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a b s t r a c t

It is well established for a broad range of disease states, including cancer and Mycobacterium tuberculosis
infection, that pathogenesis is bolstered by polarisation of macrophages towards an anti-inflammatory
phenotype, known as M2. As these innate immune cells are relatively long-lived, their re-polarisation
to pro-inflammatory, phagocytic and bactericidal ‘‘classically activated” M1 macrophages is an attractive
therapeutic approach. On the other hand, there are scenarios where the resolving inflammation, wound
healing and tissue remodelling properties of M2 macrophages are beneficial – for example the successful
introduction of biomedical implants. Although there are numerous endogenous and exogenous factors
that have an impact on the macrophage polarisation spectrum, this review will focus specifically on
prominent macrophage-modulating carbohydrate motifs with a view towards highlighting structure–
function relationships and therapeutic potential.
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1. Introduction

Macrophages are mononuclear phagocytic and antigen present-
ing cells of the innate immune system. Due to their presence in
essentially all tissues, these cells have a key role in responding to
exogenous and endogenous factors, from products of tissue dam-
age and pathogenic infections, to the introduction of biomaterials
and tumorigenesis. A significant feature of macrophages is
dynamic plasticity, expressed by their ability to polarise towards
distinct activation states [1]. As shown in Fig. 1, the two ‘‘ex-
tremes” of these states are the ‘‘classically activated” M1 macro-
phages that propagate inflammation, have bactericidal activity
and are highly phagocytic [1,2], and the ‘‘alternatively activated”
M2 macrophages, which enhance allergic responses, resolve
inflammation and induce tissue remodelling [3]. Whilst the M1
and M2 simplification is useful, it is important to bear in mind that
the reality is a broad spectrum of differentiation states, continu-
ously regulated by a myriad of signals from the microenvironment
[1]. This spectrum is an argument in favour of defining macro-
phages based on the stimuli used to differentiate them – a system
that is also regularly employed. However, in this review, the M1
and M2 extremes will be used to aid clarity. Due to their relatively
long lifespan, macrophages that have attained a certain differenti-
ation state can furthermore be re-polarised – a fundamental neces-
sity for instance in tissue healing, and an exciting avenue for
therapeutic discovery [1,4].

The current dogma suggests that M1 polarisation occurs in
response to signalling downstream of cytokines such as tumour
necrosis factor-a (TNFa) and interferon-c (IFNc) in concert with
the recognition of either endogenous or exogenous danger mole-
cules [3]. This combination induces phagocytic, antigen presenting
M1 macrophages that secrete inflammatory cytokines including
interleukin (IL)-1b, IL-12, IL-6, IL-23 and TNFa, as well as secretion
of proteolytic enzymes and the production of reactive oxygen and
nitrogen species (ROS and RNS respectively) [1,3]. These cells play
key roles in protection against bacterial, fungal and viral pathogens
[5]. By contrast, the cytokines IL-4, IL-13, IL-10 and transforming
growth factor (TGF)b stimulate M2 differentiation [3,6]. M2 macro-
phages are poor antigen presenting cells that dampen inflamma-
tion, in part by secreting cytokines including IL-10 and TGFb,
promote angiogenesis and scavenge debris [1,4,7]. M2 macro-
phages can additionally be identified by their expression of surface

markers such as the macrophage mannose receptor (MR) [8], as
well as up-regulation of proteins such as chitinase-like 3-1
(Ym1), found in inflammatory zone-1 (Fizz1) and arginase (Arg)
[5,9]. Whilst these established markers are convenient, macro-
phages can concurrently display characteristic M1 and M2markers
[10,11]. Apart from cytokines, there are numerous additional sig-
nals, including carbohydrates, that can influence macrophage
polarisation towards either extreme. As macrophage responses
are a key feature in cancer [12], fungal [13] and Mycobacterium
tuberculosis [10,14] infection, as well as the successful introduction
of implants [15,16], this review will primarily focus on examples of
immunomodulatory carbohydrate epitopes in these clinically rele-
vant settings.

Carbohydrates are ubiquitous in all organisms. They are promi-
nently present on cell surfaces [17] and it is estimated that as
much as 1% of the human genome is dedicated to glycosylation
[18]. The human glycome is primarily built from nine monosaccha-
rides, which may appear to limit diversity [19]. However, due to
the numerous stereogenic centres, the possibility of either a- or
b-linkages to any of four hydroxyl functional groups, as well as
forming either linear or branched structures – as few as three dif-
ferent monosaccharides can construct more than 1,000 distinct
trisaccharides [19,20]. Carbohydrates are thus a source of diverse
information, the decoding of which is important as a means of dis-
tinguishing self from non-self, and for tailoring immune responses
[21–23]. Characterising these immunomodulatory properties
offers great potential for realising therapeutic applications.

2. Sialic acids mediate immunosuppressive responses

Eukaryotic cells are richly coated in sialic acids (Fig. 2): struc-
turally diverse nine-carbon monosaccharides that are negatively
charged at physiological pH [24–26]. Derived from neuraminic
acid, these sugars are composed of a six-membered pyranose ring,
with a three-carbon side chain and a carboxylic acid group at the
anomeric position, which can be either a- or b-oriented [25,26].
Sialic acids are important for distinguishing ‘‘self” from ‘‘non-
self” and are detected by sialic acid-binding proteins; prominently
by sialic acid-binding immunoglobulin-like lectins (Siglecs)
[24,25]. This transmembrane receptor family, of which there are
14 human and nine murine members [27], is a part of the
immunoglobulin superfamily-type (I-type) lectins, which is in
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