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Abstract

Macrophages are cells of the myeloid lineage with important roles in immune regulation and
tissue repair, but also in pathological states such as autoimmune disease and cancer. A
plethora of macrophage subtypes exist with distinct phenotypes and functions, not least
within the tumour microenvironment (TME) of solid tumours. The abundant macrophages
located within the TME are often referred to as tumour-associated macrophages (TAMS).
TAMSs may be pro-inflammatory with anti-tumour properties, or may have pro-tumour
functions such as angiogenesis. Typically, TAMs are endowed with pro-tumour phenotypes,
which has led to strategies to deplete or reprogram TAMs within the TME. Although
historically recognised as professional antigen presenting cells (APCs), macrophages are
often considered inferior in their abilities to process and present antigen in comparison to
dendritic cells (DCs). Notwithstanding, this review gives an overview of the potential
accessory role that macrophages might have in antigen processing and presentation to T cells

within the TME, with implications for the design of novel immunotherapies.
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l. Introduction

Elie Metchnikoff can be recognised for his extensive contributions to the early identification
and study of macrophages!, which are predominantly phagocytic cells of the myeloid lineage
with important roles in health and disease. In health, macrophages are responsible for
functions such as the clearance of apoptotic cell debris and tissue repair following injury.
Alternatively, in disease, macrophages may be aberrantly activated and contribute to tissue

damage, such as in the context of various autoimmune diseases.?

Macrophages are also particularly abundant within the mass of solid tumours and,
considering this, have historically been referred to as TAMs.> Further to hypoxia,® various
tumour-derived factors in the TME have recently been shown to promote TAM
differentiation, including but not limited to lactic acid’, succinate®, high molecular weight
hyaluronic acid® and retinoic acid.'® Positive feedback loops also exist, whereby TAMs
induced by tumour-derived factors elaborate cytokines and chemokines that either act on

TAMs themselves, or on tumour cells, to further promote the TAM phenotype.!!

TAMs are able to create an immunosuppressive milieu wherein T cells are inhibited,**? and
may also interact with T cells in the stroma to prevent their infiltration into the tumour.* In
addition, they can possess properties that aid the growth or spread of tumours. An example
includes the ability of TAMs to produce the chemokine, CCL8, which may both increase
cancer cell motility/invasion and contribute to the recruitment of additional TAMs.!
Nevertheless, knowledge of TAM functions has led to their therapeutic targeting, with the
aim of depleting suppressive TAMs, or re-polarising or -programming them to a phenotype

more conducive for effective anti-tumour immune responses.**

Macrophages are often described as existing along a spectrum of polarisation states, from

classically-activated or pro-inflammatory M1, to alternatively-activated or anti-inflammatory



M2. Although this nomenclature has received criticism for being oversimplified,'® defining
macrophages as M1 or M2 is useful in an in vitro setting, as macrophages with M1 or M2
phenotypes can be traditionally polarised with stimuli such as lipopolysaccharide
(LPS)/interferon gamma (IFN-y) or interleukin (I1L)-4/1L-13,® respectively, for further study.
In the setting of tumours, TAMs are often described as having a pro-tumorigenic M2
phenotype.l” However, as discussed herein, it is becoming clear that this is likely to be much
more complicated in a tumour setting due, for example, to the presence of mixed

subpopulations of macrophages that may share typical M1 or M2 markers.

Much of the focus in the field has been centred on the ability of DCs to induce adaptive
immune responses against cancer.*® However, macrophages are also professional APCs that
have the ability to process and present antigens to T cells.!®?* Moreover, TAMs have recently
been shown to be capable of presenting tumour antigens to T cells.?>2?® Therefore, although
such functions are less well understood and likely to be less efficient than DCs, the
abundance of TAMs within the TME argues that, provided they have the correct phenotype,
they may have a role in antigen processing and presentation. In this way, TAMs may induce
or re-activate antigen-specific T cells in certain settings, such as in early-stage tumours or
following immunotherapy. How to effectively harness these properties of macrophages is of
key interest. This review will focus on the potential for macrophages to be involved in
antigen processing and presentation to T cells within the TME. Current knowledge
concerning the biology of antigen uptake and processing by macrophages will be reviewed.
Evidence for antigen presentation by TAMSs will also be presented, combined with how novel
immunotherapeutic strategies such as the targeting of antigens to macrophages or engineering
of macrophages for target recognition may unleash their anti-tumour properties. Finally,

unknown aspects of their biology and outstanding questions for the future will be considered.



II. TAM subtypes

Despite the fact that TAMSs have been linked to a worse prognosis of tumour patients, it has
become evident that tumours may contain a mixture of TAMs bearing M1 or M2 markers,
which is important to consider when using TAMs as a biomarker for prognosis.?” A recent
example is the observation of both M1- and M2-like TAMs in metastatic renal cell carcinoma
(RCC).28 Moreover, macrophages with anti-tumour properties may be present within a
tumour, despite not having a typical M1 or M2 profile. As an example, inflammatory
(C1QC™) macrophages with a marked upregulation of expression of major histocompatibility
complex (MHC) class Il (MHC-I1) molecules were identified within human colorectal cancer
(CRC) samples.?® Four populations of macrophages with similar properties to those of
C1QC* macrophages were also identified within mouse tumours.?® Such macrophages may
have a role in the presentation of antigens to CD4" T cells within the TME. Alternatively,
angiogenic (SPP1*) macrophages that did not express antigen-presenting molecules within
the same human CRC tumours had an equivalent population within mouse tumours.?® Such
cells are unlikely to have antigen-processing/presenting functions, but did not have a clear
M2 signature. Further still, three populations of TAMs were identified in breast cancer
(namely, clusters 23, 25 and 28) that did not have definitive M1 or M2 signatures.*® Rather,
there appeared to be a positive correlation between the expression of both M1 and M2 genes
by TAMs.2® Similarly, in early stage lung cancer, TAMs were identified that expressed a
mixture of M1 and M2 markers.?® Collectively, these studies suggest that there is likely to be
a plethora of TAM subtypes present within tumours; that the M1-M2 classification may not
always be useful or applicable; that there are likely differences depending on the tumour in
question; and that there is still much to learn about the phenotypes and functions of these

important cells.



I11.  Acquisition of antigens by macrophages

How macrophages process and present antigen first requires an understanding of how these
cells acquire antigen from the extracellular space. Macrophages are capable of acquiring
antigen in various ways, using either receptor- or non-receptor mediated mechanisms, which

are briefly detailed in the sections below.
A. Phagocytosis

Phagocytosis refers to the eating of particles larger than 0.5 um by APCs including
macrophages.®* Owing to their size, tumour cells fit into this category. A four-step process
for phagocytosis has been described which involves the sequential steps of particle
recognition, internalisation, phagosome formation and maturation to the phagolysosome. 3!
This culminates in the destruction of the ingested particle. Phagocytosis mediated by
macrophages is, in particular, more efficient when targets are coated with opsonins such as
antibodies.®! In this way, antibody-dependent cell-mediated phagocytosis (ADCP), whereby
macrophages engulf tumour cells opsonised with antibodies, is a well-defined function of
these cells.®> ADCP has been proposed to be a pivotal mechanism of action of direct tumour-
targeting therapeutic monoclonal antibodies (mAbs), and has been shown to occur in vivo
using intravital microscopy.®>3* ADCP is mediated via Fc gamma receptors (FcyRs) that are
abundantly expressed on the surface of macrophages. These receptors bind to their cognate
ligands on the opsonised cell, namely the Fc (fragment crystallisable) regions of
immunoglobulin G (IgG) molecules. There are 5 activatory FcyRs in humans (FcyRlI, lla, llc,
I11a and I11b) and a single inhibitory FcyR (FcyRI1Ib), whereas there are 3 activatory FcyRs in
mice (FcyRlI, 11l and 1V) and a single inhibitory FcyR (FcyRI11b).%° In general, FcyRI is known
as the single high affinity FcyR owing to its unique ability to bind to monomeric 1gG with a

dissociation constant in the nanomolar range.®® However, there are various layers of



complexity which need to be considered for FcyR:1gG (Fc) interactions. These include
differences in the 1gG subclass; 1gG glycosylation status; FcyR polymorphisms; FcyR co-
expression; FcyR expression level and valency of the physiological ligand for FcyRs, immune
complexes (ICs) comprising antibody and antigen in multimeric form.*¢-3® The expression of
FcyRs on macrophages is variable depending on tissue location or in vitro culture method.%
Nevertheless, macrophages are generally considered to co-express both activatory FcyRs and
the inhibitory FcyRIIb, the latter of which has long been known to attenuate the function of
the former.*° Importantly, the affinity of the Fc region of mAbs to both activatory FcyRs and
the inhibitory FcyRIIb,* or the relative expression of the activatory FcyRs to inhibitory
FcyRIIb,*2* may alter the activatory:inhibitory (A:l) ratio and therefore the efficiency of
effector mechanisms including ADCP. How the Fc region influences FcyR effector

mechanisms and the efficacy of mAb therapies has been extensively reviewed elsewhere.*4-4
B. Trogocytosis

The interaction of the Fc region of an antibody with FcyRs on the macrophage cell surface
may also lead to engulfment by the macrophage of a portion of the target tumour cell
membrane, in the absence of entire cell engulfment. This mechanism is known as
trogocytosis (from the Greek word, trogo, meaning to gnaw), a term originally coined almost
20 years ago*’ to describe observations including the acquisition of molecules such as
peptide-MHC complexes by T cells from APCs.*84° Trogocytosis may have differing
consequences in the setting of mAb therapy. Firstly, trogocytosis may lead to resistance to
some mADb treatments, including anti-CD20 mADbs, by removing available target antigen from
the target tumour cell surface, as reviewed elsewhere®. In the setting of CD20 mADbs,
trogocytosis, also known as “shaving”, has been proposed to occur concomitantly with
ongoing phagocytosis, and along with the internalisation of CD20-mAb complexes (so-called

modulation) represents a potential complementary mechanism of resistance to anti-CD20
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mADb therapy.>! However, macrophage-mediated trogocytosis has been reported to lead to the
death of tumour cells opsonised with anti-HER2 mAbs,>? indicating that differences may
exist depending on the target antigen and/or tumour cell in question. Trogocytosis may also
occur in other settings, such as the transfer of MHC class | (MHC-1)-peptide complexes from
target cells to DCs.>® Whether the latter is relevant to macrophages or TAMs would therefore

be interesting to investigate.
C. Endocytosis

Endocytosis refers to the receptor-mediated internalisation of an antigen from the cell
surface. It is well established that the mannose receptor (MR, CD206), a known M2
macrophage marker, participates in the endocytosis of antigens,?>* as will be discussed
below (See ‘IV. Antigen processing and presentation by macrophages’). Another example of
endocytosis is the internalisation of “small’ ICs (i.e. not highly multivalent) that have bound
to surface FcyRs.> Monomeric 1gG, however, is expected to bind to the high affinity FcyRI
expressed on the surface of macrophages.>® Alternatively, 1gG in the extracellular fluid that is
not bound to cell surface receptors is likely to be taken up by macrophages by pinocytosis,*®

which is described below.
D. Pinocytosis

Macrophages are extremely active in pinocytosis, which can be defined as the receptor-
independent, fluid-phase uptake of soluble molecules within pinocytic vesicles. As an
example, the uptake of low density lipoprotein by macrophages, resulting in the formation of
foam cells due to cholesterol accumulation, is known to occur by pinocytosis.®” The rate of
macrophage pinocytosis is remarkable, with early estimates indicating that pinocytic vesicles
account for 0.43% of the cell volume after one minute, which equates to uptake of the entire

cell volume within just less than four hours.>® Pinocytosis can be defined as micro- or macro-



pinocytosis depending on the size of the solute and vesicle formed. In this way, 70 kDa
dextran has been used in studies of macrophage macropinocytosis.*® Moreover,
macropinocytosis can be further classified as constitutive or inducible, with the latter
occurring in response to growth factors or chemokines.®® Notwithstanding, molecules
contained within these vesicles are typically directed to lysosomes for degradation or,

alternatively, recycled to the cell surface.5%2

Although pinocytosis is receptor-independent, interaction with receptors can occur within
pinosomes post-uptake. In this regard, the neonatal Fc receptor, FcRn, has an important role
to play following the pinocytosis of IgG and albumin molecules.%*-% This mechanism is
controlled by the pH—dependent binding of 1gG and albumin to FCRn%-%8, In this way, IgG
and albumin do not bind to FcRn at extracellular, neutral pH (7.4), but interact with FcRn as
the pH is lowered to ~6 within intracellular sorting, or early, endosomes®®’°. Of relevance
here is that the extracellular pH of solid tumours is known to be acidic.”* This suggests that
the acidic TME will enhance receptor-mediated uptake of 1IgG and albumin into intratumoral,

FcRn-expressing cells.

In any case, molecules that do not bind to FcRn following uptake into sorting endosomes are
destined for degradation in lysosomes®®. Alternatively, FcRn-bound IgG and albumin may be
rescued and subsequently recycled and released by exocytosis into the extracellular fluid’>73,
This mechanism is known to extend the half-life of antibodies’, and such knowledge has led
to the development of therapeutic agents to block FcRn, enhance the catabolism of
pathogenic autoantibodies, and consequently reduce disease severity’ 8, Such FcRn
targeting has recently been reviewed elsewhere.%* Importantly, it has also been shown that
FcRn expression by macrophages makes a substantial contribution to the regulation of the

half-life of administered antibodies and endogenous 1gG levels.”



Polarised macrophages are known to differ in their rates of pinocytosis, as human M2-
polarised macrophages have been shown to be more active in this regard.>®2° This is thought
to reflect the differing functions of polarised macrophages, whereby anti-inflammatory (M2)
macrophages have an antigen sampling role, by contrast with the antigen presentation activity
of pro-inflammatory (M1) macrophages.®° It is unknown how the level of FcRn expression by
TAMs influences IgG recycling within tumours. However, it is conceivable that TAMSs have
a role in the recycling of administered mAb therapies within the TME. In this way, the ratio
between TAM pinocytosis and FCRn-mediated rescue from degradation may influence the
availability of mAbs at the tumour site with, for example, a highly pinocytic macrophage
population with decreased FCRn expression being expected to engage in increased IgG
degradation. Hence, the anti-tumour activity of tumour-targeting mAbs might be decreased

under these conditions.

IV. Antigen processing and presentation by macrophages

This section will focus on the known roles of macrophages in antigen processing and
presentation to T cells. Comparisons will be made with DCs whenever relevant, as there are
interesting differences in the biology of these two cell types, which may help to explain

differences in antigen processing and presentation.
A. Antigen cross-presentation by macrophages

The dogma of antigen presentation dictates that intracellular antigens are processed for
presentation on MHC-I molecules to cytotoxic CD8" T cells, whereas extracellular antigens
taken up from outside the cell are processed in the MHC class 11 compartment (M1I1C)8! for
presentation on MHC-11 molecules to helper CD4™ T cells. The MIIC is not a unique
compartment per se, but can be best described as a late endosomal/lysosomal-like
compartment that possesses key features that include the presence of the MHC-II-loading
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accessory molecule, HLA-DM, and MHC-I11 molecules; having an acidic pH and accessibility
to antigens; and the ability to transport MHC-II to the cell surface.8* In relation to the latter,
tubules/vesicles that contain MHC-11 and emanate from the MIIC, have been identified in

maturing human DCs.%?

Cross-presentation, on the other hand, refers to the ability of APCs to ingest antigen from the
extracellular space, process it and present it on MHC-1 molecules for the priming of CD8" T
cells.®® Such antigen-specific CD8* cytotoxic T cells are subsequently able to lyse tumour
cells expressing cognate antigen presented on MHC-1 molecules. This explains the interest in

generating MHC-1-restricted CD8" T cell responses for the treatment of cancer.?*

Cross-presentation is normally considered to be a feature characteristic of DCs, especially
conventional DC subset 1 (cDC1) DCs®. In this way, DCs expressing CD103 (a cDC1
marker in mice), which traffic to the lymph node for the priming of naive CD8" T cells, have
been shown to be a key feature of the response to immunotherapy in mouse models.®®> A long-
standing question has therefore been whether macrophages, like DCs, are capable of cross-
presenting exogenous antigen, acquired from outside of the cell, to CD8" T cells. Interesting
studies of Houde and colleagues showed that macrophages do indeed have this capability, as
they were shown to phagocytose Ovalbumin (OVA)-latex particles and cross-present antigen
to CD8* OT-I cells.!® The mechanism identified was proposed to be due to initial enzyme-
mediated digestion of proteins within phagosomes, followed by Sec61-mediated transfer of
peptides to the cytosol, further digestion by proteasomes associated with the phagosome
membrane, and re-import of peptides to the phagosome by transporter associated with antigen
processing (TAP) for presentation on MHC-1.%° In fact, the CD8* T cell proliferation and
cytokine secretion observed was TAP-dependent, although it was conceded that, in addition
to phagosomal loading, some peptides may enter the endoplasmic reticulum (ER) for binding
to MHC-1 via this same mechanism*®. Nevertheless, this is often referred to as the ‘cytosolic’

11



pathway of antigen cross-presentation. Not all studies have reported a role for the proteasome
in antigen processing and cross-presentation by macrophages,?®?* however, indicating the
presence of different mechanisms. As an example, monocyte-derived macrophages were
capable of processing a MelanA long peptide antigen and cross-presentation to HLA-A2-
restricted CD8" T cells as measured by IFNy secretion.?’ However, this was resistant to
inhibition of proteasomal activity by lactacystin, but not by protease (cathepsin) inhibitors.
This alternative method of cross-presentation is referred to as the ‘vacuolar’ pathway,?%
whereby both protease-mediated digestion and peptide loading onto MHC-I occur within
endolysosomal compartments, without antigen export to the cytosol 8 Experimental
differences between studies of cross-presentation pathways, such as antigen uptake
mechanism or macrophage source and culture method, may explain these apparently
discrepant findings. Nevertheless, it is reasonable to suggest that both pathways can occur

depending on the context.

In fact, the antigen uptake mechanism is known to influence downstream antigen processing
and presentation to CD4* or CD8" T cells. Using OVA as a model antigen, Burgdorf and
colleagues demonstrated that in DCs, MR-endocytosed antigen was directed towards MHC-I
cross-presentation to CD8* T cells, whereas pinocytosed antigen was directed towards MHC-
Il presentation to CD4" T cells.?! This was true for macrophages, although macrophages
could also process scavenger receptor-endocytosed antigen for presentation on MHC-II to
CD4" T cells.?! Despite these findings, other studies have indicated that pinocytosed antigens
are presented on MHC-1 molecules and endocytosed antigens on MHC-11,% highlighting a

level of complexity that is incompletely understood.

Typically, however, macrophages are considered to be less-efficient cross-presenters in
comparison to DCs. There are many potential reasons for this. A study by Pozzi and
colleagues showed that macrophages are indeed capable of antigen cross-presentation to

12



CD8" T cells.?? Critically, macrophages were less migratory in comparison to DCs in vivo,
although macrophages seemingly had a similar or enhanced ability to traffic to the lymph
nodes when administered intravenously.?? As a result of this, higher levels of antigen were
required to prime T cell responses of a similar magnitude in the setting of macrophages.??

However, such intravenous trafficking is unlikely to be relevant in the setting of a tumour.

Other fundamental differences between macrophages and DCs exist, which likely have key
consequences for antigen presentation. One such difference is the content of their
intracellular vesicles.®” In an attempt to explain why DCs are more efficient at antigen
presentation, pivotal work by Delamarre and colleagues showed that macrophages were
enriched for lysosomal proteases and degraded more antigen in comparison to DCs.%
Macrophages therefore rapidly destroy internalised antigens, and are consequently predicted
to present fewer antigens and/or different peptide repertoires to T cells. The differing pH of
internal vesicles in these two cell types is also relevant for the discussion of FcRn below (see
‘B. FcRn and antigen presentation’). Another variable that could affect their ability to
activate T cells could be their differential expression of co-stimulatory molecules.?%8 Despite
being able to activate a MelanA/HLA-A2-restricted CD8" clone, monocyte-derived
macrophages were substantially less active in stimulating allogeneic CD8" T cells to
proliferate or secrete IFNy or perforin/Granzyme A in comparison to DCs, although the
presence of CD4* T cells did enhance CD8" T cell activation.?’ This was suggested to be due
to differences in co-stimulatory molecule expression and 1L-12p70 secretion,? thus

representing important factors to consider.

Interestingly, in a comprehensive study by Sugiura and colleagues, thioglycolate-induced
peritoneal macrophages expressed less CD80 in comparison to splenic DCs.® It was shown
that CD80 interacts with programmed death-ligand 1 (PD-L1) in cis, thus preventing
interaction with PD-1 on T cells in trans.® Therefore, if macrophages express lower levels of

13



CD80, more PD-L1 may be available to interact with PD-1 on T cells and inhibit their
responses, as was indicated.®8 Comparable PD-L1-mediated inhibition was not observed with
DCs, presumably due to their higher expression of CD80.8 However, in other studies
macrophages, including TAMs, have been shown to express co-stimulatory molecules,?:2°
indicating that this may not always be a limiting factor. For example, clear CD80 expression
on inflammatory (C1QC™), but not angiogenic (SPP1*), TAMs was observed.?® Similarly, as
TAMs appeared to have a mixed phenotype and expressed both co-stimulatory and co-
inhibitory molecules in the study of Singhal and colleagues,?® it may be that the balance of
co-stimulatory versus co-inhibitory molecule expression regulates the potential for T cell
activation. Similarly, activation (such as in response to immunotherapy) is likely to change

the pattern of co-stimulatory molecule expression by macrophages.

Finally, the argument that DCs cannot be easily distinguished from macrophages in terms of
their markers and functions® is relevant to this discussion. Indeed, it has been stated that an
“APC is not a cell type; it is a regulated activity”.2° A recent example of the plasticity of DCs
and macrophages is the observation that cDC2 DCs can acquire properties of both cCD1 and

macrophages to become “inf-cDC2” cells®,
B. FcRn and antigen presentation

As indicated above, FcRn has a key function in the recycling of 1gG and albumin.
Interestingly, it has also been reported to play a role in the regulation of antigen processing
and presentation.®* Much of the knowledge of the role of FcRn in antigen presentation has
resulted from studies using DCs in relation to the cross-presentation of antigen derived from
ICs.%1%% For example, the use of ICs containing wild-type (WT) Fc regions or Fc regions
mutated to ablate FcRn binding indicated that FcRn within CD8'CD11b* DCs, as opposed to

CD8*CD11b" DCs, plays a major role in cross-presentation to OT-1 CD8" T cells in vivo.%
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Intriguingly, binding to FcyRs was required for cross-presentation, and a mechanism was
described whereby ICs bind to FcyRs at neutral pH, are subsequently internalised, and bind to
FcRn at acidic pH.% To this end, phagosomes acidified in the setting of beads coated with
ICs containing IgG with a WT Fc region, but not a mutated Fc region that cannot interact
with FcRn, and antigen appeared resistant to degradation.®? Such antigens were seemingly

processed via a mechanism requiring phagosomal Sec61, TAP and proteasome processing.®?

Considering the expression of FCRn by macrophages, and the abundance of macrophages
within the TME, it is conceivable that FCRn may have similar roles in antigen presentation
within macrophages, and potentially in TAMSs within the TME. Using FcRn”- mouse
macrophages, Liu and colleagues analysed the role of FcRn within macrophages.?® A role for
FcRn in the induction of CD4" OT-II responses was shown for macrophages endocytosing
OVA-IC and phagocytosing latex OVA-IC. However, in DCs, a contribution of FcRn to the
induction of CD4" OT-1I responses was only identified following endocytosis of OVA-IC.%
The authors explained their findings by comparing the pH of endosomes and phagosomes in
macrophages and DCs: the pH of endosomes and phagosomes in macrophages was acidic,
whereas only the endosomes of DCs had an acidic pH.2® This represents a discrepancy
between the findings of Baker and colleagues, where acidification of phagosomes within
CD8CD11b* DCs was identified,® and likely represents a difference in the DC subsets or
antigen studied. Nevertheless, these observations reinforce the concept that FCRn has a
function at lower pH, where it is expected to bind to ICs. To this end, it is conceivable that
FcRn plays a role in the protection of IC-derived antigens from degradation at acidic pH in
macrophages, as was reported in the case of CD8'CD11b* DCs mentioned above®.
Moreover, it is of interest that differences in phagosomal pH have been identified in human
M1 and M2 macrophages.®* The phagosomes of M2 macrophages acidified rapidly and

displayed faster lysosome fusion.®* Alternatively, the phagosomes of M1 macrophages
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retained near neutral pH and delayed lysosome fusion, partly due to increased activity of
NADPH oxidase (NOX2).%* Whether a similar distinction exists for subtypes of TAMs would

be interesting to determine, as well as any consequent effects on antigen presentation.

Intriguingly, no difference between WT and FcRn”- DCs or macrophages and the induction
of CD8" OT-I responses were detected in the analysis of Liu and colleagues, indicating that
FcRn may not be involved in regulating cross-presentation to CD8" T cell in this setting. This
mirrors a previous finding of the absence of a role for FcRn in peritoneal macrophages in
cross-presentation.®? Similarly, macrophages were only capable of cross-presenting to CD8*
OT-I cells at high concentrations of OVA (and not OVA-IC or latex-OVA-IC), suggesting
that cross-presentation to CD8" T cells was less efficient than presentation to CD4* T cells.
Despite being FcRn-independent, macrophages were capable of cross-presenting antigens in
the work by Baker and colleagues, especially following pulsing of activated macrophages
with soluble OVA.%? Differences between activated and non-activated macrophages were
observed,®? suggesting that the activation state of macrophages is also an important factor to
consider, as indicated above in the setting of co-stimulatory molecule expression,?® which

would be expected to change on activation.

In summary, although macrophages can present and cross-present antigens, they are less
efficient in comparison to DCs. Moreover, although the role of FCcRn in antigen presentation
by macrophages is less well characterised, this role may be most relevant for the MHC-I1-
restricted presentation of antigens to CD4" T cells. However, the abundance of TAMs in the
TME makes these cells well-positioned to contribute to the induction of T cell responses and
their antigen processing/presentation functions should not be ignored, as will be discussed in

the next section.
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V. Macrophage antigen presentation within the TME

Macrophages that possess the machinery required for antigen presentation have been
identified within the TME. As an example, RNA sequencing analysis showed that
inflammatory (C1QC*) TAMs displayed an up-regulation of antigen processing and
presentation genes in colorectal cancer (CRC).? Similarly, 1L-8-low M1 macrophages in
metastatic RCC were enriched for MHC gene expression.?® Furthermore, as indicated above,
TAMs in early stage lung cancer expressed MHC class Il and a combination of co-
stimulatory and -inhibitory receptors.?® TAMs have also been shown to present antigens in
some circumstances.?>2® Alternatively, macrophages within tumours may not have the correct
phenotype for antigen presentation to T cells.2>%% As an example, in contrast to
inflammatory (C1QC") TAMs in CRC, angiogenic (SPP1*) TAMs were not enriched for
expression of genes associated with antigen processing or presentation pathways, and

expressed less CD80 on the cell surface.?® Both of these scenarios are discussed below.
A. Evidence for antigen presentation by TAMSs

Several studies have shown the cross-presentation of tumour antigens to CD8" T cells by

macrophages.?>?%97%8 As an example, specialised lymphoid tissue macrophages that express
CD169, which is also known as Siglec-1%°, were shown to be particularly efficient in antigen
cross-presentation in a tumour setting.*® In this mechanism, injected dead tumour cells were
phagocytosed by lymph node-resident CD169* macrophages, for cross-presentation to CD8*
T cells.®® CD169" macrophages have also been shown to interact with and transfer antigens
to DCs.2% Nevertheless, although the above work of Asano and colleagues® did not involve
the study of TAMs within the TME, it is of interest that CD169 has been identified to be

expressed by pro-tumour TAMs.!! Although such TAMs were linked to a poor prognosis of
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breast cancer patients,'* whether CD169 has roles in antigen presentation mediated by TAMs

would be interesting to determine.

Other studies have shown that macrophages can cross-present model antigens to CD8" T
cells. In the setting of anti-CD47 mAbs, (See ‘B. Restriction of antigen presentation by
TAMS’), macrophages that phagocytosed OV A-expressing cancer cells were shown to induce
OT-1 CD8* T cell proliferation in vitro and in vivo,!®! highlighting a cross-presenting
function. Curiously, however, macrophages did not induce CD4" T cell responses.*®* This
could indicate that the CD4 epitopes of OVA were destroyed downstream of phagocytosis.
Despite these findings, another study indicated that macrophages were less effective in cross-
priming CD8" T cells in comparison to DCs, as measured by IFNy secretion, and that this
was not increased by anti-CD47 mAbs. % Similarly, DCs (but not macrophages) were
required for tumour regression induced by anti-CD47 mAbs in vivo.1% This suggests, as
expected, that cross-presentation is less efficient in macrophages in comparison to DCs.

However, the tumour cells did not express the whole OVA antigen in this study.

In addition to the above, it is also of interest whether macrophages are capable of presenting
de facto tumour antigens in addition to OVA. To this end, Barrio and colleagues cultured
human macrophages or DCs with melanoma cells expressing the MART-1 antigen.®” They
subsequently compared IFNy secretion from a CD8" T cell clone restricted to the melanoma
antigen MART-1 presented by MHC-1 (M27) following incubation with macrophages or
DCs, and reported similar secretion.®” This indicates that macrophages, prepared in this way
at least, have the ability to cross-present tumour antigens in vitro. More convincingly, in in
vivo settings, Singhal and colleagues recently showed that TAMs isolated from HLA-A2*
early-stage lung cancer patients and pulsed with a long peptide antigen (NYESO14s5.174) could

cross-present to an MHC-I-restricted, CD8" T cell clone (Ly95), as measured by IFNy
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secretion.?® However, variability was observed and TAMs from all donors did not have this

capability.

In the context of DCs, a vaccinal effect of mAb therapy has been hypothesised, whereby
FcyR-expressing DCs may process and present antigens within 1Cs that are generated post-
therapy.1% Considering the link made between FcRn and the cross-presentation of I1Cs by
subtypes of DCs,* it is conceivable that FcRn in DCs may be involved in the processing of
ICs comprising therapeutic mAbs bound to tumour antigens. In this regard, it is particularly
noteworthy that Baker and colleagues reported a convincing link between FcRn-mediated
processing of 1Cs within DCs and the induction of anti-tumour CD8* T cells.*® However,
whether this occurs in the setting of mAb therapy and/or whether macrophages have a role in
this phenomenon are yet to be confirmed. The abundance of TAMs in the TME, that have the
ability to express FcyRs and MHC molecules (especially when favourably activated),
indicates that they may potentially have a role. However, in a tumour setting, it is not fully
understood how different antigens are presented by macrophages, and also what occurs
downstream of distinct immunotherapies. This raises the question concerning which antigens
are presented to T cells downstream of ADCP, and how Fc-engineering of mAbs to enhance
ADCP! and/or trogocytosis®® might influence the repertoire of antigens presented by
macrophages. Interestingly, a curious vacuolar compartment was identified within
macrophages downstream of ADCP.1% The results of this study indicated that the pH of this

105

compartment is higher than the phagosome, suggesting that it could represent a less

degradative compartment with a role in antigen presentation.

Similarly, it would be interesting to assess the influence on antigen presentation of treatments
known to modify the pattern of FcyR expression by macrophages, such as STimulator of
INterferon Genes (STING) agonists*? or cyclophosphamide.® In this way, Roghanian and
colleagues showed that cyclophosphamide induces MHC-11 and CD86 expression on bone
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marrow (BM) macrophages and up-regulation of an antigen-processing and presentation gene
signature,*® indicating that these cells may contribute to antigen presentation. However, such

roles are yet to be studied in detail.
B. Restriction of antigen presentation by TAMSs

On the other hand, it is important to consider that macrophages within the TME are likely to
be less efficient in antigen presentation due to the immunosuppressive milieu. In line with

this, TAMSs have been shown to suppress T cells.1012

Notably, Kaneda and colleagues showed that phosphatidylinositol-3-kinase gamma (PI13Ky)
signalling was responsible for the suppressive phenotype of TAMs.1% For example, an
increase in MHC-11 expression on PI3Ky-deficient TAMs was identified,% suggesting an
antigen presentation defect in WT TAMSs. Moreover, in a recent study by Diskin and
colleagues, evidence was provided that the antigen presentation ability of macrophages was
blocked by PD-L1-expressing T cells.® Firstly, PD-L1-expressing T cells were shown to
induce an M2 phenotype in programmed cell death protein 1 (PD-1)-expressing TAMs, both
in vitro and in tumour-infiltrating macrophages.®® This is of interest, as although PD-1 and
PD-L1 are typically expected to be expressed on the reverse cell populations, PD-1 has
previously been shown to be expressed by TAMs, with functional consequences on
phagocytosis.!%” Secondly, TAMs expressed a lower percentage of MHC-11 within tumours
that contain PD-L1-expressing T cells in comparison to PD-L1-deficient T cells,®® indicating
that they may be less active in antigen presentation to CD4™ T cells. Similarly, macrophages
pulsed with OVA peptide induced less activation of PD-L1" T cells in comparison to PD-L1
tumour T cells.®® Although not involving study of a tumour antigen, these analyses indicate
that macrophages may have the ability to present antigens within tumours, but that such

antigen presentation may be suppressed by PD-L1-expressing T cells. In another example,
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Muraoka and colleagues showed that TAMs from an immunotherapy-resistant fibrosarcoma
model (CMS5a) expressed less MHC-II in comparison to treatment-sensitive tumours,?
indicating an antigen presentation defect. Moreover, when the ability to present antigens was
assessed, TAMs from CMSba tumours were less able to induce the proliferation of/cytokine
secretion by CD8* T cells specific for a tumour peptide (DUC18), when compared to TAMs
from the treatment-sensitive CMS5a/NYESO tumour.?® Nevertheless, these studies clearly

show that TAMSs from treatment-sensitive tumours are capable of cross-presenting antigens.

Macrophages may also have reduced activity in acquiring antigens due to their interaction
with ligands expressed by tumour cells. An example of this is tumour expression of CD47
which is known to interact with Signal regulatory protein alpha (SIRPa) present on the
surface of macrophages, resulting in an inhibition of phagocytosis.'?>1% The suppressive
TME is also known to skew the pattern of TAM FcyR expression towards the pattern of
inhibitory FcyRIIb. This has been shown in contexts such as the BCL1 lymphoma model*? or
the resistant BM niche®®, and is not amenable to efficient ADCP. Alternatively, suppressive
metabolites within the TME may inhibit phagocytosis and downstream antigen
processing/presentation. Adenosine is one such example of an abundant metabolite of the
TME.® In a recent study, adenosine was shown to inhibit phagocytosis, and the adenosine
receptor Adora2a expressed by macrophages was deemed to have an important role in this.*®
Moreover, a greater number of TAMs expressed the co-stimulatory molecule CD80 and
MHC-I11 in the tumours of Adora2a’ mice,® suggesting that these cells may have the
capacity to present antigen to CD4" T helper cells, but that this is inhibited by adenosine.
Similarly, there was a greater expansion of CD8" T cells specific for the model antigen OVA
in tumour-bearing Adora2a’ mice treated with anti-CD20 mAb.%® Nevertheless, another
study identified a CD73-expressing TAM population in glioblastoma that was seemingly

immune suppressive and contributed to treatment failure.*? This is of interest because CD73
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is an enzyme that converts adenosine monophosphate (AMP) to adenosine and, intriguingly,
CD73" mice had an increased tumour infiltration of anti-tumour inducible nitric oxide
synthase positive (iNOS*) macrophages and granzyme B*CD8" T cells in response to
immunotherapy, in comparison to WT mice.''° This further indicates a detrimental role for

adenosine.

Conversely, antigen presentation may also have negative consequences for macrophages. To
this end, the aforementioned study by Singhal and colleagues indicated that TAMs were able
to cross-present antigen on MHC-1 molecules, but that this made them a target for cytotoxic
CD8* T cells.?® However, the macrophages were protected by an up-regulation of PD-L1
expression.?® The reported PD-1 expression by TAMs®1%7 could presumably also prevent
killing by PD-L1* T cells. Whether this is a general mechanism that is active within solid

tumours other than lung cancer is yet to be determined.

In summary, TAMs have the potential to present antigens to T cells but may be limited in this
regard due to the immunosuppressive TME. The balance of M1 to M2 macrophage
phenotypes likely dictates the ability of TAMSs within the tumour to present antigen in the

absence of therapy, which will be discussed below.

VI. Targeting macrophage antigen presentation

Current cancer immunotherapies are not efficacious in all cancer patients, with a substantial
proportion of patients failing to show durable responses, such as in the context of landmark
studies involving anti-cytotoxic-T-lymphocyte-associated protein 4 (CTLA-4)!*! and/or anti-
PD-1'2 mAb treatment. This has led to efforts to improve the efficacy of immunotherapies,
which include strategies involving the targeting of TAMSs as potential immunotherapies.'*
These can be broadly categorised as those that involve the depletion of TAMs from the TME,

or those that enhance the killing of tumour cells by TAMs. This section will detail potential
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strategies, with a focus on the potential for induction of adaptive immune responses and

preclinical studies.
A. TAM depletion

One approach involves the depletion of TAMs.!*1Y7 This is based on the rationale that the
removal of suppressive TAMSs will limit tumour growth and/or aid tumour attack by other
cells of the immune system. Numerous strategies for TAM depletion have been proposed.
These include the targeting of macrophage colony stimulating factor 1 receptor (CSF1R)
using mAbs, '3 or kinase inhibitors''’; the depletion of TAMs with clodronate liposomes**®;
the use of plasmids encoding a pro-apoptotic protein (Bim) encapsulated within folate-
modified liposomes to target folate receptor f* TAMs!'; or the targeting of M2 macrophages

with a pro-apoptotic peptide.t*®

However, recent research has cautioned against the use of TAM depletion approaches. As an
example, anti-CSF1R mADb therapy in a renal cancer model depleted subpopulations of
macrophages with pro-inflammatory, anti-tumour properties, and left pro-angiogenic, pro-
tumour macrophages untouched.?® The macrophages depleted corresponded to two of the
TAM populations, namely mM12 and mM14, that were shown to be similar to inflammatory
(C1QC") human TAMs.?® In contrast, mM15, which had a gene expression profile similar to
angiogenic (SPP1") TAMs were not depleted.?® This indicates that anti-CSF1R therapy is
likely to limit rather than promote antigen presentation or the activation of T cells, and
emphasises the need to target depletion strategies to pro-tumour TAMs. However, this may
be particularly challenging, for instance due to the aforementioned presence of TAMs within
tumours that express both M1 (anti-tumour) and M2 (pro-tumour) markers.?53° Moreover,
TAM depletion will eliminate cells that, when appropriately activated, may have potent anti-

tumour properties.
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Therefore, the remainder of this review will focus on strategies that aim to harness the anti-
tumour properties of TAMs by re-polarising them to anti-tumour phenotypes, rather than
their depletion. Several recent approaches targeted towards promoting adaptive immune

responses against the tumour are highlighted below and shown schematically in Figure 1.
B. Antigen targeting to macrophages

As indicated above, TAMs from immunotherapy-resistant fibrosarcomas (CMS5a) were
defective in their antigen presentation abilities.?® To solve this, Muraoka and colleagues
encapsulated a long peptide antigen (LPA; containing an MHC-I-restricted 9-mer peptide)
within cholesteryl pullulan (CHP) nanogels.?® Following intravenous treatment, it was shown
that such nanogels trafficked to macrophages within the tumour and, when given in
combination with the toll-like receptor (TLR) agonist CpG, that TAMs from the tumour
could induce the proliferation of CD8" T cells restricted to the 9-mer peptide (DUC18).2° As
a treatment, a combination of CHP:LPA nanogel, CpG and naive CD8" T cells (DUC18) led
to greater tumour regression than in the absence of long peptide antigen or CpG. Finally, in
addition to showing that TAMs can present antigens ex vivo, evidence was provided that the
macrophages are capable of presenting antigen in vivo. To this end, tumour regression was
greater when mice were given intratumoral injections of peptide-pulsed BM-derived
macrophages followed by CD8" T cell adoptive transfer, in comparison to unpulsed

macrophages, ?° indicating that antigen targeting to TAMSs is a viable approach.

This considered, it is possible that TAMs can be targeted with antigens using other
approaches. As an example, antigens may be targeted to FcyRs using antigen-Fc fusions
(Figure 1). In addition, strategies to target CD169 may have potential. To this end, Chen and
colleagues showed that liposomes could be coated with a sialic acid ligand for CD169/Siglec-

1 targeting, with consequent binding to mouse and human CD169.1® Despite some cross-
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reactivity to mouse Siglec-G, liposomes loaded with OVA and targeted to CD169 were able
to induce presentation of peptide to OT-I11 CD4" T cells by BM-derived macrophages, as
measured by proliferation.'!® Considering the reported expression of CD169 by TAMSs,! this
may represent a strategy to target antigen to TAMSs in a cancer setting. In this way, although
such TAMs were linked to a worse prognosis in breast cancer,** it is possible that antigen
targeting or re-polarisation could skew them to an anti-tumour phenotype. Alternatively, the
results of Cruz-Leal and colleagues suggested that macrophages are responsible for cross-
presentation to CD8" T cells following targeting with liposomes encapsulated with OVA and
a pore-forming toxin, sticholysin 11 (StIl).2* The results also indicated that macrophages may
be capable of inducing a cytotoxic CD8* T cell response in vivo.?* An interesting question

relates to the role of such liposomes in the setting of a tumour antigen.

C. Antibody-mediated blockade or repolarisation of TAMs

Another recently reported strategy involves the targeting of Mer proto-oncogene tyrosine
kinase (MerTK)-mediated macrophage efferocytosis,****?° which has been recently reviewed
elsewhere.'?! Efferocytosis refers to the ingestion of apoptotic cells, and this process is
known to be profoundly immunosuppressive rather than being permissible for antigen
presentation and the induction of anti-tumour immune responses.'?? In one approach, soluble
MerTK inhibitors were tested in breast cancer models, in combination with a small molecule
inhibitor (Lapatinib) to induce cancer cell apoptosis.'*® However, despite blocking
efferocytosis, MerTK inhibition resulted in the induction of immune suppression following
secondary necrosis, presumably due to the effects of IFNy and downstream indolamine-2,3-
dioxygenase (IDO) expression.''® Nevertheless, a combined MerTK/IDO inhibition approach
was effective in tumour models.t*® In particular, a decreased infiltration of both Foxp3*
regulatory T cells and LAG3" anergic T cells was noted, indicating the induction of an

improved anti-tumour immune response in comparison to MerTK inhibiton alone.°
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More recently, anti-MerTK mAbs have been tested.*? It was shown that anti-MerTK mAbs
block apoptotic cell uptake by TAMs and induce a type | IFN response, and that anti-MerTK
combinations improve responses to anti PD-L1 or anti-PD-1 mAbs in tumour models.*?° In
relation to antigen presentation, using an OVA-expressing MC38 tumour, it was shown that
TAMSs within tumours presented the immunodominant SIINFEKL epitope on MHC-I
molecules.*?® However, despite CD8" T cell infiltration being detected, which was required
for treatment efficacy, it was shown that Batf3* (CD103*) DCs were ultimately required for
therapy.'?® Recently, anti-tumour immune responses were similarly reported to be dependent

123

on CD103* DCs in pancreatic cancer tumour models,** thus emphasising their importance.

This indicates that TAMs are unlikely to work alone to induce anti-tumour T cell responses,

and can potentially be explained by the lesser ability of macrophages to migrate;?%%

Cross-
present antigens,?>239:102 gych as in the setting of phagocytosed latex bead 1Cs;? or induce
cytotoxic CD8" T cells.?’ Nevertheless, solid tumours are rich in TAMs but not DCs, with
examples including experimental sarcoma tumours*® or human melanoma®. Therefore,
potential facilitating roles of TAMs within the TME cannot be ignored, especially following
treatments that polarise them to anti-tumour phenotypes. These may include the initiation of

an innate response; the activation of CD4" helper T cells via MHC-II; or the re-stimulation of

antigen-specific T cells arriving from the lymph nodes.

In addition to MerTK, the targeting of other TAM receptors such as Clever-1'?* and
MARCO*® with mAbs has recently been reported, with the aim of re-polarising the TME for
anti-tumour immune responses. On the other hand, considering reports of PD-1-expressing
TAMs, %107 existing immunotherapy treatments targeting the PD-1/PD-L1 axis may also be

effective through targeting TAMs.

Alternative strategies to mAbs have also been tested, with the aim of achieving macrophage
repolarisation to anti-tumour phenotypes.44243106.126 A5 an example, a recent study showed
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that targeting macrophage CD206 (MR) with a 10-mer peptide (RP-182) could induce M2-
M1 macrophage repolarisation by altering the conformation of CD206 at the cell surface.?®
Notably, this study showed that RP-182 was capable of inducing an adaptive T cell response
to pancreatic tumours, which was seemingly greater in combination with gemcitabine
chemotherapy.'?® This combination also resulted in higher levels of IFNy secretion by CD8*
T cells when co-cultured with TAMs and tumour cells in an ex vivo assay.'?® Consistent with
this, combination therapy with anti-PD-L1 checkpoint blockade resulted in significantly
higher reductions in tumour growth in comparison to single-agent therapy.'?® These findings
may potentially be explained by the induction of tumour antigen-specific T cells by re-
polarised TAMs post-phagocytosis and more efficient processing/presentation of antigens by

MHC molecules, although this was not formally shown.

Small molecule agonists have also been tested, not limited to those targeting the STING
pathway.*? Alternatively, immune suppressive pathways in TAMs may be targeted.'® In a
pivotal study, Kaneda and colleagues showed that inhibition of PI3Ky with small molecules
synergised with an anti-PD-1 mAb in a head and neck squamous cell carcinoma model, and
provided evidence for the induction of an adaptive anti-tumour immune response.*% In any
case, these studies collectively indicate that TAMs may be targeted with small molecule
drugs in addition to mAbs. How such existing and future drugs modulate the ability of TAMSs
to process and present antigens, and thereby the adaptive immune response, are important and

worthwhile factors to consider.
D. Engineered macrophages

Another recent strategy involved a more direct manipulation of macrophages. Many studies
have focussed on the development of chimeric antigen receptor (CAR) T cells for the

targeting of T cells to cancer cells in an MHC-unrestricted manner, with clinical success
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being observed in the setting of B cell leukaemias rather than solid tumours.*?” Recently,
several groups have also analysed the anti-tumor effects of macrophages that have been
transduced to express CAR constructs.*?®12® For example, in a recent study CAR constructs
specific for HER2 were transduced into human macrophages using an adenovirus-based
system, in an attempt to develop a treatment for solid tumors.*® The resulting macrophages
were phagocytic, expressed molecules associated with antigen processing/presentation
(including co-stimulatory and MHC molecules), and seemingly had an M1 phenotype.**
They also displayed promising in vivo activity in tumour models.**° Moreover, donor HLA-
A2" macrophages engineered to express chimeric receptors were able to phagocytose SKOV3
ovarian cancer cells expressing NYESO1, and activate CD8" T cells expressing a T cell
receptor (TCR) restricted to an NYESO1 peptide, as measured by CD69 upregulation and
IFNy secretion.*® This indicates that the engineered macrophages are capable of cross-
presenting antigens derived from a whole tumour cell, at least in vitro. The authors also
suggested that epitope spreading is occurring, because the CD8" T cells were restricted to a
different antigen (NYESO) than that targeted by the CAR construct (HER2).1* Finally, this
study provided evidence that the engineered macrophages may be able to re-educate
suppressive TAMs located within the TME, although further research is required to
demonstrate that these cells are capable of priming antigen-specific, endogenous T cell

responses.**°

VII. Outstanding questions

This review has provided an overview of macrophages in the setting of tumours, with a
particular focus on their possible antigen presentation functions within the TME and the
implications of this for therapy. Crucially, TAMs have been shown to cross-present antigens

to T cells. Various questions remain, however, not least pertaining to the specific role or
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function of TAMs in the processing and presentation of antigens to T cells within the TME,
such as within treatment-sensitive tumours prior to therapy, or in response to
immunotherapies that target TAMSs. Because of their limited migratory capacity and less
efficient cross-presentation by comparison with some populations of DCs, it is conceivable
that TAMs may be more efficient in the re-activation of CD8" T cells that have migrated
from lymph nodes, or the activation of CD4" T helper cells that have infiltrated. In this way,
it is likely that TAMs collaborate with DCs to facilitate antigen-specific T cell responses,
such as in response to immunotherapy. Moreover, other questions relate to the dominant
pathway of antigen uptake within TAMs; the role of FcRn within TAMs; the repertoire of
antigenic peptides available following macrophage phagocytosis; and how distinct therapies
modulate this. Further still, whether TAMSs have increased activity in antigen processing and
presentation in the setting of potentially immunogenic tumours that have not yet escaped
immune control, for example by downregulating MHC class 1 expression,'? is a crucial
question. However, what is clear is that this is an exciting time for the modulation of TAMs
for their antigen processing and presentation activities and potential immunostimulatory

effects.
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Figure

A. Antigen presentation
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Figure 1. Potential strategies to enhance antigen processing, presentation and the
induction of adaptive immune responses by TAMSs. A) A macrophage is depicted, presenting
peptide antigens on MHC-11 molecules to CD4* T cells, or MHC-I molecules to CD8" T cells. The T
cell TCRs are not shown. B) Repolarisation modalities include the targeting of macrophage receptors
with mADs to inhibit suppressive pathways (i.e. anti-MerTK blockade of efferocytosis); treatment
with soluble agonists of intracellular signalling pathways (i.e. STING agonists), or peptides that
change the conformation of the mannose receptor (CD206) and re-polarise macrophages (i.e RP-182).
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C) Antibody-dependent cell-mediated phagocytosis (ADCP) of tumour cells opsonised with tumour-
targeting mAbs. ADCP has the potential to provide antigens for processing and presentation, and can
be optimised by various means (i.e. Fc engineering to increase mAb binding to activatory FcyRs over
the inhibitory FcyRIIb). Not shown for clarity: FcyRIIb expression by the macrophage, and
trogocytosis. The latter can remove membrane antigens from the target cell in the absence of whole
cell uptake. D) Phagocytosis of tumour cells by macrophages engineered to express CARs on their
cell surface. E) Antigen targeting to macrophages via antigen-loaded liposomes or nanogels, and
antigen-Fc fusions. All of these strategies, may influence antigen processing and presentation,
although the precise mechanisms are yet to be elucidated. The processes shown may not be mutually
exclusive. For example, transduction of macrophages to express CARs (D) may induce an ‘M1’
phenotype, and such CAR macrophages may repolarise TAMs in vivo (B); macrophage repolarisation
strategies (B) may enhance phagocytosis (C) or antigen processing/presentation (A); and phagocytosis

(C and D) may provide antigens to macrophages for downstream processing and presentation (A).
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