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Abstract

Toll-like receptors (TLR)s are central in immune response by recognizing pathogen-associated molecular patterns (PAMP)
s. If they are essential to eliminate pathogens in earlier stages of infection, they also might play a role in homeostasis and
tissue repair. TLR versatility parallels the plasticity of monocytes, which represent an heterogeneous population of immune
cells. They are rapidly recruited to sites of infection and involved in clearance of pathogens and in tissue healing. This review
underlines how TLRs have proved to be an interesting tool to study the properties of monocytes and why different therapeutic
strategies exploring monocyte plasticity may be relevant in the context of chronic inflammatory disorders.
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Introduction

Toll-Like Receptor (TLR) discovery was crucial for immu-
nology and was recognized as such with the awarding of the
2011 Nobel Prize in Physiology or Medicine to Jules Hoff-
mann, Bruce Beutler, and Ralph Steimann [1]. These recep-
tors were described in the first line of host defense against
microbe infections (bacteria, virus, fungi, and protozoan)
to mount specific responses like cytokine production after
recognizing several classes of components from microorgan-
isms, the pathogen-associated molecular patterns (PAMPs)
[2-5]. TLRs also promote maturation of antigen present-
ing cells such as dendritic cells (DC)s, which in turn direct
the induction of adaptive immune response. For this reason,
TLR agonists are being exploited as vaccine adjuvants for
infectious diseases and as therapeutics against tumors. The
cooperation between TLRs during infection is a notion that
is well accepted and probably explains the broad range of
TLR actions on immune cells [6, 7]. Over the past years,
the development of new therapeutics based on TLR field
has focused on three main areas: the identification of new
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ligands including putative endogenous, the further elucida-
tion of components of individual TLR signalling, and in vivo
studies to understand the collaborative function of TLRs
with other receptors of innate immunity in the resistance to
infection. Recently, it has been proposed that TLRs might
play a prominent role in tissue repairing [8].

In parallel, intensive research efforts have unraveled
important functional characteristics of monocytes. In this
regard, the remarkable multi-potency of monocytes has been
described in inflammatory environment [9-12]. Monocytes
have an essential role in antimicrobial immune defense [13]
and promote tissue healing [14], but, like a double-edged
sword, they also contribute to tissue destruction during some
infections and chronic inflammatory diseases. In mice, there
are two major monocyte subsets based on their expression
of Ly6C, Ly6CMe" (classical) with proinflammatory func-
tion and Ly6C'®" (non-classical) with patrolling behavior
and healing function [15]. At least, three human monocyte
subsets were identified: CD14t*CD16~ (classical), which
resemble Ly6C"€" monocytes; CD147+*CD16" (intermedi-
ate), with proinflammatory roles; and CD14*CD16™* mono-
cytes with patrolling behavior, which resemble Ly6C!*"
monocytes [16]. Each cell subset responds to different chem-
otactics that explains a different localization in homeostasis,
one patrolling in blood while the other residing in tissue.
The networks of cell information and signal amplification
allowing pro- or antiinflammatory cytokine production by
monocytes are not well known.
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Here, the review focuses on the role of TLR as a marker
of monocyte plasticity. Based on this, different therapeu-
tic strategies exploring monocyte plasticity are discussed
that concern inflammatory disorders in general since dif-
ferent monocyte actions share common themes during
inflammation.

The orchestra of TLRs in innate immune
response

Up to now, 10 TLRs have been reported in humans and 12
in mice. Generally, their localization is in accord with the
type of pathogen recognized. TLRs frequently expressed on
cell surface (1, 2,4, 5, 6, and 10) recognize microbial mem-
brane components such as lipids, lipoproteins, and proteins
[17, 18] while TLRs expressed in endosomes (3, 7, 8 and
9) recognize nucleic acids derived from bacteria, viruses,
parasites and also recognize self-nucleic acids in disease
conditions such as autoimmunity [19]. TLRs form heter-
odimers or homodimers as a means of triggering a signal.
Most TLRs form homodimers, with a few exceptions. For
example, TLR2 forms heterodimers with TLR1 or TLR6,
which enables differential recognition of lipopeptides [20].
In addition, to ensure proper detection of PAMPs and dis-
crimination between self- and non-self, specific accessory
proteins or cofactors are involved in final response to TLRs
[21].

TLR signalling events have been the subject of intense
investigation and are reviewed extensively elsewhere
[22-24]. The individual response to pathogens is mediated
through a family of adapter molecules comprising MyD88
(myeloid differentiation primary response 88), Mal (MyD88
adapter-like)/TIRAP (TIR-domain containing adapter pro-
tein), TRIF (Toll-receptor-associated activator of interferon),
and TRAM (TRIF-related adapter molecule) [25]. The fifth
adapter SARM (sterile a- and armadillo-motif-containing
protein) is functionally unique, suppressing immune signal-
ling instead of promoting it.

With the exception of TLR3, all TLRs initiate a MyD88-
dependent signalling pathway. The signal adaptor protein
MyD88 contains two main conserved protein domains: a
C-terminal TIR and a N-terminal death domain [26]. Upon
TLR activation and dimerisation, MyD88 is recruited to the
TIR domain of the activated TLR via TIR-TIR interaction.
Through its death domain adaptor region, MyD88 recruits
the kinases IRAK1 and IRAK4 into the signalling complex
via death domains [27]. The IRAK and other kinase families
are responsible for the propagation of signal downstream
of protein adapter and consequently cell responses [23, 24]
(Fig. 1). IRAK4 plays a crucial role in MyD88-dependent
response interacting with TRAF6 and IRAKI, leading
to IKK and MAPK phosphorylation, and culminating in
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transcription factor activation, mainly NF-kB [22, 28, 29].
Generally, proinflammatory cytokines such as IL-12, TNF-a,
and IFN-y were clearly associated with TLR-MyD88-NF-kB
signal [30, 31]. This explains the central role of MyD88 in
protozoan infections, where generally a Thl response has
been shown to be protective [18]. Besides NF-xB, TLR path-
way activation involves the use of three families of transcrip-
tion factor that will take into account the diversity of TLR
response: AP1 (activator protein 1 Jun/Fos proteins), CREB
(cAMP response element-binding protein), and IRF (Inter-
feron Regulatory Factor). In general, the activation of NF-xB
and AP1 has been linked to a Thl profile [32], whereas the
concomitant activation with CREB leads to IL-10 synthesis
and a Th2 pattern [33, 34]. The activation of IRFs is closely
linked to internalized TLR4 and nucleic acids’ recognition
by endosomal TLRs [35, 36].

Originally, it has been stated that the MyD88-dependent
pathway could be initiated by TLRS and TLR7, 8, 9 using
the adaptor MyD88 alone, while the adaptor protein Mal/
TIRAP would be required with MyD88 to initiate signalling
downstream of TLR2 and TLR4. However, different studies
have challenged this picture. While Mal/TIRAP was initially
excluded as an adaptor for endosomal TLRs because Mal/
TIRAP-deficient cells retain the ability to respond to syn-
thetic TLR7 and TLR9 ligands [37, 38], Bonham et al. have
suggested that Mal/TIRAP is necessary for TLRO signalling
in natural situations such as HSV-1 infection [39]. Indeed,
the requirement of Mal/TIRAP may be bypassed when high
concentrations of synthetic TLR agonists are used that is
often the case for in vitro studies. Further, Mal/TIRAP has
been described as dispensable when the interactions between
TLR2 and its agonist are prolonged or enhanced [40]. This
parallels a study using a model of infection with the proto-
zoan parasite Trypanosoma cruzi, the agent of Chagas dis-
ease. In this work, Mal/TIRAP has been shown to be dispen-
sable for TLR2 response in Ly6C"#" monocytes but crucial
for cytokine production by Ly6C'®” monocytes in response
to TLRY agonist [41] (Fig. 1). Adding to the complexity
of the field, it has been suggested that Mal/TIRAP plays
a role out of TLR system [42]. According to the authors,
Mal/TIRAP has a TLR-independent function in IFN-y recep-
tor signalling what they have shown in cells infected with
Mycobacterium tuberculosis. Concerning TRIF, this adapter
is recruited by TLR3 and TLR4 and promotes an alterna-
tive pathway that leads to the activation of IRF3, NF-xB,
and MAPKSs for induction of type I IFN and inflammatory
cytokine genes. TRAM is selectively recruited to TLR4
but not TLR3 to link between TRIF and TLR4 since TLR3
directly interacts with TRIF [25].

Recently, Mal/TIRAP and TRAM earned the name of
“sorting adapter” in opposition to the “signalling adapter”
Myd88 or TRIF [43]. Mal/TIRAP and TRAM are localized
to specific organelles at steady state and they are probably the
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Fig.1 TLR pathway is exemplified by the esquematic representa-
tion of TLR2, 4, and 9 signalling pathways (canonical and non-
canonical). After dimerization of receptors initiated by recognize
of ligands, the Toll-IL-1-resistance (TIR) domains of TLRs engage
TIR domain-containing adaptor proteins (either myeloid differentia-
tion primary-response protein 88 (MyD88) and MyD88-adaptor-like
protein (Mal)/TIRAP, or TIR domain-containing adaptor protein
inducing IFNf (TRIF) and TRIF-related adaptor molecule (TRAM)).
Generally, Mal/TIRAP is not involved in TLR9 pathway, but Bonham
et al. [39] and our group [41] have described a Mal/TIRAP-dependent
TLRY response. Other peculiarity in TLR functions is the MyD88-
independent TLR2 pathway leading to an antiinflammatory response
where the phosphatidylinositol-3-kinase (PI3K) might play a role. In
a second step, the engagement of the signalling adaptor molecules

first to detect activated TLRs and sequentially, recruit signal-
ling proteins to their site of residence to initiate signal trans-
duction. Importantly, the mislocalization of sorting adapters
to the cytosol results in a deficient signalling response. The
change in the localization of Mal/TIRAP impedes the MyD88-
dependent signal transduction to occur [44]. In a same way,
forcing TRAM to be located at the cell surface or in the cytosol
instead of being located on endosomes diminishes the ability
of TLR4 to induce type I IFN expression [45]. These findings
highlight the role of sorting adapters in the subtle regulation of

i

Inflammatory response

stimulates downstream signalling pathways that involve IRAK family
and the adaptor molecules TNF receptor-associated factors (TRAFs)
and lead to the activation of the mitogen-activated protein kinases
(MAPKSs) and transcription factors. Two important families of tran-
scription factors that are activated downstream of TLR signalling are
the nuclear factor-kB (NF-kB) and interferon-regulatory factor (IRF)
families, but other transcription factors, such as cyclic AMP-respon-
sive element-binding protein (CREB) and activator protein 1 (AP1),
also play a role in TLR responses. Generally, the activation of TLR
pathways leads to proinflammatory cytokine production in a MyD88-
dependent way, to type I interferon production when endosomal
TLRs are engaged and to IL-10 release often linked to Mal/TIRAP
pathway. /KK inhibitor of NF-kB kinase, TAB TAK1-binding protein,
TAK TGFp-activated kinase, TBKI TANK-binding kinase 1

TLR activity that might vary according to cell type and TLR
combinations.

Cooperation between TLRs contributes
to the versatility of TLRs during infection
The pathogens possess several PAMPs able to activate dif-

ferent TLRs that appears as a prerequisite for the induc-
tion of effective innate immune responses as evaluated in
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mouse models of infection. Indeed, TLR-TLR crosstalk
enables the innate immune system to orchestrate immedi-
ate local and global response. Besides, the concomitant
activation of several TLRs represents a way to reduce the
chance of false detection. In vivo studies confirm that in
many models of infectious disease, deficiencies of mul-
tiple TLRs cause a greater reduction in host resistance
than single TLR deficiencies [46—48]. The effects of TLR
cooperation are complex, often involving multiple effector
cells and responses. TLRs might interact at the level of the
same cell or at the level of multiple cell types [7]. The final
result of the triggering of multiple receptors can be either
the enhancement of a single effector function or the coor-
dinated induction of distinct responses, which together
mediate more effective control of pathogen growth. This is
perfectly illustrated in the mouse model of infection with
T. cruzi from which GPI-anchored mucin-like glycoprotein
(tGPI-mucin) from membrane and specific sequences into
genome (unmethylated CpG DNA motifs) were character-
ized as TLR2 and TLR9 agonist, respectively [49-51]. In
this infection model characterized by an immunoregula-
tory response, TLR2 and TLR9 play differential functions
(complementary or antagonist role) according to immune
cell type to promote an efficient response without damage
to the host [41, 52, 53].

At first, cooperation between TLRs has been described
as a way to modulate cytokine production by synergism or
antagonism in a same cell. Different pair-wise combina-
tions of TLRs are possible. For example, it was reported
that simultaneous stimulation with MALP2 and LPS (TLR2
and TLR4 ligand, respectively) results in the production of
TNF-a at levels much higher than that observed for each of
the ligands alone [54]. Furthermore, TLR4 and TLR9 were
shown to synergize in the production of TNF-a in mouse
macrophages [55] associated with enhanced MAPK signal-
ling. It has been proposed that the effects of different com-
binations of TLR ligands in vitro have occurred between
ligands that trigger distinct signalling pathways (such as
the MyD88- and TRIF-dependent signalling pathways). In
regard to this, different groups [56, 57] working with DCs
have found other pair-wise combinations of TLR ligands
which are able to cause the greater-than-additive production
of IL-12p70 as well as other cytokines, leading to a Thl
polarizing phenotype. The main results of the first study
indicate that in both human and mouse DCs the simultane-
ous activation of a TRIF-coupled receptor (TLR3 or TLR4)
together with an endosomal receptor (TLRS8 in humans and
TLR7 or TLRY in mice) leads to a potent synergistic activa-
tion of IL-12p70 production. In the second study, Zhu et al.
have reported that in human and mouse DCs TLR3 or TLR4
potently synergized with TLR7, 8, and 9 in the induction of
a selected set of genes in contrast to TLR2 agonist which
could not.

@ Springer

Interestingly, specific TLR association appeared recur-
rently in vivo during pathogen infection like the combinato-
rial action of TLR2 and TLR9. Dunggan et al. have reported
that the combination of TLR2 and TLR9 agonists promoted
intrapulmonary pathogen killing and survival of infectious
challenges to an extent that far surpassed most other tested
TLR ligand doublets [58]. This is consistent with several
observations found in the literature indicating that the
absence of TLR2 and TLR9O affects the course of infection.
In a Mycobacterium tuberculosis model, TLR2/9™'~ mice
displayed markedly enhanced susceptibility to infection
in association with combined defects in proinflammatory
cytokine production in vitro and altered pulmonary pathol-
ogy compared to the single TLR-deficient animals [47]. The
authors have shown that DCs from TLR2/9~'~ mice showed
greater impairment in their mycobacteria-induced IL-12
responses than did the equivalent populations from each of
the single TLR-deficient animals. In a similar way, the coop-
eration between TLR2 and TLR9 is important to maximize
the host response including cytokine production by DCs in a
mouse model of infection with Herpes simplex [59].

But, TLRY and TLR2 may play opposed role during
infection. We can cite mouse models of infection with
bacteria and parasite to illustrate the complexity of these
cooperative systems. While TLR9 ™'~ mice are character-
ized by a shortened survival, an increased cytokine produc-
tion, and more severe Salmonella hepatitis than wild-type
mice, TLR2™~ mice exhibited the inversed phenomenon in
the same conditions [60]. In a mouse model of infection
with 7. cruzi—of which Y strain infection is characterized
by a balanced immune response [49—51]—the cooperation
effect of TLR2 and TLRY was supported by the fact that
TLR2/9~~ mice showed a greater susceptibility to T. cruzi
than animals single deficient for TLR2 or TLR9 [48]. How-
ever, it has been demonstrated that TLR9, but not TLR2, was
crucial for the establishment of a Th1 response and conse-
quently for mice survival; further, it appeared that TLR2
plays an immunoregulatory role during the infection [41, 52,
53]. The study at cell level indicates a complementary use of
TLR2 and TLRY by immune cells [53]. TLR2 was associ-
ated with a proinflammatory response of macrophages by
preferentially inducing TNF-a release, whereas splenic DCs
appeared to be committed with IL-12 production through
TLRY in this mouse model of T.cruzi infection. Interest-
ingly, TLR2 can down-regulate TLRY signalling through
MAPKSs and transcription factors in splenic DCs leading to
a decreased IL-12 production. This latter infection model
underlines the complexity of TLR cooperation and illustrates
why a decoding of these multiple receptor interactions is
necessary.

Cooperation between TLRs may greatly influence the
dynamic of monocyte functions. In the next section, mono-
cyte activation will be examined through the prism of TLRs.
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Different TLR signalling pathways
for different subsets of monocytes

Monocytes demonstrate extensive plasticity and hetero-
geneity and adjust their functional phenotype in response
to the context [12, 13]. These cells, after the egress from
bone marrow, are rapidly recruited to tissues during infec-
tion and inflammation [61]. As resolution of inflammation
requires balanced pro- and antiinflammatory responses,
a distribution of tasks between classical and non-clas-
sical subsets is critical since they possess distinct func-
tional properties. Inflammatory monocytes depend on
the chemokine receptor CCR2 for their localization to
injured tissue [62]. First, the cells react to the chemokine
MCP-1 (monocyte chemoattractant protein 1), which
binds CCR2 (chemokine receptor), to depart into bone
marrow sinusoids, and thus leave hematopoietic tissue.
Once in circulation, inflammatory monocytes continue to
rely on CCR2 for recruitment into tissue. Infection with
diverse pathogens (including bacteria, parasites, fungi, and
viruses) induces the recruitment of Ly6C"€" monocytes
at sites of infection, where they restrict further microbial
growth and invasion, but in most cases of infection, like a
double-edged sword, they also contribute to tissue destruc-
tion during some infections and inflammatory diseases.
Indeed, exacerbated monocyte activity in tissue damage
after infectious process has been commonly reported [61].
In this regard, blocking Ly6C"&" monocyte recruitment
has been tested by silencing CCR2, to reduce Ly6Chieh
monocyte numbers in the heart and improve outcome dur-
ing myocarditis or atherosclerosis [63, 64].

The role of TLRs in migration of monocytes is not well
documented but TLR2 has been involved in their transmi-
gration through a Rac/PI3K pathway during infection [65].
This may be put in parallel with a role for TLR2 in the
expansion of hematopoietic stem cells (HSCs) as reported
[66], noting that HSCs are responsible for the continu-
ous replenishment of monocytes at sites of inflammation.
In addition, another group has demonstrated that while
monocyte recruitment to the site of bacterial infection is
MyD88-independent during Listeria monocytogenes infec-
tion, monocyte activation is MyD88-dependent [67]. Inter-
estingly, during the course of T. cruzi infection, a differ-
ential impact of TLRs on Ly6C"#" and Ly6C'*™ monocyte
migration has been detected in mice [41]. Indeed, we have
observed that TLR2 and TLR9Y influence the migration to
spleen of Ly6CMe" but not of Ly6C!°" monocytes. This
is an important point to consider since it suggests that
Ly6C"" monocyte population emerges independently of
Ly6C"&" monocytes and addresses the existence of specific
progenitor that can give rise to Ly6C!®¥ cells. In a same
way, another group has shown the selective impairment of

Ly6Cheh monocytes in IRFS transcription factor mutant
mice revealing an independent developmental pathway for
Ly6C" monocytes [68]. This contradicts the widespread
model where Ly6C™&" monocytes convert into antiinflam-
matory Ly6C!® monocytes [69-71].

According to different studies, TLR2 may serve as an
inflammatory marker and be responsible for the immu-
nopathogenesis in different situations. An up-regulation
of TLR2 expression in mouse or human monocytes has
been frequently reported in inflammatory diseases [72, 73].
An increase of TLR2 expression on blood monocytes has
been associated with Kawasaki disease. The higher levels
of TLR2 and TLR9 detected on different monocyte sub-
sets from rheumatoid arthritis patients were in line with the
increased cytokine production by monocytes in response to
stimulation with TLR2 and TLR9 ligands [74].

When the study includes a comparative analysis of mono-
cyte subpopulations in balanced inflammatory model—like
T. cruzi infection with the Y strain—an increased TLR2
expression was observed in both monocyte subsets that
correlated with an increased pro- and antiinflammatory
response of Ly6C™e" and Ly6C'* monocytes, respectively,
after triggering TLR2 and TLR9 [41]. One of the scenarios
that we believe plausible to explain the TLR2-TLR9 cross-
talk in monocytes involves a sequential activation of TLRs:
TLR2 may generate the first signal following recognition
of TLRO agonist. Importantly, the use of adapter would be
different in the distinct monocyte subpopulations since the
absence of Mal/TIRAP abolished the capacity of Ly6C*"
cells to respond to TLR agonists without altering the activ-
ity of Ly6Che" monocytes [41]. By referring to previous
studies [44, 45], one could hypothesize that the intracel-
lular localization of Mal/TIRAP is a determining factor in
the different functions of monocytes, but further studies are
needed to determine with certainly a correlation between
both events. Whatever the existence or not of such correla-
tion, these unrevealed differences in the use of TLR signal-
ling pathway by monocytes complement the yin and yang
model of monocyte activation where both monocyte popula-
tions are responsive to a same trigger event leading to com-
plementary responses during infection (Fig. 2b). This may
constitute a basis for new therapeutic strategies to modulate
the inflammation as developed in the next section. Further,
these observations reinforce the idea that monocytes are
conditioned for specialized programs after the egress from
bone marrow. In the same line, it has been reported that a
specific human monocyte subset would be specialized in
the detection of viruses and nucleic acids through TLR7, 8
[75]. These monocytes that lack CD14 and express CD16
(CD14%™) produce the proinflammatory cytokines TNF-a
and IL-1p in response to virus and nucleic acids via a unique
MyD88/MEK/ERK pathway that differs from that of the
other monocyte populations. In the same study, the authors
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Fig.2 Different therapeutic strategies to control the inflammatory
activity of monocytes based on a mouse model. During infection and
chronic inflammation, Ly6C"" monocytes that derived from granulo-
cyte-monocyte progenitor (GMPs), monocyte-dendritic cell progeni-
tor (MDP) and common monocyte progenitor (cMoP), egress from
the bone marrow and selectively traffic to sites of inflammation. The
Ly6Cheh monocyte egression requires expression of the chemokine
receptor CCR2. The migration of Ly6C"€" monocyte to tissue where
they can retain their own properties without differentiating into mac-
rophage or dendritic cell is prominent and robust. Ly6C"€" mono-
cytes can theoretically convert into Ly6C'°" cells although this is
debatable due to the possible existence of Ly6C'®¥ progenitors not yet
identified [68]. When the antiinflammatory activity of Ly6C'®" mono-
cytes is not able to counteract the inflammatory mediator release, the
inflammatory state persists causing tissue damage. In this context, a
therapeutic intervention is necessary to return to homeostasis. a One

have suggested that CD14%™ monocytes would be responsi-
ble for a sustained inflammatory state in autoimmune disease
such as systemic lupus erythematosus, a disease associated
with autoantibodies to nucleosome and ribonucleoproteins,
and immune complex deposition in several organs. CD149m
monocytes could represent a potentially useful cellular ther-
apeutic target in selected inflammatory diseases.

If additional evidence of monocyte adaptability was still
needed, it was given by the interdependence between both
monocyte subsets and the influence of microenvironment on
them during 7. cruzi infection model. Indeed, in the absence
of Mal/TIRAP that is involved in the antiinflammatory
response of Ly6C'® monocytes, a reduction of the number
of splenic inflammatory monocytes was detected while the
lack of IL-12 reduced the number of Ly6C'*" cells [41].
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strategy may consist in the manipulation of the hematopoietic stem
cell (HSC) development by systemic administration of TLR agonist
(alone or in association) that may change the ratio Ly6CMe" versus
Ly6C"°" monocyte number by promoting the expansion, egress, and
activation of Ly6C'®" monocytes. b The second strategy is based on
the differential use of signalling pathways by monocyte subpopu-
lations according to Gravina et al. [41] allowing to specifically tar-
get inflammatory monocytes. In a context where proinflammatory
cytokines are released by Ly6C"&" monocytes in a MyD88/IRAK4-
dependent way and antiinflammatory cytokines are produced by
Ly6C'® monocyte in a Mal/TIRAP- dependent way, IRAK4 inhibi-
tors appear relevant to treat exacerbated inflammatory disorders. This
may allow to specifically reduce inflammatory mediators released by
Ly6C™¢" monocytes without altering repair functions of other mono-
cyte populations

In an in vitro study using intravital confocal microscopy,
the dynamics of Ly6C'®” monocytes from mice have been
compared in response to several TLR agonists that were
applied onto the mesenteric vessels to trigger inflamma-
tion. Agonists for TLR2 and TLR9Y induced a strong early
recruitment of monocytes within 30 min., whereas TLR3
and TLR4 promote a late accumulation (around 3 h) [76].
Further, TLR2 and TLRO are the strongest inducers in these
experimental settings, leading to about nine to tenfold more
patrolling monocytes after 3 h. In a study where the objec-
tive was to elucidate the molecular, migratory, and func-
tional phenotypes of patrolling monocytes in large arteries
in healthy, hyperlipidemic, and atherosclerotic conditions
in mouse, the authors observed that the number of patrol-
ling monocytes was increased ninefold by applying topical
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TLR7/8 agonist [77]. It thus seems that vascular activation
by most TLRs suffices to intensify local surveillance by
patrolling monocytes.

New perspectives in antiinflammatory
therapy

In the context of chronic disease, the ratio of the mono-
cyte subsets may often be skewed toward inflammatory
monocytes, inducing a bias to prolonged or exaggerated
inflammatory responses. Indeed, this scenario is reported
in pathological conditions such as sepsis [78], tuberculosis
[79], rheumatoid arthritis [80] as well as coronary heart dis-
ease [81]. A role for inflammatory monocytes has also been
described in the chronic phase of Chagas disease caused by
T. cruzi [82, 83]. Indeed, the analysis of the expression of
immunoregulatory cytokines showed that while monocytes
from indeterminate-disease patients are committed to IL-10
expression, a higher percentage of monocytes from cardiac-
disease patients express TNF-a after exposure to live para-
sites. In this context, Chagas disease has been assimilated
to a chronic inflammatory disease with all the hallmarks of
such disorder [84]. This is also the case for diabetes where
Ly6C"e" monocytes drive chronic inflammation and impair
wound healing indicating that a selective targeting of inflam-
matory monocytes is a viable therapeutic strategy in diabetic
wounds [85]. In atherosclerosis, the lipid-rich atheroscle-
rotic plaques are infiltrated by inflammatory cells, including
monocytes. Atherosclerosis induces profound expansion of
Ly6C™&" monocytes into the blood. Interrupting monocyte
migration from the blood to the atherosclerotic plaque is a
promising therapeutic option currently being investigated
[86, 87]. On the other hand, it has been pointed out that
TLRs play a role in different clinical situations involving
monocytes. It has been claimed that the incidence and out-
come of human sepsis is influenced by the expression of
TLRs on monocytes and particularly by TLR2 expression
[88]. In another paper, the authors have investigated whether
peripheral monocyte TLR expression was associated with
the atrial fibrillation that is the most common sustained
arrhythmia [89]. In this study, a correlation has been made
between the enhanced peripheral monocyte TLR2 and TLR4
expression and the proinflammatory status in the heart. As
previously cited, a relationship has been established between
cell inflammatory activity and expression level of TLR2 and
TLR9 on monocyte subsets of active rheumatoid arthritis
patients [74].

Monocytosis could theoretically be regulated at differ-
ent stages: monocyte production in the hematopoietic niche,
release from the bone marrow, and recruitment to sites of
inflammation and/or cell polarization. Thus, manipulating

the abundance and biological activity of monocyte subsets
may have utility in moderating pathogenesis.

The interest in having a better understanding of the
molecular mechanisms of patrolling in vasculature is
growing [90]. Indeed, the unique ability of non-classical
monocytes to actively patrol the vasculature and to resolve
inflammation makes them attractive targets for disease ther-
apy. Generally, non-classical monocytes are thought to be
involved in the resolution of inflammation and differenti-
ate into resident macrophage populations that work to heal
wounds and to resolve the inflammation. One strategy to
control the abundance and activity of monocyte subsets may
consist in interfering with development of HSCs, the progen-
itors of monocytes (Fig. 2a). The systemic use of TLR ago-
nist (alone or in association) may constitute an interesting
alternative to influence the myeloid development of HSCs
and the migration of cells that derived from them to tissue.
This is workable since it has been shown that injected LPS
rapidly diffuses into the bone marrow cavity and engages
the receptors of stem cells and progenitors [91]. Further, a
systemic exposure of mice to a TLR2 agonist has led to an
expansion of HSCs indicating that HSCs possess functional
TLR signalling pathways [66]. In a same way, the transient
exposure of both mouse and human progenitor cells to TLR2
agonist prior to differentiation would be sufficient to sup-
press the inflammatory cytokine response of macrophages
subsequently derived from them [92] that is in accord with
the study done by Megias et al. [93]. The concept of TLR
directly stimulating HSCs to interfere on myeloid cell fate
is certainly attractive in therapy of Chagas disease and other
inflammatory disorders. This is why a better knowledge of
TLR signalling in HSCs appears highly relevant to predict
TLR influence on bone marrow microenvironment and con-
sequently on monocyte subset equilibrium.

The second strategy is based on the observation that
monocyte subsets use different signalling pathways to
assume their functions [41, 75] (Fig. 2b). Recently, it has
been reported that inhibitors of IRAK4 kinase activity
should have therapeutic value to treat inflammation disor-
ders due to their involvement in MyD88 pathway. There
exist potent IRAK4 inhibitors that have been tested in vari-
ous in vivo disease models [94]. Some of these compounds
have proven to be capable of reducing cytokine production
induced by injection of several different TLR agonists,
including those for TLR2, TLR7, and TLRO [95]. In their
study, Cushing et al. have shown that the effect of inhibi-
tion of IRAK4 activity in inflammatory monocyte leads to a
diminution of proinflammatory cytokines through inhibition
of IRF5 phosphorylation without affecting NF-xB activity
[96], which is a benefit given the pivotal role of NF-kB in
host defense against infections. This gives hope for targeted
therapy in inflammatory disorders.
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Conclusion

Due to the close relationship between TLRs and mono-
cytes in all aspects of cell life from maturation, replen-
ishment, expansion, migration to inflammatory activity,
TLR targeted therapy appears as a therapy of choice in
chronic inflammatory disease. Exploring the impact of
TLR therapy that includes systemic administration of
TLR agonists or selective inhibitor of TLR pathway is
relevant to manipulate number and function of monocytes
in chronic inflammatory disease. This opens new perspec-
tives in antiinflammatory therapy.
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