some individuals, the disease progresses at a
variable rate fromactive inflammation to fibrosis andpossibly
cirrhosis. The onset of cirrhosis precedes the appearance of
liver-related complication such as the development of hepa-
tocellular carcinoma [5].

Based on a recent study, we know that hepatocarcinogen-
esis is promoted by an accelerated cellular turnover induced
by chronic tissue damage and permanent cell regeneration
in a context of chronic inflammation and sometimes after
a viral infection [60]. Following HCV and HBV infection,
human hepatocytes express and present the viral antigens
to CD4+ T and CD8+ T-cells which are able to clear the
virus by noncytolytic and cytolytic effector functions [61].
There is growing consensus that CD8+ T response plays a
central role in the inhibition of the viral replication mediated
by cytokines and direct killing of infected hepatocytes [62].
The CD4+ activation may direct Th1 response with the
secretion of IL2, TNF𝛼, and interferon (IFN) [9]. In addition,
HCV CD4+ T stimulation may also induce Th2 cells which
secrete IL4, IL5, IL10, and IL13 [13]. More recently, a third
population,Th17, has been described to be involved in hepatic
chronic inflammation following HCV and HBV infection
[4, 63]. Th17 are induced proinflammatory CD4+ T-cells
characterized by their ability to secrete specific inflammatory
cytokines such as IL17, IL21, IL22, IL6, and IL26. In HCV-
derived HCC, numerous Th17 cells have been described
within the tumor [64]. Th17 exhibits either proinflammatory
or protumoral functions [65] and a high proportion of
Th17 cells have been described in advanced tumoral stages
[66]. Several studies have mentioned that a large number of
HCC patients exhibit those specific inflammatory immune
responses. In fact, the HCV-HBV-associated HCC microen-
vironment is colonized by infiltrated inflammatory immune
cells such as macrophages, NK, B, and T lymphocytes [67]. It
has been reported that tumor cells release a number of
cytokines and chemokines factors [9, 67, 68].The production
of these inflammatory factorsmay be linked to the viral hepa-
tocarcinogenesis and it was reported that these inflammatory
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cytokines are involved in the activation of the NF𝜅B pathway
[69–72]. Nevertheless, in most patients the tumor progresses
despite this immune response. This strongly suggests that
HCC escapes from the immune response and this might
probably be due to the HCC suppressive microenvironment
which is known to play a key role in tumor progression. In
fact, liver is a special organwith a unique regulatorymicroen-
vironment with certain liver sinusoidal cell populations that
actively promote the induction of tolerance rather than
immunity [46, 47, 62]. Numerous immune regulatory medi-
ators such as IL10 and TGF𝛽 are secreted by Kupffer cells and
stellate cells towards innate and adaptive immune inflamma-
tion [62]. In addition, liver cells are also characterized by the
constitutive expression of tryptophan-2,3-disoxygenase that
convert tryptophan into regulatory components as well as the
indoleamine-2,3-disoxygenase (IDO) which is induced dur-
ing inflammation via interferon signaling and is implicated
in the production of immune regulatory components [73].
Another mechanism in inflammation control is the consti-
tutive expression of arginase by hepatic cells, an enzyme
which inhibits the lymphocytes proliferation [74]. Moreover,
in some patients, tolerogenic hepatic cells may prime BCL-2
interacting mediator of cell death (BIM) which can induced
T-cell apoptosis [70].

Unlike other Viruses, HCV does not cause a systemic
ablation of the immune system but is rather associated with a
form of specific tolerance much like the immune response to
HCV; it is stopped and is unable to eliminate the virus [75].
Very interestingly, it has been described that infected hepatic
cells overexpress programmed death ligand 1 (PDL1) which is
the immunosuppressive ligand for PD1. Besides, HCVhijacks
specific effector T-cells, so they express immunomodulatory
factors such as CTLA4, Tim3, and 2B4 (CD244) followed by
the decrease of their IFN secretion, mainly by iTreg [76, 77].
The cytokine’s secretion controls the immune and inflam-
matory environment to either favor antitumor immunity or
enhance tumor progression through IL10, TGF𝛽, IL6, IL17, or
IL23 [72]. The immune suppressive network within the HCC
microenvironment is probably one of the major obstacles to
the success of cancer immunotherapy.

Through their own proteins, some viruses such as HCV
could also inhibit the immune inflammation. In the past,
several papers have demonstrated that HCV-Core and NS5A
proteins are involved in immune suppression by inducing
effector T-cells apoptosis [78–80]. Furthermore, E1, E2, and
NS3/4 are also involved in the modulation of endoplasmic
reticulum stress, modulation of the PKR pathway, and cell
transformation, respectively [81]. All these HCV features give
the virus the ability to regulate the immune response and thus
favor virus persistence. HCV infection appears to interact
closely with the immune cells by infecting lymphoid cells
[82].

Another explanation of this phenomenon could be the
differentiation and/or recruitment of intrahepatic regulatory
T-cells which is probably one of the key factors of the disease
progression. It has been shown that natural regulatory CD4+
T-cells are highly recruited within the HCC where they
secrete IL10 and TGF𝛽 to suppress the antitumor response
and promote the tumor growth [62, 67, 83]. These Treg

cells suppress the proliferation and cytokine secretion of
HBV- and HCV-specific effectors T-cells in a cell-to-cell
contact-dependent manner [62]. More interestingly, it has
been described that CD4+CD25+FOXP3+ Treg cells were
highly enriched with TIL (tumor infiltrating lymphocytes) in
advanced-stage HCC-patients [84, 85].These HCC-Treg cells
may suppress effector cells’ proliferation, activation, cytokine
secretion, degranulation, and cytotoxic compounds produc-
tion [84, 85]. In vitro experiments also revealed that isolated
HCC-infiltrating CD4+CD25+FOXP3+ regulatory T-cells
can directly delete the cytotoxic function and the IFN𝛾 secre-
tion of some effector TIL in a TGF𝛽- and IL10-dependent
manner [62, 86]. Moreover, it has been shown that the
CD4+CD25+ T-cells fraction isolated from peripheral blood
mononuclear cells of infected patients might suppress
the virus-specific CD8+ T-cells proliferation, the antiviral
immune response, and a depletion of this fraction resulted
in increased IFN𝛾 production [85, 87]. Interestingly, an
increased quantity of circulating nTreg and FOXP3+ Treg
cells was associated with high mortality and poor survival
time of HCC patients [46, 84]. Treg cells can also suppress the
proliferation and cytokines production of HBV- and HCV-
specific CD8+ T effector cells through IL10 and TGF𝛽
cytokine production [62, 84]. Indeed, some results showed
that a proportion of FOXP3+CD4+ Treg cells may secrete
IL10, a cytokinewhich promotesHCVpersistence through its
suppressive function on effector T-cells. Moreover, others
reveal HCV-specific IL10 producing type 1 Treg (Tr1), found
in persistent HCV infections [88, 89]. In addition, an upreg-
ulation of Th3 cells and Tr1 cells has been described in early
chronic HCV infection which is characteristic of the immune
modulation [90]. HCV is remarkable at disrupting human
immune response to favor disease development until cancer.
Indeed, recent studies revealed that HCV-infected hepato-
cytes drive nTreg development through the Tim3/Galectin-9
pathway. This pathway has also been shown to play a pivotal
role in suppressing antiviral effector T-cells that are essential
for viral clearance [91, 92]. Otherwise, it has been mentioned
that CD25−FOXP3− Treg cells that possess suppressive abil-
ities are increased in HCC-patients [83]. Other data showed
that CD4+ Treg cells may upregulate Tim-3 expression there-
with IL10 and TGF𝛽 production; Tim3/galectin9 interactions
have also been shown to negatively regulate effectors T-cells
[91]. Furthermore, there is some evidence of antigen specific
induction of CD4+Treg cells (iTreg) after HCV infection.
Indeed, other studies have shown that HCV may drive
conventional CD4+ T-cells conversion into CD25+FOXP3+
Treg cells. In addition, others show that HCV variants may
simultaneously upregulate inhibitory IL10, TGF𝛽+Th3, and
IL10+Tr1 cells which promote the inhibition of the T-cell
proliferation [90]. The induction of iTreg may be favored
by locally increased levels of TGF𝛽 and IL10 produced by
infected hepatic cells and/or by recruited Treg cells. These
induced Treg could be classified into CD4+TGF𝛽+Th3 and
CD4+IL10+Tr1 cells which secrete the immunosuppressive
cytokines TGF𝛽 and IL10, respectively, in order to inhibit the
inflammatory response [83, 90]. Otherwise, we and others
have also demonstrated that Treg cells appear to highly
accumulate within the hepatic tumor region compared with
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the nontumor region [84]. Hence, Treg seem to closely
interact with HCV and this may lead to an increase of
their regulatory phenotype and function as well as increasing
their ability to suppress the inflammatory immune response.
Some studies have also mentioned that circulating Treg cells
frequency was significantly increased and correlates with the
disease progression in HCC patients [84].

In addition to CD4+Treg cells, there are also CD8+Treg
cells present in persistent liver disease. In fact, FOXP3
expression was described on a fraction of CD8+ T-cells with
a reduced ability to proliferate or secrete antiviral cytokines.
These impaired CD8+ T-cells were associated with the coex-
pression of inhibitory receptors such as PD-1, CTLA4, TIM-3,
and CD44. The CD8+ Treg cells appear to be involved in
the inhibition of an efficient virus-specific T immune
response [62, 93]. CD8+Treg cells are known to produce high
levels of IL10 and/or TGF𝛽 to suppress HCV-specific effector
T-cells [94]. Taken together, the data strongly suggest that the
function and frequency of regulatory T-cells have been shown
to correlate in a proportionally inverse manner to the antivi-
ral response. Therefore, the Treg cells are involved in the
aggravation of liver disease, notably in the development of
hepatocellular carcinoma [28].

3. Role of Treg Cells in the Inflammation
Associated with HTLV-1-Induced Adult
T-Cell Leukemia/Lymphoma

Adult T-cell leukemia/lymphoma (ATLL) is a human disease
associated with the infection of the retrovirus human T-cell
leukemia virus type 1 (HTLV-1) [95]. It has been estimated
that around 20 million people are infected with HTLV-1
worldwide [96]. HTLV-1 infection is a direct cause of ATLL,
which can, through induction of immunodeficiency, indi-
rectly cause many other chronic inflammatory diseases such
as monoclonal gammopathy, chronic renal failure, strongy-
loidiasis, and HAM/TSP (HTLV-1 associated myelopa-
thy/tropical spastic paraparesis) [97–99]. In addition to
the typical ATLL, HTLV-1 seems to be also associated with a
Hodgkin-like ATLL disease, gastrointestinal tract tumor and
leukemia [100, 101]. Leukemic cells can be infected by HTLV-
1 as it possesses a proviral DNA which can integrate into the
cell’s DNA [100]. This proviral load may contribute to the
development ofHTLV-1-associated inflammatory conditions,
since the number of circulating HTLV-1-infected T-cells in
the peripheral blood is higher in patients with HAM/TSP
than in asymptomatic HTLV-1-infected individuals [102].

HTLV-1 is the first human retrovirus that has been
described [100]. It utilizes CD4+ T-cells as their main host
and its pathogenicity may be due to an abnormal frequency
and phenotype of CD4+ T-cells in infected patients [103].
Invasion by HTLV-1-infected T-cells, together with viral
gene expression and cellular-signalingmechanisms, triggers a
strong virus-specific immune response and increased proin-
flammatory cytokine production [6]. Cellular immune
response has been implicated in the control of HTLV-1
infection as well as in the development of inflammatory
alterations in patients [45]. Following HTLV-1 infection, the

viral antigen set induces host immune responses including
B-cells for antibody production, cytotoxic T lymphocytes
(CD8+ T-cells), and T helper cells (CD4+ T-cells). Under
specific conditions, CD4+ T-cells differentiate towards Th1,
Th2, andTh17 [6].These cells produce a variety of proinflam-
matory cytokines, chemokines, adhesions molecules, and
proinflammatory enzymes involved in chronic inflammation
which are reactive oxygen species (ROS); tumor necrosis
factor alpha (TNF𝛼); IL1, 6, 8, and 18; nuclear factor-kappa
B (NF𝜅B); hypoxia-inducible factor (HIF); IFN𝛾; cyclooxy-
genase (COX); and so forth [16, 102]. Other results showed
that ATLL cells could produce TNF𝛼 to mediate inflam-
mation and the TNF𝛼 polymorphism was associated with
increased susceptibility to develop ATLL in HTLV-1 carriers
[104]. TNF𝛼 will activate the NF𝜅B pathway which acts
as a crossroad for the secretion of inflammatory factors in
cancer [16]. NF𝜅B transcription factor plays a key role in the
host’s antiviral response involving both the innate and adap-
tive arms of the immune response. Interestingly, HTLV-1
possibly exploits NF𝜅B for its replicative, widespread, and
pathogenic functions [104, 105]. HTLV-1 encodes for several
structural viral proteins as well as several regulatory proteins
like Tax protein. Moreover, it has been described that the
Tax transforming protein encoded by HTLV-1 persistently
activates and binds to the TCR/NF𝜅B axis [106].Thus,HTLV-
1 Taxis one of the exogenous retrovirus genes responsible for
immune dysregulation [6]. Otherwise, HTLV-1 infection can
induce the overtranscription of IRF4 (interferon regulatory
factor 4) which can block the caspase 3 activity and promote
B-cell integration cluster (BIC). IRF4 is an oncogenic factor
favoring tumor development [90]. Hence, IRF4 and BIC
could play key roles in HTLV-1 tumorigenesis up to ATLL
[90].

Many viruses are able to develop suitable strategies for
modifying apoptosis in virus-infected cells or/and cancer
cells. As the induction of apoptosis may result in the viral
elimination, inhibition of apoptosismay result, in turn, in cell
transformation and viral persistence. Interestingly, it has been
shown that ATLL cells exhibit Treg cell-like suppressor activ-
ity [107]. HTLV-1 infection induces the expression of these
regulatory proteins in order to favor viral cell latency, host
cell proliferation, and persistent infection [103]. For example,
through the inhibition of Th1 cytokine production, the
HTLV-1-HBZ protein can impair cell-mediated immunity
and promote immunodeficiency. In addition, HTLV-1 Tax
could reduce the regulatory FOXP3 and cell surface markers
CD38, CD62L, CTLA4, and GITR expression. Other studies
reported that HTLV-1 Tax could induce the antiapoptotic
protein Bcl-2 to enhance the survival of infected orATLL cells
[108].

ATLL is an aggressive malignancy in which neoplastic
cells usually exhibit a CD4+CD25+FOXP3+ phenotype [109,
110]. It is known that regulatory FOXP3+ T-cells are char-
acterized by the expression of the CD4 and CD25 markers
and therefore, it has been hypothesized that ATL cells may
be derived from Treg cells [11, 111]. In the early phase of
ATLL, there is a period of autocrine growth of the leukemic
CD4+ T-cells with the expression of IL2 and its functional
receptors. Over time, IL2 production is lost, although the
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cell surface expression of CD25 persists. Nowadays, regula-
tory CD4+CD25+ T-cell population is known as the main
reservoir of HTLV-1 in HAM/TSP patients with more than
90% of Treg containing HTLV-1 proviral DNA and a higher
expression of HTLV-1 Tax protein [112, 113]. Indeed, HTLV-1
usually infects regulatory CD4+FOXP3+ T-cells and this
may facilitate persistent infection in vivo. This pattern could
contribute to the pathogenesis of the virus-associated dis-
eases [103]. In HTLV-1 infected patients, Treg cells may exert
their suppressive function through the production of soluble
factors acting at both long and short distances. Indeed,
cytokines such as IL10 and TGF𝛽 have been related to the
progression of the HTLV-1-related disease [114]. In addition,
it has been shown that CD4+FOXP3+ Treg cells may also
exert their regulatory effect on HTLV-1-specific CD8+ T-
cells through a cell-to-cell contact-dependentmannerwith or
without the involvement of cytokines [115]. Likewise, it has
been reported that HTLV-1 infection increases the CTLA4
andGITR expression inTreg cells in order to increase the cell-
to-cell suppressivemechanism [115]. For example, theCTLA4
molecule triggers the induction of IDOwhen it interacts with
ligands in dendritic cells. ATLL cells exhibit immunosuppres-
sive functions similar to Treg cells, and this may contribute
to a clinically-observed cellular immunodeficiency in some
patients [111]. Nevertheless, other studies reveal that some of
these ATLL cells may lose their regulatory function with time
[116]. Indeed, they described that TFG𝛽 signaling dysregu-
lation and FOXP3 gene silencing could be involved in the
pathogenesis of HAM/TSP. Hence, the viral pathogenesis
could be improved by a loss of FOXP3 expression [115].
In addition, other results revealed that the level of FOXP3
expression was significantly decreased in CD4+CD25+ T-
cells in HAM/TSP [113]. Based on the expression level of
FOXP3 and CD45RA markers, we can distinguish three dis-
tinct subsets of CD4+ T-cells: (i) CD45RA+FOXP3+ resting
Treg cells; (ii) CD45RA−FOXP3high activated Treg cells; and
(iii) CD45RA−FOXP3low nonsuppressive Treg cells [117]. Sev-
eral studies suggest that FOXP3+ATLL cells belong to these
subpopulations meaning that ATLL cells may also fall into
the group of nonsuppressive T-cells. This may explain the
controversial outcomes of previous studies on the suppressive
abilities of ATL cells [118]. Moreover, other studies revealed
elevated frequencies of nTreg, associated with poor prognosis
in patients with acute leukemia [119]. In addition, some stud-
ies reported that FOXP3 induces high levels ofmiR155 expres-
sion in Treg cells for a better suppressive function [120]. miR-
155 is a regulator of innate immunity, hematopoiesis, and lym-
phocytes homeostasis [121]. Most CD4+CD25+ATLL cells
express FOXP3 transcription factor. Recently, other results
showed that HTVL-1 could modulate the frequency and
phenotype of FOXP3+CD4+ regulatory T-cells in virus-
infected individuals [103]. HTLV-1 infected T-cells produce
CCL22 through Tax protein which selectively attracts
Treg cells. This phenomenon contributes indirectly to the
generation and the maintenance of HTLV-1 uninfected
FOXP3+cells [122]. Thereby, HTLV-1 selectively interacts
with CCR4+FOXP3+CD4+ T-cells, resulting in preferential
transmission of HTLV-1 to Treg cells [6]. This suppressive
CD4+CD25+CCR4+ T-cell population is the predominant

viral reservoir of HTLV-1-associated ATL [102, 112]. In
HAM/TSP patients, the Treg cell subset becomes Th1-like
cells that overproduce IFN-𝛾. This is related to leukemia
development and it promotes and maintains the FOXP3+
Treg phenotype in ATLL patients [6]. Moreover, other
results described an increased regulatory phenotype such as
CD39+CCR4+CD25+ FOXP3+CD4+ T-cells in HTLV-1 in
infected patients [6, 45]. Hence,HTLV-1 infection canmodify
FOXP3+ T-cells frequency and phenotype, promoting the
central regulator of the host’s immune response. Interestingly,
other studies reported that a HTLV-1 infection may induce
the appearance of iTreg from näıve T-cells involved in
the suppression of the viral immune response [118, 123].
Taken together, these findings support the hypothesis that
HTLV-1 is one of the exogenous retroviruses responsible for
immune disruption along with the increase of FOXP3+ Treg
frequency and phenotype. Therefore, HTLV-1 has acquired
suitable strategies to achieve persistent infection and favor
disease development up to ATLL outbreak in particular by
its interactions with Treg cells.

4. Role of Treg Cells in
the Inflammation Associated with
EBV-Induced Nasopharyngeal Carcinoma
and Hodgkin’s Lymphoma

Epstein-Barr virus (EBV) is one of the most common human
viruses, infecting more than 90% of the world’s adult popula-
tion. EBV is a lymphotropic 𝛾-herpesvirus whose infection
is associated with the development of several tumorous
pathologies with a lymphoid or epithelial origin [124–128].
Although EBV is ubiquitous in the general population, in the
majority of individuals it persists without causing any dis-
eases. Nevertheless, in some individuals EBV has been impli-
cated in the development of a wide range of cancers. The
evidence of a link between EBV and nasopharyngeal carci-
noma (NPC) and even Hodgkin’s lymphoma (HL) is very
strong and both are associated with EBV latency II profile
[129].

NPC is an epithelial tumor of the head and neck asso-
ciated with EBV in almost all cases [130, 131]. NPC is rare
in Western countries but endemic in Southeast Asia and in
North Africa with an incidence of up to 30–40 cases per
100,000 people in the region of Canton in Southeast China,
this suggests a multifactorial etiology of NPC involving EBV
infection, genetic predisposition, environmental factors, and
other factors still unknown [132–137]. EBVplays a crucial role
in NPC development but the comprehension of “when and
how” the virus infects epithelial cells is still unsolved. Never-
theless we clearly know that the oral cavity is the gateway of
the virus and that it spreads via oropharyngeal secretions and
we also know that all NPC tumor cells bear EBVmonoclonal
viral genome [138–140]. Moreover, EBV is present in the
neoplastic cells of approximately 40% of patients with HL,
which is characterized by the presence of the malignant
Hodgkin’s and Reed Sternberg (HRS) cells. These cells only
constitute a small part of the entire tumor and are surrounded
by a rich background of T- and B-cells, macrophages, and
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other inflammatory cells [141]. EBV can be detected in the
HRS cells (HL) and in NPC cells, in which the virus expresses
a limited subset of viral genes including the Epstein Barr
nuclear antigen (EBNA)1 and the latent membrane proteins
(LMP)1 and LMP2 [142]. Leukocyte infiltration, contrary to
an anticipated immune-protective role, could contribute to
tumor development and cancer progression. Several studies
support the idea of local immune suppression that could
explain the lack of efficiency of immune effector cells even
after a correct homing.

An important biologic feature of NPC is the presence of
a massive lymphoid infiltrate in the primary tumor, which is
likely favored by inflammatory cytokines produced by malig
nant NPC cells [143–146]. It has been shown that most of
tumor infiltrating leucocytes (TIL) are CD3+ T-cells with
a small resting lymphocytes morphology [147]. Among the
CD3+cells, CD4, and CD8 T-cells are found in different
proportions depending on the tumor specimens [148]. NK
cells were also detected (around 5% of TIL) and small
proportions of B-cells are also consistently detected [149, 150].
Dendritic cells are often found inside malignant cell nests
whereas monocytes are more often interspersed at some
distance of epithelial cell clusters [151]. Eosinophils are also
detected in the leukocyte infiltrate of NPC tumors [152]. The
leucocyte infiltrate consistently accounts for about 50% of the
tumor mass and malignant epithelial cells play an active role
in the formation of the infiltrate. Busson’s group reported that
NPC cells constitutively produce interleukin 1 alpha (IL1𝛼),
an inflammatory cytokine [143], and this was confirmed by
Huang and collaborators. Indeed, they detected IL1𝛼 and
𝛽 transcripts in most NPC primary tumors, in metastatic
lesions, and its absence in control fragments of nonmalignant
nasopharyngeal mucosa [144]. IL1𝛽was recently described in
the recruitment of neutrophils in NPC tumor and it is associ-
ated with a better survival rate of patients [153].Moreover, the
inflammatory cytokine IL18, which has structural similarities
with IL1, was shown to be consistently produced bymalignant
NPC cells but not by epithelial cells of the nonmalignant
mucosa [154]. Other studies focused on chemokines expres-
sion in NPC by showing a consistent expression of CXCL10
by malignant NPC cells. It is known that CXCL10 induces
chemotaxis of activated T-cells through its interaction with
the CXCR3 receptor. CXCR3 chemoreceptor is associated
withTh1 differentiation and is detected in a fraction of T-cells
infiltrating the NPC [146].

The expression of several inflammatory cytokines and
cell-surface regulatory molecules in primary HRS cells and
HL-derived cell lines has been investigated and the result
shows that these cells especially produce IL1, 2, 5, 6, 7, 8, 13, 17,
TNF𝛼, TGF𝛽, and CCL28. Through the expression of IL5,
CCL28, and TNF𝛼, HRS cells are involved in the recruitment
of eosinophils that constitute part of the inflammatory infil-
trate. IL5 is thought to play a role in eosinophil’s differenti-
ation and proliferation [155–158] while TNF𝛼 was described
to be protumorigenic or antitumorigenic depending on the
type of intracellular complex formed. The TNF𝛼’s impact
on cancer also depends on the intracellular signal and thus
is triggered in response to TNF𝛼 binding to its cell-surface
receptor [159, 160]. The expression of IL6 and IL7 by HRS

cells was involved in the growth and differentiation of B- and
T-cells, respectively [158, 161–163]. Moreover, it was reported
that HRS cells express both IL6 and IL13 as well as their
receptors suggesting that these cytokines may act as potential
autocrine growth factors for HRS cells [163–166]. HRS cells
also express a number of cytokine receptors and growth
factors including IL2R, IL3R, IL4R, IL6R, IL9R, IL13R, CCR7,
and CXCR4 [161, 167–169]. Many ligands of these receptors
are produced by the inflammatory cells of HL, thus enabling
a cooperative crosstalk to take place between HRS cells and
the reactive infiltrate. Otherwise, the HL-TIL were shown
to express several cytokines such as IL8, IL12, CCR4, and
TGF𝛽. For example, TIL express IL12 in most cases of HL,
particularly in EBV-positive cases [170]. IL12 is important for
Th1 differentiation while CCR4 expression contributes toTh2
recruitment [171].

Regarding the immunosuppressive cytokine IL10 in NPC
microenvironment, three groups detected it in malignant
cells using immunohistochemistry [172–174]. In contrast,
Beck’s group has failed to detect IL10 transcripts by in situ
hybridization in malignant NPC cells [175]. Furthermore, it
is important to consider the local immunosuppression; the
presence of abnormal quantities of Treg within the tumor
site and peripheral blood is a clear indication of this immune
suppression [176]. One important indication of the immune
evasion in EBV-associatedmalignancies such as NPC andHL
is the lack of immunogenicity of LMP1 antigen. This is an
argument in favor of Treg increased activity in case of per-
sistent viral infections. Marshall and collaborators suggested
that LMP1 could increase Treg activity and develop this the-
ory (2003). Indeed, they analyzed derived HL patients CD4+
T-cells and reported high levels of IL10 secreting regulatory
T-cells (Tr1) associated with a high immunosuppressive
activity in HL-TIL. Tr1 suppressive activity is essentially
mediated by an IL10 secreting mechanism. Nevertheless, the
same group revealed that the immune response was inhibited
by a cell-to-cell contact-dependent mechanism; in fact, they
described that regulatory activity was avoided by CTLA4
blocking [177].

Moreover, Khanna’s group studied Treg capacity to sup-
press EBV latency antigen response in HL and showed that
high expression levels of LAG3, which is a Treg marker [178],
is associated with a LMP1/2 specific T-cells function loss
within HL-TIL. They also showed regulatory properties in
CD4+LAG3+ T-cells [179]. They have shown an association
between LAG3 and EBV gene expression in tumorous tissues
and that LAG3 was more frequently expressed than FOXP3
in lymphocytes. Those cells can only express one of the two
markers. In peripheral blood, CD4+LAG3+ T lymphocytes
were enriched with CTLA4 and GITR but not FOXP3; this
phenotype was more frequent in patients with an active
disease than those with an inactive one [179].

In order to understand Treg specificity in EBV infection,
Voo and collaborators stimulated PBMC in vitro using
EBNA1 peptides. They indicated that T-cells expansion
included not only helper CD4+ T clones but also regula-
tory CD4+ T-cells which exhibit simultaneous regulatory
phenotype and effective suppressive activity [180]; both cell
types recognize the same EBNA1 epitopes. Moreover, the
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suppressive mechanism is cell-to-cell contact-dependent,
although some clones remain capable of suppression even in
transwell assays; this shows a soluble inhibition which was
neither IL10 nor TGF𝛽 [180]. Nevertheless, we must consider
the Treg/T helper ratio and verify Treg expansion when using
peptide vaccine in order to treat EBV associated diseases
since this could have serious consequences on patients.

Marshall’s group showed the immunosuppressive prop-
erties of HL-TIL and the capacity of LMP1 to stimulate Treg
in healthy donors; then they suggested that LMP1 is involved
in the Treg’s increased activity in HL. They compared Th1,
Th2, and Treg responses to LMP1 within PBMC and TIL in
EBV-negative and -positive HL patients. EBV-positive HL
patients presented, ex vivo, an increased number of both IL10-
secreting and CTLA4+ cells comparing to EBV-negative HL
patients in periphery and in lymph nodes. In most patients,
both PBMC and TIL responses to LMP1 were characterized
by IL10 secretion [177, 181]; this highlights the crucial role
of IL10-secreting cells in favoring tumor immune evasion in
EBV-positive HL patients.

Moreover, Treg are constantly detected in NPC biopsies.
Lau et al. showed a significant expansion ofCD4+CD25high T-
cells in 56 NPC patients comparing to healthy controls. They
reported an average of 12% of CD4+CD25highFOXP3+ T-cells
within TIL and an average of 8,2% of CD4+CD25high T-cells
within circulating T-cells [176]. This high Treg frequency in
NPC patients may partly compromise the chance of success
of immunotherapy strategies targeting T-cells.

Very recently, we found that tumorNPC exosomes, which
are nanoparticles that have immunosuppressive properties,
interact with Treg, participate in their massive recruitment
into the tumor, and enhance their suppressive activity. We
also showed that NPC exosomes promote CD4+CD25− T-
cells conversion into iTreg.This conversion was accompanied
by a dose-dependent TGF𝛽 secretion [48]. CCL20 orMIP-3𝛼
is a chemokine that induces leukocyte migration into the
inflammation site and regulates leukocyte trafficking through
lymphoid tissues. Chan’s group detected highCCL20 concen-
trations in serum samples from NPC patients [182]. We also
showed for the first time, using both Western Blot and
electronmicroscopy, the presence ofCCL20 on exosomes and
we demonstrated that it plays a crucial role in Treg recruit-
ment into the NPC tumor microenvironment [48].

Although EBV-specific cytotoxic T-cells (CTLs) can be
detected in HL patients and have been shown to kill LMP1
and LMP2 expressing cells in vitro, they are unable to elimi-
nate EBV-infected tumor cells in vivo [183]. Several hypothe-
ses have been made to explain the apparent inefficiency
of the antitumoral immune response in HL patients. Some
studies suggested that CD4+ T lymphocytes producing Th2
cytokines and chemokines could probably contribute to the
local immunosuppression of Th1 cellular immune response
[167, 184]. Others explain this failure by an increase in the
recruitment of Treg [185–187].

It has been shown that the percentage of CD4+CD25+
nTreg is elevated in the peripheral blood of HL patients
compared to healthy donors, as well as in the blood of patients
having an active disease compared to those in remission
[179, 188]. Their number is also increased in HL tumor

tissues where they are found in close proximity to HRS cells
[177, 188, 189]. In addition, our group has recently pointed
out that Tr1 was strongly recruited in HL patients. Indeed, it
has been shown that an important increase of Treg and Tr1
marker genes (CD4, CD25, FOXP3, GITR, CTLA4, CD49b,
CD18, P-Selectin, LAG3, and CD40L) expression levels in
EBV-positive HL nodes compared to EBV-negative and
control nodes. A similar increase was observedwithin immu-
nosuppressive cytokine genes (IL10 and TGF𝛽) expression
and their receptors (IL10R𝛼, IL10R𝛽, and TGF𝛽RII). Fur-
thermore, an upregulation was also confirmed for the gene
expression of several chemokines (CCL4, CCL5, CCL17,
CCL22, CCL20, and CXCL9), known to strongly attract Treg
and their receptors (CCR4, CCR5, and CCR7). Moreover, we
confirmed an increase of Tr1 cells in EBV-positiveHLpatients
by determining CD4, CD49b, CD18, and also IL10 protein
levels in nodes and biopsies [190].

The role of Treg in EBV infection is interesting for many
reasons and the elucidation of its role in primary EBV
infection could facilitate the immunomanipulation at initial
infection stages in order to limit infectious mononucleosis
symptoms and prevent subsequent HL or NPC risk. Treg
frequency and functional capacity could affect viral persis-
tence level and then, the clarification of Treg role could partly
explain EBV-associated tumor progression and attain the
development of new therapeutic tools.

5. Conclusion

As discussed in this review, there is critical evidence for a
strong relation between inflammation and cancer develop-
ment. As noted above, HCV-, HLTV-1-, and EBV-infections
activate the immune system’s response involving a wide range
of cellular components. The main goal of this immune
response is to eradicate the pathogen mainly through
an inflammation mechanism. The inflammation process
involves the release of several cytokines and chemokines by
various proinflammatory cells or by cancer cells themselves.
The release of proinflammatory factors by such cells leads to
the recruitment of numerous cells to the infection site. Num-
bers of these cells consist of Treg cells which control inflam-
mation and avoid chronic inflammation. In this review, it has
been reported that regulatory CD4+ T-cells were associated
with a poor prognosis in HCC, ATLL, and NPC patients. It
was also reported that HTLV-1, HCV, and EBV viruses
increase the frequency and the activity of regulatory T-cells in
infected patients. Both HCV and HTLV-1 were able to hijack
the immune system, thus favoring the viral persistence. In
addition, a high frequency of Tr1 cells was reported in
Hodgkin Lymphoma and HCC patients with a high suppres-
sive activity mediated through IL10. In HCV-related diseases,
as well as in HTLV1- and EBV-related diseases, regulatory T-
cells overexpressed several cell surface markers and thereby,
increase the cell-to-cell dependent suppressive mechanism.
We also mentioned the important recruitment of regulatory
nTreg and iTreg within HCC and NPC tumors. Otherwise,
others results reported that EBV-associated NPC exosomes
were able to induce the conversion of CD4+CD25− T-cells
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into nTreg. Similarly, there was some evidence of antigen
specific conversion of CD4+ T-cells into iTreg (Th3 and
Tr1) after HCV infection. Taken together, these data strongly
suggest that the frequency of Treg is proportionally correlated
to the aggravation of the disease. Nevertheless, there are
some noticeable differences in the involvement of Treg cells
in these diseases. First, it is well known that HCV and
HBV viruses are essentially hepatotropic even if some recent
studies have suggested a possible lymphotropism. In contrast,
natural regulatory CD4+CD25+FOXP3+ T-cells have been
specifically described as themainHTLV1 reservoir.This close
interaction between Treg and HTLV-1 results in preferential
transmission of HTLV-1 to Treg cells promoting the central
regulator of the host immune response in vivo. Secondly, the
Treg suppressive activity in HCV infection passed mainly
through cytokine production while in HTLV-1 infection, it
was mainly through a cell-to-cell dependent mechanism.
Others reported results suggesting that ATLL regulatory T-
cells may lose their suppressive function with time but no
studies have reported this in HCC, nor in NPC. In all
cases, regulatory T-cells can directly inhibit the effector cells
proliferation, cytotoxic function, cytokine production, and
antiviral response. These regulatory cells produce high
amounts of IL10 and TGF𝛽, promoting the virus to achieve
persistent infection. These viruses can increase both the fre-
quency andphenotype of Treg cells and can therefore increase
their suppressive function. Finally, these findings describe
how viruses develop intelligent strategies to achieve persis-
tent infection and, sometimes, the development of tumors.
Viruses may directly induce dysfunctions of the host’s
immune response to increase their pathogenicity and then,
the regulatory mechanisms of the immune inflammatory
response are of major importance.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] http://www.who.int/cancer/en/.
[2] F. Balkwill and A. Mantovani, “Inflammation and cancer: back

to virchow?”The Lancet, vol. 357, no. 9255, pp. 539–545, 2001.
[3] H. Kuper, H.-O. Adami, and D. Trichopoulos, “Infections as a

major preventable cause of human cancer,” Journal of Internal
Medicine, vol. 248, no. 3, pp. 171–183, 2000.

[4] Q. Chang, Y.-K.Wang, Q. Zhao, C.-Z.Wang, Y.-Z. Hu, and B.-Y.
Wu, “Th17 cells are increasedwith severity of liver inflammation
in patients with chronic hepatitis C,” Journal of Gastroenterology
and Hepatology, vol. 27, no. 2, pp. 273–278, 2012.

[5] T. J. Liang and T. Heller, “Pathogenesis of hepatitis C-associated
hepatocellular carcinoma,” Gastroenterology, vol. 127, pp. S62–
S71, 2004.

[6] N. Araya, T. Sato, N. Yagishita et al., “Human T-lymphotropic
virus type 1 (HTLV-1) and regulatory T cells in HTLV-1-
associated neuroinflammatory disease,”Viruses, vol. 3, no. 9, pp.
1532–1548, 2011.

[7] L. M. Coussens and Z. Werb, “Inflammation and cancer,”
Nature, vol. 420, no. 6917, pp. 860–867, 2002.

[8] X. Chen, S. A. Kamranvar, and M. G. Masucci, “Tumor viruses
and replicative immortality—avoiding the telomere hurdle,”
Seminars in Cancer Biology, vol. 26, pp. 43–51, 2014.

[9] E.Thomas,V.D.Gonzalez,Q. Li et al., “HCV infection induces a
unique hepatic innate immune response associated with robust
production of type III interferons,” Gastroenterology, vol. 142,
no. 4, pp. 978–988, 2012.

[10] W. Zou and N. P. Restifo, “TH17 cells in tumour immunity and
immunotherapy,”Nature Reviews Immunology, vol. 10, no. 4, pp.
248–256, 2010.

[11] S. Sakaguchi, K. Wing, Y. Onishi, P. Prieto-Martin, and T.
Yamaguchi, “Regulatory T cells: How do they suppress immune
responses?” International Immunology, vol. 21, no. 10, pp. 1105–
1111, 2009.

[12] A. Busca and A. Kumar, “Innate immune responses in hepatitis
B virus (HBV) infection,” Virology Journal, vol. 11, no. 1, article
22, 2014.

[13] J. Pawlotski, “Virus de l’hépatite C et réponse immunitaire,”
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Obesity today stands at the intersection between inflammation and metabolic disorders causing an aberration of immune activity,
and resulting in increased risk for diabetes, atherosclerosis, fatty liver, and pulmonary inflammation to name a few. Increases
in mortality and morbidity in obesity related inflammation have initiated studies to explore different lipid mediated molecular
pathways of attempting resolution that uncover newer therapeutic opportunities of anti-inflammatory components. Majorly the
thromboxanes, prostaglandins, leukotrienes, lipoxins, and so forth form the group of lipid mediators influencing inflammation.
Of special mention are the omega-6 and omega-3 fatty acids that regulate inflammatory mediators of interest in hepatocytes and
adipocytes via the cyclooxygenase and lipoxygenase pathways. They also exhibit profound effects on eicosanoid production. The
inflammatory cyclooxygenase pathway arising from arachidonic acid is a critical step in the progression of inflammatory responses.
New oxygenated products of omega-3 metabolism, namely, resolvins and protectins, behave as endogenous mediators exhibiting
powerful anti-inflammatory and immune-regulatory actions via the peroxisome proliferator-activated receptors (PPARs) and G
protein coupled receptors (GPCRs). In this review we attempt to discuss the complex pathways and links between obesity and
inflammation particularly in relation to different lipid mediators.

1. Introduction

Obesity is a proinflammatory burning health issue recog-
nized globally associated with increased risk of a cluster
of risk factors which are representative of the metabolic
syndrome. Energy uptake overrides expenditure causing
a disruption of cellular functions augmenting insufficient
appetite regulation, thereby leading to a chain of vicious
events [1]. Obesity resulting in a disruption of insulin and

lipid metabolic pathways gives rise to metainflammation,
targeting critical organs and adversely affecting homeostasis.
Obesity acts as a precursor to the metabolic syndrome
which is a crucial stage to many an ailments exhibiting
inflammation and has been contributory in disorders like
arthritis, cancer, cardiovascular diseases (CVD), asthma, and
Alzheimer’s disease due to excessive and prolonged inflam-
matory responses [2, 3]. Far from being relegated to functions
of energy storage, lipids have now emerged responsible for
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the production of different intercellular signaling molecules
against inflammation. Eicosanoids, fatty acids, sphingolipids,
and phosphoinositides manage crucial cellular processes,
which include cell metabolism, proliferation, and apopto-
sis. Fatty acids influence inflammatory pathways by both
extracellular receptor interactions and also by intracellular
signaling mediators. The intracellular signals act through
GPCRs in the endosomes and the nucleus [4]. The extracel-
lular signaling from different nutrients, growth factors, and
cytokines manages the lipid influencing enzymes like sph-
ingomyelinase, phospholipases, phosphoinositide 3-kinase
prostaglandin synthase, 5-lipoxygenase, and sphingosine
kinase [5]. Imbalances in the complex network result in the
pathogenesis of obesity and other health problems. Though
significant contribution is displayed by the genetic makeup
on the basal levels of these markers of inflammation, some
influences are also exhibited due to inflammatory responses
of fatty food intakes [6]. Among these of importance are
the fatty acids, phospholipids, and lysophospholipids with
the omega-6 and omega-3 fatty acids playing the roles of
prominent proinflammatory fatty acid, anti-inflammatory
fatty acids, and so forth [7]. Lipid mediated inflammation in
obesity is strongly influenced by the cyclooxygenase (COX)
and lipoxygenase (LOX) pathways and these inflammatory
markers occupy an important position as they give insights
into arising risk for CVD, diabetes, and other metabolic
disorders (see Table 1). A targeted approach using lipids
indicates that macrophages supplementation with PUFAs
inhibits the metabolism of arachidonic acid (AA) thereby
attributing potent anti-inflammatory effects. Short-term and
long-term inflammatory stimulation resulting in COX path-
ways are shifted to the less inflammatory COX (PG3 and
TX3), and the resolving LOX(LT5) pathways by the long
chain polyunsaturated fatty acids (LC PUFA’s) namely EPA
& DHA, thereby offering protection against inflammation
(See Figure 1). This results in the increased formation of
the proresolving lipoxins and resolvins that perform as
“stop-signals” of the inflammatory response promoting the
resolution of inflammation. Recent researches show that
their reduced presence in obese adipose tissue and their
restoration by either exogenousmeans or feeding diets rich in
omega-3-enriched products improve metabolic dysfunction
as well as the inflammatory condition of adipose tissue [8].
The role of docosapentaenoic acid in the LOX pathway
makes it worth reconsideration in the context of anti-
inflammation [9]. Diets rich in fish oil PUFA’s are also
known to increase secretions of adiponectin and improve
the skeletal muscle responses to insulin which is contrary to
the high saturated fat diet resulting in insulin resistance [10].
LC PUFAs also regulate expression of genes through PPAR
and nuclear factor kappa B (NF-𝜅B) transcription factors
and via eicosanoid production by reducing the formation
of proinflammatory cytokine from various cells including
macrophages. Infiltrated macrophages are an integral part
of the stromal vascular fraction of the adipose tissue and
are implicated in the production of the proinflammatory
monocyte chemoattractant protein 1, TNF𝛼, and interleukin-
6 (IL-6). This anti-inflammatory property of omega-3 fatty

acids could be strategically employed in decreasing obesity-
induced insulin resistance [11].

2. Proinflammatory Fatty Acids in
Cell Signaling

Inflammation causing physiological changes is characterized
by increases in certain mediators of lipids and peptide origin
known as eicosanoids and the cytokines, respectively. Dietary
intake of fats especially the 20 carbon arachidonic (AA)
and eicosapentaenoic acid (EPA) polyunsaturated fatty acids
influences the eicosanoid pathways as they are precursors to
eicosanoid formation. Based upon cell signals, the production
of different cytokines occurs in the leukocytes of humans
in the presence of various eicosanoids. Oxygenation of
polyunsaturated PUFAs occurs in the presence of three types
of enzymes, namely, the cyclooxygenases, lipoxygenases, and
cytochrome P giving rise to lipid mediators of inflamma-
tion also known as the oxylipins [30]. These oxylipins in
turn activate the PPAR transcription factors that are ligand
activated or signal via the GPCRs after diffusing through
the plasma membrane [31]. The nature of the oxylipins is
dependent on their double bond configuration and length.
Their production depends on the type of PUFA oxidized
and the enzyme acting on it thereby rendering it specific to
certain receptors [32]. Most of the inflammatory molecules
involved in cell signaling cascades are generated from the AA
fatty acid cycle. Prostaglandins (PGs), leukotrienes (LTs), and
thromboxanes (TXAs) collectively are termed as eicosanoids
which are proinflammatory when derived from the omega-
6 fatty acid and anti-inflammatory when derived from EPA
anomega-3 fatty acid. Alterations in the plasma arachi-
donic: eicosapentaenoic acid ratio seems to be causative of
dysfunctions in the metabolism of obese individuals [33].
The main player in the inflammatory pathway arising from
dietary omega-6 fatty acid linoleic acid (LA) is AA. The
pathway is described schematically in Figure 1. Initially LA
gets desaturated by the action of delta 6 desaturase to form
DGLA (20 : 3) via the formation of GLA which is acted upon
by a delta 5 desaturase to form AA. DGLA as such is also a
substrate for oxygenases [34, 35]. Dietary GLA gets elongated
to DGLA by the action of elongases. This DGLA, which
structurally closely resembles AA, slows the formation of
inflammatory eicosanoids of the AA pathway and is found to
be beneficial against inflammation [36]. Diet intakes as well
as the action of delta 6 and delta 5 desaturases or elongases
in the metabolic pathway are decisive in the development
of inflammation and related disorders [37]. Therefore it is
observed that major obesity as a result of improper diet is
a predecessor to most of the complications of the metabolic
syndrome. Action of delta 6 desaturases is dependent upon
the 20 : 3/18 : 3 fatty acid ratio whereas delta 5 desaturases are
dependent upon the 20 : 4/20 : 20 : 3 fatty acid ratio. This ren-
ders activity of fatty acid desaturases as possible biomarkers
in the development of obesity, CVD, andmetabolic disorders.
It has been hypothesized that dysfunctions in the delta 5
and delta 6 desaturase levels could be a decisive marker in
the progression of insulin regulation [38]. Owing to the fact
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Figure 1: Major lipid influences in the inflammatory cascade. The different lipid molecules influenced by diet modulate the inflammatory
cascade resulting in inflammation, obesity, cardiovascular disease, andmetabolic syndrome. Dietary linoleic gets converted to the principally
important proinflammatory arachidonic acid by the action of several enzymes. Further arachidonic acid by the action of COX, LOX gives
rise to inflammatory responses. Linolenic acid on the other hand gets converted to eicosapentaenoic acid and docosahexaenoic acid which
release anti-inflammatory resolvins, protectins, and maresins. Listed below are the abbreviations used in the figure: LA: linoleic acid;
ALA: alpha linolenic acid; PLA2: phospholipase 2; GLA: gamma linolenic acid; DGLA: dihomo gamma linolenic acid; LT: Leukotriene;
PGs: prostaglandins; TXA: thromboxane; COX: cyclooxygenase; LOX: lipoxygenase; RvD: resolvins; PD1: protectins; MaR: maresins;
EETs: epoxyeicosatrienoic acids; HETEs: hydroxyeicosatetraenoic acids; HPETE: 5-hydroperoxy eicosatetraenoic acid; DHET: 14,15-dihydro
eicosatrienoic acid; PPARs: peroxisome proliferator-activated receptors; GPCRs: G protein coupled receptors.

that delta 5 desaturase activity is limited in human cells,
the levels of DGLA or GLA through supplementation do
not appreciably affect AA concentration in the monocytes,
neutrophils, and the platelets [36]. DGLA is acted upon by
COX-1 to form the series 1 PGs and TXA1 and by LOX to
form the 3 series of LTs. Lysophospholipid acyltransferase and

arachidonyl CoA act together to store AA obtained from the
diet or by the desaturation of LA into the phospholipids of
the cell membrane.The enzyme phospholipase 2 (PLA2) acts
upon the cell membrane storage sites releasing free AA, the
exact enzyme mediated mechanism of which yet remains to
be elucidated. The ability of AA to diffuse into the nucleus
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Table 1: Lipid signaling molecules and their actions in obesity related inflammation.

Inflammation Resolution
Omega-6 fatty acid mediated marker Omega-3 fatty acid mediated marker

Fatty acid Enzyme Proinflammatory
marker Action triggered Fatty acid Enzyme

Anti-
inflammatory
marker

Action triggered

DGLA

COX

PGD1
PGE1 Proarrhythmic

EPA

COX

PGD3
PGE3 Antiarrhythmic

PGF1
TXA1

PGF3
PGI3
TXA3
TXB3

Antithrombotic
Antiplatelet
aggregation

LOX
LTA3
LTC3
LTD3 Constriction of blood

vessels LOX

LTA5
LTB5
LTC5
LTD5
LTE5

Dilation of blood
vessels

AA

COX

PGD2
PGE2
PGF2
PGI2
TXA2

Prothrombotic,
platelet aggregation
via thromboxane A2
receptor

EPA CyP

LIPOXINS Act upon PPARs,
GPCRs

HETE Inhibits free radical
production

LOX

5HPETE—
5HETE—EETs

LTA4
LTB4
LTC4
LTD4
LTE4

Leukocyte activation

Vasoconstriction,
bronchoconstriction
via the BLT1 and
BLT2 receptors

DHETs

Resolvins
Protectins
Maresins

Improve vascular tone
and renal function
and reduce
hypertension

Blocking PMN
filtration, by
inhibiting TNF𝛼

Arachidonic acid (AA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), gamma linolenic acid (GLA), DGLA-dihomo gamma linolenic acid
(DGLA), tumor necrosis factor alpha (TNF𝛼), leukotriene (LT), prostaglandins (PGs), thromboxane (TXA), lipoxins (LXs), resolvins (Rvs), D series protectins
(PDs), cyclooxygenase (COX), lipoxygenase (LOX), and hydroxy eicosatetraenoic acids (HETEs).

and hinder with DNA transcription for cytokines or other
hormones makes it prone to inflammation. The secretory
PLA2 enzyme (sPLA2) has been characterized and found that
two groups, namely, I and II, exist. Group I enzyme is present
in the pancreas whereas group II is found in the synovial
fluid and platelets thereby being implicated in inflammation.
Expression of group II sPLA2 has been induced greatly by the
cytokines, namely, IL-1, IL-6, and TNF alpha, in different cells
which can be correlated to the production of PGs [39]. The
enzyme cyclooxygenase (COX1 and COX2) acts upon DGLA
orAA into series 1 and 2 autocrine lipidmediators also named
prostanoids. PGD1, PGE1, PGF1, TXA1, PGD2, PGE2, PGF2,
PGI2, and TXA2 represent these prostanoids (see Table 1).
Depending upon the number of double bonds, residues of
amino acids, and their ring structure, these moieties are
rendered receptor specific. Characterization into D, E, and F

is based upon their most potentially active ligand. Interaction
of these prostanoids takes place with specific receptors that
have been characterized, namely, EP, FP, IP, TP, and DP [40].
The cascade thus gets triggered. PGs derived by the action of
COX on AA promote prothrombotic effects. TXA2 triggers
the TP alpha receptor encouraging platelet aggregation. The
prostaglandins PGI2, PGD2, and PGE2 bind toGPCRs on the
platelet surface triggering a stop signal [41]. Recent studies
find that PGE2 expresses a binding ability to both pro-EP3
and antithrombotic EP4 receptors which makes therapeutic
studies more intriguing [42].

Obesity during pregnancy has been known to trigger
imbalances in the glucose uptake pathway causing insulin
resistance.Maternal obesity has been associatedwith elevated
inflammation responses systemically as well as locally within
the placenta and adipose tissue, mediating adverse outcomes
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[43]. The condition is exacerbated owing to the combination
of insulin resistance as well as greater expression of placental
inflammation by the cytokines, namely, IL-6 [44]. Changes
are observed in the levels of protein hormones, acute phase
proteins, and cytokines in the 2nd trimester of pregnancy
with increases in leptin and high sensitive C-reactive protein
(CRP) concentrations in terms of increasing basal metabolic
index (BMI) and increased monocyte chemoattractant pro-
tein 1 in morbid cases of obesity [45]. Contractions mediated
by the smooth muscle and endothelial cells are induced by
TXA2. Dysfunctions in the TXA2 pathway are observed in
obese pregnant women. TXA2 gives rise to TXB2 which is a
stable moiety. Normally one would expect an altered expres-
sion of the TXA2 receptors (TXA2R) during contractions.
But surprisingly BMI in pregnancy does not affect TXA2R
in either the smooth cells or the endothelial cells. This is
suggestive of alterations or deregulations of other mediators
in the TXA2 pathway, yet to be properly understood.

Lipoxygenases on the other hand catalyze the hydroper-
oxidation of AA to form the 4 series LTs.These LTs are known
to easily permeate through the plasmamembrane and trigger
theGPCRs.The action of 5-LOXonAA results in the produc-
tion of LTA4 via the intermediate 5-hydroperoxy eicosate-
traenoic acid (5-HPETE). This intermediate 5-HPETE gets
immediately reduced to 5-hydroxy eicosatetraenoic acid
(HETE) which is again acted upon by LOX to form LTA4, an
epoxide that is unstable and is converted to LTB4. Four LOXs,
namely, 3, 5, 12, and 15 LOX, have been identified depending
on the carbon moiety oxidized. These LOXs represent and
express 6AA genes. The role of 12 LOX and its derivative
12-HETE appears to be crucial in modulating adipogenesis
and beta cell dysfunction as observed in insulin resistance.
These leukotrienes produced promote bronchoconstriction
in asthma and anaphylaxis which are subsets of illnesses with
obesity as a precursor. LTA4 also conjugates with glutathione
forming LTC4 which is cysteinyl leukotriene. The receptors
Cys LT1 and Cys LT2 act on the surface of target cells
causing bronchial contraction and migration of leukocytes.
LTC4 are later converted by a number of enzymes to LTD4
[46]. Presence of LTB4 releases elevated concentrations of
TNF 𝛼 in human monocytes [47] and also influences the
production of IL-1 and IL-6 [48]. TNF 𝛼 has been implicated
for its involvement in all stages of obesity leading to insulin
resistance, hypertension, and the metabolic syndrome.

The role of TNF-𝛼 in inflammation, immunity, lipid
metabolism, apoptosis, and insulin signaling is quite impor-
tant. Increased TNF-𝛼 concentration is observed in circulat-
ing blood levels of obese individuals which decreases on los-
ing weight. It is elemental in promoting the secretion of other
proinflammatory cytokines (IL-6) and reducing adiponectin
levels which is anti-inflammatory in nature. It promotes
insulin resistance by the inhibition of the insulin receptor
substrate 1 signaling pathway and also induces adipocyte
apoptosis Although elevated levels of TNF-𝛼, IL-6 and IL-1
are observed in the adipose tissue in conditions of obesity,
only TNF-𝛼 concentrations are increased in the adipocytes
[49]. In obese individuals, the macrophages in white adipose
tissue are mainly responsible for the production of the proin-
flammatory cytokine TNF-𝛼 [50]. This propels activation of

NF𝜅B causing oxidative stress and further enhancing the
secretion of cytokine in peripheral tissues. The subcutaneous
and adipose tissue seems to produce very minor quantities
of TNF-𝛼. The production of the anti-inflammatory cytokine
adiponectin is decreased by TNF-𝛼 possibly due to its antag-
onist effect thereby resulting in deregulation of insulin sig-
naling [51]. TNF-𝛼 is further responsible for dysfunctions in
the endothelium leading to enhanced leukocyte adhesion,and
activating theNF𝛼B cascade, and inducing vascular cell adhe-
sion molecule-1 (VCAM-1) expression in the endothelium
[52]. Furthermore it elevates the atherogenic potential by
promoting plaque formation and decreasing vasodilatation
of blood vessels. It also stimulates the production of hepatic
C-reactive protein (CRP) and interleukin-6 (IL-6) [53]. This
pathway leads to CVD risks. The COX and LOX pathways
are of prime clinical significance owing to being targets of
the nonsteroidal drugs in case of inflammation, pain, and
fever [54]. Of the two isozymes COX1 and COX2, only COX2
appears to be expressed at the inflammation site. However
an imbalance in the ratio of COX1 derived TXAs: COX2
derived PGs promotes thrombosis [55], suggesting low dose
aspirins to avoid risk of cardiovascular events [56]. Therefore
the selective use of COX2 inhibitors as drugs has reduced over
the years. Experimental evidences with nonsteroidal anti-
inflammatory drugs aiming at COX2 selective inhibition have
also resulted in low gastric tolerance [57].

3. Anti-Inflammatory Fatty Acids

Gamma linolenic acid and the omega-3 fatty acids EPA
and docosahexaenoic acid (DHA) belong to this anti-
inflammatory category. GLA acts via DGLA to promote
the anti-inflammatory eicosanoids. GLA and EPA act via
displacement, competitive inhibition, or being counteractive.
GLA increases the formation of DGLA resulting in lowered
TXB2 and also a decreased conversion of AA to LTs. GLA
also counteracts the PGE2 by promoting production of
PGE1. Omega-3 PUFAs are essential components delivering
health benefits in humans, and their deficiencies have been
linked to chronic diseases [58]. DHA and EPA are omega-
3PUFAs found in fish oils and are helpful in preventing or
treating inflammatory diseases [59]. These PUFAs poten-
tially act through multiple mechanisms which includes the
proinflammatory eicosanoid and cytokine inhibition. EPA
and DHA fatty acids inhibit a number of aspects of inflam-
mation which include chemotaxis of leukocytes, VCAM-
1 expression, leukocyte-endothelial adhesive interactions,
production of eicosanoids, PGs and LTs from the omega-6
fatty acid AA, inflammatory cytokines production, and T cell
reactivity [60]. Though animal studies suggest a protection
against obesity by omega-3 fatty acids, only a few human
studies have been well conducted [61]. In obese children
elevated inflammation affects the vascular and endothelium
wall which may be caused by a decrease in serum omega-
3 concentrations. Conversely this condition can be reduced
by supplementation of omega-3 fatty acids [62]. Dietary
supplementation of omega-3 fatty acids has shown benefits
in the control of inflammatory processes through media-
tors in humans [63]. EPA/DHA of marine origin expresses
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antiadipogenic effects during development of obesity and also
decreases the accumulation of body fat. High level of dietary
consumption of EPA/DHA has a beneficial effect regardless
of the consumption of AA [64]. Experiments with omega-3
fatty acid treatment showed decreases in the lymphocytes and
monocytes number and also decreases in the levels of TNF-
𝛼, IL-1𝛽, and IL-6. Similar results are observed in healthy
adults eating a Mediterranean diet [62]. Decreases in the
level of the inflammatory factors TNF-𝛼, IL-1𝛽, and IL-6 in
the adipose tissue improve endothelial function. Increased
levels of omega-3 PUFA in serum phospholipids suggest
an increased integration of omega-3 PUFAs into the mem-
branes of circulating cells [62]. The omega-3 PUFAs seem
responsible for the production of lipid signaling molecules
of the anti-inflammatory type. These bioactive lipids arise
from the parent omega-3 PUFA, namely, alpha linolenic
acid, which is desaturated and elongated with an additional
double bond to form EPA.This EPA by the action of elongase
and delta 6 desaturase gets converted to a 24-carbon atom
metabolite which undergoes beta oxidation to form DHA
in the peroxisome [65]. COX converts EPA to the 3 series
prostanoids, namely, PGD3, PGE3, and TXA3 [66]. These
in turn permeate through the membrane binding to GPCRs
in an autocrine or paracrine fashion. The potentiality of
the ligand decides the reactivity with the specific receptors.
The LOXs deoxygenate EPA to LTs, lipoxins, and hydrox-
yeicosatetraenoic acids (HETEs) 2 [67]. EPA competes with
AA to form eicosanoids of the anti-inflammatory type and
exhibits benefits in cases of inflammation and related vascular
problems. Intriguingly, though DHA does not appear to be
a COX substrate it gets oxygenated into the 14/11-OH and
17-OH metabolites by the action of 12- and 15-LOX [68,
69]. The heme protein cytochrome P450 (CyP450) exhibits
specific absorbance at 450 nm on reduction, hence the name.
Humans express 57CyPswhich are subdivided into 18 families
and 43 subfamilies depending upon the amino acid type
and content. Role of the presence of CyP derived EET and
HETE in platelets is not yet fully established [35]. CyP450
epoxygenases break down AA to epoxy eicosatrienoic acids
(EETs) or HETE or omega-3 fatty acids of the epoxide type
which improve the vascular endothelium, by inhibiting the
action of NF𝜅B and downregulating COX and LOX cascades.
The CyP 450 eicosanoids may serve as activators of PPARs in
an autoregulatory manner thereby reducing the dysfunctions
in adipocytes [7].

4. Other Lipid Mediators

PGs, LTs, platelet-activating factor (PAF), lysophosphatidic
acid, sphingosine 1-phosphate, and endocannabinoids are
molecules classified as lipid mediators. They have a very
important role in regulating the immune and defense sys-
tem besides maintaining the homeostasis in living systems.
The pathway leading to their synthesis is mediated by
several enzymes, which get initiated by the deesterification
of membrane phospholipids by phospholipase A2 or sph-
ingomyelinase. Mostly they act by binding to associated
receptors, which are members of the GPCR superfamily.

Dysfunction in their pathway or deregulation of the enzymes
leads to a variety of disease conditions. Besides these other
inflammatory lipid mediators such as PAF, oxidized phos-
pholipids, lysophosphatidic acid, and sphingosine1phosphate
exist [70, 71]. Of late the role of endocannabinoids such
as 2arachidonoylglycerol and anandamide in obesity is also
gaining importance [72, 73]. PAF is an important lipid medi-
ator, displaying significant role in immunity, inflammation,
and obesity. PAF acetylhydrolase is a calcium independent
phospholipase A2 that catalyzes the conversion of PAF to
lyso-PAF. PAF-acetyl hydrolase (PAF-AH) also degrades oxi-
dized phospholipids, which are formed during the oxidative
modification of lipoproteins. Plasma PAF-AH deficiency is
associated with atherosclerotic occlusive disease. PAF activity
is found to be increased in obese hypercholesterogenic
individuals when compared to lean individuals, which is
indicative of the role of PAF in dyslipidemia and insulin
resistance [74]. PAF may also act as a critical link in different
diseases associated with insulin resistance syndrome. It has
been found that, in adipocytes and preadipocytes, TNF𝛼
increases PAF synthesis and can also enhance adipocyte dif-
ferentiation [75]. Sphingosine-1-phosphate might be a poten-
tial therapeutic target in obesity and metabolic dysfunction.
Types 1 and 2 sphingosine kinases convert sphingosine into
sphingosine 1 phosphate. Fingolimod (FtY720), a prodrug
of a potent functional sphingosine 1 phosphate 1 agonist,, is
currently undergoing clinical trials as an immunosuppressant
in immune dysfunctions [76]. Sphingolipids also contribute
to the prothrombotic and proinflammatory phenotype of
obese adipose tissue. In diabetic ob/ob mice, plasma con-
centrations of total sphingomyelin, ceramide, sphingosine,
sphingosine 1 phosphate, and adipose tissue sphingosine
concentrations were found to be increased as compared to
those in lean control mice. Sphingolipids therefore appear
to play a very significant role in the pathogenesis of
obesity-mediated cardiovascular and metabolic dysfunctions
[71].

5. The Inflammatory Resolvers

There are some other novel lipid mediators such as resolvins
(Rvs), protectins, and maresins which are derived from these
omega-3-PUFAs EPA and DHA. Oxygenated derivatives
of DHA belonging to di- and trihydroxylated series and
nonconjugated trienes are known to originate by the action
of LOX. Accordingly few have been named resolvins as they
speed up the inflammatory process of resolution [77]. Rvs and
protectins are the emerging new families ofmediators derived
from EPA and DHA [58] possessing anti-inflammatory
action [78]. Lipoxins (LXs) and Rvs are biosynthesized via
the COX-2 or LOX pathways from omega-3 fatty acids.
These LXs and Rvs in recent times have gained recognition
because of their anti-inflammatory action, particularly in
chronic disorders [63]. Rvs demonstrate anti-inflammatory
and immunoregulatory action by reducing infiltration of the
neutrophils and lowering the inflammatory response magni-
tude. Regulation of chemokine and cytokine axis, uptake and
removal of polymorphonuclear (PMN), and generation of
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free radicals are also done by resolvins [79]. In addition, phar-
macological studies suggestmany othermolecular targets like
PPAR𝛾 and GPCR120 for the anti-inflammatory action of
omega-3 fatty acids [80]. Profiling of lipids has resulted in
the identification of these Rvs and protectins, which have the
ability to halt signals for infiltration of neutrophils and act as a
marker in the inflamed tissue [81].These protectivemediators
stop trafficking of leukocytes to the inflamed site thereby
increasing vasodilatation and vascular permeability. They
activate tissue debris clearance [82], regulate the production
of cytokines, reduce the formation of reactive oxygen species,
and also decrease the inflammatory response magnitude
[83]. This process leads to the restoration of homeostasis
in the inflamed tissue. The exact physiological function of
the isomers of protectins like PDX is yet to be properly
understood. Resolvins (RvD1) of the D series act by blocking
PMN filtration and are much more resilient to metabolic
inactivation (forming 17oxo RvD1) as compared to LX A4
[84]. Resolvins belonging to the D as well as E series have
EPA as the precursor. RvE1 of the E series is a trihydroxylated
form of the precursor fatty acid EPA which reduces the
inflammation and blocks the migration of neutrophil in
vivo [77]. It modulates the proinflammatory L-selectin and
disrupts the TXA mediated platelet aggregation [85]. The
other resolvin RvE2 also displays anti-inflammatory property
by inhibiting zymosan-induced infiltration of PMN [79]
Resolvins appear to inhibit IL-1𝛽 transcription through the
action of TNF𝛼 and the migration of PMN leukocyte.

Protectins of the D series (PD) have DHA as their precur-
sor. Through an enzymatic process via a 17S-hydroperoxide
intermediate, 15 LOX forms the protectin, namely, PD1 (10,
17-diHDHA).The D series protectins are implicated in stroke
and other neural diseases like Alzheimer’s, asthma, and
so forth, wherein they inhibit the formation of cytokines,
proinflammatory gene expression, and the production of
proinflammatory lipid mediators [86, 87]. Impairment in the
formation of precursors to the resolution process and PD1
results in the inflammatory responses of the white adipose
tissue in obesity [88]. Animal experiments support the action
of PD1 in lowering accumulation of macrophage, decreasing
blood glucose concentrations, enhancing adiponectin pro-
duction, lowering the levels of proinflammatory cytokines
[89], and getting expressed in a particular phenotype [90] as
seen in obesity. Maresins are also DHA derived compounds
that help in the resolution of the inflammatory status thereby
maintaining homeostasis and promoting immunity and
wound healing. Further researches are required to completely
understand their individual complex roles in inflammation.
Recently another novel compound 7, 14-dihydroxydocosa-
4Z, 8, 10, 12, 16Z, 19Z-hexaenoic acid, which is a product of the
14-LOX pathway, has been characterized and seems bioactive
in resolving the inflammatory status [79].

6. Modulation of Inflammatory Gene
Expression by Peroxisome Proliferator
Activated-Receptors

Peroxisome proliferator-activated receptors (PPAR) play a
very significant role in obesity, inflammation, and the

metabolic syndrome apart from being apparent targets for
complication related to the above life processes. They are
principally a class of transcription factors which belong to
the nuclear hormone receptor superfamily. Their functions
involve regulation of gene expression by way of interac-
tions with the retinoid X receptors. PPARs bind to the
peroxisome proliferator response elements which are specific
DNA sequences involved in gene regulation. Ligand-PPAR
interaction leads to chromatin remodeling and recruitment
of coactivators. This interaction results in initiation of DNA
transcription [91, 92]. These PPARs control the regulation of
inflammation and energy homeostasis. Due to their signif-
icant role they are the prime targets for drugs that control
obesity, obesity-induced inflammation, insulin resistance,
type 2 diabetes, CVD, and metabolic syndrome. Apart from
being implicated in inflammation, PPARs seem elemental
influencing the lipid and energy metabolism. Three isotypes
of PPARs are so far known to exist. These are classified as
PPAR-𝛼, PPAR-𝛽 (also called PPAR-𝛿), and PPAR-𝛾. Their
classification is based upon their expression on tissues and
their development. Another factor considered is the distinct
overlapping nature of lipid and eicosanoid ligands and their
ability to activate each receptor [93]. Almost all PPARs are
linked with lipid and fat metabolism besides bearing specific
functions. PPAR𝛼 was the first to be discovered among all
PPARs. Its expression is more prevalent in tissues which
have very high rates of the fatty acid 𝛽 oxidation. Several
organs of the body such as heart, kidney, muscle, liver,
and cells of the arterial wall are central to its expression.
Fatty acids, eicosanoids, 15-deoxy-delta prostaglandin J2,
and fibrates appear to induce its function and expression.
PPAR-𝛼 regulates expression of genes which are linked with
apolipoprotein A-1 and also a major apolipoprotein of high
density lipoprotein metabolism [94]. PPAR𝛼 also regulates
inflammatory responses, particularly by reducing the effect of
inflammatory genes involved in inflammation. Acute inflam-
mation induced by cytokines and other molecules in the liver
has been found to be reduced by PPAR activation. PPAR𝛼
illustrates its immunosuppressive effects in several ways [95].
It has the ability to interact with many proinflammatory
factors which are involved in transcription, namely, signal
transducer and activator of transcription 1, activator protein
1, and NF𝜅B [96]. PPAR𝛼 stimulates the expression of an
inhibitory protein (I𝜅B𝛼) which ultimately suppresses DNA-
binding activity of NF𝜅B [97]. Furthermore PPAR𝛼 also
reduces the activity of several proinflammatory transcrip-
tion factors by confiscating the coactivator glucocorticoid
receptor interacting protein-1 [98]. It inhibits the cytokine
signaling pathways by downregulating the IL-6 receptor and
upregulating soluble interleukin 1 (sIL-1) receptor antagonist
[99], leading to reduced inflammatory responses. Several
acute phase proteins which are found during elevated levels
of inflammation get reduced by PPAR𝛼 activation using
fenofibrate [100]. PPAR𝛼 controls inflammation of the adi-
pose tissue through different pathways either by decreasing
adipocyte hypertrophy linked with higher inflammatory
tissues [101] or by directly regulating expression of genes
potentially active in inflammatory pathways. Whether the
anti-inflammatory effects of PPAR𝛼 in white adipose tissue
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are rendered effective by direct or indirect mechanisms is still
not clear. PPAR𝛼 is also known to regulate genes and enzymes
such as enoyl-CoA, acyl-CoA, thiolase, and medium chain
acyl-CoA dehydrogenase that are involved in peroxisomal
and mitochondrial beta-oxidation pathways. It also regulates
genes involved in fatty acid transport and lipid metabolism.
Activated PPAR-𝛼 leads to an increased cellular fatty acid
uptake, which in turn induces a breakdown of triglycerides
and fatty acids and lowers triglyceride and fatty acid synthesis
by altering the transcription of several genes [102, 103].

PPAR-𝛾 is the most widely studied among all PPARs
and considered as a master regulator of adipogenesis. It is
mostly found in adipose tissues, though traces are present
in organs like skeletal muscles, colon, and the lungs [104].
PPAR𝛾 production is induced by fatty acids and their
derivatives which are linked with adiposity, insulin resis-
tance and sensitivity, and functions of the placenta. It acti-
vates various transcription factors and coactivators including
the steroid receptor coactivator-1. PGC1𝛼 and PGC1𝛽 are
transcriptional coactivators that interact with PPAR𝛾. This
allows an interaction with multiple proteins linked with the
regulation of cellular metabolism, including cyclic AMP-
response-element-binding protein and nuclear respiratory
factors [105]. Three different isoforms of PPAR𝛾 are known
to exist of which PPAR𝛾1 is found in almost all tissues
except the muscle. PPAR𝛾2 is more specific to adipose
tissues and PPR𝛾3 is present mostly in the macrophages,
surrounding the large intestine and adipose tissues. PPAR𝛾
is a component of the thrifty genotype supposedly increasing
a person’s inclination towards insulin resistance [104]. Several
eicosanoids and unsaturated fatty acids work as endogenous
agonists of PPAR𝛾, while the antidiabetic drugs rosiglita-
zone and pioglitazone belonging to the group of thiazo-
lidinediones act as synthetic agonists of PPAR𝛾 [106]. The
prostaglandin PGJ2 activates PPAR𝛾 and conversely LTB

4

gets activated by PPAR𝛼 [107]. Genes linked with PPAR𝛾 are
found associated with lipid storage, adipocyte differentiation,
and glucose metabolism. The genes affected with the above
processes include aquaporin 7, CD36, phosphoenolpyruvate
carboxykinase, lipoprotein lipase, and adiponectin [104].
Similar to PPAR𝛼, PPAR𝛾 is also involved in regulating the
inflammatory response, especially in the area surrounded
by macrophages. It regulates inflammation by its interaction
with proinflammatory factors associated with transcription
of NF-𝜅B, activator protein 1 (AP-1), and signal transducers
and activators of transcription (STAT) [108]. Alternatively
it acts by blocking the removal of corepressor complexes
from inflammatory gene promoters, thereby resulting in
inhibition of the inflammatory gene transcription [109].
It can be assumed that induction of PPAR𝛾 might favor
differentiation of adipocytes which results in a decreased
inflammatory response of adipose tissue during obesity.
Expression of PPAR-𝛾 is found at several places across the
body but its activity is prominent around components of the
vascular system, placenta, and the large intestine. Altered
mutations in PPAR-𝛾 cause a variety of complications leading
to insulin resistance, type 2 diabetes, hypertension, increased
triglycerides, low high density lipoprotein level, and dys-
lipidemia [110] which are all clinical manifestations of the

metabolic syndrome. PPAR𝛾 activation inhibits monocyte
and macrophage inflammatory activity by suppressing the
activity of several nuclear transcription factors. This anti-
inflammatory effect helps to reduce the risk of athero-
genesis and cardiovascular disorders [111]. Compared to
PPAR𝛼 and PPAR𝛾, the PPAR𝛽/𝛿 is much less studied. It
is found in several tissues but weakly induced by lipids,
PGs, and LTs. Once induced, it binds to DNA and regulates
the transcription of genes. Its role is not clear due to its
pervasive expression pattern, lack of specific ligands, and
lack of availability of knock-out animal models. But recent
research on PPAR𝛽/𝛿−/− mice has given a strong stimulus
to look for other functions executed by PPAR𝛽/𝛿 [112]. Mice
lacking PPAR𝛽/𝛿 have shown several complications such
as decreased wound healing, a reduction in adipose mass,
and disturbed inflammatory reactions of the skin [112]. The
exact role of PPAR𝛽/𝛿 during inflammation though is not
yet clear. Some anti-inflammatory effect has been noted in
macrophages which suggest a possible role in atherogenic
inflammation. It appears to promote an anti-inflammatory
gene expression profile that is associated with the supposedly
anti-inflammatory B cell lymphoma-6 (BCL-6) protein [113].
This protein is a component of the PPAR𝛽/𝛿-RXR𝛼 transcrip-
tional complex in the unliganded state. Upon activation by
ligand corepressors, PPAR𝛽/𝛿-RXR𝛼 gets separated followed
by PPAR𝛽/𝛿-dependent gene transcription. The separated
BCL-6 later acts as a repressor of the proinflammatory gene
expression in macrophages [113]. PPAR-delta also acts as
a downstream target of adenomatous polyposis coli, beta-
cadherin associated protein, immunoglobulin transcription
factor 2, and a tumor suppressor pathway associated with
regulation of growth promoting genes such as c-Myc and
cyclin-D1.

PPAR𝛽 displays its antiapoptotic function in kerat-
inocytes by transcriptional control of the signaling path-
ways such as Akt/protein kinase B. PPAR-𝛿 also acts as
a downstream target of adenomatous polyposis coli which
is the site of action of NSAIDs [114]. There are a variety
of synthetic and natural products available which acts as
agonists for the PPARs. These agonists are extensively used
for the management of diabetes, insulin resistance, and lipid
disorders which are offshoots of obesity. Of these 15d-PG is
themost potent endogenous PPAR-𝛾 agonist known. Insulin-
sensitizing antidiabetic drugs like glitazones of the thiazo-
lidinedione family are other PPAR-𝛾 agonists which increase
insulin-mediated glucose transport into the adipose tissue
and skeletal muscle and are used as pharmacological ligands
for the treatment of rheumatoid arthritis [115, 116]. NSAIDs
are synthetic agonists of PPAR𝛼 and PPAR𝛾. The fibrates,
gemfibrozil, and fenofibrate are also used as PPAR𝛼 agonists
which limit cytokine-induced induction of the inflammatory
functions of VCAM1 in response to TNF-𝛼 and tissue factor
gene expression [117].

7. Supplementation Studies

7.1. Human Studies. Inflammatory molecules are released
by the adipose tissue in the obese state. A potential path-
way involving omega-3 fatty acids may include the uptake
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of DHA in inflamed cells in place of AA, so that lesser
amounts of substrate are made available for the generation
of eicosanoids [118]. Dietary alterations with LCPUFAs could
influence the levels of circulating inflammatory markers in
hypercholesteremic subjects. Effects of AA on the formation
of prostaglandins were measured in an experimental study
on healthy young men aged 20–38 years. Supplementation of
1.5 g AA per day for a period of 7 weeks exhibited elevated
levels of PGE2 and the leukotriene LTB4 with no significant
changes in the TNF𝛼 as well as IL1 and 6 [119]. Studies by
Caughey et al. [120] showed that supplementation of 13.7 g of
ALA per day for a period of four weeks to healthy volunteers
decreased TNF𝛼 by 27% and IL-1 by 30% (see Table 2). Fish
oil containing 9 g of EPA and DHA together per day caused
a decreased generation of TNF𝛼 by 70% and IL1 BY 78%,
respectively. These results suggest that EPA and DHA are
more effective than ALA in exhibiting the anti-inflammatory
effects [120]. In one study, the diet of two groups of human
subjects was kept low in cholesterol and saturated fats and
varied in their PUFA content. The ALA diet is comprised
of 6.5% energy from ALA and the LA diet is comprised of
12.6% energy from LA, respectively. The ALA group showed
decreases in CRP with 𝑃 value < 0.01 as compared to the LA
group with 𝑃 value of 0.08. Also VCAM-1 was decreased by
16% (𝑃 value < 0.01) as compared to 3.1% in the LA group.
An inverse association between changes in EPA levels and
levels of CRP and VCAM-1 was observed on consumption of
the ALA diet. ALA thereby favorably reduces inflammation
and lowers CVD risk [18] Dietary intervention with 15mL
of ALA rich flaxseed oil for a period of 3 months in a group
of 50 subjects exhibiting dyslipidemia, decreased CRP levels
by 38% (𝑃 = 0.0008), and IL-6 levels by 10.5% (𝑃 = 0.01)
independent of the changes in lipids [17].

Though restriction of energy resulting in weight loss is
the primary intervention implemented to slow down and
reverse the metabolic complications due to obesity, reducing
inflammation through omega-3 PUFAs of marine origin of
the adipose tissue is now being explored. Around 70% of the
adipose tissue is composed of lipids. The omega-3 PUFAs
are stored in the adipose tissue which account for 15–25% of
the body weight in lean subjects and up to more than 50%
in obese individuals [121]. Sixty-three hypertensive patients
with a high BMI were supplemented with 3.65 g of marine
origin omega-3 fatty acids (EPA and DHA) which did not
only show a reduction of obesity (26% weight loss), but also
exhibited a decrease in plasma triglyceride levels by 38% (𝑃
value < 0.001) and increases in HDL cholesterol by 24% (𝑃
value = 0.04) [23] (see Table 2). In a randomized 3-year study
involving 563 elderly hyperlipidemic men, 2.4 gm/day of
omega-3marine PUFA appears to reduce soluble intercellular
adhesion molecule 1 levels with a 𝑃 value of < 0.001. This is
indicative of lowered endothelial cell activation, assisting in
the decreased rate of atherosclerosis [122].

7.2. Animal Studies. In a study by Ruzickova et al., a high
fat diet that induced obesity in C57BL/6J mice was reduced
when the EPA DHA content was increased from 1 to 12%
(wt/wt) thereby restricting hypertrophy as well as hyperplasia

of adipocytes rats [123]. Animal experiments with C57BL/6J
mice showed that, in comparison to a low fat diet comprising
10% energy from fat, the group of mice fed a high fat EPA diet
comprising 45% energy from fat which prevented them from
becoming obese [124].

Beneficial effects of EPA have been further corroborated.
Overweight Wistar male rats were divided into two sub-
groups, one of them receiving a standard high fat diet and the
other an EPA inclusive diet for a period of five weeks. EPA
was given at a concentration of 1 g/kg body weight. Increases
in body weight as well as fat mass which were induced by the
high fat diet reduced consumption of EPA (𝑃 = 0.09) with an
increase in production of leptin (𝑃 < 0.05). Also the TNF𝛼
levels were found to be elevated only in the high fat diet group
(𝑃 < 0.05) as compared to the EPA group (𝑃 < 0.01) [125].

8. Conclusion

It has been observed that overnutrition causes not only a
storage of calories in the form of triglycerides, but also a
hypertrophy of the adipocytes which subsequently produce
increasing amounts of prostaglandins, raises macrophage
infiltration, and results in elevated levels of the proin-
flammatory cytokines [126]. Association of obesity with a
chronic low-grade inflammation of the adipose tissue results
in co-morbidities like type 2 diabetes, CVD, gallbladder
disease, stroke, psychosocial problems, osteoarthritis and
certain cancers [127]. Obesity also acts as a trigger to
hypertriglyceridemia and hyperglycemia which pose a risk
to the development of chronic liver disease [128, 129] and
appears to be a forerunner towards the metabolic syndrome.
The chronic inflammatory response caused by obesity and
enhanced production of IL-6 andTNF𝛼may also increase the
risk of many cancers [130]. Breast cancers exhibit increased
eicosanoid concentrations of PGE2 and products of LOX
action and seem to promote the growth of these cancers
aggressively [131]. Understanding these diet related inflam-
mation, the complex cascades and gene interactions in depth
may contribute to growth in the challenging field of lipid
science due to the growing burden of obesity worldwide
in the last few decades. These inflammatory markers and
their pathways occupy an important position as they give
insights into assessing risk for CVD, diabetes, and metabolic
disorders. A persistent inflammatory presence in obesity
subsequently results in a “resolution deficit” by the anti-
inflammatory omega-3 fatty acids thereby preventing the
return to tissue homeostasis. Dietary fatty acids exhibit
potential ability in regulating the inflammatory gene expres-
sion. Novel insights show the role of resolvins and protectins
as displaying potent properties of anti-inflammation and
possibly working as endogenous “stop signals” [132]. These
omega-3-PUFAs, especially the ones with long chain lengths,
have been shown to exert anti-inflammatory effects [133,
134] through modulation of transcription factors like NF𝜅B
and PPAR𝛾 activation [95]. Associations between dietary fat
intakes and the outcomes of pathway dysfunctions can be
drawn based upon the inflammatory signals produced [135]
suggesting that diet based approaches could possibly act as
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Table 2: Summary of supplementation studies examining the effects of dietary interventions with different fatty acids on biomarkers of
inflammation.

Different dietary combinations Duration
of study Changes in inflammatory biomarkers Sample size Reference

Control diet (30% fat) or experimental
diets (39% fat with 8% substitution of
oleic acid, trans fatty acid, saturated fatty
acid, stearic acid, or trans + stearic acid)

5 weeks

Increase in CRP and E-selectin levels
with transfat diet as compared with
control; increase in fibrinogen in stearic
acid diet versus control; no difference in
any marker between oleic acid diet and
control (𝑃 < 0.05)

50 health adult males [12]

Experimental diets (30% fat) two-thirds
fats substituted with soybean oil,
semiliquid margarine, soft margarine,
shortening, stick margarine, or butter

35 days No effect on CRP with any dietary fat
type (𝑃 > 0.05)

36 moderately
hypercholesterolemic
adults

[13]

High-fat diet (59% fat) or high
carbohydrate diet (73% carbohydrates),
with or without antioxidants

1 week
apart,
4-day
study

Increase in IL-6, TNF-𝛼, ICAM-1, and
VCAM-1 in healthy and diabetic subjects
with high-fat meal; increased levels only
in diabetics with high-carbohydrate meal
(𝑃 < 0.05)

20 type 2 diabetic
patients and 20 matched
healthy subjects

[14]

Experimental diets (30% fat) two-thirds
fats substituted with soybean oil, soybean
oil based stick margarine, or butter

32 days
Increase in IL-6 and TNF𝛼, with stick
margarine diet versus soybean oil diet
(𝑃 < 0.05)

19 moderately
hypercholesterolemic
adults

[15]

Low cholesterol/low-saturated fat diet
30% fat, 5% saturated fat, cholesterol
<200mg

8 weeks
Decrease in CRP levels in
hypercholesterolemic patients as
compared to baseline (𝑃 < 0.05)

35 patients with primary
hypercholesterolemia
and 15 normal control
subjects

[16]

15mL linseed oil (8 grams ALA) or 15mL
safflower oil (11 grams LA) 12 weeks

Decrease in CRP, SAA, and IL-6 in ALA
group; no effects with LA
(𝑃 < 0.05)

76 male dyslipidemic
patients [17]

ALA diet (6.5%ALA, 10.5% LA), LA diet
(12.6%LA, 3.6%ALA), or AAD–low carb
diet (7.7%LA, 0.8%ALA)

6 weeks

Decrease in CRP, VCAM-1, and
E-selectin in ALA group versus LA;
decreased ICAM-1 in ALA and LA
groups versus AAD
(𝑃 < 0.05)

23 hypercholesterolemic
adults [18]

ALA-enriched (15%ALA, 46%LA) or
LA-enriched (58%LA,
0.3%ALA) margarine

2 years Decrease in CRP in the ALA group versus
LA (𝑃 < 0.05) group

103 moderately
hypercholesterolemic
adults

[19]

4 grams EPA + DHA, with or without
atorvastatin (40mg) 6 weeks

Decreased CRP and IL-6 with fish oil +
atorvastatin, but not with
fish oil alone (𝑃 > 0.05)

48 obese individuals and
10 lean normolipidemic
men

[20]

1.5 grams EPA + DHA, with or without
800 IU all-rac 𝛼-tocopherol 12 weeks No effects on biomarkers of inflammation

(𝑃 > 0.05) 80 healthy subjects [21]

1.35 grams of EPA + DHA or placebo
capsules 6 weeks No effects on biomarkers of inflammation

(𝑃 > 0.05) 11 obese men [22]

4 grams, DHA, or placebo 6 weeks No effects on biomarkers of inflammation
(𝑃 > 0.05)

51 treated-hypertensive
type 2 diabetic subjects [23, 24]

1.5 grams EPA + DHA or placebo 12 weeks No effects on biomarkers of inflammation
(𝑃 > 0.05)

43 men and 41
postmenopausal women [25]

1.33 grams EPA + DHA or 2.56 grams
EPA + DHA, or placebo 5 weeks Decreased CRP and IL-6 with fish oil

versus placebo (𝑃 < 0.05)
30 postmenopausal
women using HRT [26]

3.4 g CLA or 3.4 g purified 𝑡10𝑐12 CLA, or
placebo D 12 weeks

Decreased CRP with 𝑡10𝑐12 CLA
supplementation versus placebo
(𝑃 < 0.01)

60 men with metabolic
syndrome [27]

3.0 grams CLA isomer mixture or placebo 8 weeks
CLA decreased fibrinogen (𝑃 < 0.01); no
effects on CRP, IL-6
(𝑃 > 0.05)

32 adults with
diet-controlled type 2
diabetes

[28]
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Table 2: Continued.

Different dietary combinations Duration
of study Changes in inflammatory biomarkers Sample size Reference

4.2 grams CLA isomer mixture or placebo 12 weeks
Increase in CRP with CLA mixture versus
placebo (𝑃 < 0.01), no effects on TNF-𝛼
and VCAM-1 (𝑃 > 0.05)

53 healthy volunteers [29]

Polyunsaturated fatty acid (PUFA), arachidonic acid (AA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), gamma linolenic acid (GLA), DGLA-
dihomo gamma linolenic acid (DGLA), cardiovascular disease (CVD), tumor necrosis factor alpha (TNF𝛼), IL-6-interleukin-6 (IL-6), cyclooxygenase (COX),
long chain polyunsaturated fatty acids (LC PUFA’s), linoleic acid (LA), C-reactive protein (CRP), vascular cell adhesionmolecule-1 (VCAM-1), toll-like receptor
4 (TLR 4), and activator protein 1 (AP-1).

target molecules in the prevention and treatment of inflam-
mation in obesity and related metabolic disorders. Manip-
ulating the scales of pro- and anti-inflammatory moieties
could also help in understanding the systems and develop
therapies. Targeting these inflammatory markers through
lipid manipulations could slow down the progression of
obesity to the metabolic syndrome. Complex interactions
amongst the different neurotransmitters in the brain even-
tually determine and regulate food intake. Researches show
an association between 12-month breast-feeding and reduced
incidences of obesity. Breast milk being a rich source of
long chain polyunsaturated fatty acids (LCPUFAs) inhibits
proinflammatory cytokine production and enhances insulin
receptors in different tissues. A rich presence of PUFAs in
large quantities is observed in the brain. Their participation
in neurogenesis might play a crucial role in the development
of brain and its function suggesting one of the reasons for
obesity to be a result of insufficient breast feeding, which
culminates in marginal deficiency of LCPUFAs during the
critical stages of brain development. This seems to cause
an imbalance in the neurotransmitters and their receptors,
which ultimately leads to a decrease in dopamine and insulin
brain receptors [136]. Animal experiments show decreased
circulating levels of inflammatory markers TNF𝛼, IL-6, and
C-reactive protein in PUFA fed rats as compared to saturated
fatty acid fed rats. Also a noticeable downregulation of TLR
4 protein, which is a significant modulator for proinflamma-
tory cytokine levels, has been observed [137]. Inflammatory
markers affecting PPARs and GPCRs thus may have greater
potential as means to increase risk assessment in persons
requiring cardioprotective drug therapies, as well as for
those in need of therapeutic lifestyle changes. Thus carefully
designed observational studies examining the link between
lipidmetabolism and inflammation could open up new facets
for developing treatments of targeted disease prevention in
high risk individuals.

Guarding against metabolic dysfunctions due to obesity
may increase effective strategies and interventions providing
better management of the seemingly innocuous phenotype
of obesity. The unprecedented increases in omega-6 refined
oils with simultaneous decreases in omega-3 oil intakes in
the past few decades have created havoc to the human
bodily functions. Awareness on the lethal link between
the obesity and the metabolic syndrome would caution an
individual to take positive steps towards weight reduction

which has profound benefits in timely improvements of
the inflammatory responses. Encouraging consumption of
LC -omega-3 PUFAs would assist return of the adipose
tissue towards homeostasis.Though certain pharmacological
agents do address these altered dynamics, a thoughtful
perception of the proinflammatory lipids holds great promise
of targeted treatments in the future [138]. Table 2 gives us
an insight into certain supplementation studies with different
dietary interventions [12–16, 19–22, 24–29]. Further studies
are necessary to elucidate and unravel the missing links in
the pathways to clarify our understanding of inflammation
in obesity leading to vital dysfunctions.
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[21] S. Vega-López, N. Kaul, S. Devaraj, R. Y. Cai, B. German, and
I. Jialal, “Supplementation with omega3 polyunsaturated fatty
acids and all-rac alpha-tocopherol alone and in combination
failed to exert an anti-inflammatory effect in human volun-
teers,”Metabolism, vol. 53, no. 2, pp. 236–240, 2004.

[22] A. Jellema, J. Plat, and R. P. Mensink, “Weight reduction, but
not a moderate intake of fish oil, lowers concentrations of
inflammatory markers and PAI-1 antigen in obese men during
the fasting and postprandial state,” European Journal of Clinical
Investigation, vol. 34, no. 11, pp. 766–773, 2004.

[23] T. A. Mori, D. Q. Bao, V. Burke, I. B. Puddey, G. F. Watts, and
L. J. Beilin, “Dietary fish as a major component of a weight-loss
diet: effect on serum lipids, glucose, and insulin metabolism in



Mediators of Inflammation 13

overweight hypertensive subjects,” American Journal of Clinical
Nutrition, vol. 70, no. 5, pp. 817–825, 1999.

[24] T. A. Mori, R. J. Woodman, V. Burke, I. B. Puddey, K. D.
Croft, and L. J. Beilin, “Effect of eicosapentaenoic acid and
docosahexaenoic acid on oxidative stress and inflammatory
markers in treated-hypertensive type 2 diabetic subjects,” Free
Radical Biology & Medicine, vol. 35, no. 7, pp. 772–781, 2003.

[25] A. Geelen, I. A. Brouwer, E. G. Schouten, C. Kluft, M. B. Katan,
and P. L. Zock, “Intake of n-3 fatty acids fromfish does not lower
serum concentrations of C-reactive protein in healthy subjects,”
European Journal of Clinical Nutrition, vol. 58, no. 10, pp. 1440–
1442, 2004.

[26] I. Ciubotaru, Y. S. Lee, and R. C. Wander, “Dietary fish oil
decreases C-reactive protein, interleukin-6, and triacylglycerol
to HDL-cholesterol ratio in postmenopausal women on HRT,”
Journal of Nutritional Biochemistry, vol. 14, no. 9, pp. 513–521,
2003.

[27] U. Risérus, S. Basu, S. Jovinge,G.N. Fredrikson, J. Ärnlöv, andB.
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[132] J. Clària, “Resolution of acute inflammation and the role of lipid
mediators,” The Scientific World Journal, vol. 10, pp. 1553–1555,
2010.

[133] P. C. Calder, “n-3 polyunsaturated fatty acids and inflammation:
From molecular biology to the clinic,” Lipids, vol. 38, no. 4, pp.
343–352, 2003.

[134] P. C. Calder, “n-3 polyunsaturated fatty acids, inflammation,
and inflammatory diseases,” The American Journal of Clinical
Nutrition, vol. 83, no. 6, supplement, pp. 1505S–1519S, 2006.

[135] G. Riccardi, R. Giacco, and A. A. Rivellese, “Dietary fat, insulin
sensitivity and the metabolic syndrome,” Clinical Nutrition, vol.
23, no. 4, pp. 447–456, 2004.

[136] U. N. Das, “Is obesity an inflammatory condition?” Nutrition,
vol. 17, no. 11-12, pp. 953–966, 2001.

[137] H. Liu, Y. Qiu, Y. Mu et al., “A high ratio of dietary n-3/n-6
polyunsaturated fatty acids improves obesity-linked inflamma-
tion and insulin resistance through suppressing activation of
TLR4 in SD rats,” Nutrition Research, vol. 33, no. 10, pp. 849–
858, 2013.

[138] J. P.Thaler andM.W. Schwartz, “Minireview: inflammation and
obesity pathogenesis: the hypothalamus heats up,” Endocrinol-
ogy, vol. 151, no. 9, pp. 4109–4115, 2010.



Review Article
Cell Death-Associated Molecular-Pattern Molecules:
Inflammatory Signaling and Control

Beatriz Sangiuliano, Nancy Marcela Pérez, Dayson F. Moreira, and José E. Belizário

Department of Pharmacology, Institute of Biomedical Sciences, University of São Paulo, 05508-900 São Paulo, SP, Brazil

Correspondence should be addressed to José E. Belizário; jebeliza@usp.br
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Apoptosis, necroptosis, and pyroptosis are different cellular death programs characterized in organs and tissues as consequence
of microbes infection, cell stress, injury, and chemotherapeutics exposure. Dying and death cells release a variety of self-proteins
and bioactive chemicals originated from cytosol, nucleus, endoplasmic reticulum, and mitochondria. These endogenous factors
are named cell death-associated molecular-pattern (CDAMP), damage-associated molecular-pattern (DAMP) molecules, and
alarmins. Some of them cooperate or act as important initial or delayed inflammatorymediators upon binding to diversemembrane
and cytosolic receptors coupled to signaling pathways for the activation of the inflammasome platforms and NF-𝜅B multiprotein
complexes. Current studies show that the nonprotein thiols and thiol-regulating enzymes as well as highly diffusible prooxidant
reactive oxygen and nitrogen species released together in extracellular inflammatory milieu play essential role in controlling pro-
and anti-inflammatory activities of CDAMP/DAMP and alarmins. Here, we provide an overview of these emerging concepts and
mechanisms of triggering and maintenance of tissue inflammation under massive death of cells.

1. Introduction

Apoptosis, necrosis, necroptosis, autophagy, and pyroptosis
are different modalities of cell death programs that play
important roles in regulation of the immune system [1].
Failure in cell death program leads to either increased
numbers of lymphocytes, increased number of infected
phagocytic cells, autoimmune diseases, or the inability to
dampen immune response andmalignancy. Different cellular
stimuli, for example, TNF, Fas ligand, TRAIL ligand, double-
stranded RNA (dsRNA), interferon-𝛾 (IFN-𝛾), ATP deple-
tion, ischemia-reperfusion injury, and pathogens have been
shown to induce cell death and consequently the release of
the of endogenous cell death-derived products [2–4]. These
chemically distinct microbial and endogenous products are
named as pathogen-associated molecular pattern (PAMPs),
damage-associated molecular pattern (DAMPs), cell-death
associated molecular patterns (CDAMPs), and alarmins [2–
5]. Once released from dead and dying cells, they acquire
adjuvant activity and cooperate with the cytokines: IL-1𝛼, IL-
𝛽, IL- 33, TNF-𝛼, TRAIL, IFNs, IL-8, and IL-12 and antibiotic

peptides in augmenting innate response [2–5]. They are
expressed in different immune and nonimmune cell types
and are localized in the nucleus and cytoplasm, for example:
high-mobility group box 1 (HMGB1), IL-1𝛼 (nucleus), S100
proteins, ATP, and uric acid (cytoplasm), heat shock proteins
(exosomes), formyl peptides, mDNA (mitochondria) and
heparan sulphate, and hyaluronan fragments (extracellular
matrix). These mediators can act via different plasma mem-
brane and intracellular recognition receptors and are part
of host’s normal protective response to tissue injury, sterile
inflammation, and infection according to the “danger” model
proposed by Polly Matzinger in 1994 [6].

It is still uncertain to what extent the many and overlap-
ping functions of cytokines, microbial and damage- and cell
death-associated molecular patterns, impact on the molec-
ular switcher of the genetic program specifying Th17 and
regulatory T cells (Tregs) and thereby impairing the Th1
or Th1 cell response. Overproduction of cytokines, PAMPs,
DAMPs, and alarmins appears to restrict the growth of
pathogens by fueling a potent immune response. However, in
some situations, this response can be detrimental to the host
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and may contribute to autoimmune and autoinflammatory
diseases and cancer [7]. Nonetheless, in some context, this
could be a mechanism to prevent the initial proliferation
of autoreactive cells, thus preventing autoimmune disease
[8]. Along the acute and chronic inflammation is commonly
observed cycles of proliferation and death of immune cells
as well as the secretion of growth factors with survival and
suppressor activity that exert regulatory effects on a relatively
larger number of cell types in an autocrine and paracrine
manner [7]. The proinflammatory mediator catabolism by
the parenchymal/stromal cells reverts back the tissue to
noninflammatory phenotype, which is called the resolution
of inflammation [9].Hence, resolution is an active rather than
a passive process [9].Therefore, futures studies tomeasure the
impact of cell death subtypes and their products on the innate
and adaptive response in the context of pathophysiological
processes, such as acute and chronic inflammation, will be
critical for designing new strategies to control inflammatory
response inmany diseases. Here, wewill present an update on
recent findings showing that various DAMPs/CDAMPs and
alarmins act as directmediators of the inflammation and have
great impact on the outcome on the inflammatory response.

2. Inducers, Sensors, and Mediators
of the Inflammatory Processes

The inflammatory reaction during the innate immune
response is the first-line host-defense to pathogens such
as bacteria, fungi, parasites, and virus [7]. The majority
of pathogens can be detected by conserved and unique
structural microbial components such as polysaccharides
and polynucleotides that differ little from one pathogen
to another but are not found in the host. The immune
cells recognize such molecules referred to as PAMPs (or
inducers) through one or more the pattern-recognition
receptors (PRRs). These receptors (or sensors) contain a
ligand-sensing region referred to as leucine-rich repeats
(LRRs). The phagocytic leukocytes, endothelial and mucosal
epithelial cells and antigen-presenting cells, and various
targeted tissues express PRRs message and proteins during
the inflammatory response. PRR families include the family
of the Toll-like receptors (TLRs), the nucleotide-binding
domain leucine-rich repeat-containing receptors (NLRs), C-
type lectins (CTLs), RNA-sensingRIG-Like helicases (RLHs),
and RAGE and DNA sensors [10–13]. The same repertoire of
PRRs can recognize DAMPs originating from dying cells.

The PRRs share some molecular features and signal-
ing pathways which are essential for their crosstalk and
intracellular signaling that lead to activation of transcrip-
tion of mediators and their receptors [12]. The medi-
ators include inflammatory cytokines (TNF, IL-1𝛼, IL-
1𝛽, and IL-6), chemokines (CCL2 and CXCL8), bioactive
amines (histamine), lipid mediators from arachidonic acid
(prostaglandins and leukotrienes), and products of prote-
olytic cascades, such as bradykinin and complement com-
ponent 5a [7]. These mediators are in general short living
molecules and act on target tissues, including local blood
vessels, to induce vasodilation, extravasation of neutrophils,

and leakage of plasma into the infected tissue. The acute
inflammatory response is finished once the triggering insult
is eliminated, the infection is cleared, and damaged tissue is
repaired. Many PAMPs and DAMPs released in the inflam-
matory environment play activate roles in the subjacent
processes that control and resolve the inflammation and
promote repair and regeneration of tissues, promoting the
reestablishment of the host homeostasis. The final resolution
of inflammation is an active and highly regulated process
orchestrated by specialized proresolving mediators derived
frompoly-unsaturated fatty acids [9, 14].Next, wewill present
a short update on important aspects of PRRs family member
and their signaling cascades.

2.1. TLRs. TLRs are expressed either on plasma membrane
(TLR1, TLR2, TLR4, TLR5, and TLR6) or on endosomal
membranes of endoplasmic reticulum (TLR3, TLR7, and
TLR9) [12]. Each TLR specifically interacts with a rather
diverse plethora of ligands, including bacterial flagellins,
single strand (ss) RNA, double strand (ds) RNA, peptido-
glycans, and imidazoquinoline compounds [12]. The intra-
cellular adaptors and transducers involved in their signaling
cascades have been described in detail elsewhere [5, 12]. After
binding, the TLR intracellular TIR domain interacts with
MyD88, TIRAP/Mal, or TRIF, which are proteins sharing a
similar TIR domain. Upon stimulation, MyD88, via its death
domain, interacts with the death domain of serine/threonine
kinase (IRAK) family. IRAK1 and IRAK4 are activated by
phosphorylation, leading to the dissociation of IRAK1 from
the receptor complex. IRAK1 in turn interacts with the tumor
necrosis factor receptor-associated factor (TRAF) family
member TRAF6 andwithTAK1 (transforming growth factor-
𝛽-activated kinase). The activation of TAK1 leads to the
formation of the I𝜅B kinase and NF-𝜅B essential modulator
complex (IKK/NEMO). The proteasome-mediated degrada-
tion of I𝜅B𝛼 is required for NF-𝜅B heterodimer (p50/RelA)
activation and its translocation to the nucleus [11].TheNF-𝜅B
then mediates the transcription of genes for cytokines such
as IL-1𝛼 and 𝛽, IL-6, IL-8, TNF-𝛼, IL-12, IL-15, IFN-𝛼 and
IFN-𝛽, cyclooxygenases (COX1 and COX2), inducible nitric
oxide synthase (iNOS), chemokines, E-selectins, angiogenic
factors,matrixmetalloproteases, and genes for initiation of an
adaptive immune response such as CD80, CD86, and CD40
[15]. The anti-cell death genes such as c-FLIP, c-IAP-1, c-IAP-
2, A20, SOD2 (superoxide dismutase 2), and Bcl-XL are also
induced by NF-𝜅B. TLR3 and TLR4 and TLR7 and TLR9
also activate IRF3 (interferon regulatory factor 3) and IRF7,
respectively, leading to the production of IFN-𝛼 and -𝛽 in a
cell-type-specific manner [5, 12].

2.2. ILRs. The interleukin receptors IL-1R and IL-18R contain
three extracellular immunoglobulin domains and one intra-
cellular Toll/IL-1R homology (TIR) domain [16]. TIR domain
interacts withMyD88, TIRAP/Mal, or TRIF.MyD88 interacts
with the death domain of serine/threonine kinase (IRAK)
family and, in turn, with NF-𝜅B essential modulator complex
(IKK/NEMO), leading to NF-kB activation and production
of inflammatory mediators [17].
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2.3. NLRs. The nucleotide-binding domain and leucine-
rich repeat-containing receptors (NLRs) consist of more
than 23 members. The 14 neuronal apoptosis inhibitor pro-
teins (NALPs or NLRPs), ICE protease activating factor
(IPAF), NOD1 (or NLRC1) and NOD2 (or NLRC2) sub-
family of cytoplasmic proteins share a central nucleotide-
binding and oligomerization domain (NACHT) and dif-
fer in their N-terminal domains [10, 11, 18, 19]. NOD1
is constitutively expressed in a wide variety of cell types
of both haematopoietic and non-haematopoietic origin,
whereas NOD2 is predominantly expressed in monocytes,
dentritic cells, Paneth cells, and intestinal epithelial cells [11].
They can recognize peptides derived from bacterial Gram-
positive and -negative wall peptidoglycans, 𝛾-D-glutamyl-
meso-diaminopimelic acid (iE-DAP), and muramyl dipep-
tide (MDP). Both NOD1 and NOD2 transduce signals
through the adapter protein receptor-interacting protein 2
kinase (RIPK-2), also known as RICK, which leads to NF-
𝜅B downstream signaling and induction of proinflammatory
cytokines.NOD2 is crucial tomaintainmicrobial balance and
its mutations increase the development of chronic inflamma-
tory diseases [11].

NLRP1, 2, and 3 molecules harbor a central nucleotide-
binding and oligomerization domain (NACHT), pyrin
domain (PYD), acidic transactivating domain, or baculoviral
inhibition of apoptosis protein repeat domain (BIR) and
caspase recruitment domain (CARD) [10, 11, 16]. The PYD
and CARD domains of the NLR/PYHIN receptors and
the PYD and CARD domains of caspase-1 promote the
interaction with an adapter molecular referred to as the
apoptosis-associated speck-like protein (ASC). ASC forms a
large protein aggregate, termed “ASC speck,” which provides a
platform for the activation of caspase-1 [10, 11, 19]. Once acti-
vated, caspase-1 promotes the cleavage of the IL-1𝛽 precursor
as well as the IL-18 precursor into active cytokines which
are then released from secretory lysosomes or via cellular
leakage. IL-1𝛽 binds to IL-1R and induces the same set of
genes as do TLRs. Caspase-1 activation can help in tissue
repair and release of many proteins without sequence signal
such as IL-1𝛼. Caspase-1 cleaves IL-33, but in this case, IL-33
is inactivated [16, 17].

NRLP3 can sense microbes and variety of endogenous
“danger signals” such as uric acid crystals, basic calcium
pyrophosphate dihydrate (BCP) crystals, hyaluronan, ele-
vated extracellular glucose, and fibrillar amyloid-𝛽 peptide
[16]. Moreover, various bacteria that secrete pore-forming
toxins, such as S. pneumoniae, which produces pneumolysin,
and B. anthracis, which produces anthrolysin O, as well as,
the pore-forming channels such as nigericin, maitotoxin, and
aerolysin are known to promote the cellular acidification
and release of K+, thereby inducing the assembly of NALP3
inflammasome and caspase-1 activation [10, 11]. Extracel-
lular ATP is a prototype NRLP3 inflammasome activator.
It has been proposed that binding of ATP molecules to
P2X7 purinergic receptor gated ion channel results in the
recruitment and opening of a pannexin-1 membrane pore
and intracellular K+ efflux, leading to activation of NRLP3
inflammasome [19].

Many NLRP3 activators increase the generation of ROS
[20]. Thioredoxin-interacting protein (Txnip) interacts and
promotes the inhibition of thioredoxins (Trx1 and 2), which
are redox cytosolic (Trx1) and mitochondrial (Trx2) pro-
teins capable of reducing thiols, thereby controlling damage
induced by ROS [20]. After an increase in ROS, Txnip is
released from oxidized Trx1 and in turn binds to NLRP3,
which is essential for the NLRP3 inflammasome activation
[21]. Notably, inflammasome activation is negatively regu-
lated by mitophagy/autophagy confirming that inflamma-
some senses mitochondrial dysfunction [21].

2.4. CLRs. The C-type lectin-like receptor (CLR) is another
family of transmembrane-associated innate immune recog-
nition receptors. Examples of ligands for CLRs include the
spliceosome-associated protein 130 (SAP130) and filamen-
tous actin. CLR contains the C-type lectin-like domain
(CTLD), a conserved structuralmotif arranged as twoprotein
loops stabilized by two disulfide bridges at the base of
each loop [12, 13]. The lectin activity of CLRs is mediated
by conserved carbohydrate-recognition domains (CRDs),
which contain four Ca2+ binding sites, and by an EPN
(Glu-Pro-Asn) andQPD (Gln-Pro-Asp)motifs, which confer
specificity for mannose- and galactose-based ligands, respec-
tively [13]. CLRs are expressed preferentially by monocytes,
macrophages, granulocytes, and dendritic cells. CLRs are
distinguished from C-type lectin receptors in that CLRs have
a major role in cell activation through their cytoplasmic
signaling domain, or they acquire signaling features by asso-
ciation with other receptors, such as the TLR or Fc gamma
receptor (FcR)-𝛾 chain that has a receptor tyrosine-based
activation motif (ITAM) within the cytoplasmic domain.
CLRs family members include Dectin-1 (dendritic cell-
associated C-type lectin-1), Dectin-2, macrophage-inducible
C-type lectin (Mincle), the dendritic cell-specific ICAM3-
grabbing nonintegrin (DC-SIGN), and DC NK lectin group
receptor-1 (DNGR-1).

DNGR-1 is essential for MHC class I cross-presentation
of dead-cell associated antigens, whereas Mincle recognizes
SAP-130 [13]. Dectin-1 elicits a signaling cascade that begins
with the tyrosine phosphorylation of the ITA, subsequently
recruiting and activating the tyrosine kinase Syk. Syk induces
production of ROS that act as microbicidal agents and
contribute to the activation of the NALP3 inflammasome,
leading to the production of IL-1𝛽. Syk also recruits and
activates CARD9/Bcl10 that in turn activates the canonical
p65/p50 pathway. Dectin also activates the p38, ERK, and
JNK cascades, as well as NFAT, all of which regulate gene
transcription in cooperation with NF-𝜅B [13]. Dectin-1-Syk
signaling induces DC maturation and secretion of cytokines,
including IL-2, IL-10, IL-6, TNF-𝛼, and IL-23, rendering DCs
fully competent to direct priming of CD4+ T helper cells,
CD8+ cytotoxic T cells, and antibody responses [13].

2.5. RIGs. The (RIG)-I-like receptors (RLRs) is comprised of
retinoic acid inducible gene 1 (RIG-I), melanoma differenti-
ation associated gene 1 (MDA5), and laboratory of genetics
and physiology 2 (LGP2) member [13, 22].These cytoplasmic
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CARDmodule-containing RNAhelicase proteins function as
intracellular sensors of RNA viruses. RLRsmediate type I and
type III IFN expression through an adapter molecule, IFN-𝛽
promoter stimulator-1 (IPS-1), and subsequent activation of
IRF3 and NF-𝜅B signal transduction pathways.

2.6. Cytosolic DNA Sensors. The recognition of cytosolic
DNA appears to involve several sensors. The first identified
cytosolic DNA sensor, named DNA-dependent activator of
IFN-regulatory factors (DAI), binds cytosolic dsDNA and
leads to the production of type I IFNs [22, 23]. DAI induces
the production of type I IFNs through the TBK1/IRF3
pathway. The endoplasmic reticulum- (ER-) resident trans-
membrane protein stimulator of IFN genes (STING) func-
tions as an essential signaling adaptor that coordinates the
cytosolic detection of DNA to the TBK1-IRF3 signaling axis.
STING is induced by an IFN-inducible ligase called TRIM56.
The DNA sensor IFI16 recruits STING to activate a TBK1-
IRF3-dependent pathway to IFN-𝛽 induction. STING is
also known to recognize conserved products of microbial
metabolism such as cyclic di-GMP, a universal bacterial
second messenger released by microbial pathogens such as
Listeria monocytogenes.

Absent in melanoma 2 (AIM2) is a member of the pyrin
andHIN domain (PYHIN) family of cytosolic DNA receptor.
AIM2 forms an inflammasome with ASC triggering caspase 1
activation and the subsequent of production of IL-1𝛽 and IL-
18. DNA of various origins such as poly(dA : dT), plasmidic
DNA and DNA from the bacterium L. monocytogenes have
been shown to activate AIM2. Upon activation, AIM2 inter-
acts with ASC, leading to the cleavage of caspase-1 and the
secretion of IL-1𝛽 and IL-18 [22, 23].

It is becoming clear that these cytosolic DNA/RNA
receptors play a major role in autoimmunity diseases more
than in cell-death-induced acute inflammation [23].

2.7. RAGE. RAGE is a ∼47–55 kDa protein, originally dis-
covered as a receptor for advanced glycation end products
(AGE). It is a multiligand receptor of the immunoglobulin
superfamily that plays a key role in immune response and
in the resolution of inflammation, tissue homeostasis, and
repair/regeneration after acute injury [24–26]. It is expressed
on monocytes, macrophages, T cells, DCs, smooth muscle
cells, immature myofibers, endothelial cells, embryonic neu-
rons and tumor cells. RAGE contains a single variable (V)
domain containing twoN glycosylation sites, followed by two
constant (C1 and C2) domains, a transmembrane segment,
and a short cytoplasmic tail necessary for ligand-induced
signal transduction [24, 26]. RAGE needs to associate with
adaptor proteins for intracellular signaling pathways which
lead to the activation of NF-𝜅B, AP-1, CREB, STAT3, and
NFAT transcription factors and thereby the inflammatory
response and/or cell proliferation, survival, differentiation,
and motility in a cell-specific manner [26].

RAGE acts as receptor to HMGB1 and S100 proteins
and its interactions mediate NF-𝜅B-dependent production
of the cytokines TNF𝛼, IL-1𝛽, and IL-6 and upregulation
of the intercellular adhesion molecule 1 and the vascular

cell adhesion molecule 1 on the surface of endothelial cells
[27, 28]. On the other hand, new interest in RAGE comes
from studies showing its ability to induce nervous system
repair and cardiac muscle regeneration, which may depend
on the local concentrations of its ligands [26]. Figure 1 shows
an integrative overview of intracellular pathways by IL-1R,
TLRs, NLRs and CLRs, as reviewed in this section.

3. Cell Death Types and Their Multiple
Signaling Pathways and Immunological
Consequences

The killing of cells is one of the most primitive host-defense
techniques against intracellular infection. The cells dye by
apoptosis, a physiological and regulated cell death process
which is intrinsically tolerogenic (noninflammatory), or by
necrosis, a pathological regulated cell death, which is inher-
ently immunogenic and elicits an inflammatory reaction [1,
3, 29]. Pyroptosis, autophagy, and immunogenic cell death
are other distinct processes recognized at morphological and
biochemical levels. Genetic dissection in many organism and
animal models provided us with knowledge of the early
and late morphological and biochemical events of cell death
programs.Wewill summarize our current understating of the
multiple intracellular signal pathways and the consequences
of subtypes of cell death in physiological and pathological
processes.

3.1. Apoptosis. The complex cellular morphology known as
apoptosis can be confidently recognized by a series of mor-
phological changes at electron microscopy level. Apoptosis is
characterized by cell shrinkage,membrane blebbing, conden-
sation and margination of nuclear chromatin, degradation
of DNA into nucleosomal units, and formation of apoptotic
bodies (Figure 2). However, the hallmark of an apoptotic
process is its dependence on caspase activation [1, 29].

Cells undergo apoptosis in response to extrinsic or intrin-
sic pathways which are regulated by various antiapoptotic
and proapoptotic proteins [1, 30]. The extrinsic pathway
is mediated by the tumor necrosis factor receptor (TNFR)
superfamily.The interaction of the TNFR-1 with either FADD
or pro-caspase-8 and -10, via both death domain (DD)
and death effector domain (DED) triggers the apoptotic
signaling cascade,whereas the interactionwith negative regu-
lator cFLIP (FADD-like IL-1𝛽-converting enzyme-inhibitory
protein) will block this apoptotic signaling cascade, leading
to cellular survival and NF-𝜅B-mediated proinflammatory
response (Figure 4).

The TNFR1 complex I comprises the adaptor protein
TNFR1-associated death domain protein (TRADD), the
death domain-containing protein kinase receptor-interacting
protein 1 (RIPK1), and several ubiquitin E3 ligases, including
TNFR-associated factor 2 (TRAF2) and cellular inhibitor of
apoptosis protein 1 (cIAP1).TheTNFR1 complex II comprises
the adaptor FAS-associated death domain protein (FADD),
caspase-8, and RIPK1. Activation of caspase-8 or -10 within
either TNFR complex I or II propagates the activation of
effector caspases-3, -6, and -7, which then cause cellular
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Figure 1: An integrative overview of intracellular signaling pathways by the IL-1R, TLRs, NLRs, and CLRs upon an innate immune response
to microbial infection or cell death. Upon binding of PAMPs, DAMPs, or cytokines (IL-1𝛼 or IL-1𝛽) the recruitment and assembly of high
oligomeric platforms containing one more subunits of receptors, adaptors, inhibitors, ubiquitin ligase, and an initiator caspases (caspase-1,
-8, or -5) occur. Following phosphorylation, ubiquitination, and degradation, certain components of each platform and an inflammatory
signaling pathway are triggered. TLR and IL-1R receptor platforms recruit and activate MyD88 protein via intracellular Toll/IL-1R homology
(TIR) domain. TIR domain interacts with MyD88, TIRAP/Mal, or TRIF/TRAM, which are proteins sharing a similar TIR domain. These
proteins interact with the death domain of serine/threonine kinase (IRAK) family and IRAKs, which in turn promote the phosphorylation
and activation the interferon regulatory factors (IRF1, 3, 5, 7), leading to the production of type I interferons (IFN-𝛼 and -𝛽) in a cell-type-
specific manner. IRAKs also cause the phosphorylation and activation of TAK1/TAB2/3 which in turn promote the phosphorylation of the
inhibitor of NF-𝜅B (IKK subunits 𝛼, 𝛽 and 𝛾) and thereby NF-𝜅B activation.The different (NOD)-like receptors (NLRs), for example, NLRP3,
interact with specific PAMPs or DAMPs to gather an inflammasome platform, via the ASC adaptor, which recruits and activates caspase-1,
which in turn cleaves and releases IL-1𝛽 and IL-18. Some myeloid C-type lectin receptors (CLRs), for example, Dectin-1 recruits Syk through
a phosphotyrosine in the hemITAM motif. Syk induces the activation of the NALP3 inflammasome, leading to the processing of pro-IL-1𝛽.
See text for further details.
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Figure 2: Ultrastructural changes associated with apoptotic cell death induced by TNF-𝛼 (10 ng/mL) in WEHI-164 cells, a murine
fibrosarcoma cell line. Panel (a) shows a cell with intact cytoplasm and organelles. Panel (b) shows a cell in early apoptosis with extensive
protrusion and blebbing of the plasma membrane, cytoplasmic shrinkage, and nuclear fragmentation. Panel (c) shows a cell with chromatin
condensation and compact granular masses around the nuclear membrane, as well as multiple apoptotic bodies in the cytoplasm.

destruction without mitochondria participation (known as
type I extrinsic pathway).

The intrinsic pathway is also called the mitochondrial
pathway. Apoptotic cell death caused by mitochondrial dys-
function involves a rapid collapse of inner membrane poten-
tial, alterations of ions gradients due to loss or accumulation
of metabolites and ions at different mitochondrial compart-
ments, and the release of cytochrome c. These mitochondrial
events seem to be either directly or indirectly regulated by
the oligomerization and outer membrane permeabilization
activity of BAX and BAK when BH3 ligands engage multiple

Bcl-2-like relatives, thereby promoting their activation. Bax
and Bak promote apoptosis by perturbing the permeability of
the mitochondrial outer membrane (referred to as MOMP)
and facilitating the release of cytochrome c, a cofactor for
activation of caspase-9 that, in turn, activates the effector
caspases-3, -6, and -7 [31]. In addition, several studies support
the involvement of a putative mitochondrial permeability
transition pore complex (PTPC) that regulates the inner
membrane permeabilization in apoptosis [32]. The mito-
chondrial outer membrane ruptured could permeate the
release of cytochrome c, but this remains controversial [33].
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In vivo, apoptotic cells maintain their plasma membrane
integrity and are rapidly phagocytosed in the absence of
an inflammatory response. Apoptotic cells expose ecto-
CRT, phosphatidylserine, HSP70, HSP90, opsonins, throm-
bospondin, HMGB1, and other molecules that serve to
eat-me signals for professional APCs, monocytes and
macrophages recognition, and engulfment [34]. The uptake
of apoptotic cells by macrophages promotes cell growth and
wound healing through the release of vascular endothelial
growth factor (VEGF) and transforming growth factor-𝛽
(TGF-𝛽), respectively [35]. This controlled process of apop-
totic cell clearance is accompanied by suppressive effects on
most immune cells under the effects of TGF-𝛽1 and PGE

2
[7].

3.2. Necrosis/Necroptosis. Necrotic death occurs quickly as
a consequence of extreme physicochemical stress, such as
heat, acidification, osmotic shock, mechanical stress, and
freeze-thawing of cells [1]. Therefore, this cell death has
been described as uncontrolled and accidental necrosis and
is characterized by loss of plasma membrane integrity and
cellular collapse (Figure 3). In necroptosis, there is nomassive
caspase activation. Necrotic cell death promotes inflamma-
tion and caspases exert a critical role as positive and negative
regulators of inflammation induced by necroptosis [36].

The inactivation of caspases proteolytic activity by Z-
VAD-fmk, a pan-inhibitor Z-VAD-fmk, strongly sensitizes
cell to TNF-𝛼, TRAIL, and Fas-induced necroptosis [29,
37–39]. Necroptosis is inhibited by necrostatin-1, a small
molecule inhibitor of RIPK1 (the receptor interacting protein
kinase 1) that contains a death domain at the carboxyl
terminus; thus, it is recruited to the TNF receptor 1 (TNFR-1).
Smac mimetics are peptide antagonists of cIAP-1 (inhibitor
of apoptosis), cIAP-2, and XIAP that can further enhance
TNF-induced necrosis. The necrotic cell death occurs upon
the assembly of a large, signal-induced multiprotein complex
named ripoptosome that contains caspase-8, FADD, RIPK1,
RIPK3, andMLKL (mixed lineage kinase domain-like, which
then initiates the extrinsic necroptosis pathway [40]. The
RHIM domain of RIPK1 and RIPK3 can form filamen-
tous amyloid structures that are important for mediating
necroptosis [41]. Caspase-8 inhibition blocks the cleavage of
RIPK1 and RIPK3 allowing RIPK1 to phosphorylate RIPK3
and thereby the assembly of RIPK1-RIPK3 necrosome. This
complex initiates the intrinsic necroptosis pathway with the
participation of PGAM5L and PGAM5S (Figure 4). These
two protein phosphatases cause the activation of dynamin-
related protein 1 (Drp1) and its translocation to themitochon-
dria. In mammalian cells, mitochondrial fusion is regulated
by mitofusin-1 and -2 (MFN-1/2) and optic atrophy 1 (OPA1),
whereas mitochondrial fission is controlled by a dynamin-
related protein 1 (Drp1). Along necrosis process, Drp1 asso-
ciated with its mitochondrial anchors Fis1 (mitochondrial
fission protein 1) and Mff (mitochondrial fission factor) to
induce mitochondrial fragmentation; however, cytochrome c
is not released as it occurs in the apoptosis intrinsic pathway
[42]. Thus both mitochondrial fission and fusion proteins
appear to modulate necroptosis through activities that are
distinct from their roles in mitochondrial dynamics.

Activation of (RIPK1)-RIPK3 necrosome initiates the
cascade of phosphorylation of several downstream target
proteins including phospholipase A2, the proteases calpains
and cathepsins, the cytoplasmatic NOXA1/NADPH oxidase
complex, and the mitochondrial complex I, thereby leading
to excessive ROS production, ATP depletion, and opening of
the mitochondrial permeability transition pores [37]. These
events are accompanied by prolonged JNK activation and
RIPK3-induced stimulation of glycolysis, glycogenolysis, and
glutaminolysis as well as the stimulation of Krebs cycle [38,
39, 43].

In the physiological condition, the FADD-caspase-8
platform prevents necroptosis. Mice deficient in FADD or
caspase-8 die during embryogenesis; however, mice with
triple deletion of FADD, caspase-8, and RIPK3 are viable [39,
40, 44, 45].Therefore, FADD and caspase-8 act as prosurvival
factors that suppress the deleterious effects of necrosis by
promoting the cleavage and inactivation of RIPK1 andRIPK3.
Programmed necrotic cell death occurs under various patho-
logical processes such as ischemic brain injury, myocardial
infarction, organ transplantation, and virus replication and
is accompanied by strong inflammatory response. Studies
on FADD-TNFR1 and FADD-MyD88 deficiency revealed
that both TNF and TLR signaling partially contribute to
progression of inflammation [39, 45, 46]. Studies on mouse
models of the TNF-induced systemic inflammatory response
syndrome (SIRS) and CLP-induced peritoneal sepsis have
shown that multiple organ failure and animal mortality are
driven by both RIPK1 and RIPK3-dependent necroptosis [29,
47].

Many human diseases are driven by activation of ster-
ile inflammatory response, including ischemia-reperfusion
injury, Alzheimer’s disease, atherosclerosis, and toxic insults
to liver and lung [2]. This response is accompanied by
extensive necrosis of tissues. Necrotic cells release their
cellular contents from organelles and nucleus (RNA, DNA,
and nucleotides) as well as universal DAMPs such as IL-1𝛼,
HMGB1, ATP, uric acid, and HSPs that recruit and activate
neutrophil, DCs, and macrophages, thereby promoting a
highly inflammatory process [29, 34].

3.3. Immunogenic Cell Death. Immunogenic cell death (ICD)
is a special type of cancer cell death elicited by some classes of
anticancer chemotherapeutics, including oxaliplatin, mitox-
antrone, bortezomib, and radiation and photodynamic ther-
apy [48]. ICD promotes one inflammatory environment
containing apoptotic and necrotic cells. The cell death-
associated products released by these dying cells attract cir-
culating dendritic cells (DCs) and other antigen-presenting
cells (APCs). The uptake of dead cell-derived antigens by
DCs and, consequently, the cytotoxic responses by effector
T cells and NK cells contribute at least in part to success of
therapy. Dead cells expose several proinflammatory signals
including CRT on the plasma membrane and the release of
ATP, HMGB1, HSP70, and HSP90 [48]. HMGB1 and ATP act
in concert to promote IL-1𝛽 secretion by DCs. HSP70 and
HSP90 enhance antigen cross-presentation and the release of
proinflammatory cytokines. Large-scale clinical studies are
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Figure 3: Ultrastructural changes associated with the necroptotic cell death induced by a combination of TNF-𝛼 (10 ng/mL) and z-VAD-fmk
(20 𝜇M) in NHI3T3 murine fibroblasts (a diploid cell line). Panel (a) shows a cell with intact organelles and plasma membrane, whereas
(b) shows cells with extensive cytoplasmic degeneration and plasma membrane rupture and (c) shows a cell with apoptosis-like chromatin
condensation.
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Figure 4: Schematic overview of TNF-𝛼-induced signaling pathways to activation of NF-𝜅B (a), apoptosis (b), and necroptosis (c). TNF-
𝛼 binding to TNFR causes the assembly of a membrane-proximal supramolecular complex including (but not limited to) TRADD, FADD,
TRAF2/5 (TNFR associated factor 2/5), cIAP1/2 (cellular inhibitor of apoptosis 1/2), and RIPK1 (receptor interacting protein kinase). RIPK1
causes the phosphorylation and activation of TAK1/TAB2/3 which in turn promote the phosphorylation of the inhibitor of NF-𝜅B (IKK
subunits 𝛼, 𝛽, and 𝛾).The ubiquitination leads to the proteasome-mediated degradation of I𝜅B𝛼 and release and nuclear translocation of NF-
𝜅B dimers. Recruitment and activation of caspase-8 play a crucial role in initiation of apoptotic (b) or necrotic cell death (c). Cleavage of both
RIP1 and RIP3 by caspase-8 leads to apoptosis, whereas phosphorylation of RIP1 and RIP3 kinases causes the necrosome activation. Similarly,
caspase-8 inhibition, or FADD/caspase-8 deletion, or RIPK3 induction leads to necrosome activation. Both RIPK1 and RIPK3 phosphorylate
and activate a mixed lineage kinase domain-like (MLKL) and phosphoglycerate mutase family member 5 (PGAM5L and S) which recruit
dynamin-related protein 1 (Drp-1), one of the key regulators of mitochondrial fission and mitochondrial fragmentation-dependent signaling
pathway leading to necroptosis.
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been conducted to determine the prognostic value of ICD
induced by current approved chemotherapy to different types
of cancers [49, 50].

3.4. Pyroptosis. The activation of inflammasome containing
intracellular engulfed bacterial and viral molecules induces
pyroptosis which is a proinflammatory and cell death pro-
gram dependent on caspase-1 activation [51, 52]. Pyroptosis is
typically observed in infected macrophages, monocytes, and
dendritic cells. It has been considered as a cell deathmodality
with morphological and biochemical features of necrosis
and apoptosis [51, 52]. The mechanism, characteristics, and
outcome of caspase 1-dependent cell death are distinct from
apoptosis. Along the pyroptotic program, a connected inter-
play of biochemical and morphological events causes the
formation of pores (1-2 nm) in the plasma membrane, which
leads to potassium efflux, water influx, cell swelling, and
rupture of plasma membrane and release of intracellular
contents [53].

It has been shown that during pyroptosis, caspase-1
and likely caspase-7 (21) act together in the proteolytic
digestion of several types of proteins including chaperone
HSP-90, 𝛾-actin, ataxin-3, HnRNP-A2, and the glycolysis
enzymes glyceraldehyde-3-phosphate dehydrogenase, eno-
lase, pyruvate kinase, among others proteins [54]. Host cell
death by pyroptosis contributes to the control of microbial
infection such as Salmonella, Shigella, Listeria, Pseudomonas,
Francisella, and Legionella [51, 52]. Pyroptosis is also caused
by stroke and cancer therapy [53]. More studies are needed to
identify which caspase-1 substrates have the ability to induce
pyroptosis features in these pathologies.

3.5. Autophagy. Most cells infected by bacteria, such as
Shigella and Legionella, viruses, and protozoa undergo
autophagy. Autophagy is a cellular process involved in
aberrant proteins and damaged organelles degradation by
hydrolases into the lysosomes [55]. Autophagy plays a role
in a wide variety of normal physiological processes including
energy metabolism, organelle turnover, growth regulation,
aging, and cellular self-digestion during starvation and hor-
mone deprivation [55]. Along this process, organelles such
as the mitochondria, endoplasmic reticulum, and protein
aggregates are first enwrapped in double membrane vesicles,
named autophagosomes, which deliver their content to endo-
somes and late to lysosomes. The formation of autophagic
vacuoles is mediated up to 30 autophagy-related proteins
codified by Atg genes, which were first identified in yeast
[56]. The transition from diffuse cytosolic to punctuate
pattern of the lipidated form of LC3 (Atg8) is used as one
of the most reliable autophagy markers [55]. Notably, the
membrane trafficking events required for autophagy also
participate in pathogen delivery into the lysosome and into
endosomal compartments containing the Toll-like receptors,
such as TLR3, 7, 9, and 10. The formation of these complexes
leads to activation of type I interferon signaling as well as
delivery of endogenously synthesized viral antigens toMHC-
II-processing and -loading compartments [56]. Therefore,

autophagic cells are likely to instigate the biochemical events
leading to innate and adaptive responses.

Autophagy has not been considered as modality of cell
death; nonetheless, many stimuli that activate apoptosis
induce autophagy, whereas signals that inhibit apoptosis
inhibit autophagy [56]. The pan caspase inhibitor Z-VAD-
fmk inhibits caspases but also blocks lysosomal cathepsins
and hence cell death by autophagy. Antiapoptotic proteins,
such as Bcl-2 family members, bind to and inhibit beclin
(Atg 6), and proapoptotic factors, such as BH3-only pro-
teins, disrupt this inhibitory interaction and thereby activate
autophagy or vise-versa [56]. Autophagy is triggered by ROS
derived from either the mitochondrial electron transport
chain or NAPDH oxidases. Autophagy of damaged mito-
chondria limits ROS-modulated caspase-1 activation and
seems to negatively regulate pyroptosis [53]. Mitophagy is
a specialized form of autophagy in which mitochondria are
specifically targeted for degradation at the autophagolyso-
some [57].

It is becoming increasingly clear that endoplasmic
reticulum- (ER-) stress induces autophagy (Boland et al.,
2013). Calcium depletion, oxidative damage, and energy
depletion cause ER stress, leading to the unfold protein
response (UPR) via three major transmembrane proteins:
pancreatic ER kinase- (PKR-) like ER kinase (PERK), acti-
vating transcription factor-6 (ATF6), and inositol-requiring
enzyme 1 (IRE1).These sensors are sequencing-activated after
their dissociation fromchaperoneGRP78 [58]. ATF6 controls
the synthesis of the genes encoding ER-associated protein
degradation (ERAD), whereas PERK suppresses protein syn-
thesis by phosphorylating eukaryotic initiation factor 2𝛼
(eIF2𝛼). Activated IRE1 activates the transcription factor X-
box binding protein 1 (XBP-1). Together, these transcription
factors orchestrate the UPR. If severe enough, each of these
stimuli can result in cell death; IRE1 facilitates apoptosis
by recruiting ASK1 and JNK (c-Jun N-terminal kinase).
Therefore, there are many lines of evidence connecting UPR,
cell death and magnitude, and duration of inflammatory
process.

4. Thiol Oxidation Modulates the
Immunological Activities of
CDAMPs/DAMPs and Alarmins

Reactive oxygen species (ROS) and nitrogen species (RNS)
regulate a wide variety of signaling pathways including anti-
inflammatory responses and adaptation to hypoxia [59].
ROS/RNS can cause damage to all biomolecules (proteins,
lipids, and DNA) and ultimately lead to cell death [60].
Reactive oxygen species are produced mainly by two sources:
transmembrane NADPH oxidase (NOX family) and the
mitochondrial electron transport chain (ETC) macromolec-
ular complexes [59]. Oxidation of sulfur alters chemical
reactivity andmetal binding properties of proteins, and it can
serve as a molecular switch to control protein structure and
function [60]. Redox-active cysteine residues in protein are
subject to more than one kind of modification, which include
disulfide, glutathionyl, nitrosyl, or sulfenic acid modification
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Figure 5: Inflammatory response to the cell death-associated factors release by apoptotic and necrotic cells and their control by the redox
inflammatory microenvironment. Dying and dead cells release a wide array of molecules, including ATP, CTR, HMGB1, nuclear DNA, and
IL-1𝛼 that exertmultiple functions in the innate immune response. IL-1𝛼 ismost potent danger factor.These cells also release nonprotein thiols
and thiol-regulating enzymes and highly diffusible prooxidant reactive oxygen and nitrogen species, which create an oxidizing and reducing
gradient in the in extracellularmilieu.Thepro- and anti-inflammatory activity ofDAMPs, alarmins, cytokines, and lipidmediators are affected
by oxidation/reduction reactions in certain components of their structures. For instance, if all cysteines in the HMGB1 protein are reduced, it
binds to CXCR4 and acts as chemoattractant. HMGB1 linked with disulfide binds to TLR-4 and induces proinflammatory cytokines, whereas
further cysteine oxidation to sulfonates by ROS abrogates both activities.The constitutively higher ROS levels in macrophages were shown to
inhibit procaspase-1 activation by reversible oxidation of cysteine residues on the zymogen. Similarly, IL-1𝛽 and IL-18 are prone of oxidation,
causing their inactivation. Thus, the outcome of inflammatory response depends on the balance of oxidizing and reducing factors confined
within injured cells that are released in the extracellular milieu. Inflammation resolution occurs with efficient macrophage clearance of the
apoptotic cells. Apoptotic cells emit a small number of DAMPs, alarmins, and cytokines as well as proteases, as compared with apoptotic
cells. Thus, necrotic cells sustain a long inflammatory response throughout the process of cellular resolution. Futures studies focusing on
molecular targets involved in the critical steps of necrotic cell death program may help us to find new therapeutics to control the deleterious
inflammatory response.

[61, 62]. S-glutathionylation is the formation of disulfide
between the cysteine of glutathione and the cysteine moiety
of a protein, also known as protein-mixed disulfide or PSSG
[61].

The cytotoxic potential of ROS is controlled by vari-
ous mitochondrial, cytosolic, and peroxisomal antioxidant
systems [60]. There are two different intracellular redox
compartments into cells, the endoplasmic reticulum and
peroxisomes/mitochondria that consisted of highly oxidizing
organelles, as opposite, the cytoplasm and nucleus which
are very decreasing compartments due to the presence
of the thioredoxin peroxidase-thioredoxin reductase and
glutathione peroxidase-glutathione reductase systems. The
normal extracellular environment is highly oxidizing, and
following types of injuries such as ischemia, O

2
deprivation

and infarction, the release oxidoreductases and thiols affect
the composition and properties of extracellular environment
and this may sustain and prolong the inflammatory reaction
[63].The critical role of the redox state of the injured tissue in
the regulation of cytokines and various cell death-associated
molecules has been previously proposed [63]. A simplified
model is present in Figure 5.

Specific antibodies and chemical are available for detec-
tion S-glutathionylation (Cys-SSG), S-nitrosylation (Cys-
SNO), sulfonated cysteine (Cys-SO

3

−), and sulfenic acid
modified proteins. These tools have been used in proteomic
and immunochemical methods for monitor global changes
in cysteine oxidation of proteins in diverse normal and patho-
logical conditions [61]. One study has identified the transition
cysteine to sulfenic acid in over 175 proteins bearing cysteine
modification [61, 64]. In the list there are important cell
death-associatedmoleculeswith known role in the innate and
adaptive immune system, including chaperones belonging to
HSP60, 70, 75, and 90 kDa families, calnexin (CNX), and
calreticulin (CRT).The functional consequences of oxidative
cysteine modifications of important CDAMPs/DAMPs and
alarmins in the context of inflammation are described below.

4.1. HMGB1. HMGB1 is a chromatin component of 27 kDa
that is structurally composed of three different domains: two
homologous DNA-binding sequences entitled box A and box
B and a highly, negatively chargedC terminus. It is involved in
V(D)J recombination by acting as a cofactor of the RAG 1 and
2 complex [65, 66]. HMGB1 lacks a classic signal sequence,
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although there is homology to a nuclear localization sequence
that may participate in the nuclear functions of the protein.
HMGB1 was discovered as a late mediator of endotoxin
lethality [65]. Administration of HMGB1 to mice mediates
the development of fever, anorexia, and sickness behavior
[65].

Acting as cytokine, HMGB1 transduces signals and coor-
dinates cellular activities through (RAGE), TLR2, TLR4,
TIM-3, chemokine CXC receptor (CXCR)-4, and CD24-
Siglec G/10 [66]. Addition of HMGB1 to monocyte and
macrophages stimulates the synthesis of TNF-𝛼, IL-1𝛼, IL-
1𝛽, IL-1ra, IL-6, IL-8, macrophage-inflammatory protein-
1𝛼 (MIP-1𝛼), and MIP-1𝛽 but not the synthesis of IL-10
or IL-12. HMGB1 can interact with ssDNA, LPS, IL-1𝛽,
and nucleosomes and amplifies TLR-mediated inflammatory
responses possibly by binding to TLR2, TLR4, TLR9, IL-1R,
and RAGE. HMGB1 can induce DCmaturation as evidenced
by increased CD83, CD54, CD80, CD40, CD58, and MHC
class II expression [48, 66]. HMGB1 is also a proliferative
signal for both human CD4+ and CD8+ T-cells. Confirming
these important roles of HMGB1, Hmgb1-deficient mice die
at as early as E15 day as result of hypoglycaemia, reduced
autophagy, and lack of DC-induced inflammatory response,
critically important for survival in the neonatal period [65,
66].

HMGB1 has a role in the pathogenesis of a variety of
sterile inflammatory conditions including rheumatoid arthri-
tis, lupus erythematosus, and Sjögren syndrome, trauma
and hemorrhagic shock, and ischemia-reperfusion injury of
the liver, heart, kidney, and brain [65, 66]. HMGB1 adopts
different redox states under oxidative stress and the oxidation
serves as a feedback mechanism to control the proinflam-
matory activity of HMGB1 in vivo [67]. HMGB1 contains
three conserved cysteines, which are sensitive to oxidation:
Cys23, Cys45, and Cys106. For instance, if all cysteines in
the HMGB1 protein are reduced, it binds to CXCR4 and
acts as chemoattractant. HMGB1 linked with disulfide binds
to TLR-4 and induces proinflammatory cytokines, whereas
further cysteine oxidation to sulfonates by ROS abrogates
both activities [68]. On the other hand, reduced HMGB1
binds to RAGE, induces Beclin-1-dependent autophagy, and
promotes resistance to chemotherapeutic agents or ionizing
radiation, while oxidized HMGB1 increases the cytotoxicity
of certain chemotherapeutics via induction of apoptosis [50].
Furthermore, various reports have indicated that HMGB1 is
involved in tumor tissue invasion andmetastasis by recruiting
macrophages and endothelial cell precursors [48].

4.2. HSPs. Within cells, HSPs act as chaperone and protect
proteins against acute denaturation and aggregation, which
could cause proteotoxicity [62]. Exposed to membranes,
ecto-HSP70 and HSP90 are important inducers of the
immunogenicity of stressed and dying cells. Extracellular
HSP70, HSP90, and gp96 are peptide carriers, inducers of
cytokines, and stimulants for immune cells during stress.
These proteins, for instance, have been described to bind to
TLR4 and to CD14, which are lipopolysaccharide membrane
protein receptors. HSPs induce the maturation of dendritic
cells and present peptide molecules to antigen presenting

cells (APCs), thus linking the innate immune and adaptive
immune systems. On the other hand, HSP peptides can be a
route to induction of regulatory T cells (Treg) which inhibit
reactive T cells, as well as, IL-10, thereby contributing to anti-
inflammatory response [69]. HSP70 has anti-inflammatory
properties including downregulating inflammatory cytokine
production, increasing cell and tissue tolerance of cytokine-
induced cytotoxicity [69].

One report has shown that the binding of peptides ismore
pronounced for HSP70 than for Hsc70 and is accompanied
with a gradual change in secondary structure under oxidative
conditions [70]. HSP70 and HSP90 contain cysteine residues
in which oxidation induces change to a conformation with
high chaperone activity [64]. It is not knownwhat happens to
these HSPs immune functions once owing this modification
if, for example, this leads to an anti-inflammatory or proin-
flammatory phenotype.

4.3. CRT. CRT is a 46-kDa Ca2+ binding ER-resident pro-
teins that participate in Ca2+ storage in the lumen of the ER
[71, 72]. The role of CRT in Ca2+ homeostasis is critical since
crt-deficient mice die at E14.5 embryonic age. Interesting,
crt-deficient mice are rescued by the constitute expression of
calcineurin [72]. CRT, gp96 (grp94 or endoplasmin), protein
disulfide isomerases (PDIs), immunoglobulin-heavy-chain-
binding protein (BiP/GRP78), andGPR78 are also ER folding
factors (or chaperones), aiding newly synthesized ERproteins
in proper folding. Some folding factors, such as ERp57
and PDI, are oxidoreductases that catalyze proper disulfide
bond formation in protein substrates to aid in their folding
[73]. CRT possesses a lectin domain capable of binding
to misfolded proteins and glycoproteins. CRT and CNX
(calnexin) interact with the ERp57 to promote disulfide bond
isomerization in bound unfolded glycoproteins. CRT con-
tains a highly redox-active cysteine that undergoes sulfenic
acid modification [64]. Therefore, oxidized calreticulin itself
might drive protein folding in ER by promoting disulfide
formation [64].

Under apoptotic stress, CRT associates with phos-
phatidylserine (PS) in a Ca2+ dependent manner and both
are translocated as punctate clusters on the cell surface. The
CRT/PS complex is recognized by a variety of receptors and
adaptormolecules and function asmost notable eat-me signal
of apoptotic cells [34, 48]. CRT binds to CD91/LRP1 to trigger
macrophages to secrete cytokines, stimulates dendritic cells
to express antigen presenting costimulatory molecules, and
is involved in wound healing [71]. The mechanism by which
CRT is released in extracellular space is only speculative;
change in pH and/or calcium levels may be involved in the
release of CRT from the ER. CRT is sensitive to sulfenic
acid modification and it can affect both its function and its
subcellular location [64], a hypothesis that deserves to be
evaluated.

4.4. S100 Proteins. There are over 24 homologous intracel-
lular S100 proteins, which are characterized by calcium-
binding EF hand motifs, low molecular weights, ability to
form homodimers, heterodimers and oligomers, and tissue-
specific expression [74]. Binding of Ca2+ and binding of
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Zn2+ are known to induce major conformational changes
in S100 proteins, leading to an exposure of hydrophobic
patches that interact with protein targets involved mainly in
the cytoskeleton and cell proliferation. S100 proteins can bind
to G-protein-coupled receptors, scavenger receptors, or hep-
aran sulfate proteoglycans and N-glycans [74]. S100A7 (pso-
riasin) is overexpressed in inflammatory skin diseases and is
induced in keratinocytes by IL-17 and IL-22 and flagellin via
TLR7 [74]. S100A8 and S100A9 are present in neutrophils,
monocytes, and myeloid progenitors and can be induced in
keratinocytes during inflammation. The S100A8 and S100A9
form a heterocomplex (known as calprotectin) that bind
to carboxylated glycans and RAGE, leading to intracellular
NF-𝜅B activation and thereby the expression of cytokines
that act as growth factors for tissue repair and regenera-
tion [75, 76]. S100A8/A9 and S100A12 induce prothrom-
botic and proinflammatory responses in endothelial cells
including induction of thrombospondin, chemokines, and
adhesion molecules [77]. Human S100A8/S100A9 is chemo-
tactic for neutrophils and influences migration of other cell
types, includingmyeloid-derived suppressor. S100A8/S100A9
induces proinflammatory cytokine TNF-𝛼, IL-1𝛽, IL-6, and
IL-8 in macrophages via NF-𝜅B activation [78]. S100A8/A9
and S100A12 are elevated early in tissues and serum immune
pathological conditions associated with inflammation such
as arthritis, inflammatory bowel disease, vasculitis, multiple
sclerosis, psoriasis, and cystic fibrosis and are considered suit-
able biomarkers of inflammation [78]. S100B-RAGE is one
important cellular signaling to severe pulmonary infection
by Aspergillus fumigatus [79]. The sustained activation of
the S100B-RAGE signaling is also involved in the hypoxia-
induced inflammation in cystic fibrosis [80].

It has been reported that S-nitrosylation and S-
glutathionylation regulate the activity of some representative
S100 proteins. One study indicated that S100A1 and S100B
activities are controlled by nitrosylation at Cys-84 [81].
Another study showed that S-glutathionylation of S100A1 at
the single Cys-85 leads to a 10-fold increase in the affinity
of the N- and C-loops of the protein for Ca2+ binding
[82]. Human S100A8 is chemotactic for neutrophils and
the activity may depend on its oxidation state [76]. S-
nitrosylated S100A8 reduces mast cell activation and mast
cell-mediated leukocyte adhesion and transmigration in the
microcirculation in vivo [76]. S100A8/S100A9 can induce
pro- and anti-inflammatory actions which are linked to their
oxidation states [75, 76]). The S-glutathionylated S100A9
suppresses neutrophil migration [75].

4.5. IL-1𝛼 and IL-1𝛽. The IL-1 family (IL-1F) comprises 11
members and the most studied are IL-1𝛼 and IL-1𝛽 [17]. IL-
1𝛽 is a potent pyrogen that induce leukocyte tissue migra-
tion and expression multiple cytokines and chemokines.
Interleukin-1 receptor antagonist (IL-1Ra) is a specific
inhibitor of IL-1𝛼 and IL-1𝛽.The gene deletion studies showed
thatmice deficient for IL-1𝛼 and IL-1𝛽 as well as for caspase-1,
IL-6, and TNF- 𝛼 and TNFR1 are viable and do not develop
spontaneous diseases. In contrast, mice deficient in IL-1Ra

develop arthritis. Thus, these cytokines are needed for infec-
tions, trauma, and immunological reactions [17]. Interleukin-
1𝛼 is themost power danger signal released uponnecrosis that
exerts effects on both innate and adaptive immunity [2, 83].
IL-1𝛼 is a chromatin-associate cytokine and is highly dynamic
in the nucleus of living cells. During apoptosis, intracellular
IL-1𝛼 concentrates in dense nuclear foci and is not released
along with cytoplasmic contents. IL-1𝛼 precursor is a signal
peptideless protein; it is not readily secreted and only released
from cells undergoing necrosis [17]. IL-1 binds to 1 IL-1
receptor (IL-1R1) leading tomultiple proinflammatory effects
including cytokine secretion, neutrophil recruitment, and
upregulation of major histocompatibility complex (MHC)
and costimulatory molecules on antigen presenting cells [17].

The influx of neutrophils towards necrotic dendritic cell-
derived products from a sterile inflammation (in the absence
of pathogens) is mediated through IL-1𝛼 [2]. The necrosis
induced IL-1𝛼 inflammatory activity is highly cell type depen-
dent [83]. The IL-1𝛼 precursor is released by hypoxic cells
and incites an inflammatory response by recruiting myeloid
cells into the area [17]. IL-1𝛼 stimulates the production
of chemokines CXCL1 and CXCL2, which are involved in
the neutrophil recruitment. The neutrophil migration along
the inflammation to sterile necrotic cell death depends on
both IL-1𝛼 and IL-1𝛽. CD11b+ macrophages are required to
produce IL-1𝛼 and bone-marrow-derived cells are required
to produce IL-1𝛽 [83]. IL-1𝛽 is processed by caspase-1 in
NLRP3 inflammasome and also leukocytes serine proteases
and calpains [17]. IL-33, a IL-1 family member, is secreted
by necrotic cells independent of caspase-1 and caspase-8 or
calpain, but it is inactivated by caspase-1 [17].

It is interesting that IL-1𝛼, IL-33, and HMGB-1 act
as DNA-binding cytokines allowing the access of several
transcription factors, including steroid hormone receptors,
p53/p73 complexes and recombinases for genomic DNA
repair and modification [83]. Therefore, it seems like that
these cytokines act as DNA damage sensor during stress
and prevent nuclear breakdown and release of inflammatory
DNA and histones from nucleosomes; to date only limited
information is available about these mechanisms.

5. Conclusions and Future Directions

This short review has highlighted the intricately and con-
nected extrinsic and intrinsic molecular pathways and alter-
native ways to induce cell death programs named apoptosis,
necrosis/necroptosis, and pyroptosis. Autophagy can modu-
late these programs by limited control of damage organelles
such as mitochondria.

In vivo studies, in particular, in response to a variety of
stress conditions and chemical insults, have furthered the
knowledge and acceptance that cell death plays a multi-
faceted modulatory role in both innate and adaptive immune
responses. The immunogenic cell death has emerged as can-
cer cell deathmodality stimulated by certain chemotherapeu-
tic regime that exerts antineoplastic effects by eliciting a novel
or reestablishing a preexisting antitumor immune response.
The sterile necrotic cell death is a cell death modality in the
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absence of pathogen that elicits an innate immune-mediated
acute inflammation.

Dying and death cells release in extracellular milieu an
increasing number of nuclear-, cytosol-, and mitochondria
molecules that stimulate an inflammatory response. Among
them, HMGB1, CRT, HSPs, and IL-1𝛼 are the most relevant
to date. These cell death-associated molecules trigger their
inflammatory signaling pathways by binding to TLRs, NLRs,
CTLs, RLHs, and othermembrane and intracellular receptors
present in immune and nonimmune cells. These leads to
activation of the inflammasomes and NF-𝜅B transcription
factor, which in turn promote the synthesis and release of
proinflammatory cytokines and other mediators connecting
cell death andmagnitude and duration of inflammatory reac-
tions. Caspases act as anti-inflammatory enzymes serving to
limit the potentially proinflammatory consequences of cell
death. A major goal in future studies is the development
of specific antagonists able to dismantle assembly of these
signaling platforms.

Overproduction and release of the self-molecules by
stressed, dying, and dead cells influence the development and
outcome of diverse range of diseases, including atheroscle-
rosis, inflammatory bowel disease, diabetes, obesity, and
inflammatory neurodegenerative disorders. Similarly, the
overproduction and release nonprotein thiols and thiol-
regulating enzymatic systems as well as reactive oxygen and
nitrogen species exert important positive and negative con-
trol in diseases-associated inflammation in part by modulat-
ing the cell death-associated factor immunogenic activities.
Even though antioxidants do not hold much potential to
treat inflammatory diseases, many new small peptides and
compounds for control cell death are under development and
might yield clinical benefits.

Although there is much information about the diverse,
sometimes pleiotropic effects of mediators of inflammation,
future studies will define the interplay and cooperative role
of cytokines, chemokines, lipid messengers, and cell death-
derived mediators in cell survival, inflammation, or cell
death. Elucidating the critical nodes in the cell death signaling
pathways will help us to design and develop new therapeutic
strategies for acute inflammation and inflammatory disor-
ders.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

All authors contributed equally to this work.

Acknowledgments

The authors thank Peter Vandenabeele, Douglas Green,
and Ricardo Weinlich for the helpful discussions. The
authors’ lab has received Grant support from Conselho
Nacional de Desenvolvimento Cient́ıfico e Tecnológico

(CNPq 486048/2011-0) and Fundação de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP 05/05069-7).

References

[1] L. Duprez, E. Wirawan, T. V. Berghe, and P. Vandenabeele,
“Major cell death pathways at a glance,”Microbes and Infection,
vol. 11, no. 13, pp. 1050–1062, 2009.

[2] H. Kono and K. L. Rock, “How dying cells alert the immune
system to danger,”Nature Reviews Immunology, vol. 8, no. 4, pp.
279–289, 2008.

[3] D. R. Green, T. Ferguson, L. Zitvogel, and G. Kroemer,
“Immunogenic and tolerogenic cell death,” Nature Reviews
Immunology, vol. 9, no. 5, pp. 353–363, 2009.

[4] A. D. Garg, D. Nowis, J. Golab, P. Vandenabeele, D. V. Krysko,
and P. Agostinis, “Immunogenic cell death, DAMPs and anti-
cancer therapeutics: an emerging amalgamation,” Biochimica et
Biophysica Acta, vol. 1805, no. 1, pp. 53–71, 2010.

[5] J. E. Belizário, “Pathogens and dead cells cooperate with
cytokines inactivating the innate and adaptive response,” Euro-
pean Journal of Inflammation, vol. 9, no. 1, pp. 1–11, 2011.

[6] P. Matzinger, “Tolerance, danger, and the extended family,”
Annual Review of Immunology, vol. 12, pp. 991–1045, 1994.

[7] R.Medzhitov, “Origin and physiological roles of inflammation,”
Nature, vol. 454, no. 7203, pp. 428–435, 2008.

[8] C. Ospelt and S. Gay, “TLRs and chronic inflammation,”
International Journal of Biochemistry and Cell Biology, vol. 42,
no. 4, pp. 495–505, 2010.

[9] C. N. Serhan, S. D. Brain, C. D. Buckley et al., “Resolution of
inflammation: state of the art, definitions and terms,”TheFASEB
Journal, vol. 21, no. 2, pp. 325–332, 2007.

[10] A. Stutz, D. T. Golenbock, and E. Latz, “Inflammasomes: too
big to miss,” Journal of Clinical Investigation, vol. 119, no. 12, pp.
3502–3511, 2009.

[11] G. Chen, M. H. Shaw, Y.-G. Kim, and G. Nunez, “NOD-like
receptors: role in innate immunity and inflammatory disease,”
Annual Review of Pathology: Mechanisms of Disease, vol. 4, pp.
365–498, 2009.

[12] O. Takeuchi and S. Akira, “Pattern recognition receptors and
inflammation,” Cell, vol. 140, no. 6, pp. 805–820, 2010.

[13] D. Sancho and C. Reis e Sousa, “Signaling by myeloid C-type
lectin receptors in immunity and homeostasis,” Annual Review
of Immunology, vol. 30, pp. 491–529, 2012.

[14] C. N. Serhan and N. A. Petasis, “Resolvins and protectins in
inflammation resolution,” Chemical Reviews, vol. 111, no. 10, pp.
5922–5943, 2011.

[15] S. Vallabhapurapu and M. Karin, “Regulation and function of
NF-𝜅B transcription factors in the immune system,” Annual
Review of Immunology, vol. 27, pp. 693–733, 2009.

[16] F. Martinon and J. Tschopp, “Inflammatory caspases and
inflammasomes: master switches of inflammation,” Cell Death
& Differentiation, vol. 14, no. 1, pp. 10–22, 2007.

[17] C. A. Dinarello, “Immunological and inflammatory functions
of the interleukin-1 family,” Annual Review of Immunology, vol.
27, pp. 519–550, 2009.

[18] F. Martinon, K. Burns, and J. Tschopp, “The inflammasome:
a molecular platform triggering activation of inflammatory
caspases and processing of proIL-𝛽,”Molecular Cell, vol. 10, no.
2, pp. 417–426, 2002.



Mediators of Inflammation 13

[19] M. Lamkanfi and V. M. Dixit, “Inflammasomes and their roles
in health and disease,”Annual Review of Cell andDevelopmental
Biology, vol. 28, pp. 137–161, 2012.

[20] R. Zhou, A. Tardivel, B. Thorens, I. Choi, and J. Tschopp,
“Thioredoxin-interacting protein links oxidative stress to
inflammasome activation,” Nature Immunology, vol. 11, no. 2,
pp. 136–140, 2010.

[21] R. Zhou, A. S. Yazdi, P. Menu, and J. Tschopp, “A role for
mitochondria inNLRP3 inflammasome activation,”Nature, vol.
469, no. 7329, pp. 221–225, 2011.

[22] A. Vilaysane and D. A. Muruve, “The innate immune response
to DNA,” Seminars in Immunology, vol. 21, no. 4, pp. 208–214,
2009.

[23] S. E. Keating, M. Baran, and A. G. Bowie, “Cytosolic DNA
sensors regulating type I interferon induction,” Trends in
Immunology, vol. 32, no. 12, pp. 574–581, 2011.

[24] A. M. Schmidt, S. D. Yan, S. F. Yan, and D. M. Stern, “The
multiligand receptor RAGE as a progression factor amplifying
immune and inflammatory responses,” Journal of Clinical Inves-
tigation, vol. 108, no. 7, pp. 949–955, 2001.

[25] S. H. Han, Y. H. Kim, and I. Mook-Jung, “RAGE: the beneficial
and deleterious effects by diverse mechanisms of actions,”
Molecules and Cells, vol. 31, no. 2, pp. 91–97, 2011.

[26] G. Sorci, F. Riuzzi, I. Giambanco, and R. Donato, “RAGE
in tissue homeostasis, repair and regeneration,” Biochimica et
Biophysica Acta—Molecular Cell Research, vol. 1833, no. 1, pp.
101–109, 2013.

[27] J. R. Van Beijnum, W. A. Buurman, and A. W. Griffioen,
“Convergence and amplification of toll-like receptor (TLR) and
receptor for advanced glycation end products (RAGE) signaling
pathways via high mobility group B1 (HMGB1),” Angiogenesis,
vol. 11, no. 1, pp. 91–99, 2008.

[28] S. F. Yan, R. Ramasamy, and A. M. Schmidt, “Receptor for AGE
(RAGE) and its ligands-cast into leading roles in diabetes and
the inflammatory response,” Journal of Molecular Medicine, vol.
87, no. 3, pp. 235–247, 2009.

[29] A. Kaczmarek, P. Vandenabeele, andD.V. Krysko, “Necroptosis:
the release of damaged-associated molecular patterns and its
physiological relevance,” Immunity, vol. 38, no. 2, pp. 209–223,
2013.

[30] N. S. Wilson, V. Dixit, and A. Ashkenazi, “Death receptor
signal transducers: Nodes of coordination in immune signaling
networks,”Nature Immunology, vol. 10, no. 4, pp. 348–355, 2009.

[31] R. J. Youle andA. Strasser, “The BCL-2 protein family: opposing
activities thatmediate cell death,”Nature ReviewsMolecular Cell
Biology, vol. 9, no. 1, pp. 47–59, 2008.

[32] J. E. Belizário, J. Alves, J. M. Occhiucci, M. Garay-Malpartida,
and A. Sesso, “A mechanistic view of mitochondrial death
decision pores,” Brazilian Journal of Medical and Biological
Research, vol. 40, no. 8, pp. 1011–1024, 2007.

[33] A. Sesso, J. E. Belizário, M. M. Marques et al., “Mitochondrial
swelling and incipient outer membrane rupture in preapoptotic
and apoptotic cells,” Anatomical Record, vol. 295, no. 10, pp.
1647–1659, 2012.

[34] D. V. Krysko, K. D’Herde, and P. Vandenabeele, “Clearance
of apoptotic and necrotic cells and its immunological conse-
quences,” Apoptosis, vol. 11, no. 10, pp. 1709–1726, 2006.

[35] I. K. H. Poon, M. D. Hulett, and C. R. Parish, “Molecular
mechanisms of late apoptotic/necrotic cell clearance,” Cell
Death & Differentiation, vol. 17, no. 3, pp. 381–397, 2010.

[36] S. J. Martin, C. M. Henry, and S. P. Cullen, “A perspective
on mammalian caspases as positive and negative regulators of
inflammation,”Molecular Cell, vol. 46, no. 4, pp. 387–397, 2012.

[37] A. Degterev, J. Hitomi, M. Germscheid et al., “Identification of
RIP1 kinase as a specific cellular target of necrostatins,” Nature
Chemical Biology, vol. 4, no. 5, pp. 313–321, 2008.

[38] J. Hitomi, D. E. Christofferson, A. Ng et al., “Identification of
a molecular signaling network that regulates a cellular necrotic
cell death pathway,” Cell, vol. 135, no. 7, pp. 1311–1323, 2008.

[39] S. He, L. Wang, L. Miao et al., “Receptor interacting protein
kinase-3 determines cellular necrotic response to TNF-𝛼,” Cell,
vol. 137, no. 6, pp. 1100–1111, 2009.

[40] K. Newton, D. L. Dugger, K. E. Wickliffe, N. Kapoor, and M. C.
Almagro, “Activity of protein kinase RIPK3 determines whether
cells die by necroptosis or apoptosis,” Science, vol. 343, no. 6177,
pp. 1357–1360, 2014.

[41] D. Ofengeim and J. Yuan, “Regulation of RIP1 kinase signaling
at the crossrods of inflammation and cell death,”Nature Reviews
Molecular Cell Biology, vol. 14, pp. 727–737, 2013.

[42] Z.Wang,H. Jiang, S. Chen, F. Du, andX.Wang, “Themitochon-
drial phosphatase PGAM5 functions at the convergence point
of multiple necrotic death pathways,” Cell, vol. 148, no. 1-2, pp.
228–243, 2012.

[43] D. Zhang, J. Shao, J. Lin et al., “RIP3, an energy metabolism
regulator that switches TNF-induced cell death from apoptosis
to necrosis,” Science, vol. 325, no. 5938, pp. 332–336, 2009.

[44] W. J. Kaiser, J. W. Upton, A. B. Long et al., “RIP3 mediates the
embryonic lethality of caspase-8-deficient mice,” Nature, vol.
471, no. 7338, pp. 368–373, 2011.

[45] C. P. Dillon, A. Oberst, R. Weinlich et al., “Survival Function
of the FADD-CASPASE-8-cFLIPL complex,” Cell Reports, vol. 1,
no. 5, pp. 401–407, 2012.

[46] M. C. Bonnet, D. Preukschat, P. S. Welz et al., “The adaptor pro-
tein FADD protects epidermal keratinocytes from necroptosis
in vivo and prevents skin Inflammation,” Immunity, vol. 35, no.
4, pp. 572–582, 2011.

[47] L. Duprez, N. Takahashi, F. van Hauwermeiren et al., “RIP
kinase-dependent necrosis drives lethal systemic inflammatory
response syndrome,” Immunity, vol. 35, no. 6, pp. 908–918, 2011.

[48] G. Kroemer, L. Galluzzi, O. Kepp, and L. Zitvogel, “Immuno-
genic cell death in cancer therapy,” Annual Review of Immunol-
ogy, vol. 31, pp. 51–72, 2013.

[49] E. Vacchelli, A. Eggermont, W. H. Fridman et al., “Trial watch:
immunostimulatory cytokines,” OncoImmunology, vol. 2, no. 7,
Article ID e24850, 2013.

[50] O. Krysko, T. L. Aaes, C. Bachert, P. Vandenabeele, and D. V.
Krysko, “Many faces of DAMPs in cancer therapy,” Cell Death
and Disease, vol. 4, no. 5, article e631, 2013.

[51] S. L. Fink and B. T. Cookson, “Pyroptosis: host cell death and
inflammation,” Cellular Microbiology, vol. 9, no. 11, pp. 2562–
2570, 2007.
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Universidade Federal de Minas Gerais, Avenida Antônio Carlos 6627, Pampulha, 31270-901 Belo Horizonte, MG, Brazil

2 Laboratório de Imunofarmacologia, Departamento de Bioquı́mica e Imunologia, Instituto de Ciências Biológicas,
Universidade Federal de Minas Gerais, 31270-901 Belo Horizonte, MG, Brazil
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Inflammation is a physiological response of the immune system to injury or infection but may become chronic. In general,
inflammation is self-limiting and resolves by activating a termination program named resolution of inflammation. It has been
argued that unresolved inflammation may be the basis of a variety of chronic inflammatory diseases. Resolution of inflammation
is an active process that is fine-tuned by the production of proresolving mediators and the shutdown of intracellular signaling
molecules associated with cytokine production and leukocyte survival. Apoptosis of leukocytes (especially granulocytes) is a key
element in the resolution of inflammation and several signaling molecules are thought to be involved in this process. Here, we
explore key signalingmolecules and somemediators that are crucial regulators of leukocyte survival in vivo and thatmay be targeted
for therapeutic purposes in the context of chronic inflammatory diseases.

1. Introduction

Inflammation is a reaction of an organism to cell and
tissue damage caused by various types of agents (sterile
or not, including autoimmune events). Inflammation may
also be physiological and is thought to be crucial for the
maintenance of tissue homeostasis [1–5]. Important micro-
circulatory events occur during the inflammatory process,
including vascular permeability, changes in the movement,
recruitment and accumulation of leukocytes, and the release
of inflammatory mediators [6]. After elimination of the
harmful agent, the inflammatory process is usually resolved,
as seen by the reduction in the number of leukocytes in
the inflammatory site and the reversal of vascular changes.
Resolution is necessary to restore the original architecture

and function of a given tissue. Failure to resolve can cause
persistent inflammation with consequent maintenance or
increase of tissue destruction [3]. It has been argued that
unresolved inflammation or excessive initial inflammation
may be the basis of a variety of chronic inflammatory diseases
[7].

The resolution of inflammation is an active process that
is coordinated and controlled by a variety of extracellular
and intracellular molecules [4]. With the termination of the
inflammatory stimulus, the reduction of proinflammatory
mediators occurs at the site through the decreased syn-
thesis and increased catabolism of these molecules [4, 8].
The release of proresolving mediators also occurs which
prevents further migration and increases apoptotic events
of leukocytes (primarily granulocytes) [9]. In parallel, some
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proresolving molecules are able to induce the incoming of
nonphlogistic macrophages to further perpetuate efferocy-
tosis of apoptotic granulocytes. In doing so, proresolving
molecules reprogrammacrophages to performmore restora-
tive and resolutive roles, thus amplifying the production of
proresolving molecules and promoting resolution [10, 11].
These events mark the beginning of the resolution process,
which is essential to reestablish tissue homeostasis [4, 8, 10,
12].

Some leucocytes, such as granulocytes (mainly neu-
trophils and eosinophils) and macrophages, are profoundly
involved in the inflammatory response. Granulocytes release
toxic compounds and also act as phagocytes together with
macrophages to remove the agent causing inflammation.
However, for the inflammatory process to be successful and
self-limiting (with the goal of restoring tissue homeostasis),
the actions of neutrophils and eosinophils must be finely
regulated [3, 4, 8]. Thus, apoptosis of granulocytes followed
by the efferocytosis (phagocytosis of apoptotic cells) by
macrophages and an active resolution process are obvious
avenues to achieve this goal [6, 10, 12].

Several signaling molecules, including PI3K/Akt, NF-
𝜅B, MAPKs, and CDKs, have been shown to be involved
in enhancing granulocyte survival in vivo and in vitro [13–
16]. The rationale behind enhanced granulocyte survival
involves delaying death of these cells to enable efficient
effector function, such as bacterial killing. However, if not
finely controlled, prolonged activation of survival pathways
and prevention of apoptosis in granulocytes may eventually
delay inflammation resolution. In contrast with themolecules
described above, proresolving mediators, including Annexin
A1 (AnxA1), hydrogen peroxide (H

2
O
2
), cyclic adenosine

monophosphate (cAMP), TNF-related apoptosis-inducing
ligand (TRAIL) elevating agents (see Figure 1), and other
specialized lipid mediators (lipoxin A

4
, resolvins, maresins,

and protectins), perform the opposite action; that is, they
induce granulocyte apoptosis. Recent studies have shown that
strategies that modulate apoptosis-controlling proteins may
promote the resolution of the inflammatory process [17–22].
Therefore, potential therapeutic strategies that modulate the
resolution pathways may further represent a useful pharma-
cological arsenal for the treatment and prevention of various
acute and chronic inflammatory diseases. Here, we discuss
some aspects of the complex signaling network and some
interventions that interfere with key signaling molecules
associated with leukocyte survival and consequently con-
tribute to inflammation resolution and return to homeostasis.

2. Signaling Molecules as Crucial Regulators of
the Resolution of Inflammation

2.1. Cyclin-Dependent Kinases. Cyclin-dependent kinases
(CDK) are serine/threonine protein kinases that bind to
cyclin to mediate the phosphorylation reactions that are
associated with the progression and regulation of the cell
cycle [23]. Surprisingly, terminally differentiated cells, includ-
ing neutrophils, also express CDKs [24]. Previous studies
have demonstrated that human neutrophils express CDK

isoforms and their activity is associated with neutrophil
lifespan [24–28]. More recent data have shown that CDK
inhibitors (CDKi) drive granulocyte apoptosis and resolve
inflammation by downregulating Mcl-1 and upregulating
proapoptotic proteins such as Bim [24, 26, 27, 29–31]. In
several models of inflammation, including passively induced
arthritis, bleomycin-induced lung injury, and carrageenan-
elicited acute pleurisy, R-roscovitine, a selective inhibitor of
cyclin-dependent kinases CDK2, CDK5, CDK7, and CDK9,
enhanced the resolution of established inflammation. This
resolution was associated with an increase in neutrophil
apoptosis in a caspase-dependent manner [24]. In murine
models, it has also been reported that the induction of
neutrophil apoptosis with R-roscovitine in conjunction with
antibiotic therapy reduces markers of neuronal damage of
pneumococcal meningitis [30]. Moreover, neutrophil clear-
ance mediated through CDK inhibition reduced the lung
inflammation induced by lipoteichoic acid, Streptococcus
pneumonia, and bleomycin-induced lung injury models
[26, 32]. R-roscovitine inhibits the CDK7- and CDK9-
dependent phosphorylation of RNA polymerase II to block
the transcriptional capacity of neutrophils, which can be a
key mechanism associated with neutrophil apoptosis after
CDK inhibition [26]. The studies discussed above clearly
demonstrate that CDK inhibitors induce apoptosis and in
vivo clearance of nonproliferating cells, such as granulocytes.
AT7519 is amore recently investigatedCDK inhibitor that has
been evaluated in clinical trials for anticancer therapy [33]. A
study by Alessandri et al. demonstrated that AT7519 induced
eosinophil apoptosis and enhanced the resolution of allergic
pleurisy [31]. AT7519 was also capable of inducing neutrophil
apoptosis and accelerating the resolution of inflammation
induced by LPS or Escherichia coli without the impairment
of bacterial clearance [34]. Importantly, AT7519 has already
been tested to treat patients with refractory solid tumors
[33]. Altogether, these findings suggest that CDK may be a
useful therapeutic strategy for the treatment of inflammatory
diseases.

2.2. Mitogen-Activated Protein Kinases (MAPK) and
Extracellular-Signal-Regulated Kinase (ERK). The mitogen-
activated protein kinases (MAPK) represent a family
of serine threonine kinases that phosphorylate and
activate transcription factors present in the cytoplasm
or nucleus to drive the expression of genes and consequently
biological responses. There are three main MAPK-activated
signaling cascades that lead to differential gene expression:
extracellular-signal-regulated kinase ERK1/2, p38 MAP
kinase, and c-Jun N-terminal kinases (JNKs); these cascades
are activated by several stimuli to regulate proliferation,
differentiation, cell survival, mitosis, apoptosis, and other
cell functions [35, 36]. The MEK/ERK signaling pathway
has been targeted in an attempt to promote resolution
of acute inflammation. Thus, it has been demonstrated
that treatment with U0126, a potent and selective MEK1/2
inhibitor (a kinase upstream ERK1/2), was able to reduce
inflammatory parameters in a murine model of allergic
asthma [37] and LPS-induced lung injury [38]. Additionally,
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Figure 1: Targets to promote granulocyte apoptosis and inflammation resolution. During early phase of inflammation production of
proinflammatory mediators and activation of signal survival pathways (PI3K/Akt, NF-𝜅B, MAPKs, and CDKs) promotes leukocyte
accumulation and survival in the inflammatory site.While inflammatory response evolves, local activation/release of proresolutionmediators
occurs and pathways (H

2
O
2
, AnxA1, and cAMP) that control further granulocyte ingress and turn on a resolution program.These resolution

molecules, in addition to proresolving lipid mediators which are not highlighted in this cartoon, downregulate survival pathways and activate
an apoptosis-associated program in granulocytes. Resolutionmolecules are also able to promote efferocytosis and coordinate reprogramming
of macrophages. These events will reestablish tissue homeostasis.

the use of a specific ERK1/2 inhibitor (PD98059) augmented
the resolution of inflammation in a pleurisy model;
this was associated with the inhibition of the production of
neutrophil survival factors at the site of inflammation and the
increased neutrophil apoptosis [39]. A recent study in vitro
demonstrated that MSK1/2 (mitogen- and stress-activated
protein kinase 1 and 2)—two kinases phosphorylated by
both ERK1/2 and p38 MAPK—are associated with control
on the induction of cyclooxygenase- (COX-) 2 mRNA and
the IL-10 production through CREB (cAMP responsive
element-binding protein) in macrophages stimulated or not
with LPS [40]. However, there is no evidence that MSK1/2
are relevant for resolution of inflammation in vivo.Therefore,
although the anti-inflammatory effects of MAPK inhibitors
have been clearly defined, the potential of these inhibitors to
promote inflammation resolution needs to be better clarified
using other models of in vivo inflammation.

2.3. Cyclic Adenosine Monophosphate. Cyclic adenosine
monophosphate (cAMP) is a ubiquitous second messenger

produced after adenylate cyclase activation that has been
shown to play an important role in modulating the activity
of cells involved in the inflammatory process, primarily
through PKA activity [41]. Intracellular levels of cAMP
are physiologically modulated by agonist ligands (such as
PGE
2
, adenosine, and 𝛽-adrenergic) and are fine-tuned

and controlled by phosphodiesterases (PDEs), which are
intracellular enzymes that hydrolyze cAMP [41, 42]. In
addition to known anti-inflammatory proprieties of cAMP-
elevating agents [41–44], emerging data support a role for
cAMP in some steps of the resolution process [20, 45–47].
Our research group demonstrated an important role for
cAMP in inducing the resolution of acute inflammation by
modulating the apoptosis of granulocytes in vivo [20, 45].
cAMP elevation, which is mimicked by the administration
of cAMP mimetic compounds or promoted by rolipram (a
PDE4 inhibitor), induced the resolution of both eosinophilic
[45] and neutrophilic inflammation [20], which was
mediated by PKA and dependent on granulocyte apoptosis.
The resolution induced by increasing cAMP levels has
been associated with the modulation of several molecular
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pathways, which are important for leukocyte survival.
For example, it has been shown that high concentrations
of cAMP decrease prosurvival intracellular molecules,
including MCL-1, PI3K, and NF-𝜅B and increase levels
of proapoptotic molecules: BAX and cleaved caspase-3
[20]. Lower levels of cAMP may account for the lack of
resolution of inflammation in a murine model of chronic
granulomatous disease [48].

Emerging concepts about the role of cAMP in inflam-
mation resolution came first from Bystrom and cols [46],
who demonstrated the participation of cAMP in repro-
gramming inflammatory macrophages to resolution-phase
macrophages. In agreement with these findings, a recent
paper showed that cAMP contributes to resolution by
polarizing M1 to M2 macrophages [49]. In addition to
inducing macrophage reprogramming, enhanced levels of
cAMP induced by binding to lysophosphatidylserine (lyso-
PS) expressed on apoptotic neutrophils are also involved in
efferocytosis [50, 51]. Lyso-PS acts on the macrophage G2A
receptor and enhances the clearance of these neutrophils
by signaling through the PKA-dependent increase of Rac1
activity via an increased production of PGE

2
and cAMP

[52]. However, whether the above-described mechanisms of
cAMP may be applied in in vivo situations of inflammation
remains to be determined.

cAMP may function as an intermediate of the effects of
certain proresolutive molecules. For example, one study sug-
gests that RvD1 is able to increase intracellular levels of cAMP
and rescue macrophage apoptosis in a cAMP-dependent
manner [47]. A recent study by our group demonstrated
that treatment with a PDE4 inhibitor, which enhances cAMP,
induced resolution of inflammation that was associated with
increased levels of AnxA1 [21]. Altogether these data suggest
that cAMP is a crucial control molecule in the resolution of
inflammation. Not only is cAMP induced by proresolving
molecules but it may also induce the release of proresolving
molecules, thus acting at multiple regulatory levels to induce
resolution. Therefore, cAMP-elevating drugs may represent
a useful therapeutic strategy to induce the resolution of
inflammation.

2.4. Phosphoinositide 3-Kinases. Phosphoinositide 3-kinases
(PI3Ks) are a family of intracellular lipid kinases that phos-
phorylate the 3-OH group of inositol membrane lipids,
thus regulating many aspects of cell function, including cell
metabolism, survival, and polarity.This family can be divided
into three main classes (I, II, and III) based on structural and
biochemical characteristics [53, 54]. In mammals, isoforms
of PI3K are related to signal transduction, and each isoform
plays a different role [53]. Class I is subdivided into two
subclasses, IA and IB. PI3K𝛾 is the only member of class
IB and is the most highly expressed in cells of the immune
system. This isoform is composed of the p110𝛾 catalytic
subunit and the p101 regulatory subunit and is activated by
the G𝛽𝛾 subunits of G proteins [55, 56]. PI3Ks are known to
be important in many cell processes related to the immune
system, including cell activation, migration [55, 57, 58], and
cell survival, via the phosphorylation of Akt/protein kinase B

(PBK) [20, 45]; PI3Ks are also activated by antigen, cytokine,
and chemokine receptors [59].

Our group has evaluated the role of PI3K𝛾 in inducing
and maintaining the inflammatory process in experimen-
tal models. In a model of allergic pleurisy in mice, the
inhibition of PI3K cleared accumulated eosinophils and
increased the number of apoptotic events. Experiments using
adoptive transfer of bone marrow cells showed that PI3K𝛾 on
leukocytes was required for the maintenance of eosinophil
influx at the later stages of eosinophilic inflammation [17].
These studies suggest that PI3K𝛾 on leukocytes is relevant
for the maintenance of inflammation and that inhibitors
of these enzymes could potentially impart on resolution of
inflammation.

However, there are no published studies demonstrating
that selective blockade of PI3K𝛾 is really proresolutive in
vivo. Blockers of PI3K𝛾 may have anti-inflammatory effects
in vivo, as we have shown in a model of bleomycin-induced
pulmonary inflammation [19]. However, a definite demon-
stration that these enzymes are relevant in vivo is lacking
as most published studies have only studied the effects of
pan PI3K inhibitors, especially wortmannin and LY294002,
in preclinical models of inflammation resolution. There are
nowmany new selective PI3K inhibitors in development [60].
Whether such drugs with greater selectivity and safety profile
will resolve inflammation in vivo needs to be studied.

2.5. Nuclear Factor Kappa B. Nuclear factor kappa B (NF-𝜅B)
is a transcription factor that regulates immune response to
both injury and infection [61, 62]. NF-𝜅B is a convergence
point of several signal transduction pathways by conveying
the signals of these molecules to the nucleus and promoting
transcriptional activation of genes associated with inflam-
mation and cell survival [62]. The activity of NF-𝜅B is
primarily regulated through interactions with inhibitory I𝜅B
proteins.Thephosphorylation of I𝜅B results in its proteasome
degradation and the release of NF-𝜅B (usually composed of
p50/p65 heterodimers) for nuclear translocation and activa-
tion of gene transcription [61, 62]. Over 750 inhibitors of
the NF-𝜅B pathway have been identified, including a variety
of natural and synthetic molecules. These molecules act by
inhibiting NF-𝜅B nuclear translocation/or transactivation or
through I𝜅B super repression [63–67].

Recently, numerous investigations have supported the
role of miRNAs in the regulation of NF-𝜅B. miRNAs
have been found to be involved in NF-𝜅B signaling by
targeting NF-𝜅B regulators and effectors [68, 69]. Recent
studies have shown that NF-𝜅B inhibitors may attenuate
inflammatory parameters in different experimental models
of inflammation [70]. For example, NF-𝜅B inhibitors possess
anti-inflammatory effects in models of lipopolysaccharide-
induced lung injury [71], traumatic brain injury [72], col-
itis [73], and pulmonary arterial hypertension [74]. Fewer
studies have evaluated the effects of NF-𝜅B inhibitors in
the resolution of inflammation. Our research group showed
that inhibition of NF-𝜅B promotes resolution in established
murine models of neutrophilic and eosinophilic inflamma-
tion [22, 45]. The resolution of inflammation induced by
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NF-𝜅B inhibitors in the models of arthritis [22] and allergic
pleurisy [45] was associated with enhanced apoptosis of
inflammatory cells.

NF-𝜅B activation usually results in the upregulation of
antiapoptotic genes that may lead to cell survival [64].
However, NF-𝜅B may also control genes associated with
survival and anti-inflammation [70, 75]. In this sense, a few
studies have shown that NF-𝜅B inhibitors failed to promote
the resolution of inflammation [20] and actually prolonged
the inflammatory response by preventing leukocyte apoptosis
[70, 76]. Greten and cols also described that NF-𝜅B could
also function as a negative posttranslational regulator of
inflammasome activation. Therefore, it is clear that NF-𝜅B
may have dual role, both pro- and antiresolution, inmodels of
inflammation. This duality of function of NF-𝜅B is likely the
result of the central role of this molecule in the convergence
of several inflammatory signals [70]. Whether manipulating
NF-𝜅B in inflammation will ultimately result in beneficial
functions clearly deserves further investigation.

The discussion above suggests that several signaling
pathways have been implicated in leukocyte survival during
inflammatory response. It is important to note that each
specificmolecule associatedwith a signaling pathway cascade
may not work in a disconnected manner. Crosstalk between
signaling pathways is likely to be essential for leukocyte
survival and much more work is needed to understand the
interaction between potential resolution inducing pathways,
especially in the context of the complex in vivo situation
of an inflammatory response. However, as demonstrated
above, there are molecules which are crucial for resolution
of inflammation and whose effects may be indeed exploited
therapeutically [77, 78].

3. Molecules Involved in Apoptosis
of Granulocytes and Resolution of
the Inflammatory Response

3.1. Annexin A1. Annexin A1 (AnxA1) is a 37 kDa
glucocorticoid-induced protein firstly identified by
its action on phospholipase- (PL-) A2 inhibition and
prevention of eicosanoid synthesis [79]. AnxA1 is a protein
member of the annexin superfamily, which exerts its
anti-inflammatory activity by binding to receptor ALX
(named FPR2, formyl peptide receptor-2, murine), which
is also shared with lipoxins [80]. During the initial steps
of acute inflammation, AnxA1 limits the recruitment
of leukocytes and the production of proinflammatory
mediators [80]. During the resolution phase, AnxA1 acts
by inducing the apoptosis of neutrophils and this effect is
associated with increased expression of cleaved caspase-3
and BAX and decreased expression of pERK1/2, NF-𝜅B,
and MCL-1 [21, 81–83] and increasing efferocytosis by
macrophages [83–85]. Interestingly, activation of FPR2 by
AnxA1 and LXA4 skewed M1 macrophages to M2-like cells
[86]. In this context of macrophage modulation, it was
demonstrated that AnxA1 released from apoptotic cells
contributed to the immunomodulatory effect of these cells
on inflammation cells by damping inflammatory monocyte

activation [87]. Additionally, AnxA1 may induce indirectly
the chemoattraction of monocytes [88]. These effects—
migration of monocytes and skewing towards a M2-like
phenotype—may be relevant in the context of inflammation
but remain to be determined in vivo.

The N-terminal region of AnxA1 is the major effector
portion responsible for the anti-inflammatory action of the
protein [80]. However, once in the extravascular space,
the major part of the active AnxA1 (37 kDa) contained
in neutrophils is cleaved by proteases, particularly elastase
and proteinase-3, yielding the inactive AnxA1 (of 33 kDa
form) [89, 90]. As a strategy to deliver anxA1 in vivo, we
and others have explored the therapeutic potential of an
AnxA1 peptidomimetic Ac2-26, which retains the biological
activity of the entire protein. In a model of acute inflam-
mation triggered by LPS, the administration of Ac2-26 at
the peak of inflammation resolved inflammation by inducing
caspase-dependent apoptosis of inflammatory cells [21]; this
mechanism was also demonstrated using a longer peptide,
AnxA1

2−50
[83]. An AnxA1 cleavage-resistant protein and

an AnxA1
2–50 peptide with a mutation on the cleavage site

were demonstrated to be more effective in improving several
parameters of inflammation compared with a full length
protein and a peptide that was not mutated at the sites of
proteases action [83, 90].

One intriguing characteristic of the FPR receptor is that
it recognizes both proinflammatory and proresolving signals,
thus integrating contrasting cues to determine the course
of inflammation [91, 92]. Cooray and cols revealed this
intriguing receptor characteristic and showed that the anti-
inflammatory signal triggered by AnxA1 (Ac2-26 peptide)
and LXA4 promotes FPR2 homodimerization and resolution
activities by inducing p38-induced IL-10 production; this
stands in contrast with proinflammatory signals, such as
SAA, that bind to the receptor alone. Interestingly, Ac2-
26 peptide, which is a nonselective FPR ligand (binding to
both FPR2 and FPR1), is able to promote the dimerization
of FPR1 and FPR2 and change the proinflammatory nature
of FPR1 by transducing JNK/caspase-3 proapoptotic signal
and promoting resolution of inflammation [93]. These latter
findings would help explain the restorative role of Ac2-26
peptide by acting through FPR1 and orchestrating epithelial
repair in a model of mucosal inflammation [94]. Thus,
AnxA1, its peptidomimetics, or AnxA1-inducer drugs may
have great therapeutic potential as resolution inducing drugs
in vivo.

3.2. Hydrogen Peroxide. The nicotinamide adenine dinu-
cleotide phosphate oxidase (NADPH oxidase) expressed in
phagocytes is a multisubunit enzyme complex that generates
hydrogen peroxide (H

2
O
2
) and other reactive oxygen species

(ROS) [95]. Accumulating data has suggested that ROS are
notmerely injurious but can also downregulate inflammation
and contribute to the maintenance of tissue homeostasis
[96, 97]. Consistent with this observation, various lines of
evidence have indicated a critical role of H

2
O
2
for the natural

resolution of inflammation and regeneration/repair of tissue
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by inducing apoptosis in different cell types such as neu-
trophil [22], hepatocyte [98], myocytes [97], and endothelial
[99] and lymphoma cells [100].

Our group has investigated the effects of H
2
O
2
in the

context of the resolution of inflammation. Lopes et al. demon-
strated that H

2
O
2
resolves neutrophilic inflammation by

activating BAX and caspase-3 and the shutting down NF-𝜅B
and PI3K pathways. Consistently with the latter observation,
deficiency of the gp91phox component of NADPH oxidase
was associated with increased inflammation in a model of
antigen-induced arthritis. In vitro, H

2
O
2
has been shown to

induce programmed cell death in various cell types, including
leukocytes. In these cells, H

2
O
2
appears to decrease survival

signaling pathways, including PI3K/Akt, the transcription
factor NF-𝜅B, and mitochondrial pathways [22, 101–104].
The situation in vivo is much less well known and studies
will be needed to determine the precise molecular pathways
that control H

2
O
2
production and the extracellular and

intracellular signaling mechanisms through which H
2
O
2

promotes resolution of inflammation. In this sense, a recent
study showing that H

2
O
2
may induce the expression of

AnxA1 raises the hypothesis that AnxA1 could be involved
in the proresolving abilities of this molecule [105]. Therefore,
although the proresolving role of H

2
O
2
is of great interest,

further studies on its source and mechanisms of action are
clearly needed.

3.3. TNF-Related Apoptosis-Inducing Ligand. The TNF-
related apoptosis-inducing ligand (TRAIL) is a cytokine that
belongs to the TNF superfamily that was discovered in 1995
[106–108]. TRAIL is able to interact with two proapoptotic
death receptors, TRAIL-R1/DR4 and TRAIL-R2/DR5, as
well as three decoy receptors without functional death
domains [109, 110]. The role of TRAIL in biological systems
is complex. Several studies have demonstrated a key role
of TRAIL in controlling a number of different types of
cancer [109–115]. However, some studies have shown that
TRAIL has important functions in the immune system,
including an immunoregulatory function [116–120]. TRAIL
is also involved in the control of some autoimmune diseases
[121, 122]. For example, the neutralization of endogenous
TRAIL may prevent the resolution of granulomatous
experimental autoimmune thyroiditis [123].

A few studies have demonstrated that TRAIL is able to
promote apoptosis of human and murine neutrophils [108,
124] and may, hence, promote inflammation resolution. In
this regard, it has been shown that the duration of neu-
trophilic inflammation is enhanced in TRAIL-deficient mice
[108]. In addition, TRAIL-deficient mice showed an aberrant
inflammatory response associated with reduced apoptosis
of inflammatory cells and increased collagen deposition
in a model of chronic pulmonary inflammation induced
by bleomycin [125]. TRAIL was also found to modulate
allergic inflammation. The treatment with antiTRAIL anti-
body blocked apoptosis of T helper type 2 (Th2) cells and
eosinophils and enhanced the inflammatory response [126].
Although conclusive evidence is lacking for a role of TRAIL
in the resolution of inflammation [127], the effects of TRAIL

are associated with the apoptosis of leukocytes, suggesting
TRAIL’s potential therapeutic use for the treatment of estab-
lished inflammatory diseases. Agonistic antibodies have been
produced to treat many cancers; the monoclonal antiTRAIL-
R1 antibody (mapatumumab) [128] is currently in clinical
development, and five antiTRAIL-R2 antibodies are also
being tested (lexatumumab, Apomab, TRA-8, AMG 655, and
LBY135) [129–133]. Thus, these antibodies could potentially
be explored in the context of inflammation resolution.

4. Concluding Remarks

Given the importance of inflammation and its resolution,
many studies have sought to better understand the molec-
ular scenario involved in these processes. Some of the
actors involved in the resolution of inflammation were
mentioned in the present review and were demonstrated
to be potential targets of therapeutic approaches. The res-
olution of inflammation is a vital process that enables
the return to homeostasis of the immune system and the
organ affected by inflammation, avoiding the development of
chronic and autoimmune diseases [8, 134]. In vitro studies
provide essential information about molecular machinery
that helps to elucidate how different intracellular molecules
control leukocyte survival in inflammatory sites. However,
they do not cover the entire complexity of in vivo settings,
which include intracellular pathways and molecules that
are interrelated or codependent [78]. Moreover, resolution
of inflammation, an in vivo phenomenon, is much more
complex than simple apoptosis of leukocytes and includes
switching off proinflammatory pathways, efferocytosis, and
the function of cells other than leukocytes. For example,
some proresolving mediators act in macrophages by rescuing
fromapoptosis and by activating them to induce phagocytosis
of apoptotic leukocytes (efferocytosis) [53]. There is also
evidence to suggest that nonhematopoietic cells may be
involved in the context of the resolution of inflammation
[135]. However, studies evaluating the role of epithelial cells
and other nonprofessional phagocytic cells in the resolution
of inflammation are lacking.

Future studies should try to integrate current findings
with single signaling molecules with more complex signaling
pathways and how they interact with each other, all of these
in the complex in vivo situation. Consideration should be
given not only to pathways associated with apoptosis of
leukocytes but also to molecules and pathways associated
with triggering efferocytosis. One must also keep in mind
that cells other than leukocytes may respond to resolution
inducing molecules in vivo by releasing secondary mediators
which themselves could be more relevant as final mediators
of resolution. New animalmodels in which natural resolution
of inflammation does not occur are clearly needed, especially
in models accompanied by a degree of chronic fibrosis. Most
reported studies have been performed in systems in which
resolution eventually occurs.Whether strategies which speed
the resolution of inflammationwill also resolve inflammation
and prevent or reverse fibrosis in a nonresolving chronic
model needs to be determined. Finally, one will also need
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to take the difficult task of translating experimental findings
into human diseases. Whether proresolving strategies will be
accompanied by significant degree of immunosuppression is
currently not known and will need to be addressed in the
future.
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Innate immunity against pathogenic bacteria is critical to protect host cells from invasion and infection as well as to develop an
appropriate adaptive immune response.During bacterial infection, different signaling transduction pathways control the expression
of a wide range of genes that orchestrate a number of molecular and cellular events to eliminate the invading microorganisms and
regulate inflammation.The inflammatory responsemust be tightly regulated because uncontrolled inflammationmay lead to tissue
injury. Among the many signaling pathways activated, the canonical Wnt/𝛽-catenin has been recently shown to play an important
role in the expression of several inflammatory molecules during bacterial infections. Our main goal in this review is to discuss
the mechanism used by several pathogenic bacteria to modulate the inflammatory response through the Wnt/𝛽-catenin signaling
pathway. We think that a deep insight into the role of Wnt/𝛽-catenin signaling in the inflammation may open new venues for
biotechnological approaches designed to control bacterial infectious diseases.

1. The Wnt/𝛽-Catenin Pathway

Theprotein 𝛽-catenin is a ubiquitously expressedmain signal
transducer of the canonical Wnt signaling pathway. It is also
found in adherent junctions, forming a complex with E-
cadherin, 𝛼-catenin, and actin filaments of the cytoskeleton
[1]. The Wnt/𝛽-catenin is an ancient and evolutionary con-
served pathway present in lime molds, worms, and humans,
with a prominent role in embryogenesis, cell differentiation,
and stem cell maintenance self-renewal. Recently, mutations
in genes encoding 𝛽-catenin or other Wnt pathway compo-
nents have been identified in certain types of cancer, fibrosis,
and inflammatory bowel disease [2].
𝛽-Catenin is not detectable in the cytoplasm or nucleus

in unstimulated cells because free 𝛽-catenin levels (the form
not bound to the E-cadherin complex) is controlled by the
destruction complex. This complex is composed mainly by
the tumor suppressor adenomatous polyposis coli (APC)

and Axin, which function as scaffolding proteins on which
the Ser/Thr kinases casein kinase 1𝛼 (CK1𝛼) and glycogen
synthase kinase 3𝛽 (GSK3𝛽) phosphorylate 𝛽-catenin at
the N-terminal residues Ser45, Ser33, Ser37, and Thr41 [3].
These phosphorylations label 𝛽-catenin to be polyubiquiti-
nated by the Skp1-Cdc53-F-Box E3 ubiquitin ligase complex
(SCF𝛽-TRCP) and degraded by the proteasome 26S (Figure 1,
Wnt Off). GSK3𝛼 is also able to regulate 𝛽-catenin phos-
phorylation in vitro and in vivo, which indicates that both
isoforms of GSK3 contribute to maintain low levels of 𝛽-
catenin in basal conditions [4].

The Wnt/𝛽-catenin pathway is activated when a secreted
Wnt glycoprotein binds to the N-terminal extracellular cys-
teine rich domain of a Frizzled (Fzd) receptor (Figure 1, Wnt
On).There are 19Wnt proteins and 10 Fzd receptors identified
in humans, whose function, regulation, and interaction in
different cellular processes are currently an active area of
research. Upon binding of Wnt to Fzd, the coreceptor low
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Figure 1: The Wnt/𝛽-catenin pathway. In the absence of stimulus (Wnt off), 𝛽-catenin is constantly phosphorylated by CKI𝛼 and GSK3𝛽.
These phosphorylations constitute a signal for 𝛽-catenin polyubiquitination and hydrolysis by the proteasome 26S. In the presence of Wnt
protein ligands (Wnt on), the destruction complex constituted by the proteins APC, Axin, CKI𝛼, and GSK3 is inactivated and 𝛽-catenin,
which is constantly synthetized, accumulates in the cytoplasm and nucleus where it interacts with TCF/LEF transcription factors to enhance
expression of specific genes.

density lipoprotein 5/6 (LRP5/6) interacts with Fzd and
dishevelled (DVL), leading to the recruitment of APC and
Axin to the plasma membrane along with CK1𝛼 and GSK3𝛽.
In turn, CK1𝛼 and GSK3𝛽 phosphorylate LRP5/6 in the
PPPSP motif, decreasing the GSK3𝛽-dependent phosphory-
lation of 𝛽-catenin through a substrate competitive mecha-
nism. As𝛽-catenin is continuously synthetized,Wnt-induced
inactivation of the destruction complex causes a transient
stabilization and accumulation of𝛽-catenin in the cytoplasm.
Then 𝛽-catenin translocates to the nucleus and, by displacing
the corepressor Groucho, enhances the expression of specific
genes through the interaction with the DNA-bound T cell
factor/lymphoid enhancer factor (TCF/LEF) proteins. Gene
expression ends when the transcription complex is disassem-
bled and nuclear APC exports 𝛽-catenin to the cytoplasm
where it is degraded [2].

Approximately 400 genes involved in cell growth, differ-
entiation, apoptosis, survival, and immune functions are
regulated by the Wnt/𝛽-catenin signaling pathway. A proin-
flammatory role of Wnt/𝛽-catenin has been recently doc-
umented in 3T3-L1 preadipocytes stimulated with Wnt1
[5]. Activation of Wnt/𝛽-catenin pathway with Wnt3a in
mouse microglial cells leads to the expression and release

of the proinflammatory cytokines interleukins (IL)-6, IL-
12, and IFN𝛾 [6]. In contrast, an anti-inflammatory role
of Wnt/𝛽-catenin pathway has also been demonstrated in
mouse colon epithelial stem cells and macrophages infected
with Salmonella [7] or Mycobacterium [8], which indicates
that activation of the Wnt/𝛽-catenin pathway downregulates
the proinflammatory responses to certain bacterial infections
[9, 10]. These apparently contradictory results when cells are
stimulated with either Wnt proteins or pathogenic bacteria
suggest that the anti- or proinflammatory role of Wnt/𝛽-
catenin may depend on the stimulus, the cell type, the
activation context, and its crosstalk with other signaling
pathways. In the next sections, we discuss experimental data
demonstrating that Wnt/𝛽-catenin is an important signaling
pathway in the regulation of bacterial-induced inflammatory
response.

2. Salmonella typhimurium: Crosstalk with
the NF-𝜅B Pathway

The role of Wnt/𝛽-catenin in Salmonella infections has been
investigated in vitro or in streptomycin pretreated mice
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models [7, 11–13]. From these studies it is known that
infection of colon epithelial cells (CEC) with Salmonella
typhimurium causes an increase in GSK3𝛽-dependent 𝛽-
catenin phosphorylation, leading to an upregulation of IL-
6, IL-8, and Wnt2, via TLR5/NF-𝜅B activation [10, 14].
These results were confirmed in HCT116 and T84 cell lines
by expressing constitutively active 𝛽-catenin mutants that,
upon interaction with the NF-𝜅B p50 subunit, decreased
the NF-𝜅B DNA binding and transcriptional activities [10].
Similar results were obtained in cells pretreated with LiCl,
an inhibitor of GSK3 activity, which mimics activation of
Wnt/𝛽-catenin [14]. It is worth tomention that infection with
Salmonella induced a decrease inAxin1, which is a scaffolding
protein controlling the levels of 𝛽-catenin [15]. These data
indicate that induction of the NF-𝜅B proinflammatory path-
way by Salmonella is dependent upon 𝛽-catenin degradation,
suggesting that 𝛽-catenin plays a negative regulatory role in
the inflammatory response.

Infection of CEC with the avirulent Salmonella Phopc
strain induced an increase of 𝛽-catenin phosphorylation
at Ser552, a site associated with enhanced transcriptional
activity, indicating that a protein effector is responsible for
𝛽-catenin stabilization [7]. In fact, the Salmonella effector
protein AvrA has been shown to affect 𝛽-catenin stability
because infection of CEC with the Salmonella strain SL1344
Phopc mutant that produces AvrA protein caused 𝛽-catenin
stabilization, Wnt2/Wnt11 increased expression, and IL-6,
IL-4, IFN𝛾, and TNF𝛼 decreased expression [11, 12]. A
different in vitro and in vivo study has shown that Salmonella
SL1344 strain activated NF-𝜅B-dependent Wnt11/Wnt2 and
IL-8 expression [10–12]. It is proposed that the deubiquitinase
activity of AvrA inhibits 𝛽TRCP1-dependent ubiquitination
of 𝛽-catenin and I𝜅B, the cytoplasmic inhibitor of NF-𝜅B.
ThisAvrA inhibitory activity on ubiquitin ligaseswouldmake
𝛽-catenin more stable and the NF-𝜅B transcriptional activity
less effective (Figure 2). Furthermore, ectopic overexpression
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ofWnt11 andWnt2 decreasedNF-𝜅B andAP-1 transcriptional
activity [11, 12]. This evidence indicates that Wnt11 and Wnt2
trigger a negative feedback mechanism that controls NF-𝜅B
activity through 𝛽-catenin activation.

3. Citrobacter rodentium: Crosstalk with
the PI3K Pathway

Stabilization of 𝛽-catenin by enhanced phosphorylation at
Ser552 has been observed in the intestinal epithelial cells from
mice infected with the attaching/effacing (A/E) pathogen
C. rodentium [16]. Mice treated with the PI3K inhibitor
LY294002 decreased both the relative abundance of 𝛽-
catenin phosphorylated at Ser552 and the expression of c-
myc and cyclin D1. In contrast, IFN𝛾 and TNF𝛼 expression
in epithelial cells was increased after bacterial infection [17].
Interestingly, deletion of class IA PI3K gene in 𝐼𝐿10−/− mice
showed impaired Akt and 𝛽-catenin signaling [18].

GSK3𝛽 is a downstream effector of the phosphoinositide
3-kinase/Akt (PI3K/Akt) pathway as well as the Wnt/𝛽-
catenin destruction complex that negatively regulates 𝛽-
catenin. The ability of GSK3𝛽 to promote or suppress the
inflammatory response depends on the cell type and the
stimulus [19]. In C. rodentium infections of CEC, Akt
inhibits GSK3𝛽 by phosphorylation at Ser9 [20] with no
phenotypic consequence reported so far. It is still not known
yet whether this GSK3𝛽 phosphorylation depends on Fzd
or TLR activation. Despite this lack of information, it is
recognized that activation of the PI3K/Akt and Wnt/𝛽-
catenin pathways may cooperate to enhance 𝛽-catenin activ-
ity in C. rodentium infection mice models (Figure 3). In this
context, it is also important to mention that in CEC infected
with the Phopc Salmonella strain, AvrA enhanced 𝛽-catenin
phosphorylation at Ser552 by increasing Akt expression and
Akt phosphorylation at Thr308 [21]. This evidence suggests
that the PI3K/Akt signaling pathway cooperates to increase
𝛽-catenin activity in Phopc Salmonella infections. However,
whether AvrA directly alters PI3K activity, which is upstream
of Akt, is not known. Future experiments should be designed
to identify C. rodentium effector proteins responsible for
𝛽-catenin activation, which is also associated with CEC
hyperplasia [20].

4. Mycobacterium tuberculosis: The Roles of
Wnt Ligands and Fzd Receptors

Mycobacterium tuberculosis is able to interfere with some
components of the Wnt/𝛽-catenin pathway such as Fzd1,
which is upregulated by TNF𝛼 and synergistically enhanced
by IFN𝛾 [8]. Presence of Wnt3a in the lungs of mice infected
with M. tuberculosis affects the ability of macrophages to
produce TNF𝛼 by increasing 𝛽-catenin transcriptional activ-
ity [8]. It is proposed that the upregulation of Fzd1 consti-
tutes a mechanism by which Wnt3a represses inflammation,
leading to a negative loop of inflammatory control in mice
macrophages duringM. tuberculosis infection (Figure 4).

Macrophages infected with Mycobacterium bovis show
a robust increase in Wnt5a and the Notch1-target genes

AKT P

TCF/LEF

Citrobacter rodentium

TLR signaling

PI3K

Ser 552

?

LY-294002

𝛽-Catenin

𝛽-Catenin

Wnt/𝛽-catenin

Figure 3: The PI3K/Akt signaling pathway enhances 𝛽-catenin
activation. In colon epithelial cells infected with Citrobacter roden-
tium, Akt phosphorylates 𝛽-catenin at Ser552. The activation of 𝛽-
catenin increases c-myc and reduces TNF𝛼 and IFN𝛾 expression. An
opposite effect is observed in cells incubated with the PI3K inhibitor
LY294002.

cyclooxygenase 2 (COX2), prostaglandin E2 (PGE2), and
suppressor of cytokine signaling-3 (SOCS-3), which are
involved in downmodulation of the inflammatory response.
Interestingly, the effect on genes controlled by Notch1 was
dependent on 𝛽-catenin and Jagged1, a Notch1 ligand [22]. It
was also observed that activation of Notch1 by iNOS/NO and
TLR2 signaling depended on 𝛽-catenin. These data indicate
that 𝛽-catenin acts at late stages of infection to repress
inflammatory programs triggered by TLR2 and iNOS/NO.

Interestingly Fzd receptors 2, 7, and 8 and Wnt lig-
ands 11 and 2 are upregulated in CEC infected with S.
typhimurium [11, 12] but not inmacrophages infected withM.
tuberculosis, in which Wnt5a and Fzd4 are highly expressed
[22]. These data point out that expression of specific set of
Fzd receptors and Wnt ligands depend on the pathogenic
bacteria and the cell type. This hypothesis has been con-
firmed by Blumenthal et al. (2006) who showed that Wnt5a
and Fzd4 were constantly expressed in macrophages but
not in lymphocytes infected with M. bovis [23]. The TLR-
NF-𝜅B pathway was responsible for Wnt5a expression and
macrophages stimulated with Wnt5a produced IL-12p40
and IFN𝛾. Given that Wnt5a is able to activate 𝛽-catenin
dependent and independent signaling, the role of 𝛽-catenin
was not clearly established in this work. Recently, it was found
that activation of the TLR-Myd88-NF-𝜅B pathway in foamy
macrophage-like cells obtained from granulomatous lesion
of mice infected with Mycobacterium tuberculosis induced
the expression of Wnt6 [24]. Interestingly, Wnt5a induced
an inflammatory response while Wnt6 decreased TNF𝛼
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expression and triggered macrophage polarization toward an
M2 phenotype [25, 26]. The fact that Mycobacterium tuber-
culosis induces 𝛽-catenin stabilization or Wnt5a expression
may indicate a pathogenic mechanism whereby bacterial
infection is successfully established. Other important and
still unresolved issues refer to the Mycobacterium virulence
factors responsible for regulating the expression of Wnt
ligands and Fzd receptors and whether this regulation takes
place in nonprofessional phagocytes.

5. Pseudomonas aeruginosa: Targeting
the E-Cadherin Complex

Treatment of mouse corneal epithelial cells with LiCl, a
compound thatmimicsWnt/𝛽-catenin pathway activation by
inhibition of GSK3 activity, promotes host resistance against
Pseudomonas aeruginosa infection [27]. Macrophages, neu-
trophils, and corneal epithelial cells infected with P. aerug-
inosa express proinflammatory cytokines IL-6, IL1-𝛽, and
TNF𝛼, which are directly associated with the severity of the
disease in a keratitis mouse model. In this model, 𝛽-catenin
was degraded in a time-dependentmechanism. Furthermore,
overexpression of 𝛽-catenin active mutants decreased proin-
flammatory cytokines, enhanced bacterial clearance, and
reduced the severity of the disease caused by this bacterium

[25, 26]. These data suggest that 𝛽-catenin degradation is
required for higher expression of proinflammatory cytokines.

The quorum-sensing molecule acyl-homoserine lactone
(AHL) from P. aeruginosa is able to disrupt the integrity of
epithelial cell layer in Caco-2 cells by targeting 𝛽-catenin/E-
cadherin complex. It was demonstrated that AHL directly
interacts with 𝛽-catenin, resulting in the hyperphospho-
rylation of its tyrosine residues and translocation to the
cytoplasm where it is phosphorylated by the destruction
complex and degraded via the proteasome pathway [28].
Infection of mice urinary tract with P. aeruginosa strain
PAO1, which is a producer of AHL and other quorum
sensingmolecules, results in high neutrophil recruitment and
cytokine production compared with mutant strains unable to
secrete this type of molecules [29].

P. aeruginosa also regulates the c-jun N-terminal kinases
(JNKs) activity in corneal epithelial cells [26]. Interestingly,
JNKs modulate adherent junction integrity by phosphory-
lating 𝛽-catenin at Ser33/37 and Thr41, the same residues
that are phosphorylated by GSK3. However, it is not yet
clear whether this JNK-dependent 𝛽-catenin phosphoryla-
tion induces its degradation [30]. Finally, it was also shown
that corneal epithelial cells infectedwithP. aeruginosa express
IL-6, IL-8, and TNF-𝛼 through a JNK-dependent mechanism
[26].These results suggest that P. aeruginosa targets𝛽-catenin
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degradation to induce proinflammatory cytokine expression
by secreting AHL and regulating the activity of JNKs.

6. Helicobacter pylori: Role of LRP6

The human pathogenHelicobacter pylori resides in the stom-
ach of about half of the world population. The infection with
this bacterium is associated with development of gastritis,
peptic ulcer, and, in some cases, cancer. Although experi-
mental data have shown that H. pylori induces activation
of Wnt/𝛽-catenin signaling through 𝛽-catenin stabilization
in epithelial cells, a protein effector responsible for 𝛽-
catenin stabilization has not yet been identified [21]. The
cytotoxins VacA and CagA, expressed by virulent H. pylori
strains, were not strictly required for 𝛽-catenin-induced
stabilization [22]. Infections of human gastric epithelial cells
NCI-N87 with H. pylori K1 induced phosphorylation of the
LRP6 coreceptor at Ser1490 [31]. This phosphorylation was
regulated by DVL2/DVL3 and was required for 𝛽-catenin
nuclear translocation and transcriptional activity because
knockdown of either of these two proteins reduced 𝛽-
catenin-induced Axin2 expression. Moreover, evidence that
LRP6 phosphorylation was dependent on a bacterial effector
was based on experiments with H. pylori type four secretion
system mutants or heat killed bacteria [31]. Nevertheless, no
report so far has shown that stabilization of 𝛽-catenin by H.
pylori influences the expression of inflammatory cytokines.

7. Concluding Remarks

The inflammatory response is a tightly regulated process
because chronic or uncontrolled inflammation may cause
tissue injury. Several signaling transduction pathways have
been well characterized to induce inflammation; however,
much less is known about the suppression and resolution
mechanisms that control it. The evidence accumulated so far
has pointed out that activation of theWnt/𝛽-catenin pathway
reduces several molecular inflammatory processes that are
triggered by bacterial pathogens. The fact that proinflamma-
tory stimuli such as TNF𝛼, IFN𝛾, and NO are able to increase
the expression ofWnt/𝛽-catenin signalingmolecules indicate
that these pathways should be interconnected. Also, it is likely
that proinflammatory stimulation by bacterial infections is
a requisite to activate Wnt signaling, indicating that 𝛽-
catenin activity is required for late stages of the inflammatory
response.

It is predictable that different specific combinations of Fzd
receptors andWnt ligandsmay promote or inhibit inflamma-
tion induced by bacterial pathogens.This is because bacterial
pathogens modulate distinct key proteins that regulates Wnt
𝛽-catenin pathway andmanipulates cell functions to increase
its survival and spread invasion through different mecha-
nisms. Future studies with different pathogenic bacteria and
cell types will open new scenarios in which the knowledge of
interconnection points in space and time of several signaling
pathways may be used to design biotechnological approaches
to resolve uncontrolled inflammation and enhance bacterial
clearance.
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Food allergy is an aberrant immune-mediated reaction against harmless food substances, such as cow’s milk proteins. Due to its
very early introduction, cow’s milk allergy is one of the earliest and most common food allergies. For this reason cow’s milk allergy
can be recognized as one of the first indications of an aberrant inflammatory response in early life. Classically, cow’s milk allergy,
as is true for most other allergies as well, is primarily associated with abnormal humoral immune responses, that is, elevation
of specific immunoglobulin E levels. There is growing evidence indicating that cellular components of both innate and adaptive
immunity play significant roles during the pathogenesis of cow’s milk allergy.This is true for the initiation of the allergic phenotype
(stimulation and skewing towards sensitization), development and outgrowth of the allergic disease.This review discusses findings
pertaining to roles of cellular immunity in allergic inflammation, and tolerance induction against cow’s milk proteins. In addition,
a possible interaction between immunemechanisms underlying cow’s milk allergy and other types of inflammation (infections and
noncommunicable diseases) is discussed.

1. Introduction

Cow’s milk allergy (CMA) incidence characteristically peaks
during early childhood and tends to recede later. The preva-
lence of confirmed CMA is reported to be 0.6–2.5% in
preschoolers, 0.3% in older children and teens, and less than
0.5% in adults [1]. However, the self-perceived prevalence is
higher: 1–17.5% in preschoolers, 1–13.5% in older children and
teens, and 1–4% in adults [1]. This phenomenon, resulting
in dietary restriction, may impair the quality of life of
both child and family, impede children’s growth, and induce
unnecessary health care cost [2]. In patients with persis-
tent CMA, the repetitive exposure to cow’s milk proteins
could result in chronic allergic inflammation accompanied
along with anatomical and physiological defects, including
eosinophilic gastroenteropathies [3, 4]. In addition, CMA
patients, particularly the persistent cases, develop substantial

predisposition to respiratory allergies, such as asthma, in
their later life, a phenomenon labeled as atopic march [5, 6].
It is noticed that the clinical and lung function outcome
in later life is determined by the severity of childhood
asthma [7].Therefore, it is important to understand the CMA
pathogenesis in order to effectively prevent and manage the
disease and its later life consequences, such as the atopic
march.

As reflected by its name, CMA is an immune-mediated
aberrant reaction to certain proteins within cow’s milk,
such as casein (Bos d 8) or beta-lactoglobulin (Bos d 5),
which are in principle harmless food ingredients. There are 3
types of inflammatory mechanisms that can mediate CMA:
the “acute onset” immunoglobulin E- (IgE-) mediated, the
“delayed onset” non-IgE cell-mediated, and the mixed type-
mediated allergies. Onset and clinical manifestations of CMA
are varied among these clusters [1], hence complicating its
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proper diagnosis and management. It is important to note
that the IgE-mediated CMA typically persists to school age
and seemed to be a risk factor for the atopic march [8].

The humoral aspect of CMA immunopathogenesis has
been studied quite extensively, partly because there is a signif-
icant overlap between mechanisms underlying inflammation
due to food allergy and helminth infections. Indeed, it is
well known that helminth infections cause THelper2- (TH2-)
polarized immune responses, hence elevated IgE levels in
order to eliminate the parasites [9]. Among the IgE-mediated
CMApatients, the early phase ofCMAclinicalmanifestations
is due to the cross-linking of surface-bound allergen-specific
IgE by allergens that subsequently activate mast cells and
basophils to release biologically active substances, such as
histamine, interleukin-4 (IL-4), serine proteases, TNF-𝛼,
and platelet-activating factor [3]. Immunoglobulin free light
chains (Ig-fLCs) are proposed to be a proallergic soluble
mediator as well. Mechanistically, free 𝜅 or 𝜆 light chains
were shown to be able to induce murine mast-cell degranu-
lation, causing immediate allergic inflammation [10]. Ig-fLC
blockade indeed strongly reduced the allergic skin responses
in a murine model of CMA [11]. Interestingly, serum levels
of Ig-fLCs in CMA patients were significantly elevated as
compared to the ones observed in nonallergic subjects [11]
supporting the proallergic role of Ig-fLCs. Elevated levels of
Ig-fLCs have been associated with numerous autoimmune
diseases as well, for example, systemic lupus erythematosus,
multiple sclerosis, and rheumatoid arthritis [12], suggesting
that the humoral arm of allergic reaction can also mediate
other types of chronic inflammatory diseases.

Nonetheless, immune responses, including allergic reac-
tions, consist of both humoral and cellular components.
The availability of proallergic soluble factors is crucially
dependent on immune cell activities, hence suggesting the
importance of cellular immunity. There is indeed a growing
data addressing roles of immune cells, both from innate
and adaptive immunity during allergy and upon tolerance
induction and maintenance. This review focuses on the roles
of cellular immunity in cow’s milk-induced inflammation in
order to enhance our understanding of CMA immunopatho-
genesis. In addition, a better understanding of CMA allows
scientists to manage (prevent and/or treat) inflammatory
diseases due to a significant overlap between mechanisms
underlying allergic inflammation and other inflammatory
reactions.

2. Cellular Immunity during
CMA Pathogenesis

Hereby, cellular components of innate and adaptive immu-
nity are discussed separately. However, it does not imply
that these two systems operate independently during allergic
inflammation. On contrary, innate and adaptive immune
cells influence each other intensively which can contribute
to the occurrence of allergy and its clinical characteristics.
A key feature is that most allergens, including cow’s milk
proteins, are sampled, processed, and presented by dendritic
cells (DCs) in order to initiate the cascade of cellular and

humoral immune reactions leading to allergic inflammation
(Figure 1).

2.1. Innate Immunity. Three subsets of innate immune cells,
that is, tissue mast cells, basophils, and eosinophils, are pos-
tulated as the principal effector cells upon allergen exposure.
Tissue mast cells and basophils play a pivotal role in IgE-
mediated allergy due to their surface expression of high-
affinity receptors for IgE (Fc𝜀RI) and their ability to secrete
mediators of allergic inflammation after cross-linking by the
specific allergens [11, 13]. Hence these cells contribute to the
early- (immediate) and late-phase reactions of allergy (2–6
hours after exposure) [3]. In addition, several studies have
demonstrated that murine mast cells can be activated by Ig-
fLCs to release proallergic mediators as well [10, 11]. Routine
assessment assays on mast-cell and basophil activation in
humans and mice have been developed and extensively
used. Briefly, mast-cell activity in humans can be indirectly
measured by the diameter size of the induced wheal after
skin prick test (SPT) with milk extract [14], while in mice
mast-cell activity can be measured either by the size of cow’s
milk protein-induced ear-skin swelling or by the elevation
of serum levels of mouse mast-cell 𝛽-chymase/mMCP-1, a
specific marker for mucosal mast-cell degranulation [15, 16].
Similarly, basophil activation in humans and mice can be
assessed through the measurement of released mediators
(e.g., histamine or IL-4) or the upregulation of degranulation-
associated cell-surface proteins (CD203c or CD63) [13]. As
indicated by the key roles of mast cells and basophils in
allergy, wheal diameter and expression levels of CD203c and
CD63 on milk-activated basophil were indeed much more
pronounced in patients with severe allergy [14].

Mediators released upon mast-cell degranulation, par-
ticularly histamine, could stimulate endothelial or epithelial
cells to release a potent eosinophil chemoattractant, that
is, eotaxin [17]. This causes the infiltration of eosinophils,
along with basophils, into inflamed tissues [18]. In addi-
tion, mast cells also release IL-5 that attracts eosinophils,
prolongs their survival, increases adhesion to endothelial
cells, and enhances their effector function [19]. The tissue-
infiltrating eosinophils subsequently release highly basic and
cytotoxic granule proteins, including major basic protein
and eosinophil cationic protein, which are toxic to epithelial
and endothelial cells [20, 21] contributing to the late-phase
reaction of allergy [3]. This tissue inflammation eventually
results in eosinophilic gastroenteropathies [22].

Roles of other innate immune subsets including neu-
trophils, monocytes, NK, 𝛾𝛿, and NK T cells during aller-
gic reaction to cow’s milk are unfortunately elusive yet.
Neutrophils, 𝛾𝛿, and NK T cells were accumulated in the
chronically inflamed digestive tissues of CMA patients [23–
25], but the actual roles of these innate cells are unknown. It
is possible that these cells are accumulated in the inflamed
sites mainly because of the elevated levels of inflammatory
chemokines during chronic allergic reaction and indirectly
activated by the circulating inflammatory cytokines, hence
contributing to the chronic inflammatory reactions [3].
Nevertheless, several murine studies suggest that these cells
could play key roles during allergy. Neutrophils have been
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Figure 1:The cascade of allergic inflammation. Allergen’s exposure to inflammatory DCs allows these cells to process and to present allergen-
derived peptides to näıve CD4+ T cells. In the presence of IL-4 (from an unknown source), näıve CD4+ T cells differentiate into proallergic
TH2 cells. Concurrently, it appears that there is an impairment of TReg-cell frequency and/or activity; hence, no suppression is exerted on
TH2-cell activity. Subsequently, TH2 cells will drive B cells, via cell contact as well as IL-4 and IL-13, to undergo immunoglobulin class-
switch recombination, in which they eventually produce IgE. Along with the antibody production, B cells also secrete significant amount
of 𝜅 and 𝜆 Ig-free light chains (Ig-fLCs). IgE and Ig-fLCs will then bind to mast cells and basophils, causing sensitization (not shown).
Following subsequent exposure to allergen, cross-linking of surface-bound antibodies occurs (not shown), causing mast cells and basophils
to degranulate and release their biologically active substances, including histamine, IL-4, and IL-5. Released IL-4 amplifies the differentiation
of TH2 and IgE-producing B cells, while released IL-5, also secreted by TH2 cells, causes accumulation and activation of eosinophils in the
affected tissues. Similarly, histamine activates epithelial or endothelial cells to release eotaxin that also attracts eosinophils into the tissues.
Activated eosinophils release active substances, including major basic and eosinophilic cationic proteins that are toxic to the surrounding
cells, contributing to further inflammation.

indicated to be important in both sensitization and induction
of allergic skin inflammatory reactions as well as mediating
alternative mechanisms of anaphylactic reaction [26]. On the
other hand, murine tissue 𝛾𝛿 and invariant NK T cells were
suggested to exert regulatory roles to suppress food allergy
[27, 28]. Human studies are definitely required to clarify these
murine findings. The different cellular elements between
human and murine immune systems further complicate
the extrapolation of mouse data to the human setting. For
example, several studies [29, 30] have demonstrated that
while CD1d-restricted invariant NK T cells are abundant in
mice but low in human, MR1-restricted mucosal-associated

invariant T (MAIT) cells are instead abundant in human but
low in mice. Pertaining to CMA, it will be more relevant to
study particular immune cells that are enriched in humans.

As a part of professional antigen-presenting cells (APCs),
DCs are crucial in order to sample, process, and display
antigens to näıve T cells, either to initiate immune responses
or to induce immune tolerance [31]. Pertaining to food-
derived antigens, roles of DCs in the intestine and associated
lymphoid tissues are of particular interest, partly due to
the fact that these cells can pick up antigens directly from
the intestinal lumen or antigens that have been transported
across the intestinal epithelial cells (IECs) [32]. In the healthy
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gastrointestinal tract, however, commensal bacteria and their
products modulate intestinal DCs to be hyporesponsive or
tolerant via interactionwith the pattern recognition receptors
of DCs [32, 33]. In addition, noninflamed healthy IECs
are also able to suppress inflammatory DCs while inducing
tolerogenic DCs [33]. Taken together, an interaction between
gut microbiota, IECs, and intestinal DCs under homeostatic
conditions contributes to immune tolerance in the healthy
gastrointestinal tract. Of particular interest is the existence of
tolerogenic CD103+ DCs inmurine intestines andmesenteric
lymph nodes because they were able to convert naı̈ve CD4+
T into FOXP3+ TRegulatory(TReg) cells via TGF-𝛽 and retinoic
acid [34]. A recent study shows a functional homology
between murine CD103+ DCs and human CD141high DCs in
cross-presenting antigens to CD8+ T cells [35], hence eliciting
a query of whether human intestinal CD141high DCs can
also serve as tolerogenic DCs. Notably in a mouse model
of peanut allergy, oral sensitization with peanut extract was
accompanied by a shift in intestinal DC subsets, that is, less
tolerogenic CD103+ DCs but more inflammatory CD11b+
DCs [36]. DC-recognition of allergens can be mediated by
their C-type lectin receptors, such as DC-SIGN andmannose
receptor [37]. Subsequently in the presence of IL-4 (poten-
tially released by allergen-activated innate immune cells),
allergen-presentingDCs polarize näıveCD4+ T cells intoTH2
cells, which in turn direct B cells to produce IgE [3]. The
important role of DCs for mediating allergic reaction against
cow’s milk proteins is indeed supported by a finding from
the adoptive transfer study of DCs from cow’s milk-allergic
mice into naı̈ve recipients. Importantly, this DC transfer
induced spontaneous production of cow’s milk-specific IgE
in the näıve mice in the absence of antigen challenge [38].
In summary, inflammatory DCs initiate the allergic reaction
by sampling and processing cow’s milk allergens and then
presenting allergen-derived peptides to CD4+ T cells, which
will be followed by the activation of proallergic effectors
including tissue mast cells, basophils, and eosinophils.

2.2. Adaptive Immunity. CD4+ T cells serve an important
role as the master regulator of adaptive immune responses.
Through their plasticity to differentiate into at least proin-
flammatory TH1/TH2/TH17 or anti-inflammatory TReg cells,
CD4+ Tcells crucially influence the outcomeof inflammatory
reactions [39], either resulting as a resolved or persistent
inflammation. While TH1 and TH17 cells are physiologi-
cally important to eliminate intracellular and extracellular
pathogens, respectively, TH2 cells are important for eradi-
cating helminths. However, through secretion of IL-4, IL-5,
and IL-13, TH2 cells also contribute to the pathogenesis of
allergy [3, 39]. Indeed CMA patients exhibited cow’s milk
protein-specific TH2-polarized immune responses in their
peripheral blood, that is, high levels of IL-4, IL-5, and IL-
13, with low production of TH1-cytokine IFN-𝛾 [40–44].
Importantly, this TH2-cytokine profile was also observed on
the duodenum-infiltratingT cells derived fromCMApatients
upon stimulation with cow’s milk proteins [45]. In addition,
cow’s milk-specific TH2-immune responses were observed in
murine models of CMA as well [46, 47]. Of note, partly due
tomany potential allergens within cow’s milk, it is still elusive

whether there is any difference of T-cell epitopes recognized
by CMA patients who developed tolerance and by the
ones who developed persistent allergy [48]. Taken together,
CMA apparently occurs due to persistent uncontrolled TH2-
immune responses.

The following question is whether any regulatory mech-
anism exists to modulate allergy. One possible mechanism is
partly attributed to the suppressive role of TReg cells. These
cells can be further classified as thymus-derived, peripherally
derived, or in vitro induced TReg cells [49]. However, in order
to simplify the nomenclature used in this review, TReg cells are
grouped as one entity. Their suppressive functions can occur
through either secretion of inhibitory cytokines (e.g., IL-10
and TGF-𝛽), cytolysis, metabolic disruption, or attenuation
of DC maturation and/or functionality [50]. It has been
shown that a fine balance between TReg and proallergic TH2
cells, including cell frequency and functionality, determines
the development of allergy [51]. A noteworthy, supporting
evidence of a TReg suppressive role in allergy came from
a clinical study of patients with IPEX (immune dysregula-
tion, polyendocrinopathy, enteropathy, X-linked) syndrome
caused by a deletion in a noncoding region of the FOXP3
gene, the central gene for TReg differentiation. These patients
had defect in TReg frequency as well as functionality and
more importantly exhibited severe food allergic phenotype
particularly against cow’s milk proteins [52]. IPEX patients
also suffer from autoimmune diabetes and/or thyroiditis [53],
reiterating that the impairment of TReg allows many types
of inflammation to occur. Indeed CMA patients who had a
higher frequency of circulating cow’s milk protein-specific
TReg cells exhibited a milder symptom and a favourable
prognosis [54]. In addition, lower frequencies of TGF-𝛽-
producing T cells were observed in the duodenal mucosa
of children with food allergy as compared to nonallergic
subjects [55, 56]. To summarize, defects inTReg frequency and
functionality partly contribute to CMA pathogenesis.

Despite exogenous antigens, including cow’s milk pro-
teins being cross-presented by DCs to initiate CD8+ T-cell
responses [57], it is unclear whether CD8+ T cells play any
important role in CMA. It was even reported that upon
unspecific stimulation there was a significant difference in
the frequency of IFN-𝛾-expressing CD4+, but not CD8+
T cells, between CMA infants and healthy controls [58].
On the contrary, it is obvious that differentiated B cells
(plasma cells) serve an important pathogenic role during
allergy. The presence of IL-4 and IL-13 released by TH2
cells promotes immunoglobulin class-switch recombination,
inducing plasma cells to secrete IgE [3]. Taken together, CMA
pathogenesis is attributed to the proallergic activity of cellular
components of innate (DCs, tissue mast cells, basophils, and
eosinophils) and adaptive immunity (TH2 and IgE-producing
B cells along with the impaired TReg-cell activity).

3. Cellular Immunity upon Tolerance to
Cow’s Milk Proteins

The majority of infants with CMA spontaneously develop
clinical tolerance to cow’smilk proteins, that is, nomore aller-
gic inflammation by school age [59]. In others words, they



Mediators of Inflammation 5

will outgrow the allergic disorder to cow’s milk. However, the
dire consequences due to the dietary restriction before these
children outgrow their allergic reactions, the tissue damage
due to chronic allergic inflammation, and the potential atopic
march in later life serve as an important reminder that CMA
needs to be properly managed early on. Several studies have
been conducted to discover effective ways to induce tol-
erance against specific allergens, including allergen-specific
immunotherapy. This topic has been extensively reviewed
elsewhere [60, 61]. Logically, there are humoral and cellular
components of immunity contributing to tolerance. For the
humoral arm, within IgE-mediated allergic subjects who
later develop tolerance, levels of allergen-specific IgE were
reduced in contrast to the increment of allergen-specific
IgG4 levels. This alteration is apparently mediated by IL-
10 [60]. Mechanistically, IgG4 serves as a blocking antibody
via competition with allergens for binding to IgE on the
Fc𝜀 receptors [62] and as an anti-inflammatory factor due
to its dynamic Fab arm exchange resulting as a bispecific
antibody with a substantially decreased capacity for cross-
linking [63]. In addition, infants who received nondigestible
carbohydrates (prebiotics) during the first six months of age
had lower incidence of atopic dermatitis, which was linearly
associated with lower levels of Ig-fLCs [64]. Taken together,
the decreasing levels of allergen-specific specific IgE and/or
Ig-fLCs as well as the increasing levels of allergen-specific
IgG4 partly contribute to the development of tolerance.

With regard to the cellular immunity, the tolerancemech-
anism is essentially contributed by two primary mechanisms,
that is, (1) the suppression of proallergic innate effectors as
well as (2) the upregulation of TReg-cell regulatory activity.
Arguably, the latter mechanism is the principal way to induce
and maintain tolerance to allergens because it also affects the
former mechanism in disease progression. Moreover, func-
tional TReg cells could contribute to T-cell anergy, that is, a
tolerancemechanism inwhich the lymphocyte is intrinsically
functionally inactivated following an antigen encounter but
remains alive [65]. Findings of spontaneous and treatment-
induced tolerance against cow’s milk allergens are discussed
together because both approaches, arguably, follow similar
immune mechanism.

3.1. Inhibition of Proallergic Innate Effector Cells. During
tolerance development, proallergic innate effectors could
undergo rapid desensitization against allergens, causing them
to be less likely to release inflammatory factors [60]. One
probable mechanism is due to the presence of allergen-
specific IgG4, as mentioned briefly above. Indeed, it has been
demonstrated that basophils from CMA children who devel-
oped clinical tolerance were significantly less responsive to
the allergen [14, 66]. Interestingly, the reduced responsiveness
of basophils was partially due to an inhibitory factor present
in serum probably allergen-specific IgG4 [66]. It is also
known that the secreted anti-inflammatory IL-10 cytokine
reduced the release of proinflammatory cytokines by mast
cells [67] and suppressed the activity of eosinophils [68]. In
addition, a study using the CMAmousemodel demonstrated
that the synbiotic (prebiotics + probiotics) treatment reduced
the anaphylaxis score, in which the induced tolerance was

associated with a smaller ear-skin swelling and a lower level
of mMCP-1 [69]. Taken together, these findings indicate
that tolerance to cow’s milk allergens is associated with the
suppression of proallergic innate effectors’ activity.

3.2. Upregulation of TReg-Cell Functionality. Mechanistically,
functional allergen-specific TReg cells can attenuate allergic
responses through (1) suppression of mast cells, basophils,
and eosinophils; (2) suppression of inflammatory DCs and
induction of tolerogenic DCs; (3) suppression of allergen-
specific TH2 cells, hence contributing toT-cell anergy; and (4)
early induction of IgG4 and late reduction of IgE production
[60]. All of thesemechanisms can bemediated through secre-
tion of IL-10 and TGF-𝛽 or through cell contact-dependent
suppression [60]. Indeed, the increment of frequency and
in vitro suppressive capacity of TReg cells were correlated
with the clinical tolerance in children who outgrown CMA
[70]. Furthermore, by treating a CMA mouse model with
various kinds of treatments, including dietary long-chain n-3
polyunsaturated fatty acids, prebiotics, Bifidobacterium breve
M-16V (probiotics), synbiotics (nondigestible carbohydrates
+ B. breve), or cow’s milk protein-derived peptide, a linear
correlation of TReg-cell frequency and activity with the CMA
suppression is observed [69, 71–74]. It is noteworthy to
confirm whether CMA children who develop tolerance after
particular immunotherapy will also exhibit increasing TReg-
cell frequency and functionality. To summarize, TReg cells
appear to play important regulatory roles upon tolerance to
cow’s milk allergens.

4. Mechanistic Interaction among
CMA and Other Inflammatory Reactions:
A Broader Perspective

The current findings indicate that CMA, as most other
food allergies, is characterized by TH2-polarized immune
responses accompanied by the impairment of TReg cells
(Table 1). As briefly discussed above, CD4+ T cells are
heterogeneous due to their ability to differentiate into TH1,
TH2, TH9, TH17, TH22, Tfollicular helper (Tfh), or TReg
cell, hallmarked by different lineage-specifying transcription
factors and different signature cytokines [75]. For example,
TH1 cells express T-bet and secrete IFN-𝛾, TH2 cells express
GATA3 and secrete IL-4, and TH17 cells express ROR𝛾t and
secrete IL-17, while TReg cells express Foxp3 and secrete IL-
10 and TGF-𝛽. It was originally proposed that each subset of
CD4+ T cells permanently retains its differentiated identity,
resulting as nonoverlapping distinct subsets [75]. However,
it is clear now that the differentiation process is dynamic
instead, particularly during chronic inflammation in vivo
[76]. This allows a particular differentiated subset of CD4+
T cells to secrete signature cytokines that belong to other
subsets or even to further convert into other subsets. For
example, it has been shown that T cells derived from chronic
allergic asthma patients coexpressed and coproduced both
TH2 and TH17 transcription factors and cytokines [77]. In
addition, atopic dermatitis patients predominantly displayed
TH2-immune responses with a TH17 component at the acute
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Table 1: Roles of cellular immunity in cow’s milk allergy.

Type Cell Role in cow’s milk allergy

Innate cells

Tissue mast cells

Act as key effectors during allergy.
Upon Ig-E or Ig-fLC cross-linking with allergen, 3 classes of biologically active product are
secreted [15] as follows.
(1) Prestored cytoplasmic granules:

(a) biogenic amines (e.g., histamine),
(b) serglycin proteoglycans (e.g., heparin and chondroitin sulphate),
(c) serine proteases (tryptases, chymases, and carboxypeptidases),
(d) some cytokines (e.g., TNF-𝛼 and VEGFA).

(2) Lipid-derived mediators (prostaglandins, leukotriene B4, cysteinyl leukotrienes, and
platelet-activating factors).

(3) Newly synthesized factors (cytokines, chemokines, and growth factors).

Basophils

Act as key effectors during allergy.
Similar to mast cells, upon cross-linkage of IgE, 3 types of mediators can be released [13] as
follows.
(1) Preformed, immediately released (e.g., histamine).
(2) Newly synthesized, immediately released (phospholipid metabolites including

leukotriene C4).
(3) Newly synthesized, slowly released (cytokines including IL-4).

Eosinophils

Act as key effectors during allergy.
Upon activation with cytokine (e.g., IL-5), highly basic and cytotoxic granule proteins are
secreted [21] as follows.
(1) Major basic protein/MBP and MBP2.
(2) Eosinophilic cationic protein/ECP.
(3) Eosinophilic peroxidase/EPX.
(4) Eosinophil-derived neurotoxin/EDN.

Inflammatory
dendritic cells/DCs

Act as the initiator of TH2-cell response during allergy.
Inflammatory DCs uptake and process allergens, subsequently presenting allergen-derived
peptides to näıve CD4+ T cells.
In the presence of IL-4, DCs polarizing näıve CD4+ T become TH2 cells.

Other innate cells
(neutrophils, NK,

MAIT, and 𝛾𝛿 T cells)
Unknown roles.

Adaptive cells

CD4+ TH2 cells
Act as the driver of allergic inflammation.
Through cell-contact and cytokines (IL-4 and IL-13), TH2 cells promote immunoglobulin
class-switch recombination in B cells to drive IgE production.

CD4+ TReg cells

Act as the suppressor of allergic inflammation, via [60] the following.
(1) Suppression of tissue mast cells, basophils, and eosinophils.
(2) Suppression of inflammatory DCs and induction of tolerogenic DCs.
(3) Suppression of allergen-specific TH2 cells.
(4) Early induction of IgG4 and late decrease in IgE.

B cells
Act as the codriver of allergic inflammation along with TH2 cells by secreting IgE and
Ig-fLCs.

Other CD4+ and
CD8+ T cells

Unknown roles.

phase of the disease, which often converted into TH1-immune
responses at the chronic stage [78]. Thus, it incites us to
wonder whether TH2-polarized immune responses in CMA
could also exhibit or even convert to TH1- or TH17-immune
responses in minority group of patients who never outgrow
their CMA.

Next, the current consensus of food allergy occurs due
to the imbalance between TH2 and TReg cells that intrigues
us to speculate whether inflammation of CMA affects other
types of inflammatory reactions (infection as well as chronic

inflammatory noncommunicable diseases/NCDs) and vice
versa.The published data does not allow a definite conclusion
to be constructed yet; nonetheless it provides some hints
that permit various speculations to be made. First, although
there is no prospective study following children with food
allergy to determine whether they have a lower predilection
to suffer from helminth infection, CMA infants with the
elevated TH2-polarized immune responses should be more
protected against helminths. A supporting finding came from
a population study in Cameroon which demonstrated that
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subjects with elevated IL-5 cytokine indeed had reduced
reinfection rates with Ascaris lumbricoides and Trichuris
trichiura [79], supporting the importance of TH2-immune
responses against helminths. On the other hand, helminth
infections could induce activation of TReg cells, resulting in
IL-10 and IgG4 production, hence attenuating TH2-immune
responses [9] and thus may modulate allergic inflammation.
Interestingly, a murine study showed that infection with
intestinal helminths (Heligmosomoides polygyrus) prior to
sensitization and challenge with peanut extract per oral
indeed significantly reduced peanut-specific IgE levels and
diminished systemic anaphylactic symptoms via IL-10 pro-
duction [80]. A study on infants living in areas endemic for
helminth infections also suggested that despite potent TH2-
responses being observed early in life it did not translate into a
higher SPT reactivity to various allergens at 4 years of age [81].
Arguably, prior exposure to helminths might reduce allergy
incidence to cow’s milk proteins as well.

Second, the control and elimination of intracellular
pathogens require the activation of TH1-immune responses.
Since IL-4 suppresses IFN-𝛾 gene transcription, that is, TH2
cytokine suppresses TH1-functionality [82], it is plausible
to assume that allergic infants might be more susceptible
to be infected with intracellular pathogens. Interestingly, a
prospective birth cohort study in The Netherlands, PIAMA
(𝑛 = 4, 146), demonstrated an association between children
having risk factors for allergy (i.e., having allergic parents
and attending child care or having older siblings) with a
higher risk of suffering lower respiratory tract infections
in the first year of life [83]. However, it is still elusive
whether CMA infants are more susceptible than healthy
infants to develop infections in the gastrointestinal tract,
respiratory tract, or skin. Next, gastrointestinal infectionwith
intracellular pathogens can cause enteral inflammation along
with the disruption of the intestinal flora. This perturbs
homeostasis between host immunity and gut antigens, which
may represent the critical determinant in the development
of food allergy, including CMA [84]. Indeed, there is a
case report demonstrating a Japanese infant who developed
CMA associated with enterotoxigenic Escherichia coli and
methicillin-resistant Staphylococcus aureus infections [85]. In
addition, another study of Japanese newborns who under-
went small intestine surgery and received antibiotics due to
symptoms resembling postoperative infection showed that 9
out of 30 subjects subsequently developed CMA [86]. Impor-
tantly, within a subset of patients who received prophylactic
probiotics, most of the patients (∼98%) did not suffer from
CMA [86], suggesting that restoration and maintenance of
gastrointestinal immune tolerance is imperative in order to
prevent allergy to food antigens. Therefore, gastrointestinal
infections that incite enteral inflammation may represent an
important risk factor to develop CMA.

Third, consistent with the fact that allergy is the most
common and earliest-onset of inflammatory NCDs [87], it
is important to understand how the immune mechanisms
underlying food allergy interact with the ones constituting
other NCDs, including other types of allergy, metabolic
diseases, autoimmunity, and cancer. It is noteworthy to
mention that there are common risk factors for most NCDs,

that is, diet patterns, microbial patterns, behaviour, and envi-
ronmental pollutants [87]. These common risks may initiate
similar alterations within the immune system to cause many
NCDs, arguably through the impairment of TReg cells. TReg-
cell defect causes uncontrolled inflammation [50], which in
turn underliesmost of NCDs [87]. For example, a prospective
mother-child study conducted in Germany, LINA (𝑛 = 629),
demonstrated a clear correlation between history of maternal
exposure to tobacco smoke and lower TReg-cell frequencies
in maternal and cord blood, as well as a higher risk for
those children to develop atopic dermatitis within the first
3 years of life [88]. In addition, reduction of TReg cells has
been linked to the dysregulated inflammation of other NCDs,
such as obesity and insulin resistance [89]. It is arguable
that the common defect of immune regulation may cause
several NCDs to occur concurrently, though the responsible
mechanism still needs to be confirmed. Nonetheless, it is
interesting to quote recent data from the National Health
and Nutrition Examination Survey, demonstrating that the
US children and adolescents who were obese indeed had
higher levels of total IgE and C-reactive proteins as well
as higher incidences of food allergy [90]. Taken together,
similar impairment in the immune mechanism that causes
inflammation may mediate occurrence of many NCDs.

5. Conclusion

Hereby findings pertaining to roles of cellular immunity
upon allergy as well as tolerance toward cow’s milk proteins
were discussed. The activation of proallergic innate (inflam-
matory DCs, tissue mast cells, basophils, and eosinophils)
and adaptive effectors (TH2 and IgE-producing B cells) and
the suppression of TReg cells collectively contribute to the
pathogenesis of CMA. On the other hand, tolerance against
cow’s milk allergens is contributed by the activation of TReg
cells and the suppression of proallergic effectors mentioned
above. A possibility that immune mechanisms underlying
CMA interact significantly with the mechanisms underlying
other types of inflammation (infections or NCDs) has been
raised as well, suggesting that a proper management of CMA
may positively contribute to a better control of systemic
inflammation.

Conflict of Interests

All authors are employees of Nutricia Research and therefore
declare potential conflict of interests.

References

[1] A. Fiocchi, H. J. Schünemann, J. Brozek et al., “Diagnosis and
rationale for action against cow's milk allergy (DRACMA): a
summary report,” Journal of Allergy and Clinical Immunology,
vol. 126, no. 6, pp. 1119.e1–1128.e1, 2010.

[2] S. Koletzko, B. Niggemann, A. Arato et al., “Diagnostic app-
roach and management of cow's-milk protein allergy in infants
and children: Espghan gi committee practical guidelines,”
Journal of Pediatric Gastroenterology and Nutrition, vol. 55, no.
2, pp. 221–229, 2012.



8 Mediators of Inflammation

[3] S. J. Galli, M. Tsai, and A. M. Piliponsky, “The development of
allergic inflammation,” Nature, vol. 454, no. 7203, pp. 445–454,
2008.

[4] J. Leung, N. V.Hundal, A. J. Katz et al., “Tolerance of bakedmilk
in patients with cow’s milk-mediated eosinophilic esophagitis,”
Journal of Allergy and Clinical Immunology, vol. 132, pp. 1215.e1–
1216.e1, 2013.

[5] A. B. Sprikkelman, H. S. A. Heymans, and M. M. C. van
Aalderen, “Development of allergic disorders in children with
cow's milk protein allergy or intolerance in infancy,” Clinical
and Experimental Allergy, vol. 30, no. 10, pp. 1358–1363, 2000.

[6] G. Sampaio, S. Marinho, S. Prates, M. Morais-Almeida, and J.
Rosado-Pinto, “Transient vs persistent cow's milk allergy and
development of other allergic diseases,” Allergy, vol. 60, no. 3,
pp. 411–412, 2005.

[7] A. Tai, H. Tran, M. Roberts et al., “Outcomes of childhood
asthma to the age of 50 years,” Journal of Allergy and Clinical
Immunology, 2014.

[8] K. M. Saarinen, A. S. Pelkonen, M. J. Mäkelä, and E. Savilahti,
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Objective. To investigate the role of CD4+CD25+ T cells (Tregs) in protecting fine particulate matter (PM-) induced inflammatory
responses, and its potential mechanisms. Methods. Human umbilical vein endothelial cells (HUVECs) were treated with graded
concentrations (2, 5, 10, 20, and 40 𝜇g/cm2) of suspension of fine particles for 24h. For coculture experiment, HUVECs were
incubated alone, with CD4+CD25− T cells (Teff), or with Tregs in the presence of anti-CD3 monoclonal antibodies for 48 hours,
and then were stimulated with or without suspension of fine particles for 24 hours. The expression of adhesion molecules and
inflammatory cytokines was examined. Results. Adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1), and inflammatory cytokines, such as interleukin (IL-) 6 and IL-8, were increased in a
concentration-dependent manner. Moreover, the adhesion of human acute monocytic leukemia cells (THP-1) to endothelial cells
was increased and NF-𝜅B activity was upregulated in HUVECs after treatment with fine particles. However, after Tregs treatment,
fine particles-induced inflammatory responses and NF-𝜅B activation were significantly alleviated. Transwell experiments showed
that Treg-mediated suppression of HUVECs inflammatory responses impaired by fine particles required cell contact and soluble
factors. Conclusions. Tregs could attenuate fine particles-induced inflammatory responses and NF-𝜅B activation in HUVECs.

1. Introduction

Particulate air pollution caused by fine particles with aero-
dynamic diameters under 2.5 𝜇m (PM

2.5
) is well known to be

associatedwith themorbidity andmortality of cardiovascular
diseases [1, 2]. Epidemiological studies have reported that
fine particulate matter is a risk factor for the mortality
of cardiovascular diseases through mechanisms that may
include pulmonary and systemic inflammation, accelerated
atherosclerosis, and altered cardiac autonomic functions [3].
Previous animal studies also showed that long-term exposure
to low concentrations of PM

2.5
caused significant increase in

plaque areas and macrophage infiltration, likely via vascu-
lar inflammation, and increased the generation of reactive
oxygen species [4, 5]. In diabetes, exposure to PM

2.5
has

been found to induce excessive reactive oxygen species and
endothelial dysfunction, which may in turn enhance the
risk of cardiovascular diseases [6]. However, to date, the
underlying pathophysiological mechanisms connecting fine
particles and cardiovascular diseases, especially atherosclero-
sis, remain unclear.

Inhaled insoluble PM
2.5

and smaller PM
0.1

have been
shown to quickly translocate into the circulation from lungs,
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with the potential exerting direct effects on homeostasis
and cardiovascular integrity [7]. As a result, the barrier
functions of the endothelium may be damaged by PM

2.5
in

the circulation. Several in vivo experiments previously found
that intratracheal instillation with particles led to systemic
microvascular dysfunction [8, 9]. In addition, in vitro studies
also suggested that particlesmay activate endothelial cells and
induce the expression of adhesion molecules, including vas-
cular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesionmolecule-1 (ICAM-1), and inflammatory cytokines,
such as interleukin (IL-) 6 and IL-8, in endothelial cells [10–
15]. Since endothelial activation may lead to an increased
risk of cardiovascular events [16], the effects of particles
(SRM2786 < 4 𝜇m) used in this study on human umbilical
vein endothelial cells (HUVECs) were first investigated by
examining the expression of specific adhesion molecules and
inflammatory cytokines.

Regulatory T (Treg) cells belong to a unique lineage of
T cells that play an important role in the modulation of
immune responses and the reduction of deleterious immune
activation owing to their immunoregulatory and immuno-
suppressive functions [17]. A previous study showed that
Treg cells were able to protect the proinflammatory activation
in HUVECs exposed to oxidized low-density lipoprotein
(ox-LDL) or lipopolysaccharide (LPS) by directly interacting
with target endothelial cells and promoting the secretion
of IL-10 and transforming growth factor-𝛽1 [18]. However,
the role of Treg cells in fine particulate matter-induced
inflammatory responses and endothelial functions has not
yet been elucidated. Therefore, in the present study, we
further observed the effects of Treg cells on fine particles-
induced inflammatory responses and endothelial functions
in HUVECs and explored its potential mechanisms.

2. Materials and Methods

2.1. Ethical Statement. The investigation conforms to the
principles outlined in the Declaration of Helsinki. The trial
was approved by the ethics committee of Tongji Medical
College of Huazhong University of Science and Technology.
And all volunteers provided written informed consent to
participate in the study.

2.2. Particle Samples. In this study, urban fine particulate
matter (<4 𝜇m) (SRM2786) was obtained from the National
Institute of Standards and Technology. The particles were
treated by sonicating a 10000 𝜇g/mL suspension in cell
culture medium for 30min in cycles for 10min each, after
which the suspension of particles was frozen and stored at
−20∘C. Before each experiment, the suspension was thawed
and sonicated for 15min and then immediately diluted to the
assigned concentrations in cell culture medium.

2.3. HUVEC Cultures. HUVECs were derived from human
umbilical veins that were cannulated, washed with Hanks’
solution to wipe off blood, and then digested with 1%
collagenase (Sigma, USA) for 15min at 37∘C. After removal
of collagenase, cells were incubated at 37∘C on gelatin-
coated culture dishes in Ml99 medium (Gibco, USA) and

supplemented with 20% fetal calf serum (Gibco), 100𝜇g/mL
heparin (Sigma), 50𝜇g/mL endothelial cell growth fac-
tor (Gibco), 25mM Hepes buffer, 2mM L-glutamine, 100
U/mL penicillin, and 100U/mL streptomycin, as previously
described [19]. Cells between passages 2 and 6 were used for
experiments.The phenotype of HUVECs was verified by von
Willebrand antigen staining.

2.4. THP-1 Cultures. The monocytic cell line THP-1 was
obtained from the American Type Culture Collection (Man-
assas, USA) and cultured in RPMI1640 with 10% fetal calf
serum.

2.5. Isolation and Purification of Tregs. Peripheral blood was
collected from 20 normal volunteers, and peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll-Paque
PLUS (GE Healthcare, USA). Treg cells were subsequently
isolated using the Human CD4+CD25+ Regulatory T Cell
Isolation Kit (Miltenyi Biotec, Germany) according to the
manufacturer’s instructions. In brief, PBMCs were labeled
with a mixture of biotin-conjugated antibodies and anti-
biotin microbeads, and CD4+ cells were then obtained by
negative selection. Next, CD4+CD25+ Treg cells were isolated
twice by positive selection to achieve higher purity.The purity
of the CD4+CD25+ cell population was >90% as assessed by
FACS.

2.6. Functional Suppression Assays. CD4+CD25− T cells
(Teff) and CD4+CD25+ T cells (Tregs) were cocultured in
96-well plates coated with 50 ng/mL anti-CD3 mAb (eBio-
science, USA) at a density of 104 cells/well with different
Teff/Treg ratios (1 : 1, 1 : 1/2, 1 : 1/4, and 1 : 1/8). All wells were
cultured in a final volume of 200𝜇L with the presence
of T cell-depleted and irradiated antigen presenting cells
(105 cells/well). After 72 h, [3H]-thymidine (1 𝜇Ci/well) was
added for 16 h prior to the determination of proliferation
by scintillation counting (MicroBeta1450 Liquid Scintillation
Counter; Perkin Elmer, USA). Percent inhibition of prolifera-
tion was determined as follows: (1-[3H]-thymidine uptake of
cocultured Treg and Teff)/Teff alone × 100%. Triplicate wells
were used in all suppression experiments.

2.7. Cells Stimulations. Confluent HUVECs were growth
arrested by serum deprivation for 24 h. In order to explore
the optimum concentration of the particles to stimulate
HUVECs, cells were treated with graded concentration (2,
5, 10, 20, and 40 𝜇g/cm2) of suspension of the particles for
24 h. In some experiment, cells were pretreated for 30min
with the NF-𝜅B inhibitor PDTC (10 𝜇mol/L) (Sigma, USA)
before stimulation with PM (20𝜇g/cm2) for 24 h. Sometimes,
LPS (1 𝜇g/mL) was selected as a positive control. Then, the
cells were harvested and supernatant was collected for further
assay.

2.8. Coculture of HUVECs and Tregs. For synchronization,
HUVECs were cultured in 6-well plates containing serum-
free medium for 24 h when the cells were grown to 80–90%
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Table 1: Primers used for real-time PCR and the size of products.

Genes Forward (5-3) Reverse (5-3) Size (bp)
VCAM-1 TAAAATGCCTGGGAAGATGG GGTGCTGCAAGTCAATGAGA 151
ICAM-1 CAGAGGTTGAACCCCACAGT CCTCTGGCTTCGTCAGAATC 196
IL-6 CAAATTCGGTACATCCTCGACGGC GGTTCAGGTTGTTTTCTGCCAGTGC 109
IL-8 TAGCAAAATTGAGGCCAAGG AAACCAAGGCACAGTGGAAC 227
𝛽-actin AGTGTGACGTGGACATCCGC ACTCGTCATACTCCTGCTTGCTG 243

confluence. Nonadherent cells were washed off with PBS,
and new culture medium was replaced. Next, HUVECs and
T cells (2 : 1) were cocultured as previously described [20].
Briefly, HUECVs (1 × 106/well) were incubated alone or with
CD4+CD25− or CD4+CD25+ T cells for 48 h in the presence
of 50 ng/mL anti-CD3 mAb, followed by addition of PM
(20𝜇g/cm2) or LPS (1 𝜇g/mL) for another 24 h. After incu-
bation, floating T cells were discarded, and HUVECs were
washed with PBS and harvested. Finally, supernatants were
collected and kept frozen at −80∘C for further experiments.

2.9. Flow Cytometry for Detection of VCAM-1. After the
coculture period, HUVECs were digested with 0.25% trypsin
without EDTA and washed two times with PBS. Cells were
then stained with PE-anti-human VCAM-1 antibody (eBio-
science, USA) for 30min at 4∘C. Isotype control antibodies
were used to ensure antibody specificity. Stained cells were
detected by a FACSAria flow cytometer (BD Biosciences,
USA), and the percentage of positive cells was analyzed by
FlowJo 7.6.1.

2.10. Enzyme-Linked Immunosorbent Assay. Supernatants
derived from different groups were subjected to specific
ELISA assays (all from R&D Systems, USA) according to
the manufacturer’s instructions. The minimum detectable
concentrations for sVCAM-1, sICAM-1, IL-6, IL-8, TGF-
𝛽1, and IL-10 were 1.26 ng/mL, 0.254 ng/mL, 0.7 pg/mL,
7.5 pg/mL, 15.4 pg/mL, and 3.9 pg/mL, respectively.The intra-
assay and interassay coefficients of variation for these ELISA
assays were <5% and <10%, respectively. All measurements
were taken twice.

2.11. Real-Time PCR. Total RNA of HUVECs from different
groups was extracted using Trizol Reagent (Takara, Japan)
according to the manufacturer’s instruction and then sub-
jected to cDNA synthesis using the RNA PCR Kit (Takara).
The mRNA expression was determined with the use of
SYBR Green Master Mix (Takara) on an ABI Prism 7900
sequence detection system (Applied Biosystems, USA). For
each sample, the mRNA expression was normalized to 𝛽-
actin. Primers used in this study were shown in Table 1.

2.12. Adhesion of THP-1 Cells to Endothelial Cells. After
the coculture period, THP-1 cells were labeled with CFSE
(Sigma, USA) according to the manufacturer’s instructions
and added to endothelial cell monolayers grown in 24-well
plates at a monocyte-to-endothelial cell ratio of 10 : 1. After
a 1 h culture at 37∘C, suspension cells were removed by

three washes with PBS. Subsequently, cells were fixed with
4% paraformaldehyde, and the number of green fluorescent
adherent cells was counted in five randomly chosen fields
under a fluorescence microscope.

2.13. Transwell Experiment. Transwell experiments were con-
ducted in 24-well plates (0.4 𝜇m pore size, Corning Costar,
USA) by culturing HUVECs (1 × 106/mL) in the lower well
and the Treg cells (5 × 105/mL) with anti-CD3 mAb in
the inserts. After 48 h of culture, the inserts were removed,
and the HUVECs in the lower well were stimulated with
PM (20𝜇g/cm2) for 24 h. For neutralization experiments,
neutralizing antibodies against IL-10 (5𝜇g/mL), TGF-𝛽1
(5 𝜇g/mL), or isotype control (5 𝜇g/mL) (all from R&D
Systems, USA) were added at the start of the coculture in
the lower wells. After the incubation period, HUVECs and
supernatants were collected for further experiments.

2.14. Electrophoretic Mobility Shift Assay (EMSA) for Detec-
tion of NF-𝜅B. For the EMSA assay, nuclear proteins were
extracted from different groups using the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Institute
of Biotechnology, China). DNA-protein interactions were
detected using the LightShift Chemiluminescent EMSA Kit
(Pierce, USA) according to the manufacturer’s instructions.
The consensus sequences of biotin-labeled NF-𝜅B oligonu-
cleotides were as follows: forward, 5-AGTTGAGGGGAC-
TTTCCCAGGC-3, and reverse, 5-GCCTGGGAAAGT-
CCCCTCAACT-3. Biotin end-labeledDNAwas detected by
chemiluminescence. To verifywhether detected shifted bands
were specific for NF-𝜅B, competition tests were conducted
with the use of a 200-fold excess of unlabeled “cold” oligonu-
cleotides, in addition to labeled probes.

2.15. Statistical Analysis. Data are shown as means ± SEM.
Differences were evaluated using one-way ANOVA formulti-
ple comparisons, followed by the post hoc Student-Newman-
Keuls test when necessary. All analyses were done using SPSS
16.0, and statistical significance was set at 𝑃 < 0.05.

3. Results

3.1. Identification of CD4+CD25+ T Cells. By flow cytometry,
the purity of CD4+CD25+ Tregs isolated from peripheral
blood mononuclear cells was found to be >90% (Figure 1(a)),
and most of the isolated Tregs were Foxp3+ (Figure 1(b)). To
test whether the cells with the phenotype of CD4+CD25+ T
cells had functional characteristics of Tregs, we cocultured
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Figure 1: Isolation and identification of CD4+CD25+ T cells. (a) The purity of CD4+CD25+ T cells isolated from peripheral blood
mononuclear cells (PBMCs) of healthy volunteers was examined by flow cytometry. (b) The percentage of the foxp3+ population among
the sorted CD4+CD25+ T cells. (c) Proliferation was evaluated by thymidine incorporation. The relative effect of CD4+CD25+ T cells was
expressed as percentage inhibition of CD4+CD25− T cells. Experiments were repeated 3 times.

themwith CD4+CD25− T cells at different ratios and assessed
their capacity to suppress the proliferation of autologous
CD4+CD25− T cells after activation with anti-CD3 mAb.
As expected, Tregs were able to efficiently suppress the
proliferation of CD4+CD25− T cells in a dose-dependent
manner (Figure 1(c)).

3.2. PM Induces HUVECs Inflammatory Responses in a
Concentration-Dependent Manner. It has been reported that
PM from different sources causes adhesion molecules and
cytokines expression inECs [10–15].However, the effect of the
particles used in this study in HUVECs was not determined
before.Therefore, in this study, we first investigated the effects
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Figure 2: PM induces HUVECs inflammatory responses in a concentration-dependent manner. HUVECs were treated with graded
concentration (2, 5, 10, 20, and 40𝜇g/cm2) of suspension of the particles for 24 h and the supernatant was collected. The concentration
of sVCAM-1 (a), sICAM-1 (b), IL-6 (c), and IL-8 (d) was detected by Elisa. ∗ indicates PM or LPS versus control. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.
Experiments were repeated 3 times.

of the particles on HUVECs by examining the expression
of specific adhesion molecules (VCAM-1 and ICAM-1) and
inflammatory cytokines (IL-6 and IL-8). We examined PM-
induced HUVECs adhesion molecules and inflammatory
cytokines expression after 24 h of stimulation with 2, 5, 10, 20,
and 40 𝜇g/cm2. We found that particles induced inflamma-
tory responses in a concentration-dependent manner begin-
ning at 5 𝜇g/cm2 (Figure 2). The optimum concentration
of PM-induced HUVECs VCAM-1, ICAM-1, IL-6, and IL-
8 expression was 20, 40, 20, and 10 𝜇g/cm2, respectively
(Figure 2). Thus, we used the concentration of 20𝜇g/cm2 to
stimulate cells for further experiment.

3.3. Tregs Alleviate VCAM-1 Expression in PM-Exposed
HUVECs. HUVECs were culture alone or cocultured with
CD4+CD25− T cells (Teff) or Tregs in the presence of
anti-CD3 mAb for 48 h and then treated with or without
(control) PM/LPS for another 24 h. After the coculture time,
the VCAM-1 expression in HUVECs exposed to PM was
detected by flow cytometry.The results show that the VCAM-
1 expression was significantly upregulated after 24 h of PM
exposure in the absence of T cells, compared to the control
(22.4% ± 1.9% versus 0.42% ± 0.12%; 𝑃 < 0.01; Figures
3(a) and 3(b)). What is more, we found that Tregs-treated
HUVECs showed dramatically reduced VCAM-1 expression
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Figure 3: Tregs alleviate the expression of VCAM-1 in PM-exposed HUVECs. After the coculture period, HUVECs from different groups
were harvested, and the VCAM-1 expression was detected by flow cytometry. (a) Dot plots showing the percentages of VCAM-1 expression in
HUVECs. (b) The VCAM-1 expression in different groups of HUVECs. Data are expressed as means ± SEM. ∗ indicates no T, CD4+CD25−,
or CD4+CD25+ versus control; # indicates no T or CD4+CD25− versus CD4+CD25+; ∗∗𝑃 < 0.01; ##𝑃 < 0.01. Experiments were repeated 6
times.

(PM, 9.3% ± 1.5%; LPS, 14.9% ± 1.8%), compared to the
group without T cells (PM, 22.4%± 1.9%; LPS, 41.4%± 3.5%;
𝑃 < 0.01) or the coculture group with CD4+CD25− T cells
(PM, 21.7% ± 2.4%; LPS, 42.6% ± 3.3%; 𝑃 < 0.01) (Figures
3(a) and 3(b)).

3.4. Tregs Downregulate Adhesion Molecules and Inflamma-
tory Cytokines in PM-Exposed HUVECs. After the coculture

period, the ELISA assay was used to detect the concentration
of adhesion molecules and inflammatory cytokines. The
results show that the suspension of fine particles and LPS
significantly increased the protein levels of sVCAM-1 (PM,
77.2 ± 9.5 ng/mL; LPS, 154.7 ± 16.2 ng/mL), sICAM-1 (PM,
61.4 ± 7.9 ng/mL; LPS, 102.5 ± 12.1 ng/mL), IL-6 (PM, 4.0 ±
1.2 ng/mL; LPS, 9.8 ± 2.5 ng/mL), and IL-8 (PM, 3.4 ±
0.7 ng/mL; LPS, 15.7 ± 3.7 ng/mL), compared to the control
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Figure 4: Tregs downregulate the protein expression of adhesion molecules and inflammatory cytokines in PM-exposed HUVECs. The
ELISA assay was used to detect the concentration of sVCAM-1 (a), sICAM-1 (b), IL-6 (c), and IL-8 (d) in the supernatants from different
groups of HUVECs. Data are expressed as means ± SEM. ∗ indicates no T, CD4+CD25−, or CD4+CD25+ versus control; # indicates no T or
CD4+CD25− versus CD4+CD25+. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, #𝑃 < 0.05, and ##

𝑃 < 0.01. Experiments were repeated 5 times.

(18.4 ± 2.7 ng/mL, 24.7 ± 3.2 ng/mL, 5.1 ± 1.1 ng/mL, 0.45 ±
0.21 ng/mL, and 0.84 ± 0.29 ng/mL, resp.) (all 𝑃 < 0.01;
Figure 4). In addition, compared to the group without T
cells, Tregs-treated HUVECs exhibited markedly decreased
concentrations of all adhesion molecules and inflammatory
cytokines (𝑃 < 0.05), whereas CD4+CD25− T cells had no
effect (𝑃 > 0.05; Figure 4).

The mRNA levels of VCAM-1, ICAM-1, IL-6, and IL-
8 were also determined by real-time PCR (RT-PCR), and

the results were normalized to the endogenous control
gene 𝛽-actin. Consistent with the protein expression results
described above, the mRNA levels of VCAM-1, ICAM-1, IL-
6, and IL-8 were all increased upon PM/LPS stimulation,
and Tregs were able to dramatically reduce these upregulated
mRNA levels (all 𝑃 < 0.05; Figure 5).

3.5. Tregs Decrease the Adhesion of THP-1 Cells to Endothelial
Cells. To further confirm the increases in the expression of



8 Mediators of Inflammation

Re
lat

iv
e V

CA
M

-1
ex

pr
es

sio
n

8

6

4

2

0

C
on

tro
l

N
o 

T

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

N
o 

T

PM

LPS

∗

∗∗##

∗∗

∗∗# ∗∗#

∗∗##

(a)
Re

lat
iv

e I
CA

M
-1

ex
pr

es
sio

n

15

10

5

0

C
on

tro
l

N
o 

T

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

N
o 

T

PM

LPS

∗∗##

∗∗

∗∗##

∗∗##
∗∗##

∗∗

(b)

Re
la

tiv
e I

L-
6

ex
pr

es
sio

n

8

6

4

2

0

C
on

tro
l

N
o 

T

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

N
o 

T

PM

LPS

∗

∗∗##
∗∗

∗∗##

∗∗##
∗∗##

(c)

Re
la

tiv
e I

L-
8

ex
pr

es
sio

n

6

4

2

0

C
on

tro
l

N
o 

T

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

CD
4
+

CD
2
5
−

CD
4
+

CD
2
5
+

N
o 

T

PM

LPS

∗

∗∗##

∗∗∗∗# ∗∗#

∗∗##

(d)

Figure 5: Tregs downregulate the mRNA expression of adhesion molecules and inflammatory cytokines in PM-exposed HUVECs. RT-
PCR was used to detect the mRNA expression of VCAM-1 (a), ICAM-1 (b), IL-6 (c), and IL-8 (d) in different groups of HUVECs. Data are
expressed asmeans±SEM. ∗ indicates noT, CD4+CD25−, or CD4+CD25+ versus control; # indicates noT orCD4+CD25− versus CD4+CD25+.
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01, #𝑃 < 0.05, and ##
𝑃 < 0.01. Experiments were repeated 5 times.

adhesion molecules VCAM-1 and ICAM-1 in HUVECs after
PM exposure, the adhesion of THP-1 cells to endothelial
cells was evaluated. After the coculture period, the THP-
1 cells labeled with CFSE were added to the HUVECs. As
expected, the adhesion of THP-1 cells to endothelial cells
was significantly increased (PM, 168 ± 5.6; LPS, 204 ± 6.9),
compared to the control (67 ± 3.5) (𝑃 < 0.01; Figures 6(a)
and 6(b)). In contrast, the adhesion of THP-1 cells to Treg-
treated HUVECs was obviously reduced (PM, 93 ± 3.8; LPS,

127 ± 4.5) (𝑃 < 0.01), while CD4+CD25− T cells only had a
minor effect (PM, 171±5.4; LPS, 211±7.2) (𝑃 > 0.05; Figures
6(a) and 6(b)).

3.6. PDTC Inhibits PM-Induced Inflammatory Responses.
NF-𝜅B is a transcription factor that regulates the expression
of proinflammatory and antiapoptotic genes and also plays
an important role in driving the inflammatory responses [21].
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Figure 6: Tregs decrease the adhesion of THP-1 cells to endothelial cells. (a) Representative photomicrograph of THP-1 cells adhering to
endothelial cells (ECs). THP-1 cells were identified by green fluorescence. Scale bar = 100 nm. (b) The adhesion of THP-1 cells to ECs was
determined by fluorescence microscopy. Data are expressed as means ± SEM. ∗ indicates no T, CD4+CD25−, or CD4+CD25+ versus control;
# indicates no T or CD4+CD25− versus CD4+CD25+. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ##

𝑃 < 0.01. Experiments were repeated 4 times.
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Figure 7: PDTC inhibits PM-induced inflammatory responses. HUVECs were pretreated for 30min with the NF-𝜅B inhibitor PDTC
(10𝜇mol/L) before stimulation with PM (100 𝜇g/mL) for 24 h. The adhesion molecules and inflammatory cytokines were detected by flow
cytometry and Elisa. (a) Dot plots showing the percentages of VCAM-1 expression in HUVECs. (b) The VCAM-1 expression in different
groups of HUVECs. (c) The concentration of sVCAM-1, sICAM-1, IL-6, and IL-8 in the supernatants from different groups of HUVECs.
Data are expressed as means ± SEM of 5 independent experiments.
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Figure 8: Tregs downregulate NF-𝜅B activation inHUVECs impaired by PM.The electrophoreticmobility shift assay (EMSA)was conducted
with nuclear proteins isolated from different HUVEC cultures to detect the NF-𝜅B activity. (a) Representative EMSA results. (b) The DNA-
binding activity ofNF-𝜅B in different groups determined by the relativemeasurementmethod.Data are expressed asmeans± SEM. ∗ indicates
no T, CD4+CD25−, or CD4+CD25+ versus control; # indicates no T or CD4+CD25− versus CD4+CD25+. ∗∗𝑃 < 0.01, #𝑃 < 0.05, and ##

𝑃 <

0.01. Experiments were repeated 4 times.

To test whether NF-𝜅B was involved in PM-induced inflam-
matory responses, we used the NF-𝜅B specific inhibitor
PDTC to treat cells before PM stimulation. Form Figure 7, we
demonstrated that PM-stimulated inflammatory responses
were almost completely inhibited after PTDC treatment,
indicating that NF-𝜅B activity might play an important role
in PM-mediated inflammatory responses.

3.7. Tregs Downregulate PM-Induced NF-𝜅B Activation in
HUVECs. In our study, the NF-𝜅B activity in HUVECs after
PM/LPS treatment was determined by the EMSA assay using
biotin-labeled oligonucleotide probes specific for the NF-𝜅B-
binding sites. In agreement with the above results including
upregulated levels of adhesion molecules and inflammatory
cytokines, the NF-𝜅B activity was increased in HUVECs
without T cells after PM or LPS stimulation, compared to
the control (𝑃 < 0.01; Figure 8). In contrast, the decreased
inflammatory responses were reflected at the transcrip-
tional level by an obviously reduced NF-𝜅B upregulation
on PM/LPS stimulation from Tregs-treated HUVECs (𝑃 <
0.01), whereas no difference was observed in Teff-treated
HUVECs (𝑃 > 0.05; Figure 8).

3.8. Treg-Mediated Suppression of HUVECs Inflammatory
Responses Is Mediated by Cell Contact and Soluble Factors.
To explore whether suppression of inflammatory responses
of HUVECs exposed to PM depended on cell contact or
soluble factors, we cultured HUVECs without T cells, with
Treg cells in the presence of anti-CD3 mAbs in either

a coculture or a TW system. After 48 hours of culture, the top
compartments were removed, and the HUVECs in the lower
well were treated with PM for 24 hours. By blocking physical
contact between HUVECs and Tregs (TW), the suppression
of adhesion molecules (VCAM-1 and ICAM-1) and inflam-
matory cytokines (IL-6 and IL-8) production was obviously
decreased compared with coculture system (Figures 9(b),
9(c), and 9(d)). This partial reversal of suppression could be
owing to the requirement of cell contact between Tregs and
PM-exposed HUVECs.

It is reported that activated Tregs could produce anti-
inflammatory cytokines, such as IL-10 and TGF-𝛽1 [22].
What is more, we also found that the concentrations of IL-10
and TGF-𝛽1 in the Tregs systemwas higher than that in other
systems (𝑃 < 0.01; Figure 9(a)). To investigate whether IL-10
or TGF-𝛽1 could be involved in the suppression of Tregs, the
neutralizing experiments were conducted. Anti-IL-10, anti-
TGF-𝛽1, or isotype mAbs was added to the lower well of
TW system. After treatment with anti-IL-10 mAbs or anti-
TGF-𝛽1, the inhibitory effects were significantly decreased;
furthermore, the suppression of inflammatory responses in
HUVECswas completely abolishedwhen both anti-IL-10 and
anti-TGF-𝛽1 mAbs were added, while the isotype mAbs had
no effect (Figures 9(b), 9(c), and 9(d)).

4. Discussion

Abundant epidemiological evidence indicates that PM,
particularly PM

2.5
, is a major risk factor with serious
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Figure 9:Themechanisms of Tregs-mediated suppression of HUVECs exposed to PM.HUVECs were cultured without T cells (no T) or with
Tregs in the presence of anti-CD3 mAbs in either a coculture (CC) or a TW system. After 48 hours of culture, the inserts were removed and
HUVECs in the lower well were stimulated with PM. In some experiments, IL-10, TGF-𝛽1, IL-10+TGF-𝛽1, or isotype mAbs was added to the
lower well. The adhesion molecules and cytokines were detected by flow cytometry and Elisa. (a) The concentrations of IL-10 and TGF-𝛽1 in
the supernatants from different groups. Data are expressed as means± SEM of 3 independent experiments. ∗𝑃 < 0.01. (b) Dot plots showing
the percentages of VCAM-1 expression in HUVECs. (c) The VCAM-1 expression in different groups of HUVECs. (d) The concentration
of sVCAM-1, sICAM-1, IL-6, and IL-8 in the supernatants from different groups of HUVECs. Data are expressed as means ± SEM of 4
independent experiments. ∗ indicates CC or TW versus no T; # indicates TW versus CC; $ indicates versus TW; & indicates isotype versus
TW. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, #𝑃 < 0.05, ##𝑃 < 0.01, $𝑃 < 0.05, $$𝑃 < 0.01, and &

𝑃 > 0.05.

consequences on the cardiovascular system [3, 23–26].
Because of its small size, PM

2.5
could be inhaled into the

lungs and translocate into the circulation, with potential
direct effects on endothelial cells that lie in the innermost
of blood vessels. In the present study, HUVECs were used
to explore the effects of fine particles on endothelial inflam-
matory responses, and, for intervention studies, Treg cells
isolated from healthy volunteers were employed. Consistent
with previous studies, our results show that fine particles
not only induced the expression of adhesion molecules
and inflammatory cytokines in a concentration-dependent
manner in HUVECs but also increased the adhesion of
THP-1 cells to endothelial cells mainly via NF-𝜅B activation.
Importantly, Treg cells were able to protect fine particles-
induced inflammatory responses and downregulate NF-𝜅B
activation in HUVECs via cell contact with PM-impaired
HUVECs and soluble factors (mainly IL-10 and TGF-𝛽1).

The endothelial barrier functions play an important role
in regulating the vascular tone, cell adhesion, and vessel
wall inflammation [27]. The expression levels of ICAM-
1 and VCAM-1 on the membrane of endothelial cells are
important markers of the activation of the endothelium
[28]. These cell adhesion molecules mediate the binding of
leukocytes to ECs and thereby the recruitment of leukocytes
to the interstitium of the tissue [29]. The recruitment of
inflammatory cells is considered the first step towards the
development of atherosclerosis. Previously, PM

2.5
and PM

10

have been reported to induce the expression of ICAM-1
and VCAM-1 in endothelial cells [10, 12, 13]. In our study,
urban fine particulate matter (<4𝜇m; SRM2786) instead of
PM
2.5

was used to stimulate HUVECs. We found that the
fine particles obviously induced both mRNA and protein
expression of VCAM-1 and ICAM-1 in HUVECs, which may
contribute to PM-accelerated atherosclerosis. Some animal
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experiments suggested that an increase in Treg cell numbers
and functions is related to the reduction of atherosclerotic
plaques [30–35]. In addition, Tregs have also been found
to protect ox-LDL/LPS-induced expression of VCAM-1 in
HUVECs [18]. Consistent with previous studies, our results
show that Treg cells, but not Teff cells, significantly decreased
PM-induced expression of adhesionmolecules (VCAM-1 and
ICAM-1) in the HUVECs.

Next, to determine whether fine particles induce the
expression of adhesion molecules after 24 h of treatment, the
adhesion of THP-1 cells to endothelial cells was examined.We
found that compared to the control, the adhesion of THP-1
cells to PM-treated HUVECs was obviously increased, con-
sistent with previously reported results [10, 12]. In contrast,
coculture with Treg cells was able to reduce the adhesion,
whereas Teff cells only had a minor effect. The adhesion
of leukocytes to ECs and subsequent transmigration of
monocytes across the endothelium are considered impor-
tant steps for the initiation of atherosclerosis. Sun et al.
demonstrated that long-term exposure of ApoE−/− mice
to low concentrations of PM

2.5
increased plaque areas and

macrophage infiltration [4]. Together, these results not only
indicate that fine particles induce the activation of HUVECs
and result in monocyte adhesion due to increased expression
of adhesion molecules but also imply that fine particles
may participate in the development of atherosclerosis. More
importantly, our study suggests that Treg cells play a role
in attenuating fine particles-mediated vascular inflammation
and atherosclerosis.

Fine particles may induce inflammatory responses in
human macrophages [36], human epithelial lung cells [37],
and human endothelial cells [11, 15]. In this study, increased
mRNA and protein expression of IL-6 and IL-8 demonstrates
that the fine particles caused inflammatory responses in
HUVECs. On the other hand, Treg cells-treated HUVECs
showed significantly decreased mRNA and protein expres-
sion of IL-6 and IL-8, suggesting that Tregs may protect fine
particles-induced inflammatory responses. Based on these
results, we conclude that fine particles induced the expres-
sion of adhesion molecules and inflammatory cytokines in
HUVECs and that these effects were alleviated by treatment
with Tregs.

NF-𝜅B signaling is an important pathway that medi-
ates proinflammatory responses [38, 39]. The role of NF-
𝜅B in PM-induced inflammatory responses is supported
by emerging evidence. Specifically, fine particles derived
from diesel engines (diesel exhaust particles) were shown
to activate NF-𝜅B in human bronchial epithelium [40–42].
Studies suggested that NF-𝜅B activation induced by diesel
exhaust particles is related to the expression of inflamma-
tory chemokines, such as IL-8, monocyte chemoattractant
protein-1, and adhesion molecules [43]. In addition, diesel
ultrafine particles (UFPs) may also mediate proinflammatory
responses via NF-𝜅B activation in endothelial cells [43].
On the contrary, in human antimycobacterial immunity, the
NF-𝜅B activity was suppressed by diesel exhaust particles,
and consequently antimycobacterial immunity was impaired
[44]. Therefore, fine particles may alter the NF-𝜅B activity in
a microenvironment-dependent fashion. In our study, after

treatment withNF-𝜅B specific inhibitor PDTC, fine particles-
induced inflammatory responses were almost completely
abolished. Moreover, in agreement with increased expression
of adhesion molecules and inflammatory cytokines, the
EMSA results also showed that fine particles induced NF-
𝜅B activation in HUVECs. In addition, He et al. previously
reported that Tregs downregulated ox-LDL/LPS-induced
NF-𝜅B activation in HUVECs [18]; similarly, our study
demonstrates that Tregs dramatically decreased PM-induced
NF-𝜅B activation inHUVECs. Together, these findings imply
that Treg cells may decrease fine particles-induced expression
of adhesionmolecules and inflammatory cytokinesmainly by
downregulating NF-𝜅B activation.

Some mechanisms about Treg-mediated inhibition that
have been found consist of anti-inflammatory cytokines
secreted by Treg cells or cell contact-dependent suppres-
sion [45]. In our study, TW experiments and neutralizing
antibodies were used to explore the mechanisms of Treg-
mediated suppression of HUVECs. By blocking physical
contact between Tregs and HUVECs (TW), the suppres-
sion of inflammatory responses was only partly reversed,
indicating that cell contact played a role in Treg-mediated
suppression. Moreover, in the supernatants of coculture
system, the concentrations of IL-10 and TGF-𝛽1 were
significantly increased, suggesting that anti-inflammatory
cytokines might be required in Treg-mediated suppression.
Thus, the reducedNF-𝜅B activation in Treg-treatedHUVECs
may be partly owing to the increased concentrations of
IL-10, because IL-10 could suppress NF-𝜅B activation [46].
After treatment with both anti-IL-10 and TGF-𝛽1 mAbs, the
suppression of inflammatory responses in TW system was
abolished. Therefore, it is speculated that the mechanisms
including cell contact and anti-inflammatory cytokines con-
tribute to suppression mediated by Tregs.

In summary, fine particles (SRM2786) may stimulate
the expression of adhesion molecules and inflammatory
cytokines via NF-𝜅B activation in HUVECs. More impor-
tantly, to the best of our knowledge, this present study is the
first to demonstrate that Treg cells may protect PM-induced
inflammatory responses and downregulate NF-𝜅B activation
in HUEVCs via cell contact and anti-inflammatory cytokines
in vitro. These findings may provide novel targets for treating
PM-induced adverse health effects, especially cardiovascular
diseases. Future studies are required to investigate the in vivo
effects of Treg cells on fine particles-induced cardiovascular
diseases, such as atherosclerosis, in animal models.
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Recognition of apoptotic cells by macrophages is crucial for resolution of inflammation, immune tolerance, and tissue repair.
Cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE

2
) and hepatocyte growth factor (HGF) play important roles in the tissue repair

process. We investigated the characteristics of macrophage COX-2 and PGE
2
expression mediated by apoptotic cells and then

determined howmacrophages exposed to apoptotic cells in vitro and in vivo orchestrate the interaction between COX-2/PGE
2
and

HGF signaling pathways. Exposure of RAW264.7 cells and primary peritoneal macrophages to apoptotic cells resulted in induction
of COX-2 and PGE

2
. The COX-2 inhibitor NS-398 suppressed apoptotic cell-induced PGE

2
production. Both NS-398 and COX-

2-siRNA, as well as the PGE
2
receptor EP2 antagonist, blocked HGF expression in response to apoptotic cells. In addition, the

HGF receptor antagonist suppressed increases in COX-2 and PGE
2
induction.The in vivo relevance of the interaction between the

COX-2/PGE
2
and HGF pathways through a positive feedback loop was shown in cultured alveolar macrophages following in vivo

exposure of bleomycin-stimulated lungs to apoptotic cells. Our results demonstrate that upregulation of the COX-2/PGE
2
andHGF

inmacrophages following exposure to apoptotic cells represents a mechanism for mediating the anti-inflammatory and antifibrotic
consequences of apoptotic cell recognition.

1. Introduction

The clearance of apoptotic cells by tissue macrophages and
nonprofessional phagocytes is an essential process in tissue
homeostasis, immunity, and resolution of inflammation.
Apoptotic cell recognition actively leads to the production
of anti-inflammatory mediators such as TGF-𝛽, IL-10, and
PGE
2
[1, 2]. Interactions between apoptotic and phagocytic

cells play important roles in the regeneration and repair of
damaged tissues by induction of growth-maintenance factors,
such as VEGF, HGF, and PGE

2
, which can reconstitute

the damaged tissue leading to decrease in fibroproliferative
sequelae [3, 4].

The COX-2 enzymatic product, PGE
2
, is a lipid mediator

that, similar to TGF-𝛽, has been shown to have pro- or
anti-inflammatory properties under differing circumstances.
In the lung, PGE

2
plays roles in tissue repair processes

and in limiting immune-inflammatory responses [5]. PGE
2
,

which is generated via the conversion of arachidonic acid
to PGH

2
via the COX-1 or COX-2 enzymes, is the major

eicosanoid produced by lung fibroblasts and many other
lung cells, including alveolar macrophages. Through E-
prostanoid receptor 2 (EP2)-mediated increases in intra-
cellular cyclic AMP, PGE

2
directly inhibits several major

pathobiologic functions of fibroblasts, including chemotaxis,
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proliferation [6], collagen synthesis [7], and differentiation
intomyofibroblasts [8]. Diminished PGE

2
production and/or

signaling can be observed in human and animal lung fibrosis
[9, 10].

In studies by Fadok and colleagues [1], the exogenous
addition of PGE

2
to LPS-stimulated macrophages decreased

their production of proinflammatory cytokines, such as TNF-
𝛼, IL-1𝛽, and IL-8. Addition of indomethacin restored sup-
pression of proinflammatory cytokine production caused by
apoptotic cells inmacrophages stimulatedwith LPS. Recently,
we demonstrated in vitro that apoptotic cell-induced HGF
reduces inflammatory cytokine expression in macrophages
[11]. Moreover, we found that in vivo exposure to apoptotic
cells induces anti-inflammatory effects through induction of
COX-2/PGE

2
, and HGF signaling in bleomycin-stimulated

lungs, using pharmacologic approaches [11, 12]. Our previous
studies also demonstrated that in vivo exposure to apoptotic
cells resulted in enhanced expression of HGF [11] and COX-
2 and secretion of PGE

2
[12] until the late fibrotic phase in

bleomycin-induced lung injury. These data indicate that the
anti-inflammatory and antifibrotic effects in the lung follow-
ing apoptotic cell instillation are correlated with coordinated
increases in HGF and COX-2/PGE

2
signaling. However, the

mechanism underlying the prolonged induction of HGF and
COX-2 by apoptotic cells is not clearly understood at the
cellular model in vitro. Therefore, a key issue is whether
recognition of apoptotic cells by macrophages can direct the
signaling pathways toward coordinated induction of these
anti-inflammatory and growth-maintenance factors. In the
present study, we first characterized induction of COX-2 and
PGE
2
by in vitro exposure of RAW 264.7 cells and murine

primary peritoneal macrophages to apoptotic cells. We then
determined how macrophages programmed by apoptotic
cells orchestrate the interaction between COX-2/PGE

2
and

HGF signaling.

2. Materials and Methods

2.1. Reagents. Actinomycin D, cycloheximide, and indo-
methacin were purchased from Sigma-Aldrich (St. Louis,
MO), and NS-398, AH-6809, GW-627368X, and PGE

2

were purchased from Cayman Chemical (Ann Arbor, MI).
PHA-665752 was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The gene-specific relative RT-PCR kit
was obtained from Invitrogen (Carlsbad, CA), and M-
MLV reverse transcriptase was purchased from Enzynomics
(Hanam, Korea). ELISA kits for HGF and TGF-𝛽1 were
obtained from R&D Systems, and the enzyme immunoassay
(EIA) kits for PGE

2
and 15-deoxy-Δ12, 14-PG J

2
(15d-PGJ

2
)

were obtained from Assay Designs (Ann Arbor, MI). The
antibodies used in this study were against COX-1 and COX-
2 (Cayman Chemical), HGF-𝛼 (Santa Cruz Biotechnology),
and 𝛽-actin (Sigma-Aldrich).

2.2. Cell Lines, Culture, and Stimulation. Murine RAW 264.7
macrophages (American Type Culture Collection, Rockville,
MD) were plated at 3 × 105 cells/mL and incubated overnight

in Dulbecco’s modified Eagle’s medium (DMEM, Media
Tech Inc., Washington, DC) supplemented with 10% heat-
inactivated FBS, 2mM L-glutamine, 100U/mL penicillin,
and 100 𝜇g/mL streptomycin at 37∘C and 5% CO

2
. Before

stimulation, the medium was replaced with serum-free X-
vivo 10. The macrophages were stimulated with apoptotic or
viable cells (1.5 × 106 cells/mL).

2.3. Isolation and Culture of Primary Cells. Resident peri-
toneal macrophages were isolated from 6- to 7-week-old
pathogen-free male C57BL/6 mice (Orient Bio, Sungnam,
Korea) weighing 20–22 g. The Animal Care Committee of
the Ewha Medical Research Institute (Seoul, Republic of
Korea) approved the experimental protocol (number 11-0171).
Resident peritonealmacrophageswere isolated by lavagewith
5mL of ice-cold sterile HBSS after mice were euthanized
with CO

2
. The lavage fluid was centrifuged and resident

peritoneal cells were plated at 1× 106 cells/well and cultured in
a humidified 5% CO

2
atmosphere at 37∘C in DMEM supple-

mented with 10% heat-inactivated FBS, 2mM l-glutamine,
100 𝜇g/mL of streptomycin, and 100U/mL of penicillin. The
isolated macrophages were stimulated with apoptotic Jurkat
T cells (3 × 106 cells/mL). Suspended peritoneal macrophages
were over 95% viable, as determined by trypan blue dye
exclusion. Individual thymocytes were isolated from 3- to 4-
week-old mice by mincing the thymus through a 70𝜇m pore
size cell strainer (BD Biosciences, Bedford, MA). Human
neutrophils were obtained from normal, healthy donors in
accordance with a protocol reviewed and approved by the
Institutional Review Board. Using endotoxin-free reagents
and plastic ware, human neutrophils were isolated by the
plasma Percoll method previously [13].

2.4. Induction of Apoptosis. Human Jurkat T lymphocytes,
HeLa epithelial cells, andmurine thymocytes were exposed to
UV irradiation at 254 nm for 10min followed by incubation
in RPMI-1640 with 10% fetal bovine serum for 2 h at 37∘C
and 5% CO

2
. Human neutrophils (>95% purity) were either

cultured overnight at 9 × 105/mL in RPMI 1640 at 37∘C in 5%
CO
2
or UV-irradiated for 10min followed by incubation for

2 h before addition to macrophages (3 × 105/mL). Evaluation
of nuclear morphology using light microscopy on Wright-
Giemsa stained samples indicated that the irradiated cells
were approximately 70–80% apoptotic [14]. Apoptosis was
confirmed by annexin V-FITC/propidium iodide (BD Bio-
sciences, San Jose, CA) staining followed by flow cytometry
analysis on a FACSCalibur system (BD Biosciences) [15].
Human aged neutrophils were shown to be typically 60–70%
apoptotic by assessment of nuclear condensation on Wright-
Giemsa stained samples and necrosis was less than 2% by
trypan blue exclusion [16].

2.5. siRNA Transfection. RAW 264.7 cells and resident
peritoneal macrophages were transiently transfected with
1 𝜇g/mL of either siRNA specifically targeting COX-2 or
COX-1 or control siRNA (Bioneer, Seoul, Korea) using 5 𝜇L
of siRNA transfection reagent (Genlantis, San Diego, CA)
according to themanufacturer’s protocol.The sequences used
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for COX-2 knockdown were 5-CUA UGA UAG GAG CAU
GUA A-3 (sense) and 5-UUA CAU GCU CCU AUC AUA
G-3 (antisense). The sequences used for COX-1 knockdown
were 5-GAG GUA GGA ACU UUG ACU A-3 (sense) and
5-UAG UCA AAG UUC CUA CCU C-3 (antisense). The
sequences for control siRNA were 5-CCU ACG CCA CCA
AUU UCG U-3 (sense) and 5-ACG AAA UUG GUG GCG
UAGG-3 (antisense). Before further experiments, cells were
incubated in serum-free medium for 6 h for COX-2 siRNA
or 48 h for COX-1 siRNA. For RhoA siRNA, RAW 264.7
cells were transiently transfected with 10 nM RhoA-targeting
siRNA (sense: 5-GAA GUC AAG CAU UUC UGU CTT-
3; antisense: 5-GAC AGA AAU GCU UGA CUU CTT-
3) premixed with 6𝜇g/mL of Lipofectin (Invitrogen). Cells
were then incubated in serum-free medium for 24 h before
further experimentation. None of the siRNAs used had any
significant effect on cell viability.

2.6. RT-PCR. Total RNA was isolated from cultured cells
using TRIzol reagent (Life Technologies, Carlsbad, CA).
The concentration and purity of RNA were evaluated by
spectrometry at 260 and 280 nm. Reverse transcription was
conducted for 60min at 42∘C with 3 𝜇g of total RNA
using M-MLV reverse transcriptase. The levels of COX-1,
COX-2, HGF, and TGF-𝛽1 mRNA were determined using
a semiquantitative RT-PCR kit. The primer sequences were
used as follows: mouse-specific COX-1 (sense: 5-GGT TGA
GGC ACT GGT GGA TG-3; antisense: 5-AGA CAG ACC
CGT CAT CTC CA-3), mouse-specific COX-2 (sense: 5-
TTC AAA AGA AGT GCT GGA AAA GGT-3; antisense
5-GAT CAT CTC TAC CTG AGT GTC TTT-3), mouse-
specific HGF (sense: 5-GGA CAA GAT TGT TAT CGT
GG-3; antisense: 5-GTT GAT CAA TCC AGT GTA GC-
3), mouse-specific TGF-𝛽1 (sense: 5-CTT CAG CTC CAC
AGA GAA GAA CTG C-3; antisense: 5-CAC AAT CAT
GTTGGACAACTGCTCC-3), andmouse-specific𝛽-actin
(sense: 5-GATGACGATATCGCTGCGCTG-3; antisense
5-GAT GAC GAT ATC GCT GCG CTG-3). The cDNA
was denatured for 5min at 94∘C and then amplified using a
GeneAmp PCR System 2400 (PerkinElmer, Waltham, MA).
PCR products were visualized on 1-2% agarose gels stained
with GelRed.The relative fluorescence of each gene versus 𝛽-
actin was analyzed by densitometry.

2.7. ELISA and EIA. Culture supernatants were collected 2–
24 h after stimulation.The levels of PGE

2
and 15d-PGJ

2
in the

supernatants were determined using EIA kits. HGF andTGF-
𝛽1 concentrations were measured by ELISA, according to the
manufacturer’s instructions.

2.8. Immunoblot Analysis. Cells were lysed in 0.5% Triton X-
100 lysis buffer and proteins were resolved on 10% SDS-PAGE
gels and then electrophoretically transferred onto nitrocel-
lulose membranes. The membranes were blocked for 1 h at
room temperature with Tris-buffered saline (100mM Tris-
Cl, pH 7.5, 150mM NaCl, and 0.1% Tween-20) containing
5% skim milk and then incubated with various primary

antibodies at 4∘C overnight and probed with a mouse anti-
mouse HRP-conjugated secondary antibody. Membranes
were developed using an enhanced chemiluminescence sys-
tem (GE Healthcare, Buckinghamshire, UK).

2.9. Immunocytochemistry. COX-2 protein expression was
evaluated in RAW 264.7 cells by immunocytochemistry.
Cells were fixed with 4% paraformaldehyde, permeabilized
with Triton X-100, and stained overnight at 4∘C with rabbit
polyclonal anti-COX-2 antibody (1 : 400; Abcam, Cambridge,
UK). Subsequently, cells were washed with PBS three times
and incubated with fluorescent isothiocyanate-conjugated
donkey anti-rabbit IgG (1 : 500; Jackson ImmunoResearch).
The slides weremountedwithVectashieldmountingmedium
with DAPI (Vector Laboratories, Inc.) and examined using a
confocal microscope (LSM5 PASCAL; Carl Zeiss) equipped
with a filter set with excitation at 488 and 543 nm.

2.10. Statistical Analysis. Data are expressed as the mean ±
SEM. Intergroup comparisons were made using the Student’s
𝑡-test. Statistical significance was set at a 𝑃 value <0.05. Excel
2007 software (Microsoft, Seattle,WA)was used for statistical
analyses.

3. Results

3.1. In Vitro Exposure of Macrophages to Apoptotic Cells
Induces mRNA and Protein Expression of COX-2. Before
evaluation of the interaction between the COX-2/PGE

2
and

HGF signaling pathways in macrophages following in vitro
exposure to apoptotic cells, we determined the characteristics
of COX-2 expression and PGE

2
production in macrophages.

First, to evaluate COX-1 and COX-2 mRNA expression,
semiquantitative RT-PCR was performed using total RNA
extracted from RAW 264.7 cells. COX-2 mRNA expression
was distinct at 2 h after in vitro exposure to apoptotic Jurkat
T cells and increased gradually up to 6 h, and slightly declined
at 12 h, but at 24 h the level of COX-2 mRNA declined
(Figure 1(a)). In contrast, viable Jurkat cells did not affect
COX-2mRNA expression over this time period (Figure 1(b)).
There was no change in COX-1mRNA expression within 24 h
of exposure to apoptotic or viable Jurkat cells (Figure 1(a)). In
addition, COX-2 mRNA expression was also measured fol-
lowing exposure to various cell types. Exposure to apoptotic
neutrophils, apoptotic HeLa cells, and apoptotic thymocytes
also induced COX-2 mRNA expression, but the timing
of peak expression differed (Figures 1(c)–1(e)). The peak
increase in COX-2 mRNA expression was observed at 1, 2,
and 8 h after exposure to apoptotic HeLa cells, neutrophils,
and thymocytes, respectively. Why the kinetics of COX-2
mRNA expression are different is not clearly explained in this
experimental setting, but different cell types may cause that.

We analyzed the levels of COX-2 mRNA expression
following exposure to UV-irradiated apoptotic and aged
apoptotic human neutrophils after standardization of the
amount of these apoptotic cells, since the proportion of
apoptotic cells in aged neutrophils is lower compared to
UV-irradiated neutrophils (61% positive for apoptotic aged
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Figure 1: Continued.
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Control ApoJ (2h) ApoJ (6h) ApoJ (24h)

(i)

Figure 1: Apoptotic cells induce COX-2 expression by RAW 264.7 cells. RAW 264.7 cells were stimulated by UV-exposed apoptotic (ApoJ) or
viable (ViaJ) cells of Jurkat T cells (a, b, f, g, i); UV-exposed (ApoN) or aged apoptotic (AgeN) or viable cells of neutrophils (c); UV-exposed
apoptotic or viable cells of HeLa cells (ApoH, ViaH) (d); UV-exposed apoptotic or viable cells of thymocytes (ApoT, ViaT) (e) for the time
indicated. (a–e) COX-2 or COX-1mRNA levels were analyzed by semiquantitative RT-PCR and normalized to𝛽-actinmRNA levels. (c) COX-
2 mRNA levels were normalized to 𝛽-actin mRNA levels after standardization of the amount of ApoN and AgeN cells. (f–h) Immunoblots
with anti-COX-2 or COX-1 antibodies were performed using cultured cell lysates. Relative values of COX-2 or COX-1 expression are indicated
below the bands. (h) RAW cells were pretreated with 10 𝜇g/mL actinomycin D (AcD) or 10 𝜇g/mL cycloheximide (CHX) for 1 h before
stimulation with ApoJ. Values represent mean ± SEM of three or more separate experiments; ∗𝑃 < 0.05. (i) Immunofluorescence staining
(green) for COX-2 in RAW cells. Images were captured at ×800 magnification. Representative results from three separate experiments are
shown.

neutrophils as detected by Annexin V staining versus
80% positive for UV-irradiated apoptotic neutrophils) [16].
In addition to UV-irradiated apoptotic cells, aged apoptotic
human neutrophils induced significantly COX-2 mRNA
expression (Figure 1(c)). These findings suggest that COX-
2 mRNA expression induced by exposure to apoptotic cells
in macrophages is a global phenomenon independent of cell
type and apoptotic process.

Expression of COX-1 and COX-2 protein was evaluated
by immunoblot analysis of lysates of cultured RAW 264.7
cells. COX-2 expression increased progressively up to 24 h
after addition of apoptotic Jurkat cells, but COX-1 expres-
sion did not change over this time period (Figure 1(f)).
Exposure to viable cells had no effect on either COX-2 or
COX-1 expression over the period examined (Figure 1(g)).
Pretreatment of RAW 264.7 cells with either actinomycin D
or cycloheximide for 1 h before stimulation with apoptotic
cells completely inhibited COX-2 expression, indicating that
COX-2 mRNA de novo synthesis is required for its protein
expression (Figure 1(h)). Confocal microscopy also demon-
strated progressive increase in COX-2 protein in RAW 264.7
cells from 2 to 24 h after in vitro exposure to apoptotic cells
(Figure 1(i)).

3.2. In Vitro Exposure of Macrophages to Apoptotic Cells
Induces COX-2-Dependent PGE

2
Production. PGE

2
secre-

tion, as measured by EIA, increased significantly in RAW
264.7 cells following exposure to apoptotic Jurkat cells
(Figure 2(a)). A significant increase in PGE

2
production

was observed 2 h after in vitro exposure to apoptotic cells,
and PGE

2
production continued to increase up to 24 h. To

confirm that COX-2 induction by exposure to apoptotic cells
mediates the enhanced PGE

2
production in macrophages,

RAW 264.7 cells were pretreated with the highly selective

COX-2 inhibitor NS-398 (1∼50 𝜇M) or the nonselective
COX inhibitor indomethacin (10 𝜇M) and incubated with
apoptotic Jurkat T cells for 2 or 24 h. NS-398 reduced
apoptotic cell-induced PGE

2
secretion in a dose-dependent

manner (Figure 2(b)). Indomethacin also inhibited apoptotic
cell-induced PGE

2
production. These data suggest that the

apoptotic cell-induced increase in PGE
2
production in RAW

264.7 cells derives predominantly from induction of COX-2
expression. The expression of another product of the COX-
2 pathway, 15d-PGJ

2
, was similarly enhanced (Figure 2(c)).

Apoptotic cell-induced 15d-PGJ
2
secretion was also reduced

by 1 𝜇MNS-398 or 10 𝜇M indomethacin (Figure 2(d)). These
data suggest that the apoptotic cell-induced increase in
PGE
2
and 15d-PGJ

2
production in RAW 264.7 cells derives

predominantly from induction of COX-2 expression.

3.3. Enhancement of COX-2/PGE
2
Signaling by Interaction

with Apoptotic Cells Mediates the Upregulation of HGF
Production. Park et al. [4] reported that enhanced HGF
mRNA expression in RAW 264.7 cells following apoptotic
cell exposure peaks at 2 h and that secretion of HGF protein
is increased 24 h after exposure. In the present study, the
role of COX-2 in apoptotic cell-induced HGF expression
was also evaluated at these time points. Experiments were
performed using pharmacologic inhibitors, such as NS-398,
indomethacin, and siRNAs targeting COX-2 or COX-1. RAW
264.7 cells were pretreated with NS-398 or indomethacin
and were then cultured with apoptotic Jurkat cells for 2 h
to assess the effect on HGF mRNA expression and 24 h to
assess the effect on HGF protein production. NS-398 (1, 10,
and 50𝜇M) and indomethacin (10 𝜇M) completely inhibited
apoptotic cell-induced HGF mRNA (Figures 3(a) and 3(b)).
Complete inhibition of HGF protein expression was also
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Figure 2: Apoptotic cells induce PGE
2
and 15d-PGJ

2
production by RAW 264.7 cells. (a, c) RAW 264.7 cells were stimulated by apoptotic

(ApoJ), viable (ViaJ) Jurkat T cells, or lipopolysaccharide (LPS) for the times indicated. (b, d) After 1 h pretreatment with 1–50𝜇M of NS-398
or 10 𝜇M of indomethacin (Indo), RAW cells were stimulated with ApoJ for 2 h or 24 h. PGE

2
or 15d-PGJ

2
levels in the conditioned media

were measured by EIA. Values represent mean ± SEM of three or more separate experiments, ∗𝑃 < 0.05, compared with control or ApoJ
versus ApoJ + NS or Indo.

shown by treatment with 10 and 50 𝜇M NS-398 and 10 𝜇M
indomethacin (Figure 3(c)).

To further examine the contribution of COX-2 to apop-
totic cell-induced HGF expression in RAW 264.7 cells,
experiments were performed using COX-2-specific siRNA.
The negative control siRNA did not alter the COX-2 pro-
tein level in cells stimulated with apoptotic cells. COX-2
protein expression was completely inhibited at 2 and 24 h
after apoptotic cell exposure in cells transfected with COX-
2 siRNA by 67 and 100%, respectively, (Figures 3(d) and
3(e)) but COX-1 protein levels were unchanged, as deter-
mined by immunoblot analysis. Knockdown of the COX-
2 gene prevented apoptotic cell-induced HGF mRNA and
protein expression without affecting the mRNA and protein
expression of the endogenous control, 𝛽-actin (Figures 3(f)
and 3(g)). In contrast, when COX-1 expression was silenced
by transfection with COX-1-specific siRNA, HGF protein
secretion was unaffected (Figures 3(h) and 3(i)). These data
strongly suggest that only COX-2 induction is required for
the induction of HGFmRNA and protein expression in RAW
cells exposed to apoptotic cells in vitro.

Treatment of RAW 264.7 cells with 1 or 10 nM PGE
2

resulted in increases in the level of HGF protein in the culture
medium (Figure 4(a)). We then examined the involvement of
PGE
2
in mediating the effects of COX-2 on HGF induction.

RAW 264.7 cells were treated with PGE
2
together with

apoptotic cells in the presence of 10 𝜇M NS-398. Addition of
1 or 10 nM PGE

2
completely restored HGFmRNA expression

suppressed by COX-2 inhibition (Figure 4(b)). Similarly,
the reduced HGF secretion by cells treated with NS-398
or transfected with COX-2-specific siRNA was completely
restored by addition of PGE

2
(Figures 4(c) and 4(d)).

A number of PGE
2
-specific receptors have been iden-

tified, including EP1, EP2, EP3, and EP4 [17, 18], and it
has been reported that macrophages can express both EP2
and EP4 [19]. To determine which receptors are involved
in the apoptotic cell-induced PGE

2
signaling pathway, RAW

264.7 cells were pretreated with the EP2 receptor antagonist
AH-6809 or the EP4 receptor antagonist GW-627368X for
1 h before apoptotic cells were added. The EP2 receptor
antagonist, but not the EP4 receptor antagonist, blocked
apoptotic cell-induced HGF secretion (Figure 4(e)). When
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Figure 3: Continued.
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Figure 3: Inhibition of COX-2 downregulates HGF expression. RAW 264.7 cells were pretreated with NS-398 or indomethacin (Indo) for
1 h and then stimulated with apoptotic Jurkat cells (ApoJ) for 2 h to detect HGF mRNA expression (a, b) or for 24 h to detect secreted HGF
(c). RAW cells were transfected with COX-2 or control vehicle (siRNA-GFP) for 6 h and then incubated with ApoJ for 2 (d, f) or 24 h (e, g).
(h, i) RAW cells were transfected with COX-1 siRNA or control vehicle (siRNA-GFP) for 48 h and then incubated with ApoJ for 24 h. (a, b,
c) HGF mRNA levels were analyzed using semiquantitative RT-PCR and normalized to 𝛽-actin mRNA levels. (d, e, h) Immunoblots of total
cell lysates were performed with anti-COX-2 or COX-1 antibodies. (c, g, i) HGF levels in conditioned media were measured by ELISA. Values
represent mean ± SEM of three or more separate experiments; ∗𝑃 < 0.05.

RAW 264.7 cells were incubated with apoptotic Jurkat cells
over a 24 h period, kinetic analysis showed that the rise in
PGE
2
preceded the increase inHGFproduction (Figure 4(f)).

Regarding the effects of COX-2 inhibition using pharma-
cologic and genetic approaches, these results demonstrate
that the COX-2/PGE

2
/EP2 axis induced by apoptotic cell

exposure is instrumental in upregulating HGF production.

3.4. COX-2/PGE
2
Signaling Is Required for Upregulation

of HGF Expression in Murine Peritoneal Macrophages in
Response to Apoptotic Cells. In addition to RAW 264.7
macrophages, we also examined COX-2/PGE

2
signaling

in a primary cell model by isolating resident peritoneal
macrophages by lavage from naive mice and then incubating
these cells with apoptotic or viable Jurkat T cells. Apoptotic
cell stimulation resulted in increased COX-2 mRNA and
protein expression by the peritoneal macrophages, whereas
exposure to viable cells did not (Figures 5(a) and 5(b)).
There were no changes in COX-1 mRNA and protein expres-
sion. HGF mRNA expression induced by apoptotic cell
exposure was inhibited by pretreatment with 10𝜇M NS-
398 (Figure 5(c)). Furthermore, inhibition of COX-2 mRNA
expression with NS-398 (10 𝜇M) and inhibition of the EP2
receptor with AH-6809 (10𝜇M) significantly reduced HGF
secretion (Figure 5(d)). Immunoblot analysis of peritoneal
macrophage lysates using anti-HGF 𝛼-chain antibody indi-
cated that intracellular HGF protein expression was also
reduced by treatment with NS-398 or AH-6809 (Figure 5(e)).

To confirm that COX-2 is required for apoptotic cell-
induced HGF expression, peritoneal macrophages were
transfected with COX-2-specific siRNA or a negative control
siRNA, before addition of apoptotic Jurkat cells. Apoptotic
cell-induced COX-2 protein expression decreased by approx-
imately 60% in cells transfected with COX-2-specific siRNA,
but COX-1 protein expression did not change (Figure 5(f)).
Upon exposure of primary peritoneal macrophages to

apoptotic cells, the siRNA-mediated silencing of COX-2
mRNA expression significantly inhibited HGF production
(Figure 5(g)), as was observed in RAW 264.7 cells.

3.5. HGF ActivationMediates Upregulation of COX-2/PGE
2
in

RAW 264.7 and Primary Peritoneal Macrophages in Response
to Apoptotic Cell Exposure. A previous report suggested
that COX-2 and PGE

2
are downstream mediators of HGF

expression in fibroblasts [9], which encouraged us to inves-
tigate the effect of HGF in mediating in vitro apoptotic cell-
induced COX-2 and PGE

2
expression by macrophages. We

evaluated the effect of PHA-665752, a selective inhibitor of
the HGF receptor c-Met, on COX-2 mRNA and protein
expression. At 2 and 6 h after in vitro exposure to apoptotic
Jurkat cells, COX-2 mRNA expression was significantly
inhibited by 10𝜇MPHA-665752 but not by 1 𝜇MPHA-665752
(Figure 6(a)). COX-2 protein expression was significantly
inhibited in a dose-dependent manner by 1 and 10 𝜇M PHA-
665752 at 6 and 24 h after in vitro exposure to apoptotic cells
(Figure 6(b)). Similarly, the pattern of PGE

2
production after

inhibition of HGF signaling paralleled that of COX-2 protein
expression. At 6 and 24 h after in vitro exposure to apoptotic
cells, PGE

2
secretion was suppressed by both 1 and 10 𝜇M

PHA-665752 in a dose-dependent manner (Figure 6(c)). To
confirm the effect of HGF on PGE

2
production in RAW264.7

cells, c-Met blocking antibody was also used. This antibody
suppressed PGE

2
secretion by approximately 40% at 24 h after

exposure to apoptotic cells (Figure 6(d)). Furthermore, 10𝜇M
PHA-665752 decreased partiallyHGFproduction at 24 h after
in vitro exposure to apoptotic Jurkat cells, implicating the
possibility of a positive feedback loop between COX-2/PGE

2

and HGF signaling pathways (Figure 6(e)).
The involvement of HGF signaling in enhancing induc-

tion of COX-2 and PGE
2
expression in response to apoptotic

cell exposure was also shown in primary murine peritoneal
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Figure 4: COX-2/PGE
2
signaling is required for HGF production in response to apoptotic cells. (a) RAW 264.7 cells were treated with 1 or

10 nM of PGE
2
for 24 h to detect secreted HGF. (b, c) After 1 h pretreatment of 10 𝜇M NS-398, apoptotic Jurkat cells (ApoJ) with or without

PGE
2
were added to RAW cells for 2 h to detect HGF mRNA or for 24 h to detect secreted HGF. (d) Transfected RAW cells with siRNA

against COX-2 were stimulated with ApoJ with or without 1 or 10 nM PGE
2
for 24 h. (e) Raw cells were pretreated with 10 𝜇Mof EP2 receptor

antagonist, AH-6809 (AH), or 10 𝜇M of EP4 receptor antagonist, GW 627368X (GW), for 1 h and then stimulated with ApoJ for 24 h. (a,
c–e) HGF levels in conditioned media were measured by ELISA. (b) HGF mRNA levels were analyzed by semiquantitative RT-PCR. Values
represent mean ± SEM of three or more separate experiments; ∗𝑃 < 0.05. (f) RAW cells were stimulated with ApoJ for a 24 h period and
PGE
2
and HGF levels in the supernatants were measured at each time points by EIA and ELISA, respectively, and expressed as percent of

control. Data are representative from separate three experiments.
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Figure 5: Continued.
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Figure 5: Apoptotic cell-induced HGF production in murine peritoneal macrophages is dependent on COX-2/PGE
2
signaling. (a, b) Murine

peritoneal macrophages were stimulated with apoptotic (ApoJ) or viable (ViaJ) Jurkat cells for the times indicated. After 1 h of pretreatment
of 10𝜇MNS-398 or 10 𝜇MAH-6809 (AH), peritoneal macrophages were stimulated with ApoJ for 2 h to detect HGFmRNA (c) or for 24 h to
detect HGF protein (d, e). (f, g) Peritoneal macrophages were transfected with COX-2 siRNA or control vehicle (siRNA-GFP) for 6 h and then
stimulated with ApoJ for 24 h. (a, c) COX-2, COX-1, or HGF mRNA levels were analyzed using semiquantitative RT-PCR and normalized to
𝛽-actin mRNA levels. (b, e, f) Immunoblots of total cell lysates were performed with anti-COX-2, COX-1, or HGF𝛼 antibodies. (d, g) HGF
levels in conditioned media were measured by ELISA. Values represent mean ± SEM of three or more separate experiments; ∗𝑃 < 0.05.

macrophages, in which 1 or 10 𝜇M PHA-665752 inhibited
COX-2 mRNA and protein expression as well as PGE

2
pro-

duction (Figures 7(a)–7(c)). The suppressive effects of PHA-
665752 on COX-2 mRNA and protein expression as well
as PGE

2
production were consistent and dose-dependent,

indicating that HGF partially mediates COX-2 expression
and PGE

2
production induced by apoptotic cells.

3.6. COX-2/PGE
2
Signaling Is Not Required for Upregula-

tion of TGF-𝛽 in Unstimulated Macrophages in Response to
Apoptotic Cell Exposure. TGF-𝛽 expression is also induced
by apoptotic cells [1] but is reciprocally balanced with
HGF [20]. Different regulatory systems are thought to be
involved in the induction of HGF and TGF-𝛽 expression.
Thus, we examined whether COX-2/PGE

2
signaling func-

tions differently in TGF-𝛽1 production following apoptotic
cell exposure. Neither NS-398 nor indomethacin reduced
apoptotic cell-induced TGF-𝛽1 mRNA expression in RAW
264.7 cells (Figure 8(a)). Similarly, TGF-𝛽1 protein secretion
did not decrease significantly following COX-2 inhibition
(Figure 8(b)). COX-2-specific siRNA resulted in limited inhi-
bition of TGF-𝛽1 secretion (24% reduction) (Figure 8(c)).
Compared to the effect on HGF expression, which was
suppressed to the basal level following COX-2 inhibition,
the reduction in TGF-𝛽1 secretion was not remarkable. In
resident peritoneal macrophages from naive mice, apoptotic
cell-induced TGF-𝛽1 mRNA and protein expression were
unaffected or only minimally decreased by pharmacologic
inhibition of COX-2 and PGE

2
signaling using 10 𝜇M NS-

398 and 10 𝜇M AH-6809 (Figures 8(d) and 8(e)). Similarly,
COX-2-specific siRNA did not inhibit induction of TGF-𝛽1
mRNA and protein expression in peritoneal macrophages
(Figures 8(f) and 8(g)). These findings demonstrate that
COX-2/PGE

2
signaling is not required for apoptotic cell-

induced upregulation of TGF-𝛽1 mRNA and protein expres-
sion in macrophages.

Data from previous and present studies provide evidence
that COX-2/PGE

2
and HGF activation are not involved

in TGF-𝛽 production in unstimulated RAW 264.7 cells in
response to apoptotic cells [11]. Therefore, we wondered
whether COX-2/PGE

2
and HGF activation mediate TGF-𝛽

production in stimulated RAW 264.7 cells in response to
apoptotic cells. Macrophages were treated with 1.0 𝜇g/mL
LPS; at the same time, apoptotic cells were added. Similar
to the findings of Fadok and colleagues [1], the levels
of TGF-𝛽 by LPS-stimulated macrophages were enhanced
significantly in response to apoptotic cells when compared
with LPS-treated macrophages (Figure 8(h)). By adding the
effect of pharmacologic inhibitors, including NS-398, AH-
6809, or PHA-665752, TGF-𝛽 production in LPS-stimulated
macrophageswas significantly inhibited at 24 h after exposure
to apoptotic cells. These data indicate that anti-inflammatory
response after apoptotic cell recognition is mediated, at
least in part, via TGF-𝛽 derived from the positive cross
talk between COX-2/PGE

2
/EP2 and HGF/c-Met signaling

pathways.

4. Discussion

The present study adds to the emerging view that
macrophages recognizing apoptotic cells themselves
can reinforce signaling pathways toward greater production
of anti-inflammatory and antifibrotic mediators in a
feedforward manner. We first demonstrated that expression
of COX-2 (but not COX-1) mRNA and protein increased in
RAW 264.7 cells as well as primary peritoneal macrophages
exposed to apoptotic Jurkat T cells. The COX-2 mRNA
induction was also observed when RAW 264.7 cells were
exposed to other types of apoptotic cells, such as those
of human neutrophils, HeLa epithelial cells, murine
thymocytes, indicating the universality of the phenomenon
independent of cell type. In addition to UV-irradiated
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Figure 6: HGF receptor antagonist suppresses COX-2 expression and PGE
2
production in RAW 264.7 cells in response to apoptotic cells.

RAW264.7 cells were pretreatedwith PHA-665752 (1 or 10 𝜇M), c-Met antibody (10𝜇g/mL), or IgG (10𝜇g/mL) for 1 h and then stimulatedwith
apoptotic Jurkat cells (ApoJ) for the times indicated. (a) COX-2 mRNA levels were analyzed by semiquantitative RT-PCR. Total cell lysates
were immunoblotted for COX-2 (b) and cell supernatants were measured for PGE

2
(c, d) by EIA or HGF by ELISA (e). Values represent mean

± SEM of three or more separate experiments; ∗𝑃 < 0.05.
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Figure 7: HGF receptor antagonist suppresses COX-2 expression and PGE
2
production in peritoneal macrophages in response to apoptotic

cells. Murine peritoneal macrophages were pretreated with PHA-665752 (1 or 10𝜇M) for 1 h and then stimulated with apoptotic Jurkat cells
(ApoJ). (a) At 2 h after in vitro exposure to ApoJ, COX-2 mRNA levels were analyzed by semiquantitative RT-PCR. At 24 h after in vitro
exposure to ApoJ, total cell lysates were immunoblotted for COX-2 (b) and cell supernatants were measured for PGE

2
by EIA (c). Values

represent mean ± SEM of three or more separate experiments; ∗𝑃 < 0.05.

apoptotic cells, aged apoptotic human neutrophils also
induced COX-2 mRNA expression. These data suggest that
macrophages have switched their functional program in
response to dying cells and triggered the COX-2-dependent
pathways for production of immunosuppressive and/or
regenerative mediators.

Various PGs are autocrine mediators derived from
metabolism of arachidonate through the action of COX.
In this study we focused on PGE

2
synthesis because of its

physiologic effects, which include limitation of the immune-
inflammatory response and control of tissue repair processes.
In vitro exposure of RAW 264.7 cells to apoptotic Jurkat
cells increased PGE

2
production. Moreover, our time course

study showed rapid induction and a continuous increase in
PGE
2
production up to 24 h. Previous reports suggested that

increased PGE
2
production along with decreased expres-

sion of proinflammatory eicosanoids, thromboxane B
2
, and

leukotriene C
4
in human monocyte-derived macrophages in

response to apoptotic cell exposure is indicative of a selective
effect of apoptotic cell uptake on macrophage eicosanoid
generation [1]. In the present study, using the highly selective
COX-2 inhibitorNS-398, we provide evidence that PGE

2
pro-

duction inmacrophages is enhanced by exposure to apoptotic
cells, predominantly via induction of COX-2 expression.

Pharmacologic inhibition of COX-2 activity and siRNA-
mediated knockdown of COX-2 expression reduced apop-
totic cell-induced HGF mRNA and protein expression in
RAW 264.7 cells and primary peritoneal macrophages. How-
ever, knockdown of COX-1 expression did not affect HGF
production in response to apoptotic cell exposure. These
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Figure 8: TGF-𝛽1 induction in unstimulated macrophages in response to apoptotic cells is not notably suppressed by COX-2 inhibition.
RAW 264.7 cells (a, b) or peritoneal macrophages (d, e) were pretreated with NS-398, indomethacin (Indo), or AH-6809 (AH) for 1 h and
then stimulated with apoptotic Jurkat cells (ApoJ) for 2 h to detect TGF-𝛽1 mRNA expression (a, d) or for 24 h to detect secreted TGF-𝛽1
(b, e). RAW cells (c) or peritoneal macrophages (f, g) were transfected with COX-2 siRNA or control vehicle (siRNA-GFP) for 6 h and then
stimulated with ApoJ for 2 h to detect TGF-𝛽1 mRNA expression, or for 24 h to detect secreted TGF-𝛽1. (h) Raw cells were pretreated with
10𝜇MNS-398, 10 𝜇MAH-6809, or 10 𝜇MPHA-665752 for 1 h and then stimulated with 1 𝜇g/mL LPS and ApoJ. (a, d, f) TGF-𝛽1 mRNA levels
were analyzed using semiquantitative RT-PCR and normalized to 𝛽-actin mRNA levels. (b, c, e, g, h) TGF-𝛽1 levels in conditioned media
were measured by ELISA. Values represent mean ± SEM of three or more separate experiments; ∗𝑃 < 0.05.
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findings suggest that COX-2, but not COX-1, is specifically
involved in the production of HGF. Addition of PGE

2

restored HGF mRNA and protein expression, which were
suppressed by pharmacologic inhibition or genetic knock-
down of COX-2 activity or expression. These data provide
evidence that the effects of COX-2 on HGF induction in
response to apoptotic cells are mediated by a direct effect of
COX-2-derived PGE

2
on macrophages. Moreover, inhibition

of PGE
2
signaling by an EP2 receptor antagonist (but not

an EP4 antagonist) suppressed apoptotic cell-induced HGF
production. Transcription of the HGF gene and HGF pro-
duction are well known to be stimulated by substances that
increase cyclic AMP, including PGE

2
[21, 22]. It is therefore

likely that COX-2-derived PGE
2
induces transcriptionalHGF

production by macrophages in response to apoptotic cells
via the cyclic AMP pathway after interaction with an EP2
receptor. However, the COX-2/PGE

2
/EP2 axis is not the

only signaling pathway involved in apoptotic cell-induced
HGF production. A series of experiments in a previ-
ous study emphasized the importance of the RhoA/Rho
kinase/PI3K/Akt/MAPK (including p38 MAPK, ERK, and
JNK) axis, which is required for the upregulation of HGF
mRNAandprotein expression inRAW264.7 cells in response
to apoptotic cell exposure [8]. The PI3K/Akt and MAPK
pathways also reportedly play a role in the regulation of
COX-2 expression in response to a variety of extracellular
stimuli [23]. Following MAPK signaling, the activation of
transcriptional factors such as E-26 like protein 1 (ELK-
1), activating transcription factor 2 (ATF-2), STAT, c-fos, c-
Jun, and AP-1 in the COX-2 promoter region can increase
COX-2 expression [24]. Our data indicate that RhoA is
not involved in apoptotic cell-induced COX-2 expression
because neither knockdown of RhoA nor inhibition of RhoA
with the specific inhibitor C3 transferase suppressed COX-
2 protein production (data not shown). However, the role of
the PI3K/Akt and MAPK pathways in COX-2 induction by
apoptotic cells requires further investigation.

Likewise, production of another COX-2-derived PG, 15d-
PGJ
2
, was also enhanced by in vitro exposure of macrophages

to apoptotic Jurkat cells. Indeed, in vitro exposure of
macrophages to apoptotic cells has been shown to increase
the intracellular levels of PGE synthase1 as well as PGD
synthase [2]. Similar to PGE

2
, 15d-PGJ

2
secretion in response

to apoptotic cells was derived predominantly via induction of
COX-2 expression. In addition, 15d-PGJ

2
induces expression

of HGF in mesangial cells via a peroxisome proliferator
response element in the HGF promoter through activation
of peroxisome proliferator-activated receptors (PPAR)-𝛾.
Here, we demonstrated 15d-PGJ

2
-induced HGF production

in macrophages (data not shown). Thus, 15d-PGJ
2
may

also participate in the upregulation of HGF expression by
macrophages exposed to apoptotic cells, although this effect
was not examined in our current study.

A number of prosurvival factors, including HGF and
COX-2/PGE

2
, normally promote survival of epithelial and

endothelial cells, fibroblast quiescence, and normal regu-
lation of the extracellular matrix [25]. HGF signaling via
the Met receptor upregulates COX-2 expression in different
cell types, including fibroblasts and epithelial cells [26], and

animal models have revealed a role for HGF as a mediator
of COX-2/PGE

2
signaling-driven antifibrosis in vivo [9].

Thus, we investigated the possibility of cross talk between
the HGF and COX-2/PGE

2
signaling pathways by exposing

RAW 264.7 cells and peritoneal macrophages to apoptotic
cells in vitro. The c-Met inhibitor PHA-665752 suppressed
expression of COX-2 mRNA and protein in macrophages in
response to apoptotic cells. Similarly, this inhibitor reduced
PGE
2
production in a dose-dependentmanner. Based on data

from the time course study, decrease in PGE
2
production

in RAW 264.7 cells was minimal at 24 h (∼35% reduction)
and maximum at 6 h (∼60% reduction) after exposure to
apoptotic cells. Using another c-Met inhibitor, a blocking
antibody, we found a similar effect on PGE

2
production

at 24 h (∼40% reduction). These data suggest that HGF/c-
Met signaling alone does not fully exert positive effect on
synthesis of PGE

2
by exposure to apoptotic cells. Moreover,

PHA-665752 also reduced partially HGF production after
in vitro exposure to apoptotic Jurkat cells. Collectively, our
data suggest that the HGF/c-Met and COX-2/PGE

2
signaling

pathways are interrelated through positive cross talk in
macrophages stimulated by apoptotic cells over a 24 h period.
This positive feedback loop may provide, at least in part,
greater PGE

2
and HGF production in macrophages, which

contribute to anti-inflammatory and antifibrotic activities
induced by the interaction with apoptotic cells [12]. However,
other mediators are likely involved and might participate in
COX-2 and PGE

2
expression through different mechanisms

since the c-Met inhibitor inhibited in part the PGE
2
as well as

HGFproduction. In studies by Freire-de-Lima and colleagues
[2], arachidonic acid release, COX-2 protein expression,
and PGE

2
production are significantly dependent on the

TGF-𝛽 production in response to apoptotic cells. Indeed,
macrophages expressing the truncated TGF-𝛽 receptor did
not show upregulation of COX-2 and PGE

2
in response to

apoptotic cells.Thus, although not explored directly herein, it
seems reasonable to assume that released TGF-𝛽 contributes
to greater COX-2 and PGE

2
expression, leading to HGF

production.
Even though TGF-𝛽 has been shown to play pivotal roles

in the anti-inflammatory and anti-immunogenic responses to
apoptotic cell clearance, it often acts as an antiproliferative
or profibrotic agent. In contrast, HGF is an important
tissue repair molecule. Administration of exogenous HGF
accelerates tissue repair in several organs after acute injury
or ischemia [27, 28]. TGF-𝛽 is a potent negative regulator
of HGF expression [29], and HGF seems to have biological
activities that oppose those of TGF-𝛽 through diverse mech-
anisms [26]. Notably, our data indicate that COX-2/PGE

2

signaling is involved in transcription of HGF but not TGF-
𝛽1 in unstimulated macrophages in response to apoptotic
cells. In addition, data from previous studies using anti-c-
Met blocking antibody showed that HGF activation is not
involved in TGF-𝛽 production in unstimulated RAW 264.7
cells in response to apoptotic cells [11]. However, in LPS-
stimulated macrophages, our in vitro studies using pharma-
cological inhibitors provide evidence that COX-2/PGE

2
and

HGF signaling pathways are involved in enhancement of
TGF-𝛽 production in response to apoptotic cells.Thus, in this
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Figure 9: A schematic diagram proposed COX-2/PGE
2
and HGF pathways for a positive feedback loop associated with production of anti-

inflammatory cytokine TGF-𝛽 in response to apoptotic cells.

limited context, we see the possibility that anti-inflammatory
response after apoptotic cell recognition is mediated, at
least in part, via TGF-𝛽 derived from the positive cross
talk between COX-2/PGE

2
/EP2 and HGF/c-Met signaling

pathways in the inflammatory lesion. On the other hand,
prolonged inhibition of the COX-2/PGE

2
or HGF signaling

pathway reversed the reduction of TGF-𝛽1 production and
the hydroxyproline content in lung tissue following in vivo
exposure to apoptotic cells at the late fibrotic phase [12].Thus,
the COX-2/PGE

2
and HGF signaling pathways may provide

an important additional control of the balance between HGF
and TGF-𝛽, favoring antifibrotic effects in the efferocytosis
system.

In conclusion, the findings of this study reveal a novel
function of COX-2/PGE

2
/EP2 signaling in macrophages

exposed to apoptotic cells in vitro that results in enhanced
HGF expression. Furthermore, the COX-2/PGE

2
pathway

showed different regulatory effects for TGF-𝛽1, andHGF acti-
vation was shown to mediate COX-2 and PGE

2
expression

induced by exposure to apoptotic cells in vitro. Therefore,
it is likely that the ability of COX-2/PGE

2
/EP2 signaling

to promote HGF synthesis is part of a positive feedback
loop that results in amplification of macrophage COX-2
and PGE

2
expression (Figure 9). This positive cross talk

mechanism between COX-2/PGE
2
/EP2 and HGF/c-Met sig-

naling pathwaysmay contribute to the anti-inflammatory and
antifibrotic consequences of apoptotic cell recognition.
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