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Abstract

Macrophages (M¢s) exhibit a sliding scale of functional heterogeneity ranging from pro-inflammatory, immune
activatory and anti-tumoral responses to anti-inflammatory, regulatory and pro-tumoral activity. These effector
responses are reflected in distinct M$ subsets; the M1/classically activated- and M2/alternatively activated subsets.
The functional diversity is determined by the combination of M¢$ subset differentiation, activation, signalling and pre-
programming in separate monocyte subsets. This diversity in M¢ subset and functionality is also reflected in
mucosal pathologies associated with chronic inflammation (Crohn’s disease, chronic periodontitis) and
immunosuppression observed in solid tumours (oral squamous cell carcinoma). The relative functional plasticity
between these monocytes and M¢s represents a realistic therapeutic regimen in the treatment of these M¢-driven
diseases. This review will discuss the research evidence that is suggestive of the manipulation of M¢ polarisation
plasticity through pre-programming, differentiation, activation and tolerisation in the therapeutic intervention for

chronic inflammation and solid tumours.

Introduction

Macrophages (M¢s) are phagocytic cells of the innate immune
system that are present in most tissues of the human body. These cells
exhibit a wide variety of functional characteristics including
phagocytic clearance, microbial killing, antigen processing and
presentation, inflammation, anti-inflammatory processes, tissue repair
and immune suppression. This diversity of immune functionality is
reflected in macrophage subset heterogeneity. Current understanding
categorises M¢ subsets according to activation status (classical or
alternative) or differentiation (M1 or M2). There are however, subtle
and not-so-subtle differences in M¢ subsets and their phenotypic
markers when comparing murine and human M¢ systems, which have
been described in other seminal reviews [1]. At this stage, clear
delineation of murine M¢ biology from that of humans would weaken
the overall understanding of M¢ biology and, as such, this review
considers the combined contribution of murine and human M¢
research. This review will focus on the functional role of M¢ subsets
driving immune responses with respect to differentiation and
activation stimuli encountered in host tissues as part of homeostatic
and pathogenic conditions. Finally, macrophage subset effector
responses may already be pre-programmed in the monocyte. Current
research suggests that differential effector responses are reflected by
classical, intermediate and non-classical monocytes. The overall
functional impact of tissue macrophages is likely to be reflected by a
subtle balance between pre-programmed monocytes, route of M¢
differentiation and the activation/suppressive signals encountered in
the local environment; impacting on distinct M¢ effector subset
polarisation or switching between functional subsets as a consequence
of plasticity.

Macrophage subsets and effector phenotypes

Macrophages exhibit a range of functional characteristics which
include: 1) sampling of the local environment, 2) killing of pathogens,
3) inflammation, 4) tissue repair, 5) anti-inflammatory responses or
immune-suppression, 6) instruction and development of specific
adaptive immunity via antigen processing and presentation and 7)
mobilisation of other innate cells (N¢s & NKs) and adaptive cells
which amplify responses at site of infectious/injurious challenge
[reviewed in 2]. M¢s are tissue resident cells, whose behaviour is
shaped by the very environment that they inhabit. These tissue M¢s
can be replenished either locally via self-renewal/proliferation or from
the periphery via bone marrow-derived monocytes [3-6]. It is this
localised tissue distribution that makes the M¢ an efficient and central
responding cell, driving rapid responses to pathogenic infection, tissue
injury and repair [7,8].

The local tissue environment determines M¢ effector function as a
consequence of a wide variety of activation and differentiation stimuli.
This diversity of stimuli results in M¢ polarisation and the resulting
subsets being described as classically or alternatively activated M¢s,
originally described to be activated by IFNy/LPS and IL4/IL-13
respectively [9,10]. In addition to activation determining M¢
polarisation and functionality, several groups have described M¢
subsets to be dependent on differentiation pathways and possibly pre-
programmed. Early studies investigating murine immune responses to
Leishmania infection demonstrated the C57Bl/6 strain to be resistant
(Th;-mediated CMI predominates) whereas Balb/c mice were
susceptible (predominated by a Th,-mediated humoral response). This
variation in response to infection was found to be determined by the
M¢s rather than the T cell subset [11]. This predominance of M¢
response observed in this study lead to the description of M1 and M2
subsets where M1 M¢s activated T cells to secrete IFNy and the
resulting stimulation of Tc and positive feedback to M1. In contrast,
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M2 M¢s induced T cells to produce Th,-like cytokines (IL-4 and
TGEFpP) resulting in humoral responses and amplification of M2
activity [12-14]. This latter amplification of M2 activity resulting in
walling off pathogens, as a consequence of matrix deposition and
fibrosis. Thus, specific responses to pathogen infection are M-
determined which help tune and are in-turn finely tuned by T cells.
Finally, these M1/Th; and M2/Th, responses may both occur for
optimally dealing with infection simultaneously or at different
progression phases of the pathology [15,16]. M1 M¢s are generally
considered to be the predominant subset involved in pathogen killing,
hence host defence whereas the M2 subset is associated with repair
and maintenance of tissue integrity. M¢s are pivotal to directing the
immune response where Mls drive T cells towards Th; cell-mediated
immunity (CMI) and M2s towards Th,-mediated humoral activity.

The host is under constant challenge by a wide variety of pathogens.
The macrophage deals with this ever-changing pathogenic challenge
by retaining a heterogeneous functionality through a level of fluidity or
plasticity. The degree of plasticity between homeostatic M2 M¢s and
MI1 M¢s is a possible explanation for the ever-increasing number of
M¢ subsets described in the literature. Thus far, M¢ heterogeneity has
resulted in the description of classically activated, M1s, alternatively
activated, M2a, M2b, M2c, M2d and regulatory M¢s [17-19]. Such a
variety of subsets exhibiting specific functional heterogeneity has yet
to be described in vivo. A likely explanation for this apparent variety of
subsets/functionality can either is as a consequence of varying
proportions of M1 and M2 M¢s existing as a heterogeneous
population or that these different subsets may be intermediates in a
sliding scale of plasticity between homeostatic M2 M¢s and the M1
M¢. At this stage of our understanding however, these other subsets
cannot be ignored (Table 1). M2a (alternative) and M2c (deactivated)
are induced by IL4/IL13 and IL10/TGFp/glucocorticoids respectively,
both express arginase activity that is associated with the more
conventional M2 subset. Both of these M¢ types also express IL-10M
IL-12!° and the scavenger receptor, MR. The M2b (type II) M¢ is
induced by immune complex recognition as well as LPS and IL-1p;
this M¢ expresses a similar cytokine profile but differs from M2a and
M2c by virtue of expression of iNOS, normally associated with the M1
M¢ subset [reviewed in 8]. This expression of iNOS, yet display of an
anti-inflammatory cytokine profile may be suggestive that M2b may
represent an intermediate “plastic” state between the canonical M1
and M2 subsets. The M2d M¢ subset was described for an adenosine-
mediated switch in phenotype to an M2-like cell. This subset
polarisation resulting from the synergistic activation by A2R agonists
in combination with agonists of TLR2, TLR4, TLR7 or TLR9; where
the new M2d effector subset exhibited a phenotype: IL-10M VEGFM
iNOSh TL12!° TNFal® and elevated Arg-1 expression [20,21]. These
M¢s do not express Ym-1, FIZZ-1 or CD206 but, again, exhibit a
phenotype, which falls between the canonical M1 and M2 subsets;
whether this M¢ is proven to exist as a distinct subset or merely an
intermediate awaits clarification. In a separate study, rather
confusingly, Duluc et al. described an ovarian TAM phenotype, which
was also proposed as M2d [22]. This subset was polarised by LIF, IL-6
and OSM and exhibited a regulatory/immunosuppressive phenotype:
CD14M CD163" CD80 CD86!® ILT2M ILT3M IL10h TNFal® IL12!°
CCL18" PTX3l CCL1 CCL17° CCL22°. In addition, this
suppressive subset also expressed IDO, VEGF, TGFB and B7-H4
whereas iNOS and Arg-1 were not detected. In contrast, the A2R/TLR-
polarised M2d subset was found to express both iNOS and Arg-1,
suggestive that these two M¢ subsets are phenotypically and
functionally distinct.

Additionally, further M¢ subsets have been reported, especially
associated with investigation of inflammatory pathologies such as
atherosclerosis. Whether these further subsets present themselves in
the context of mucosal pathology awaits characterisation. These
atherosclerotic associated subsets include M4, Mox, HA-mac, M(Hb)
and Mhem [23,24]. M4 M¢s have been shown to be distinct from M1
and M2 phenotypes, where polarisation is induced by the
atherosclerotic chemokine, Platelet Factor 4 (PF4) or CXCL4, resulting
in a phenotype: MRM CD36!® CCL22M TNFSF10/TRAILM TNFqhi/lo
IL10" CD86" MMP7M MMP12" which is poorly phagocytic [25].
Mox subset refers to a phenotype of oxidised M¢s found in
atherosclerotic lesions. This phenotype is polarised by oxidised
phospholipids such as oxLDLs and express the Nrf2-dependent redox-
regulated gene product, heme oxygenase-1 (HO-1) and both anti-
inflammatory IL-10 and pro-inflammatory IL-1B [26]. The final
putative subsets described in the case of atherosclerosis are HA-mac,
M(Hb) and Mhem; all of which are polarised by either haem or
haemoglobin and express CD163. HA-mac were first described by
Boyle et al and were found to be located in the hemmorhagic zones of
plaques and defined as CD163" whereas these Mds were low
expressors of HLA-DR, thus are relatively poor antigen presenting
cells [27]. In addition, HA-macs exhibit anti-oxidant and anti-
inflammatory behaviour, where HO-1 and IL-10 are expressed and
polarisation is Nrf2-dependent; resulting in tissue repair and a reduced
capacity to form foam cells [28,29]. Thus the M¢s involved in this
inflammatory disease, Mox, HA-mac, M(Hb) and Mhem, are polarised
by the local environment and express phenotypes that portray both
pro- and anti-atherogenic functionality [23,24]. Whether this
functional dichotomy exists in so many distinct subsets in other
pathologies remains to be illucidated. Currently, the plasticity
exhibited between M1 and M2 subsets is clear in the context of
mucosal homeostasis and disease states; the existence of M4 and Mox
cells may not be involved in mucosal tissues whereas homeostatic and
disease-induced intermediates between these two canonical subsets
may well parallel these extra subsets described in both tumour- and
atherosclerosis-associated M¢s.

Macrophages can generally be categorised by their ability to
metabolise arginine. M¢s exhibit a specialised biochemical system
utilising L-arginine that allows for functional plasticity between M2
homeostatic subset and M1 function, capable of killing of pathogens
and pathogen-infected host cells and cancer cells [11,12,30]. Nitric
oxide (NO) is produced by M¢s as part of the innate system’s killing
response to pathogens. The very nature of innate responses and non-
specificity of NO-Kkilling can result in collateral damage to host tissues/
cells [31-33]. Thus, M¢ subsets have been categorised by the
expression and activity of the arginine-metabolising enzymes,
inducible nitric oxide synthase (iNOS) and arginase-1 (Arg-1). Arg-1
is a signature molecule for the activation state of alternatively activated
or M2 M¢s [34]. It has been found to be important in immunological
functionality of myeloid cells [4] and that these Arg-1* expressing cells
contribute to T cell energy, preventing activation of effector Th cells
[35,36]. Thus, Arg-1 activity has been associated with previously
described myeloid suppressor cells [37]. The secretion of Arg-1 and its
breakdown products of arginine are linked with M¢ functions
previously described for M2/alternatively activated M¢s. Extracellular
Arg-1 exerts potent anti-inflammatory effects where sustained
expression of Arg-1 is hypoinflammatory and is limiting to T cell
polarisation via negative regulation of polarising cytokines, IL-6,
IL-12p40 subunit (IL-12/IL-23) and IL-10.
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In addition to being characterised by arginine metabolism, this
dichotomy in M¢ effector subset functionality can be further defined
by a whole plethora of molecules expressed and functional outcomes.
In general, M1 M¢s are iNOS™ hence NO production and anti-
microbial functions, they also express high levels of HLA-DRY, co-
stimulatory CD86 and IL-12 associated with mediating and polarising
Th; responses to intracellular-resident pathogens and anti-tumour
responses [38-40]. This high-level expression and protection conferred
by IL-12p40 extends to this subunit being shared by IL-23, which is
also produced by Mls, and plays a pivotal role in the differentiation
and activation of Thy; cells [41,42]. Additionally, these Md¢s are
generally STAT1* TREM-1* cells expressing IL-8 (CXCL8) and
MCP-1 (CCL2), which are responsible for perpetuation of
inflammatory responses through the chemotactic recruitment of
neutrophils and monocytes. M1s also produce a wide array of pro-
inflammatory cytokines (TNFa, IL-1p, IL-6, IL-18, IL-23), chemokines
(CXCL1,2,3,5,8,10, CCL3,4,5,11,17 and 22), matrix metallo-
proteinases (MMP-1,-2,-7,-9 and -12), reactive oxygen species (ROS)
and pattern recognition receptors (TLR2, TLR4 and TLR5) [18,43-46].
M2 M s, on the other hand, in addition to arginase/ornithine, can be
characterised by their expression of the phagocytic scavenger receptor
(Mantq)ose Receptor, CD206), TGFP (immune regulation/suppression),
EGF (tissue repair) and VEGF (angiogenesis). This serves to highlight
the regulatory and reparative nature of these M2 M¢s. Additionally,
M2s can also produce/secrete IL-1B, IL-6, TNFa, IL-10, MMPs and
TIMPs; these cytokines/enzymes are less strongly associated with the
M2 phenotype and are also expressed by M1 M¢s [reviewed in 8;
47,48], although a predominance of anti-inflammatory and regulatory
factor production underpins this functionally distinct M¢ subset. The
sharing of expression of effector molecules to a greater or lesser extent
between these functionally divergent M¢ subsets may go some way to
explaining the apparent existence of several subsets/intermediates
between M1 and M2s.

Cytokines play a fundamental role in both differentiation and
activation of M1-like and M2-like M¢s. The growth factors, M-CSF
and GM-CSF have been demonstrated to differentially control M¢
lineage populations in homeostatic and inflammatory conditions [49].
Indeed, the Th;-derived cytokines, GM-CSF and IFNy in combination
with inflammatory stimuli such as LPS or TNFa, polarise M¢s towards
the M1 phenotype [50]. Polarisation towards this M1 pro-
inflammatory phenotype is also achieved by hypoxic/anoxic
environments, B-chemokines and the DAG analogue/PKC activator,
phorbol myristate acetate (PMA) [51-54]. On the other hand, Th,-
derived cytokines, IL-4, IL-13 and IL-21 were described to polarise
M¢s to a mannose receptor (CD206)-expressing M2 phenotype
[17,55,56]. Extensive research has described many factors, in addition
to Thy-derived cytokines, to be M2-polarising; these include IL-10,
TGF¢, M-CSF, Vitamin D; and immune complexes [reviewed in 57],
with one of the first polarising studies describing M-CSF-mediated
differentiation resulting in the development of M¢s deficient in IL-12
production [58]. Indeed, the immunosuppressive cytokines TGFf and
IL-10 may be responsible for the observed effects of
CD4"CD25"Foxp3* Tregs in the induction/polarisation of monocytes
to alternatively activated M2-like M¢s [59]. What is relatively unclear
is the stage of sensitivity to polarisation and plasticity. It is commonly
thought that terminally differentiated cells lose their plasticity, with
only intermediates retaining this ability to polarise according to the
tissue environment. Of interest are the early studies of Rees and
colleagues who described first cytokine exposure to irreversibly
determine previously uncommitted M¢ responses, where the initial
cytokine exposure (IFNy, TNFa, TGEp, IL-4, IL-6, IL-10) determined
M¢ response to be pro-inflammatory, anti-inflammatory, phagocytic
or anti-microbial (NO production) and failed to be modulated by
subsequent cytokine exposure [60].

Subset

M1 classical M2a alternative M2b type Il M2c deactivated
Function/phenotype
Stimulation/Differentiation LPS, IFNy, GM-CSF L-4/1L-13 IC, LPS, IL-1B IL-10, TGFB, Glucocorticoids

Cytokine expression

TNFa,IL-1B,IL-6,IL-12,IL-18,
IL-23, IL-10/o%

IL-12/ow |L-23low, TGF B,

IL-10Migh, |L-1Ra, sIL-1R,

decoy

IL-10high, |L-q2low, |L-23low,

TNFa, IL-1B, IL-6

IL-10Nigh,|L-12/ow, |L-23low TGFB

CCL2,3,4,5,11,17 & 22

CCL-17, CCL18, CCL-22,

Function

Pro-inflammatory
Tissue-damage
Th4CMI response

Anti-Tumoural

Allergic response
Tissue repair

Thy response

Allergic response
Humoral immun.

Th, response

Chemokine expression CCL-1 CCL-16, CCL-18 CXCL13
CXCL1,2,358,9,10,11& 16 | CCL-24

Scavenqer Receptor SR, MR MR, CD163

expression

Signalling STAT-1, STAT-4, SOCS-3 STAT-3 STAT-6

Tryptophan metabolism iNOS Arg* iINOS Arg*
Anti-microbial Anti-parasitic Anti-parasitic Anti-inflammatory

Immunoregulation
Scavenger
Tissue-repair

Tumour promotion

Table 1: Macrophage functional phenotypes of defined subsets: M1 classical and M2 alternatively activated phenotypes are characterised
according to polarising stimulation/differentiation signals, cytokine and chemokine expression, scavenger/phagocytic receptors, tryptophan
metabolism and intracellular signalling molecules. In general iNOS Mgs are M1 and Arg* M¢s are M2; defining subsets as pro-inflammatory
and driving CMI/anti-tumoral responses or anti-inflammatory and driving humoral/regulatory and pro-tumoral responses, respectively.
Although M1 classical and M2 alternatively activated subsets are generally acknowledged, no firm evidence exists for the existence of the M2-
variants, M2a, M2b and M2c. Note the expression of iNOS by M2b subset; a characteristic more typical of M1 Mgs. It is possible that these
additional subsets may represent intermediates between M1 and M2 Mgs. This table has been adapted from [8,10,18,46,80].
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The expression and secretion of effector molecules defines the
functional responses of M1 and M2 subsets and is integrally-linked to
the manner of cell activation [reviewed in 8]. An efficient M¢ response
to an infection will thus include both pathogen/tissue destructive and
reparative mechanisms mediated by the activity of both M1 and M2
M¢s. Central to this development of appropriate M¢ immune
responsiveness is the selective recognition and descrimination of
pathogen associated molecular patterns (PAMPs), danger associated
molecular patterns (DAMPs) and apoptotic cell associated molecular
patterns (ACAMPs). The recognition of apoptotic cells/ ACAMPs by
M¢s regulates pro-inflammatory cytokine production and possibly
M¢ polarisation through the induction of TGFp and PGE, [61,62].
Toll-like receptors (TLRs) mediate responsiveness to PAMPs and
DAMPs, hence determining appropriate immune response. TLRs
mediate anti-viral, anti-bacterial, anti-fungal or anti-parasitic
responses through involvement of appropriate receptors, adaptor
proteins and either MAPK- NFkB- or IRF-dependent signalling
pathways [63]. LPS has been shown to be transduced through TLR4
which results in the activation of ERK-1,2, JNK, p38 MAPKs as well as
NFkB and IRF3 which induce a wide variety of immune gene
expression including TNFa, IL-1f, IL-6, IL-12, IL-10, MHC II and
iNOS. Interestingly, these TLR-mediated signals can be negatively
regulated by a wide variety of endogenous inhibitor molecules, which
include Myd88s, IRAK-M, IRF4, ST2, TREM2, Tollip, TRIAD3A,
p50/p50 NF-xB, suppressor of cytokine signalling 1 (SOCS-1),
SOCS-3, SHP1, SHP2 and SIGIRR [64-68]. This range of endogenous
inhibitors of TLR signalling becomes more significant when
considering the associations of these molecules with regards control of
M¢ polarisation. Alternatively activated, M2-like anti-inflammatory
M¢s have been described to be polarised by IL-4-requiring SHIP
degradation and NFkB inhibition [69,70] whereas IRF5 promotes pro-
inflammatory M¢ polarisation and downstream Th;-Th;; responses
[71] and SOCS3 expression is essential for classically activated M¢s
[72].

Distinct signalling components regulate M¢ polarisation

M¢ polarisation and effector function is governed by a wealth of
signal pathways and their component signalling molecules. Such
signals, which have been previously described to regulate M¢
polarisation include: NF«kB, PI3K/PTEN, STAT3 and SOCS3. There is
a reciprocal relationship between the lipid phosphatase, PTEN
(phosphatase and tensin homologue deleted on chromosome ten) and
PI3K (phosphoinositide 3-kinase) in the polarisation of M¢ subsets.
PTEN has been shown to regulate the expression of Arg-1 in
macrophages, with corresponding downstream modulation of both
innate and adaptive immune responses [73]. PTEN antagonises the
activity of PI3K where PI3K itself has been demonstrated to function
as a negative regulator of pro-inflammatory cytokine production and
iNOS expression, activity and production of nitric oxide (NO) [74,75].
PTEN positively regulates TLR-induced IL-6 production; PTEN
deletion as well as constitutive activation of PI3K was found to induce
Arg-1 expression. This is suggestive that PTEN™® M¢s expressed a
functional phenotype similar to alternatively activated or M2-like M¢s
in a manner mediated by increased activation of the transcription
factors, C/EBPP and STAT3. IL-10 signalling would appear to be

integrally associated with STAT3 and M2 polarisation, where STAT3
activation and IL-10 secretion are linked [76] and the STAT3-
inducible cytokines, IL-10 and IL-6, activate Arg-1 expression [77], a
key marker of M2/alternatively activated M¢ polarisation. If STAT3
plays a key role in M2 polarisation, it may represent a potential
therapeutic target for the treatment of inflammatory pathology as
evidenced by the conditioned STAT3 KO in mouse M¢s which were
refractory to IL-10 effects and spontaneously developed chronic
enterocolitis [78,79].

The polarisation of M1 M¢s is transduced by activation of the
transcription factors NFkB and STAT-1 which induce the expression
of Ml-associated genes with further control of polarisation through
the activity of SOCS3 [72]. In addition, the potential for differentiation
towards an M2-like subset is prevented via STAT-1 inhibition of
activation of the M2-polarising transcription factor, STAT-6 [80],
whereas the expressional knock-down (KO) of SOCS3 favours M2
polarisation [72]. Indeed Th, cytokines induce Ym-1 expression (a
poorly-defined M2-associated molecule in mice) by a STAT6-
dependent mechanism [81]. NFkB has been shown to be integral to
M¢ polarisation and effector function; inhibition of which resulted in
the development of an anti-inflammatory M2-like M¢ phenotype [70].
NF«B is also involved in M2 polarisation, where in contrast to p65
NFkB subunit involvement with M1 effector function, M2 polarisation
processes are driven by p50 NFkB subunits [82]. The targeting of
NFkB would appear to be a promising target for manipulation of M¢
polarisation and has been the subject of intense efforts in the re-
education of tumour-associated macrophages (TAMs), originally
described as exhibiting a pro-tumoral M2-like phenotype [83].

Activation of the transcription factor, C/EBP is associated with the
cAMP-dependent activation of CREB; cascades involving these
transcription factors have been demonstrated to initiate M2 M¢-
specific gene expression and tissue reparative mechanisms [84]. The
cAMP-activated factor, CREB, is required for full induction of C/EBPJ
[84], which transctivates the Arg-1 gene promoter [85]. As was the
case with STAT3, the expression and activity of IL-10 is associated
with cAMP-mediated responses; whether this signalling pathway
directly modulates polarisation or is an indirect consequence of IL-10
expression requires further investigation. What is clear is that the
profiles of pro-inflammatory and anti-inflammatory cytokines are
differentially regulated by cAMP in a manner determined by original
M¢ differentiation signals and activation signals in a PKC/cAMP/
CREB axis [86]. In addition to these signalling pathways driving M¢
polarisation, it is probable that monocytes also display a level of
polarisation.

Fine control of M¢ polarisation and functionality is likely to be as a
result of a complex cross-modulation between distinct signalling
pathways rather than singular exclusive subset-specific pathway
involvement. This subtlety of signal pathway cross-talk driving M¢
polarisation is potentially demonstrated by a recent study conducted
by Arranz et al, who focussed on the involvement of the Akt/PKB
family of serine/threonine protein kinases. PKB/Akt kinases are
potentially downstream of PI3K, upstream of p70S6K and regulated by
cAMP-dependent signals through the activation of PKC isoforms. This
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breadth of pathway cross-talk is indicative of Akt playing a central role
in M¢ polarisation. Indeed, in the case of mouse models of LPS-
induced endotoxin shock and dextran sodium sulphate (DSS)-induced
colitis, Akt2 KO resulted in M2 M¢ polarisation and resistance to
these inflammatory pathologies whereas Aktl KO polarised Mds
towards the M1 subset and an increased sensitivity to induced
endotoxin shock and colitis. This polarisation towards M2s as a
consequence of Akt2 KO was found to be due to an increased
expression of C/EBPp, a positive regulator of Arg-1 [87]. In addition,
tuberous sclerosis complex 1 (TSCl) has been demonstrated to
modulate M¢ polarisation in a manner that is dependent or
independent of mTOR, the downstream effector of the p70S6K
pathway. TSC1 encourages M2 polarisation in an mTOR-C/EBPf-
dependent manner whereas it suppresses ERK-dependent polarisation
towards the M1 subset in an mTOR-independent manner [88].

Macrophage effector function is pre-programmed in
monocyte subsets

The effector function of macrophages may already be determined in
the monocyte prior to differentiation to the tissue macrophage. The
existence of pre-programmed monocyte populations has been
suggested in both murine systems and in humans. The following
section highlights the existence of functionally distinct monocyte
subsets, which are linked to homeostatic and inflammatory
environments; just how these subsets fit with the established M¢
polarisation in health and disease is currently no more than hypothesis
but may need to be thoroughly investigated to complete our
understanding of M¢ subsets and functional phenotypes (Figure 1).
Two distinct populations of monocytes have been described in mice,
on the basis of chemokine receptor expression; a non-inflammatory
CX3CRIM CCR2" subset and an inflammatory CX3CR1® CCR2*

subset [89]. With respect to human monocytes, investigations
undertaken by Loems Zeigler-Heitbrock have characterised different
subsets, which are dependent on the relative expression of CD16, the
FcyRIIla antibody receptor [90,91] ignored (for surface marker,
cytokine and effector phenotype analysis of these monocyte subsets,
refer to table 2). The monocyte subsets described are the classical
(CD14** CD16° CD163%), intermediate (CD14** CD16* CD163") and
non-classical (CD14* CD16%* CD163°) monocytes [92; reviewed in
93], where the intermediate monocytes are thought to represent an
intermediate transitional subset between the classical and non-classical
monocytes [94]. The classical CD16™ monocytes account for 90% of
circulatory monocytes whereas CD16* monocytes account for up to
10% whilst at rest [91]. The relative numbers of these pro-
inflammatory CD16" monocyte populations have been shown to
increase in malignancy and inflammation, rising up to 50% in sepsis
and being significantly raised in RA and representing a major source
of TNFa [95-98]. These monocytes can also be selectively depleted
after either IgG infusion or glucocorticoid therapy [99,100]. The non-
classical CD16* monocytes exhibit a distinct functional behaviour
where upon stimulation produce higher amounts of TNFa, IL-12 and
lower amounts of IL-10, hence have been referred to as pro-
inflammatory monocytes [96,101,102]. In addition, these monocyte
subsets display differential migratory responses whereby classical
monocytes selectively respond to CCL2/MCP-1 and non-classical
monocytes are refractory to CCL2 and migrate in response to
CX3CL1/Fractalkine [103,104]. Finally, CD16" monocytes also express
higher amounts of HLA-DR/Class II MHC and a corresponding
greater capacity for antigen presentation, hence T cell activation
[91,105]. With respect to these non-classical monocytes, development
is determined by the activity of and sensitivity to M-CSF where
blockade of the M-CSF-R pathway has been described to selectively
reduce CD16"* non-classical monocyte numbers [106].

Subset Classical Intermediate Non-Classical
Subset Phenotype CD14hi CD16 CD14" cD16l CcD14'° cD16M
Scavenger Receptor expression CD163* CD163* CD163"
Cytokine expression TNFa, IL-12, IL-10higher TNFahigh ||L-12high ||_-1Qlow
Chemokine recruitment CCL2/MCP-1 CX3CL-1/Fractalkine, CCL2-refractory
Antigen Presentation HLA-DRlow HLA-DRhigh
Tryptophan metabolism iNOS Arg* iNOS

Anti-microbial
Pro-inflammatory
Tissue-damage
Th4CMI response

Function Anti-Tumoural

Anti-parasitic Anti-parasitic

Allergic response Allergic response
Tissue repair Humoral immun.

Th, response Th, response

Table 2: Monocyte subset functional phenotypes. Classical CD16-negative and CDI16-positive non-classical monocytes can be classified
according to their functional phenotype of scavenger receptor (CD163), cytokine expression, chemokine responsiveness, antigen presentation
capacity (HLA-DR) and arginine metabolism (iNOS or Arg I). The combination of such phenotypes defines monocyte function as pro-
inflammatory, CMI-inducing or tissue reparative, induction of humoral immunity. One point to be noted is that the classical and non-classical
subsets express iNOS whereas the intermediate monocyte subset expresses arginase. Refer to macrophage table 1 earlier. This table has been
adapted from [91,93,94,96,98,101,103,104].

This monocyte system exhibits characteristics, which parallel the
macrophage system. Both the monocytes and macrophages exist in
two discrete functional phenotypes and exhibit a level of plasticity

between these subsets, with the monocytes being described to have a
clear intermediate subset between the two potential polar subsets.
With the realisation that diseases mediated by M¢ subsets may be
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controlled by the polarisation/plasticity between M1 and M2, comes a
further complexity that we are likely to have to consider; the
manipulation of the subset of the “macrophage progenitor”, the
monocyte and how each distinct monocyte subpopulation
differentiates to distinct M¢ effector subsets.

Macrophage subsets and pathology

Macrophages play a predominant role in driving many
immunopathological diseases; their pathological function being
dictated by the local tissue environment with respect to the balance
between polarising activatory, differentiation and suppressive signals.
Due to the relative abundance of M¢ numbers and scientific literature,
this section is focussed on the role of M¢s in the inflammatory
pathology of the mouth and intestinal tract and the
immunosuppressive pathology associated with tumour associated M¢s
(TAMs) and solid tumours. M¢s populate both oral and intestinal
mucosae in large numbers [107]. In a homeostatic environment,
mucosal M¢s drive tolerogenic mechanisms whereas, at the same time,
maintaining an efficient phagocytic response. This homeostatic
mucosal tolerance is associated with M¢s exhibiting an M2-like
phenotype, predominated by the expression of anti-inflammatory,
suppressive cytokines and phagocytic scavenger receptors (CD36,
CD68 and CD206). These tolerogenic M¢s maintain a state of
perpetual readiness required for microbial clearance without inducing
a localised hyper-inflammatory state [108-110]. In this homeostatic
tolerogenic state, mucosal M¢s fail to express the pro-inflammatory
cytokines (TNFa, IL-1pB, IL-6, IL-8, IL-12, IL-18 and IL-23) whereas
TGFpP and IL-10 expression is maintained. This tolerised state is
further reflected by the lack of expression of CD14/TLRs, FcRs, co-
stimulatory molecules (CD40, CD80, CD86) and the pro-
inflammatory molecule, TREM-1. Concurrently, there is a marked
expression of the regulatory molecules CD33, CD200R and
TGFBRI/RII [reviewed in 57]. This homeostatic /tolerogenic function
of M¢s is dysregulated in pathology where mucosal tolerance is
broken with respect to inflammatory diseases such as Crohn’s disease
and Chronic periodontitis and augmented in immune suppression —
associated diseases such as colorectal cancer and oral squamous cell
carcinoma. These pathologies exhibit mechanisms aligned to M1- or
M2-driven responses. In the context of pro-inflammatory diseases,
M¢s exhibit an inflammatory phenotype that is comparable to the M1
subset. These inflammatory M¢s express a wide variety of effector
molecules, which include: PRRs (CD14, TLR2, TLR4, TLR5), FcRs
(CD16, CD32, CD64, CD89), HLA-DR, chemokine receptors (CCRS5,
CXCR4), CRs and the pro-inflammatory markers/cytokines (TREM-1,
TNFa, IL-1p, IL-6, IL-18 and CCL20) [57,111-113].

M1-associated pathology: Crohn’s disease

Crohn’s disease (CD) is an idiopathic inflammatory bowel disease
(IBD) that is characterised by transmural skip-lesion-associated
inflammatory destruction of the gastro-intestinal tract anywhere from
the mouth to the anus. CD is characterised by a dysfunctional innate
immune system, which results in inflammatory destruction mediated
by a pathogenic axis of Thy/IL-12 and Th;,/IL-23 and the production
of IFNy, TNFa and IL-17 [114]. This chronic inflammatory disease is
associated with genetic mutations in bacterial-sensing PRRs: NOD2
mutations have long-since been described to be a feature of CD which
resulted in dysregulation of and the augmentation of NFkB-mediated
pro-inflammatory cytokine production of TNFa, IL-1y and IL-12 by
mucosal M¢s [115]. NOD2 has been described to regulate pro-

inflammatory signals transduced through TLR2 [116]. Such a
breakdown of regulation observed in CD would result in a
dysfunctional innate immune response with downstream effects on the
adaptive immune system and the commensal microbiota of the gut,
which also plays an important role in barrier defences and mucosal
tolerance. This total breakdown of barrier integrity and mucosal
tolerance, coupled with the bias towards an inflammatory axis of Th,/
IL-12 and Th;;/IL-23, results in a mucosal environment low in
regulatory cytokines IL10 and TGFP and high in IL-12p40. This
inflammatory environment is conducive to M1-like M¢ activation/
differentiation with the corresponding up-regulation of pro-
inflammatory cytokine and co-stimulatory molecule expression
[117,118]. The therapeutic targeting of M1 Md¢s or indeed the
augmentation of M2-mediated responses may represent a realistic
regimen in the control of this chronic inflammatory disease.

Chronic periodontitis

Chronic periodontitis (CP) is a persistent relapsing-remitting
inflammatory disease of the periodontal tissue, which ultimately, if
untreated, leads to destruction of the periodontium and resulting
tooth loss. Like Crohn’s disease, CP is associated with the breakdown
of mucosal barrier functionality and tolerance, leading to an
uncontrolled inflammatory immune activation response [119]. The
observed dysbiosis in the oral microbiota results in the perpetual
microbial challenge; one such prominent microbe driving this
inflammatory pathology is Porphyromonas gingivalis [120,121]. P.
gingivalis is an intracellular-resident oral bacteria which infects both
oral epithelial cells and underlying APCs (DCs and M¢s). An
appropriate host clearing response to such an intracellular pathogen
would be to initiate cell-mediated immunity, mediated by Th; cells
[122,123]. This pathogen however is able to both subvert and suppress
appropriate host responses. PG-LPS both exhibits a low endotoxin
activity and can mediate its effects through both TLR2 or TLR4 as well
as changing the appropriate Th;-lead response to that of a non-
clearing Thy-mediated humoral response [124-126]. In the case of CP,
oral M¢s exhibit a pro-inflammatory, M1-like cytokine profile: high
pro-inflammatory levels (TNFa, IL-1y, IL-1f, IL-6, IL-8, IL-12, IL-18,
IL-32, MCP-1) and low level expression of regulatory cytokines
(IL-10) [127]. The M¢-driven pathogenic mechanisms that underlie
CP is difficult to interpret; Porphyromonas gingivalis, a major
pathogen associated with CP, induces M1 polarisation whereas
subverts the adaptive response to be dominated by Th, cells. At the
same time, M¢ subsets have been demonstrated to exhibit a
differential sensitivity to endotoxin tolerance (ET); whereby the pro-
inflammatory subset, M1 Mg¢s, are refractory to ET and the
homeostatic M2-like subset was tolerisable [128]. Such tolerisation
mechanisms have already been described for the oral mucosa in CP
resulting in down-regulation of TLR2, TLR4, TLR5, MD-2, TNFa,
IL-1PB, IL-6, IL-8 and IL-10 [129]. This selective M¢ subset-specific
sensitivity to ET, coupled with the relapsing-remitting nature of this
chronic inflammatory disease, is normally suggestive that
inflammation/immune activation is tissue-destructive whereas
immune suppression/tolerisation is of benefit to the host via stopping
these tissue-destructive mechanisms. Future therapeutic intervention
will be reliant on clarification of M¢ polarisation plasticity, M¢ subset-
specific ET mechanisms and downstream effects on polarisation of T
cell responses (Figure 2).
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M2-associated pathology: Solid tumours

In addition to the M1 M¢ subset being integral to driving
inflammatory pathology, the M2/alternatively activated subset is
associated with suppressive/regulatory mechanisms required for
tumorigenesis and progression of solid tumours. High tumour
associated macrophage (TAM) numbers have been indicated as a poor
prognostic marker in cancers, in particular in squamous cell
carcinoma [130]. Indeed, M¢ depletion (M-CSF gene mutation) in a
mouse model of polyoma virus middle T oncoprotein-inducible breast
cancer observed a reduced progression of malignant lesions and
metastases [131]. The M¢ has thus become a major focus for the
understanding of cancer; it has been shown to play a central role in
neoplastic transformation and tumour progression [132]. The
established link between chronic inflammation and cancer, for

example inflammatory bowel disease (IBD) and colorectal cancer
(CRC), is suggestive of the M¢ playing several roles in tumour
development. Which particular M¢ function is required during each
phase of development is indicative that the range of activities may be
reflected by plasticity in subset of TAMs. This inflammation-cancer
link can be exemplified by the malignant transformation of oral
epithelial cells resulting in oral cancer such as oral squamous cell
carcinoma (OSCC). The original trigger for cancer or transformation
may have been as a consequence of chronic tissue injury induced by an
M1-driven inflammatory disease such as Oral Lichen Planus (OLP),
where the pro-inflammatory and anti-microbial (ROS/RNS)
environment induces mutagenesis and transformation [reviewed in
119].
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Figure 1: Monocyte pre-programming and macrophage polarisation determine effector function of homeostatic and pathogenic tissue
macrophages. Macrophage polarisation and plasticity between M2/homeostatic and M1 subsets determines effector response as anti-
inflammatory/regulatory and pro-tumoral versus pro-inflammatory, immune activatory/CMI and anti-tumoral. M1-like effector functionality
is indicated as an increasing scale of red colouration whereas M2-like effector functionality is indicated as an increasing scale of green
colouration. M1 function is associated with iNOS/NO production, expression of pro-inflammatory cytokines (TNFa, IL-12 and IL-23), hence
Th1 and Th17-mediated CMI. Pathogenic association of M1 function is linked with inflammatory diseases such as CD and CP. M2 function is
associated with Arg-1 activity, expression of suppressive cytokines, hence Th2 and Treg-mediated responses. Pathogenic association of M2
function is linked with immunosuppressive diseases such as OSCC and localised pro-tumoral environments of solid tumours. Just how pre-
programmed monocyte subsets link in to the development of M1- or M2-like Mg responses is not fully defined and is subject to speculation

monocyte subsets correspond to the M1 and M2 subsets with respect to pro-inflammatory and anti-inflammatory/regulatory cytokine
production whereas both subsets express iNOS. In contrast, the intermediate monocyte subset expresses Arg-1, normally associated with
regulatory, M2-like function. Thus, monocyte subsets do not exactly align with Mg subsets, but may be representative of a sliding scale of
effector functionality determined by a combination of pre-programming, differentiation and activation signals representative of the localised
tissue environment in homeostatic, pathogenic challenge or disease status.

OSCC is characterised by a massive cellular infiltrate primarily
consisting of MCP-1-recruited monocytes, which in the presence of
M-CSF and IL-10, are polarised to an M2-like phenotype of TAMs
[130]. These polarised TAMs produce IL-10, EGF, FGF, PDGF and
VEGF, which direct advanced stages of tumour progression [133-136];
tumour growth benefitting from the overall immunosuppressive, anti-
inflammatory and tissue reparative environment. In a reciprocal

manner, the cancer cells also produce TGFp, IL-10 and M-CSF
[134,135]. This environment further benefits the tumour by
suppressing pro-inflammatory cytokine production and by inhibiting
APC function through the down-regulation of MHC expression and
the up-regulation of inhibitory co-stimulatory molecules such as
CTLA-4 and B7-H4 [137-139]. TAM contact with malignant cells has
indeed been described to result in defective phagolysosomal
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interactions hence defective tumour antigen processing and
presentation, thus suppressing anti-tumour T cell responses and
facilitating tumour survival [140]. In addition, Treg development is
encouraged via the M2-like TAM and OSCC cell expression of IL-10
and TGF favouring the suppression of host anti-tumour responses
[141,142]. Thus, there would appear to be a reciprocal relationship
between TAMs and tumour, where the TAMs can modulate tumour
survival, growth and development and that the tumour cells can
modulate TAM plasticity. Can we limit tumour growth and
development by switching M2-like TAMs to an MIl-like subset?
Theoretically, at first glance, this might be viewed as an attractive
option. Practice may be different, given that MIl-like TAMs are
associated with malignant transformation through chronic
inflammatory injury and that the persistent tumour environment may
just revert anti-tumoral Ml-like Md¢s introduced as a cell-based
therapy to the pro-tumoral M2-like TAM. Thus treatment of solid
tumours by manipulation of polarisation states/plasticity between M1
and M2 phenotypes may be an inappropriate regimen for the
treatment of cancer. What may be more realistic is the manipulation of
M¢ subset sensitivity to tolerisation; selectively suppressing polarised
M¢s, which facilitate tumour development in many different tumour
environments.

Manipulation of Macrophage polarisation: the future?

Manipulation of M¢ polarisation by harnessing differentiation,
activation and suppression signals may offer a potentially realistic
regimen for the treatment and management of pro-inflammatory (eg.
CD or CP), or immune-suppressive, pro-tumour (eg. OSCC)
conditions (refer to figure 1). Effective polarisation and modulation of
pathological mechanisms are likely to result from the delicate balance
of all of these M¢-mediating factors, which, if modulated incorrectly
may result in exacerbation of disease processes rather than down-
regulation. Indeed, in the case of tumours, TAMs are predominated by
the pro-tumoral M2-like phenotype. Although experimental over-
expression of M¢ IL-12 increased MHC expression, T cell infiltration
and anti-tumour responses [143], attempts to polarise these M2-like
TAMs to a cytotoxic anti-tumour M1 subset have resulted in M¢
polarisation reverting to the suppressive pro-tumoral M2 subset. This
is thought to be as a result of the tumour environment expressing a
wealth of signals which reverse the polarised “therapeutic” M1 subset
to an effector that benefits the tumour. This may be as a consequence
of TAM functional heterogeneity where in invasive areas, TAMs
encourage cancer cell motility whereas in stromal and perivascular
areas TAMs promote metastasis and in avascular, perinecrotic areas
hypoxic TAMs stimulate angiogenesis [132,144]. In cancers with a
poor prognosis, TAMs accumulate in numbers at sites of hypoxia and
necrosis [145-147]. These TAMs respond to hypoxia by up-regulating
the expression of HIF-1, HIF-2 and HIF-regulated angiogenic factors
[148,149], thus hypoxia may represent a polarising signal which
favours pro-tumoral function and an M2-like TAM subset [150]. An
additional confounding factor to the understanding of TAM
functionality is the characterisation of an additional CD14* monocyte
subset, which expresses Tie-2 (angiopoietin receptor) and is associated
with tumour angiogenesis [151]. Upon ligation by angiopoeitin-2, this
subset suppresses the release of pro-inflammatory cytokines TNFa and
IL-12 via NFxB inhibition by A20-binding inhibitor of NFxB
activation-2 (ABIN-2) [151,152]. This may go some way to highlight

the requirement to manipulate TLR/NFkB signals in the regulation of
TAM plasticity but, in addition, there is a need to fully characterise
this tumour-associated Tie-2 expressing monocyte (TEM) subset and
where it is placed in the sliding scale of monocyte/macrophage
functional plasticity. An alternative approach to manipulating M2 to
M1, is to encourage M2 polarisation but to manipulate these pro-
tumoral M¢s to act as Trojan horses, acting as delivery systems for
anti-tumour cytotoxic drugs. This very approach is currently being
investigated where studies have demonstrated M¢s to be ideal delivery
systems for oncolytic virus, which resulted in the suppression of
tumour regrowth and metastasis [153,154].

In addition to the manipulation of polarising activation and
differentiation signals, M¢ polarisation to distinct functional subsets is
likely to be determined by suppressive signals or tolerisation (Figure
2). ET was first described by the observation that LPS pre-treatment
rendered innate immune cells refractory to activation upon LPS re-
challenge. ET has since been shown to occur in M¢s for a range of
cytokine (TNFa, IL-1p) and TLR-mediated (LPS, LTA, PGN,
Flagellin) signals [reviewed in 155]. The suppression of M¢
functionality could beneficially inhibit harmful inflammatory
responses whereas at the same time benefit infectious microbes, thus
allowing for a favourable environment for the pathogen to recoup its
numbers through growth. In the case of the oral pathogen
Porphyromonas gingivalis, associated with chronic periodontitis, M¢
subsets were differentially sensitive to PG-LPS-induced ET, where M2s
were sensitive to ET and Mls were refractory [128]. As suggested
earlier in the context of TLR-mediated signalling, many endogenous
suppressors exist which can suppress TLR-mediated activatory or
polarising responses. In addition to the endogenous suppressors
(MD2, Tollip, IRAK-M, Myd88s, TRIAD3A, SIGIRR), many other
suppressive molecules play a role in regulating M¢ responses. These
include CD200R, CD47/SIRP1a, Siglecs 3-10, CD32 to name but a few.
Ligation of CD200R has been demonstrated to induce
immunosuppressive activity and suppress pro-inflammatory cytokine
production in models of chronic inflammation such as collagen-
induced arthritis [156-158 and reviewed in 159]. CD47-SIRPla
ligation also exhibits a suppressive activity by down-regulating IL-12
production [160]; this response may be reflective of suppression of
activity or may alter polarisation status of the M¢ from M1 to M2. The
targeting/augmentation of such suppressive molecules may represent a
realistic approach in suppressing chronic inflammatory diseases such
as Crohn’s disease and chronic periodontitis but may also facilitate
control of M¢ polarisation in the treatment of solid tumours.

A recurring theme that presents itself in every aspect of the M¢
story is the ability to recognise immunoglobulin or immune complexes
(ICs) through the responsiveness of M¢ FcRs. FcRs and their ligation
would appear to be involved in monocyte subset responses, M¢ subset
polarisation through activation and differentiation and through the
induction of suppressive/regulatory responses. CD16 (FcyRIlla) is
expressed by both M¢s and the non-classical subset of monocytes.
Activation by immune complexes or immunoglobulin results in an
alternatively activated M2-like phenotype through the activation of
ITAMs present in the intracellular cytoplasmic signalling domain
[161], however CD16-ligation has also been shown to induce M¢
TNFa production [162].
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Figure 2: Manipulation of macrophage polarisation: the future? Macrophage polarisation, plasticity and effector phenotype can be determined
by the manipulation of differentiation, activation and suppression/tolerogenic signals. Such harnessing of Mg effector phenotypes may prove
beneficial to the future treatment of both inflammatory mucosal diseases such as CP and CD and immune suppressive mucosal diseases such
as OSCC. Mg polarisation can be manipulated or initiated towards the pro-inflammatory, anti-tumour M1 subset (yellow box and red
arrows) by a range of receptors, which include GM-CSF-R, IFNy-R and TLR activation (middle blue box) and signalling intermediates such as
STAT-1, p65 NF-kB and SOCS3. Conversely, the polarisation towards the anti-inflammatory, pro-tumour M2 subset is indicated by the white
box and green arrows. M2 polarisation can be initiated by the receptors to the Th,-derived cytokines, IL-4/IL-13, M-CSF-R, FcyRs as well as
IL-10R and the TGFPR (not indicated on figure). The signalling intermediates associated with M2 Mgs include STAT3, STATS6, PI3K and p50
NEF-kB. Cross-regulation is indicated by inhibitory (blunted) lines, which are coloured purple to indicate M2 suppression of M1 polarisation
(by STATS, Tpl2, PI3K, p50 NF-kB and the cAMP-modulated C/EBPP) and red to indicate M1 suppression of M2 polarisation (by STATI,
p65 NF-kB and the ITIM-recruited phosphatase (P-ase), SHIP1). In addition, M¢ activation/polarisation signals can be suppressed by a
variety of exogenous and endogenous negative regulators, described in ET mechanisms. These include signal suppression by SHIP1 through
ligation of siglecs 3-10 and FcyRIIb and ligation of the negative regulatory receptors, CD200R and SIRPla. PI3K has been suggested to
polarise towards the M2 subset, activation of its endogenous negative phosphatase regulator, PTEN, will indirectly bias polarisation towards
M1 Mgs. Finally, activation of M¢ function by TLRs can be suppressed by inhibiting adaptor protein association and transduction of signals
to TRAF6 and downstream effectors such as NF-kB and MAPKs via membrane-associated exogenous signalling through SIGIRR, ST-2,
FcyRIIb, Siglecs, CD200R, SIRPla and endogenous-associated negative regulation through IL-10-induced SOCS3. Further investigation
regarding the fine balance between signals transduced through CD16 (FcyRIII) and CD32 (FcyRIIb) may highlight the contribution of the
different monocyte subsets (described by their high or low expression of CD16) to M1/M2 polarisation.

Thus FcyR-mediated responses can drive both activatory and
suppressive responses in inflammatory pathologies such as CIA; such
observations creating a rationale for FcyR-mediated targeting in the
treatment of such inflammatory diseases as RA [163]. FcyR-ligation

also suppresses IL-12 transcription, hence inhibiting M1/Th,;
responses and favouring M2-like responses [164]. The relative
differential responses mediated through ITAM- and ITIM-containing
FcyRs in both M1 and M2 M¢ subsets may indicate the refined use of
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IC-FcyR signalling in the treatment of inflammatory pathologies. The
use of in vitro immunoglobulin (IVIG) has been adopted for the
treatment of inflammation and autoimmunity [165,166]; whether this
is as a consequence of activation of ITAM-containing FcyRs or
regulatory responses through suppression by SHP-1/SHIP
phasphatase-recruiting, ITIM-containing FcyRs such as FcyRIIb
(CD32) remains to be clarified. Thus, IVIG can potentially be used to
either suppress pathogenic M¢-driven responses or can deviate M
responses to a more protective, less pathogenic mechanism. The
relative balance of signals transduced through ITAM- and ITIM-
bearing receptors would appear to have a direct effect on M¢
functionality; this has been clearly demonstrated whereby SHIP
activity has been shown to repress the generation of alternatively
activated, M2-like M¢s thus favouring a pro-inflammatory M1/Th,
axis of M¢ functionality [167]. Another family of receptors which both
positively and negatively regulate M¢ responses through ITAM and
ITIM activity is the sialic acid binding Ig-like lectins, Siglec family
[168]. CD33-like ITIM-bearing siglecs are expressed by M¢s [169].
These siglecs exhibit suppressive functionality but, in addition, may
play a prominent role in M¢ polarisation. This is supported by siglec 9
enhancing M¢ IL-10 production [170] whereas CD33 responses are
blocked by SOCS3 [171], which also targets siglec 7 for proteosomal
degradation [172]. Thus CD33-like siglecs may be involved in
polarisation of M2-driven responses and are blocked in M1-SOCS3
expressing M¢s (see overview diagram of manipulation of M¢
polarisation, (Figure 2).

In conclusion, M¢-driven immune responses would appear to be
controlled by the polarisation of specific effector phenotype being
expressed and by its level of plasticity and reversibility. The plasticity,
hence M¢ subset, can thus be determined by the tissue environment
[173]. Thus plasticity is regulated by a wealth of activation,
differentiation and suppression signals to be found in the tissue
environment. Pro-inflammatory and anti-inflammatory Mg¢s are
clearly inter-convertible [174] and this plasticity can be controlled by
FcyR ligation which can reverse LPS toxicity [175], axis of IKK/NFkB
activation [176], IL-4-induced SHIP degradation [69] and relative
cytokine environments. Macrophage polarisation is thus truly a
collaboration of differentiation, activation, suppression and pre-
programming; further characterisation of which will open up a world
of therapeutic regimens for the treatment of chronic inflammatory
disease and cancer.
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