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ABSTRACT

The application of monoclonal antibodies (mAbs) for the treatment of melanoma has significantly
improved the clinical management of this malignancy over the last decade. Currently approved mAbs
for melanoma enhance T cell effector immune responses by blocking immune checkpoint molecules PD-
L1/PD-1 and CTLA-4. However, more than half of patients do not benefit from treatment. Targeting the
prominent myeloid compartment within the tumor microenvironment, and in particular the ever-
abundant tumor-associated macrophages (TAMs), may be a promising strategy to complement existing
therapies and enhance treatment success. TAMs are a highly diverse and plastic subset of cells whose pro-
tumor properties can support melanoma growth, angiogenesis and invasion. Understanding of their
diversity, plasticity and multifaceted roles in cancer forms the basis for new promising TAM-centered
treatment strategies. There are multiple mechanisms by which macrophages can be targeted with
antibodies in a therapeutic setting, including by depletion, inhibition of specific pro-tumor properties,
differential polarization to pro-inflammatory states and enhancement of antitumor immune functions.
Here, we discuss TAMs in melanoma, their interactions with checkpoint inhibitor antibodies and emerging
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mAbs targeting different aspects of TAM biology and their potential to be translated to the clinic.

Introduction: therapeutic challenges in melanoma
and the emerging importance of tumor-infiltrating
macrophages

Melanoma is the deadliest form of skin cancer with increasing
incidence worldwide."* Historically, surgery was the only defi-
nitive treatment. However, recent advances in systemic thera-
pies include small-molecule drugs, BRAF and MEK inhibitors
(BRAFi and MEKi), targeting the Mitogen-Activated Protein
Kinase (MAPK) pathway, and immunotherapy in the form of
immune checkpoint inhibitors. Checkpoint inhibitors block
the regulatory functions of programmed death-1, PD-1 and
its ligand PD-L1, and the cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) on T cells. These have significantly
improved patient outcomes.”> Despite success, current sys-
temic therapies have multiple limitations. Patients may not
respond to treatment at all, and, as of yet, there are no reliable
biomarkers to identify such patients prior to treatment.’
Resistance to treatment often occurs, and presents
a particular challenge with MAPK pathway inhibitors, whereby
the majority of patients develop resistance within several
months of treatment.® Furthermore, some patients suffer
severe adverse side effects to immunotherapy, meaning that

they cannot continue with treatment.””* The success of check-
point inhibition demonstrates that manipulation of the cancer
immune environment can be achieved and that this can
improve outcomes. Alongside, it is becoming increasingly
clear that immune cell-targeted interventions need to be
refined in order to create treatments that carry less risk to
patients, and likely need to be complemented to enhance, pro-
long or maintain clinical efficacy.

As the archetypal immunogenic tumor, the correlation
between immune cell infiltration and prognosis in melanoma
depends upon the presence, as well as the nature, of the immune
cells recruited in the tumor microenvironment (TME).
A lymphocytic infiltrate is largely associated with a more favor-
able prognosis, while prognosis seems to worsen as the ratio of
lymphocytes to myeloid cells, such as myeloid-derived suppres-
sor cells (MDSCs), monocytes and macrophages, decreases.”
Tumor associated macrophages (TAMs) are found in many
solid tumors, including melanoma, and their presence is asso-
ciated with poorer clinical outcomes.'™"* Tt is increasingly
appreciated that macrophages may harbor great potential as
a future target of immunotherapy: they are abundant in tumor
lesions; they contribute to many elements of the pathogenicity of
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melanomas; and they are highly adaptable, with attributes and
functions that can be potentially manipulated in a therapeutic
setting. There are multiple mechanisms by which these cells can
be targeted for therapy. For example, a treatment could be
developed to prevent their recruitment to, and their survival
and growth within, the TME. Alternatively, therapeutic agents
may be generated to alter macrophage pro-tumor functions, by
mechanisms such as blocking immune inhibitory molecules,
depleting regulatory macrophage subsets or repolarizing macro-
phages toward a more pro-inflammatory phenotype by engaging
cell surface receptors.

Here we discuss the functions of TAMs, and we review
monoclonal antibody approaches targeting different aspects
of TAM biology in the context of melanoma. We focus on
treatments currently in clinical trials and those which have the
potential to be translated to clinical testing in the near future.

Macrophages: an overview

Macrophages represent a diverse group of cells with multiple
functions in health and disease.'’ Historically, macrophages
have been categorized into two broad subsets: M1 and M2."*
M1, or “classically activated” macrophages, are pro-
inflammatory cells, polarized by lipopolysaccharide (LPS) and
IFN-y with important roles in mounting an innate response
against microbial pathogens. Classical macrophages can pha-
gocytose pathogens and foreign material and secrete inflam-
matory cytokines, such as IL-1B, IL-12, and TNF-a, IL-15, IL-
6.">'> Macrophages can also augment an adaptive immune
response by presenting pathogenic antigens to the adaptive
immune system.'® M2 “alternatively activated” macrophages
exhibit a range of homeostatic and anti-inflammatory func-
tions, involved in the resolution of inflammatory responses,
promoting tissue repair and wound healing. They are polarized
by Th2 cytokines, including IL-4 and IL-13, and express sca-
venger receptors, enabling the endocytosis of cellular and
microbial debris.'*!”'® They secrete pro-angiogenic factors,
such as VEGF and metalloproteinases, allowing remodeling
of the extracellular matrix following an inflammatory reaction
to restore homeostasis.'*°

Macrophages likely represent a spectrum of cell phenotypes
with diverse functions, for example, more precise categoriza-
tion has been proposed for M2 macrophages.”>! This is based
on how these cells can be polarized in vitro and the functions
they demonstrate: M2a, or IL-4 macrophages, can be stimu-
lated by IL-4, IL-13 and in the context of fungal and helminth
infections; M2b, by immune complexes and LPS; M2c, by IL-
10, and TGFp and M2d, can be stimulated by IL-6 and adeno-
sine. These different subgroups can be polarized in vitro but,
in vivo, such distinct classification may not represent the true
spectrum of these cells. TAMs are typically associated with M2-
like phenotypic markers and functions, and yet high-
dimensional flow cytometric analysis and immunohistochem-
istry evidence points to TAMs exhibiting markers and func-
tions which overlap between both the pro- and anti-
inflammatory subtypes.*>**> Aside from this, in some solid
tumors, TAMs display antitumor functions without expressing
canonical M1 markers.”* The data to-date thus suggest that
TAMs cannot be clearly categorized by the existing subset

classification: their phenotypes and functions are influenced
by the environmental niche in which they reside, and they can
have both pro- and antitumor attributes.

Defining TAM subsets in Melanoma

Melanoma-associated macrophages can derive either from
embryonic-derived tissue resident macrophages (Res-TAMs),
recruited and maintained by colony-stimulating factor-1 (CSF-
1) binding its receptor CSFIR,* or through the recruitment of
circulating monocytes via the CCL2/CCR2 chemokine path-
way, which can differentiate into monocyte-derived macro-
phages (mo-TAMs).>**® The exact contributions of each
origin pool are still being explored, with a paucity of informa-
tion on how macrophage ontogeny affects TAM function
within melanoma. Much knowledge of ontogeny derives from
mouse studies, due to the inability to undertake fate-mapping
studies in humans. Alongside this, genetic similarities and
a lack of markers that can help distinguish tissue-resident
from monocyte-derived macrophages render further explora-
tion into this area quite challenging.* It appears that tissue
resident macrophages are the first to be influenced by factors
secreted from tumors. However, in the cancer types studied so
far, the contribution of Res-TAMs and mo-TAMs appears
organ specific:**! in pancreatic cancer models, Res-TAMs
appeared to promote tumor growth; in human glioma samples
mo-TAM:s correlate with tumor grade; and in mouse models of
lung cancer, macrophages of both origins appear to contribute
to tumor growth. No such comparative studies of how macro-
phage origin can affect function have been carried out in
melanoma.

Although ontogeny may contribute to the heterogeneity of
TAMs, environmental factors also appear to have an important
influence on their function, with the TME of melanoma able to
polarize monocytes and macrophages to confer pro-tumor
functions.’>*® In addition, tumor-associated polarization
allows the exploitation of the anti-inflammatory, pro-repair
functions of macrophages, which in turn can support mela-
noma growth, invasion and metastasis, promote melanoma cell
viability and reduce immunogenic killing of cancer.” This is
manifested as the reported associations between M2-like phe-
notypic markers and poor prognosis.''>*?

Within the TME, availability of oxygen and nutrients, as
well as the gradient of secreted factors, varies and can influence
the function of TAMs. Thus, TAMs within the TME demon-
strate metabolic diversity, another factor that can impact on
their function. For example, in areas of hypoxia, TAMs exhibit
angiogenic and immunosuppressive functions, thought to be
promoted by an upregulated expression REDDI1, a negative
regulator of mTOR.* Alongside, single-cell RNA-sequence
(sc-RNA-seq) analysis of human metastatic melanoma lesions
suggested that TAM subsets with increased purine metabolism
demonstrated reduced phagocytosis and antigen presentation
abilities, as well as increased expression of angiogenic and
immunosuppressive genes.”’

Combining many of these models of macrophage classifica-
tion, two large, high-dimensional sc-RNA-seq studies, across
multiple cancer types ***” have recently been reviewed, with
the authors using transcriptomic similarities to define TAM



subsets that appear to be preserved across cancers.”® Subsets
shared genetic features of macrophage origin, pro-tumor func-
tions or metabolism. Although not all the seven defined subsets
were found in melanoma samples, IFN-induced TAMs, regu-
latory TAMs, angiogenic TAMs, and a subset of TAMs which
mimic resident tissue macrophages found in neighboring
healthy tissue, were described. The gene signatures outlined
may provide a basis for further research into the subsets found
in melanoma and their contributions to disease and responses
to therapy.

As demonstrated by the multiple theories on macrophage
subsets reported over the last few decades (summarized in
Figure 1), TAMs comprise highly plastic, heterogeneous and
complex populations that warrant further exploration indivi-
dually and as a whole.

Macrophages and their contributions to melanoma

Macrophages are thought to support melanoma progression
through several mechanisms and positive feedback loops, illu-
strated in Figure 2. Firstly, TAMs can secrete factors, such as
CCL2 and CCL1, which promote further macrophage recruit-
ment and polarization, but also attract other immunosuppres-
sive cells, such as MDSCs and tumor-promoting
neutrophils'”*****’; and CCL17 and CCL22, which increase
the recruitment of regulatory T cells (Tregs).*’ Macrophages
are known to further develop an immunosuppressive TME.
They can reduce T cell effector function via the secretion of
mediators such as prostaglandins,*> which, along with IL-10,
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can also promote the expansion of Treg populations and
further recruitment and polarization of immunosuppressive
TAMs. 2% TAMs demonstrate reduced cytotoxic function,
poor antigen-presenting ability,*>*® and express checkpoint
molecule PD-L1, which has been reported to correlate with
disease progression, modulated anti-cancer responses, and PD-
1, which is associated with exhaustion, inability of TAMs to
phagocytose tumor cells effectively, and impaired T cell
activation.”’

Contributing to this immunosuppressive environment,
TAM:s secrete migration inhibitory factor (MIF), which further
supports polarization toward immunoregulatory TAMs and
suppresses T cell activation.***’ The importance of MIF has
been demonstrated by MIF-CD74 signal blockade, which can
drive CD8+ T cell infiltration and pro-inflammatory macro-
phage polarization in the TME, and can reduce hypoxia-
inducible factor 1-alpha (HIF-1a) and PD-L1 expression by
melanoma cells.’>>! Furthermore, macrophage-derived MIF is
able to enhance melanoma growth and angiogenesis,*” along
with other factors secreted by TAMs. An example is VEGF,>?
which acts directly to promote new blood vessel growth, and
secretion of TNF-a and IL-1a, which act indirectly to drive the
secretion of pro-angiogenic factors by melanoma cells.” Aside
from angiogenesis, macrophages promote melanoma progres-
sion, as evidenced by their increased density at the invasive
front of melanoma lesions,”*>> and promote metastasis.
Invasiveness is increased by the secretion of metalloprotei-
nases, such as MMP-9, which enable the remodeling of the
extracellular matrix.'” Macrophages contribute to this by either

Defining macrophage subsets in the melanoma tumour microenvironment
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Figure 1. Defining macrophage subsets in the melanoma tumor microenvironment includes (1) using the classical/alternatively activated spectrum model (far
left); (2) using differentially expressed genes to define subsets from single cell data (top); (3) understanding how the TME can promote subsets with specific functions
(right); and (4) understanding how macrophage origin can determine phenotype and function (bottom left).
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Figure 2. TAMs can promote melanoma growth and progression by creating an immunosuppressive immune environment by recruiting and maintaining
immunosuppressive cells, such as Tregs, M2-like TAMs and MDSCs and reducing effector cells activation; promoting angiogenesis directly by secreting VEGF and
MIF and indirectly through TNF-a and IL-1 a promoting angiogenesis by melanoma cells; enabling invasion by secreting metalloproteinases; and enabling metastasis by
promoting the secretion of factors which increase phenotype switching (TGF-B), increase motility (IL-8), and increase invasion (IL-6). Created with BioRender.com.

secreting MMP-9 and expressing urokinase-type plasminogen
activator (uPAR) directly or by promoting melanoma cells to
secrete metalloproteinases and uPAR via the secretion of TNF-
a.”® TAMs are thought to play an important role in melanoma
metastasis, both in cancer phenotype switching, an epithelial to
mesenchymal transition-like process, and the establishment of
premetastatic niches, by promoting the survival and growth of
cancer cells as they leave the primary tumor and invade distant
tissue sites.>” ! Finally, the presence of TAMs correlates with
resistance to both MAPKi and immune checkpoint inhibitors,
with macrophages playing key roles in both the effector func-
tions of such treatments and the mechanisms of resistance.®”

Monoclonal antibodies for the treatment of
melanoma

The sea-change in melanoma therapy has arisen from MAPK
pathway inhibitors, and monoclonal antibodies (mAbs) recog-
nizing immune checkpoints. The use of mAbs in cancer ther-
apy is an ever-growing field. mAbs consist of the Fragment
antigen-binding (Fab) region, the portion of the antibody
which binds target epitopes, and the Fragment crystallizable
(Fc) region, the region that mediates interactions between the
antibody and cells of the immune system.”> The Fc portion
binds to Fc receptors (FcRs), expressed on a wide range of
immune cells, including macrophages.®* Engagement of anti-
body Fc regions by macrophages is of significant importance in

melanoma due to the abundance of macrophages in the
TME.®® FcRs can either have activating downstream ITAM
domain signaling, leading to pro-inflammatory effects, or, in
the case of FcyRIIb, can be inhibitory via ITIM signaling,
leading to regulation of cell activation and impaired effector
functions.®>%° FcRs, their expression on immune cells and their
downstream effects are summarized in Table 1. mAbs can be
used to target cancer antigens, for example by the delivery of
drug conjugates, as with Brentuximab in the treatment of
lymphoma;”" using the Fab region to block important signaling
pathways, for example, growth factors such as human epider-
mal growth factor receptor 2 (HER2), targeted by trastuzumab
in breast cancer treatment,”>”> or by influencing immune cell
function by engaging the Fc region on immune effector cells
such as NK cells, monocytes and macrophages.”

Within the context of melanoma, the current successful
therapeutic use of mAbs take the form of checkpoint
inhibitors, targeting CTLA-4, such as ipilimumab, or the
PD-1/PD-L1 axis (e.g., anti-PD-1 antibodies pembrolizu-
mab, nivolumab; or the anti-PD-L1 antibody atezolizu-
mab). Checkpoint inhibitors enhance the immune
response against melanoma by blocking molecular targets
which usually limit or inhibit T cell responses.”*””
Although these therapies have demonstrated great efficacy
in activating the T cell compartment within melanomas,
they may also exert effects on the myeloid compartment of
the TME.
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Table 1. Fc receptors expressed by human monocytic cells, showing FcR structure, mouse orthologue, downstream signaling response, expression across different
human immune cells and affinity to different immunoglobulin isotypes. Adapted from Bruhns et al.,*”*® Hogarth et al.*® Bianchini et al.** and Chenoweth et al.”

Created with BioRender.com.

FcR expression on monocytic cells

FeyRI

FcyRlla

FcyRIlb

ITAM I ITIM I ITAM I y chain “
FcyRlla FcyRllb FecyRlic

FceR1 FceR2

% chaina}UI B subunit %
FceR1 FceR2

FeyRlle FcyRllla

(CD64) (CD32a) (CD32b) (CD32c) (CD16A) (CD23)

Mouse orthologues mFcyRla mFcyRIll mFcyRIlb mFcyRIV (not expressed on (not expressed on
mouse monocytic cells) mouse monocytic cells)
Affinity of receptor high Low Low Low Low-medium High Low
Effector Response Activation Activation Inhibition Activation Activation Activation IgE regulation
Expression on human Monocytes + + + + + + +
immune cells
Macrophages + + + + + + +
Neutrophil + + +
DCs + + + + +
Basophil - + + +
Mast cell + + +
Eosinophil - + + +
NK cells + +
Isotype binding 1gG1/1gG3 IgG1 1gG3/IgG4 1gG3/IgG4 1gG3 IgE IgE
(highest to lowest 1gG4 1gG3 1gG1 1gG1 1gG1
affinity) 1gG2 1gG2 1gG2 1gG4
1gG4 1gG2

Interactions of TAMs with checkpoint inhibitors and
targeted therapies: impact on treatment efficacy and
resistance

PD-L1 is highly expressed by multiple cells including tumor and
stromal cells, as well as TAMs within melanoma lesions,”® while
the expression of PD-1 is widely described on the cell surface of
activated T cells.”* Nivolumab (IgG4 mAb) or pembrolizumab
(IgG4 mADb) binding to PD-1, or atezolizumab (IgGl mAb)
binding to PD-LI1, inhibit PD-L1/PD-1 signaling, allowing
T cell activation and reducing the number of exhausted T cells
within the TME.”*”” Although immune checkpoint inhibitors
such as anti-PD-1 mAbs promote antitumor activity, their effi-
cacy may be limited by a feedback mechanism whereby T cells,
reactivated by immunotherapy, secrete IFN-y and TNF-q, which
in turn can induce CSF-1 expression by melanoma cells.”® CSF-1
is an important factor that promotes the recruitment and growth
of myeloid cells, including MDSCs and immunosuppressive
TAMs.>> CSF-1 expression has been shown to correlate with
TAM infiltration and poor prognosis and may contribute to
anti-PD-1 therapy resistance.”®

Further to this, macrophages have been shown to actively
uptake anti-PD-1 mAbs from the surface of T cells. Using time-
lapse intravital imaging in a mouse model of anti-PD-1 respon-
sive cancer, anti-PD-1 mAb was rapidly removed from CD8+ T
cells and transferred to TAMs in an Fc gamma receptor (FcyR)
dependent mechanism.”” Anti-PD-1 mAbs used clinically to
treat melanoma use the low-affinity IgG4 isotype instead of the
higher affinity IgG1, in order to reduce antibody interaction

with activatory FcRs expressed on myeloid cells (see Table 1).
However, 1gG4 retains high affinity to FcyRI. Cross-linking of
PD-1 and FcyRI by anti-PD-1 mAbs can bring T cells and
macrophages together, and lead to the killing of PD-1+ T
cells by macrophages, as well as induce the secretion of anti-
inflammatory cytokines, such as IL-10,*° thus reducing the
therapeutic effect.

In contrast, an effector function mechanism may be
involved in the antitumor functions of the anti-CTLA-4 anti-
body ipilimumab (IgGl mAb). The checkpoint CTLA-4 is
expressed by T cells, including high and constitutive expression
by Tregs. While CD80 and CD86 binding to CD28 on T cells
signals T cell activation, CTLA-4 competes with CD28 at the
immune synapse, and inhibitory CTLA-4:CD80/CD86 interac-
tions prevent T cell activation.”* Blocking this interaction with
mAbs therefore results in T cell activation and enhanced effec-
tor function. Aside from this, ipilimumab-induced depletion of
Tregs has been reported to occur when the Fab portion of the
antibody binds CTLA-4, with simultaneous binding of the Fc
portion to the FcyRs expressed on immune cells, including
macrophages and monocytes. This is thought to induce anti-
body-dependent cellular cytotoxicity (ADCC) of Tregs.®' In
patients who responded to ipilimumab, a study reported an
increase in non-classical monocytes which express FcyRIIIA;
higher ratio of FcyRIIIA+ CD68+ (M1-like) to CD163+ (M2-
like) macrophages at baseline compared to non-responders;
and decreased Treg infiltration after treatment.
Corroborating this study, in mouse models of melanoma,
macrophages in the TME which express mFcyRIV, an ortholog
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Figure 3. Current techniques to therapeutically target TAMs include (a) involvement of TAMs in current immune checkpoint inhibition; (b) reducing recruitment of
macrophages to the TME, e.g. by blocking CCR2/CCL2 and CSF-1/CSFR1 pathways; (c) inhibiting pro-tumor functions of TAMS; (d) promoting antitumor functions of
TAMS; (e) depleting specific pro-tumor subsets of TAMs; (f) repolarizing TAMs through the engagement of their FcRs, triggering downstream activation, increased
secretion of pro-inflammatory cytokines and enhanced cancer cell death. Created with BioRender.com.

of human FcyRIIIA (see Table 1), are associated with antibody-
mediated lysis of Treg cells.*” These studies demonstrate the
interplay of different immune cells within the TME and the
importance of taking into consideration the interactions
between antibody Fc regions and immune cells such as macro-
phages when designing checkpoint inhibitor mAbs.

Aside from their interactions with mAbs in the context of
checkpoint inhibition, TAMs have also been implicated in the
development of BRAF inhibitor (BRAFi) resistance. Mutations
in BRAF, which occur in 50% of melanoma, lead to the mole-
cule being constitutively activated enabling multiple down-
stream pro-tumor functions. BRAFi blocks this activated
pathway but can paradoxically activate the MAPK pathway in
cells that lack the BRAF mutation, including TAMs. This
paradoxical activation can result in the promotion of pro-
tumor TAM subsets which contribute further to BRAFi resis-
tance through the secretion of macrophage-derived growth
factors, such as VEGF, which in turn can support the reactiva-
tion of the MAPK pathway in tumor cells, thus enhancing
melanoma growth.”>%

Therapeutic strategies targeting TAMs in melanoma

The complex interaction between different cell types in the
TME, including cancer, stromal and immune cells, can drive
tumor initiation and progression. This includes the interac-
tions not only between tumor and immune cells but also
between different immune compartments. Therefore,

a multifaceted therapeutic approach, where key interactions
that influence outcomes are disrupted, may translate into
more effective treatments. It is clear from the studies above
that simultaneous targeting of both the lymphoid compart-
ment within melanoma, i.e., by checkpoint inhibition, and
the myeloid compartment of the TME, may enhance the effec-
tiveness of both treatments, increasing T cell effector function
and ultimately leading to more cancer cell death. Different
treatment approaches are being designed to target macro-
phages and their functions, with therapies aiming to deplete,
limit the recruitment, influence the function of or re-educate
macrophages or subsets of these cells, and are summarized in
Figure 3. After several promising preclinical studies, some
therapies have now progressed to clinical trials, as outlined in
Table 2, and these approaches are discussed in the following
sections.

Targeting macrophage recruitment to the TME

Chemoattractant signals in the TME may facilitate higher rates
of macrophage infiltration. Hence, targeting molecules
involved in monocyte/macrophage recruitment has been
investigated for tumor types where higher macrophage infiltra-
tion has been correlated with enhanced tumor progression
and/or poorer prognosis.'"'> As discussed above, CSF-1 sig-
naling through CSFIR is essential for the recruitment of mye-
loid cells to the TME, myeloid cell growth and it has been
shown to contribute to maintaining tissue resident
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Table 2. Examples of current and ongoing clinical trials targeting macrophages in melanoma.

Route of Drug

Drug Name  Type Target Cancer Type  Phase Status Study Design Administration Reference
Imalumab mAb MIF Solid tumors 1 Complete Anti-MIF antibody monotherapy Intravenous NCT01765790
PLX3397 KIT inhibitor CSFIR  Melanoma 1/2  Active PLX3397 monotherapy Oral NCT02975700
PLX3397 KIT inhibitor CSF1R  Mucosal and 2 Complete PLX3397 monotherapy Oral NCT02071940
acral
melanoma
LY3022855 mAb CSF1IR  Melanoma 1/2  Active LY3022855 + BRAFi + MEKi Intravenous NCT03101254
APX005M mAb (IgG1) CD40 Melanoma 1/1b  Active AP005M + Cabiralizumab + nivolumab Intravenous NCT03502330
Cabiralizumab mAb (IgG4) CSF1R Intravenous
APX005M mAb (IgG1) CD40 Melanoma 1/2  Active APX005M + Pembrolizumab Intratumoral NCT02706353
APX005M mAb (IgG1) CD40 Melanoma 2 Active APX005M + /- radiotherapy Intravenous NCT04337931
SEA-CD40 mAb (IgG1) CD40 Melanoma 2 Active SEA-CD40 + pembrolizumab Intravenous NCT04993677
CDX-1140 mAb (IgG2) CD40 Melanoma 1/2  Active Melanoma mutated neoantigen peptide Intratumoral NCT04364230
Poly-ICLC TLR3 agonist TLR3 vaccine + CD40 agonist + TLR3 agonist ~ subcutaneous/
intradermal
PolylCLC TLR3 agonist TLR3  Melanoma 1/2  Active Peptide vaccine + tetanus vaccine = Intratumoral NCT02126579
Resiquimod  TLR7 agonist TLR7 PolylCLC = resiquimod +/1 IFA subcutaneous/
intradermal
MGN1703 TLR9 agonist TLR9  Melanoma 1 Active MGN1703 + Ipilimumab Subcutaneous and ~ NCT02668770
intratumoural
CMP-001 TLR9 agonist TLR9  Melanoma 2 Active CMP-001 + Nivolumab Intratumoural NCT04698187
subcutaneous/
intradermal
CMP-001 TLR9 agonist TL9 Melanoma 2 Active CMP-001 + Nivolumab Intratumoural NCT03618641
subcutaneous/
intradermal
CMP-001 TLR9 agonist TLR9  Melanoma 2/3  Active CMP-001 + Nivolumab vs nivolumab  Intratumoral NCT04695977

monotherapy

Data extracted from ClinicalTrials.gov.

Abbreviations: mAb, monoclonal antibody; KIT, receptor tyrosine kinase; TLR, toll like receptor; MIF, migration inhibitory factor; CSF1R, colony-stimulating factor 1

receptor; BRAFi, BRAF inhibitor; MEKi, MEK inhibitor.

macrophage populations.” In several in vivo models of mela-
noma, the tyrosine kinase inhibitor of CSF1R, PLX3397, has
been shown to reduce macrophage recruitment to tumors as
well as to shift resident macrophages toward a pro-
inflammatory phenotype. This coincides with improved T cell
infiltration, enhanced cytotoxic functions of infiltrating T cells,
and tumor shrinkage. PLX3397 has also been shown to aug-
ment the effects of BRAFi * and of adoptive cell therapy.®
This agent is currently in phase 1/2 trials as a monotherapy in
melanoma (NCT02975700, NCT02071940, see Table 2).
Despite this apparent progress, it may be worth noting that
two clinical trials of PLX3397 in combination with the BRAFi
vemurafenib (NCT01826448) and the anti-PD-1 mAb pem-
brolizumab (NCT02452424) to treat melanoma were termi-
nated due to lack of clinical efficacy.

Building on this approach, mAbs have been used to block
CSFIR. Emactuzumab, a fully humanized IgGl mADb against
CSFIR, is currently undergoing clinical trials for solid tumors,
including melanoma refractory to other treatments.*® The early
data from the emactuzumab trial suggest that although block-
ing CSF1R on its own was able to reduce infiltration of immu-
nosuppressive macrophages into the TME, this did not
correlate with objective clinical responses.®” Another concern
is that blocking CSF1R would not be selective for TAMs and it
may be problematic to deplete all myeloid cells for a prolonged
period of time, since subsets of these may be required for
effective antitumor responses.®*® Aside from emactuzumab,

LY3022855, a recombinant human IgGl mAb targeting
CSFI1R, is in phase 1 trials in combination with MAPK pathway
inhibitors (NCT03101254, see Table 2). Macrophages are key
players in the development of BRAFi resistance and such
a combination may offer the chance to improve the longevity
of an effective BRAFi response.

Due to the importance of the CCR2/CCL2 chemokine signal-
ing in recruiting immunosuppressive monocytes and TAMs, there
are ongoing trials to establish the anti-cancer effects of monoclonal
antibodies designed against this pathway.'>*® When initially
trialed, the fully human IgG1 anti-CCL2 antibody carlumab failed
to demonstrate anticancer activity when used as a stand-alone
treatment for solid tumors refractory to treatment,” or when
combined with chemotherapy.”® This exemplifies the difficulties
in exploiting chemokine pathways therapeutically: there is much
redundancy, lack of sufficient specificity for the tumor microen-
vironment and overlap within different chemokine pathways.
These trials predate immune checkpoint inhibition, and it is
possible that a combination of immune targeting approaches is
required to promote a clinically significant anticancer response.
Since the advent of checkpoint inhibition, preclinical studies
demonstrated that combining checkpoint blockade with CCL2/
CCR?2 inhibition improved responses over checkpoint blockade
alone treatment in murine models of melanoma.”* The improved
efficacy of this approach may be due to simultaneous targeting of
both the lymphoid and myeloid compartments of the TME.
However, when plozalizumab, a humanized IgGl mAb directed
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against CCR2, was combined with nivolumab, the trial was
stopped early due to lack of discernible benefit (NCT02723006).

Fine-tuning the targeting of tumor-associated
macrophages

The above strategies have failed to make progress into later
stage clinical trials (see Supplementary Table 1), and this may
be due to their blunt nature: they deplete or inhibit the recruit-
ment of all TAMs. As mentioned, macrophages are a highly
plastic and diverse population of cells and although the pro-
tumor functions of TAMs have been well characterized, these
cells can also engender antitumor properties. These attributes
are largely associated with the pro-inflammatory macrophage
phenotype and include the secretion of pro-inflammatory cyto-
kines, antigen presentation to T cells and direct killing of
cancer cells.'” Alongside, macrophages have important effector
roles in currently approved immunotherapies, as discussed
above.®' It is therefore worth considering an approach whereby
specific subsets of TAMs, especially those with immunosup-
pressive functions may be targeted. The drawback of this may
be that often the same TAM subsets are able to confer both
pro- and antitumor functions concurrently.

There are several strategies being explored to target macro-
phages more specifically, and this includes targeting pro-
tumoral molecules secreted by TAMs, agonists to cell surface
receptors that can either promote anticancer effector function
or inhibit immunosuppressive functions and finally, by aiming
to target molecules whose expression is likely restricted to the
most immune suppressive TAMs.

Inhibiting pro-tumor functions of macrophages: MIF

MIF is thought to play an important role in the polarization of
macrophages toward more immunoregulatory, pro-tumor
subsets.*”” Multiple mechanisms of inhibiting MIF have
been evaluated in preclinical studies, including the inhibitor
4-IPP, a small peptide which acts as a CD74 antagonist, thus
preventing MIF-CD74 signaling. It has been reported that
blocking MIF can alter the function of macrophages, and
thus the nature of the melanoma TME.*” In mouse models of
melanoma and melanoma lung metastasis, inhibiting MIF sig-
naling resulted in reduced tumor burden and in increased
numbers of pro-inflammatory TAMs with reduced pro-
angiogenic capacity.”® When trialed in combination with anti-
CTLA-4 and anti-PD-L1 antibodies in checkpoint inhibitor
resistant in vivo models, a small-molecule inhibitor of MIF
led to decreased tumor burden and prolonged survival, with
greater infiltration of both pro-inflammatory TAMs and cyto-
toxic lymphocytes.”" This demonstrates a promising proof of
concept: by making the TME more pro-inflammatory, the
effectiveness of current therapies can be augmented.
Although neither of these mechanisms of inhibiting MIF
have yet been translated to clinical trials in melanoma,
a phase 1 clinical study of an anti-MIF mAb in solid tumors
has recently been completed, with results awaited
(NCT01765790, Table 2).

Promoting antitumor macrophage functions

The SIRPa/CD47 axis

When bound to signal-regulatory protein alpha (SIRPa) on the
surface of myeloid cells, CD47 expressed in normal tissues acts as
tolerogenic marker, inhibiting phagocytosis and preventing
destruction of “self” cells. CD47 is essential for the maintenance
of hematopoietic stem cells, erythrocytes and platelets, but is also
upregulated by cancer cells as a means of immune escape.””
Targeting CD47 and blocking its signaling through SIPRa, for
example with a mAb, could overcome this tolerogenic pathway,
increase the ability of phagocytes, such as macrophages, to phago-
cytose cancer cells and facilitate or enhance cancer cell killing.”>*?
This is of great interest in melanoma, due to the abundance of
macrophages within the TME. However, there are concerns with
toxicity: the expression of CD47 is ubiquitous, but it is especially
expressed by vascular endothelial cells. In earlier clinical trials,
targeting CD47 resulted in common side effects of anemia, throm-
bocytopenia, lymphopenia and hyperbilirubinemia.”® One anti-
CD47 mAb, magrolimab (humanized IgG4 mAD), has made it
through to phase 3 trials in patients with myelodysplastic syn-
drome (ENHANCE/NCT04313881), but anti-CD47 mAbs have
not yet had such success in melanoma. Two phase 1 trials were
initiated to study an IgG4 mAb against CD47 in melanoma, which
was conjugated to a (not yet fully elucidated) toxin, as
a monotherapy and in combination with other immunotherapies
including  anti-PD-1  (NCT03957096, NCT02890368).
Unfortunately, both these trials were terminated, with little infor-
mation for the reasons for termination and no data have been
published. Ongoing trials include early phase 1/2 trials exploring
CD47 as a target for antibody-drug conjugates, but also some
studies aimed at blocking the CD47-SIRPa pathway in unresect-
able solid malignancies. There are no results from these trials
published to date.

To overcome the toxicities associated with targeting the ubi-
quitous CD47, targeting SIRPa, may be a viable alternative as
expression is limited to myeloid cells. SIRPa-targeting antibodies,
hAB21, a humanized IgG1 mAb, with an inactive Fc domain, and
1H9, a humanized IgG1 mAb, have shown, in a variety of mouse
models, to be an effective adjuvant to immunotherapies against
highly immunogenic tumors, including melanoma.”**> Although
not yet in clinical trials for melanoma, two anti-SIRPa mAbs are
currently in phase 1/2 clinical trials for solid tumors: BI 754091,
a humanized IgG4 is being trialed in colorectal and endometrial
cancer (NCT03990233) and BI 765063, a humanized IgG4, is
being tested in head and neck and liver cancer (NCT05249426).

CD40/CD40L

CD40 is a target of significant interest in many solid cancers,
including melanoma. CD40 is expressed on antigen presenting
cells, including macrophages. Once bound by CD40 ligand on
T cells, it can stimulate macrophages to produce pro-
inflammatory cytokines, as well as to engage in direct target
cell killing.” Several clinical trials have looked at the potential
of CD40 agonists as a monotherapy for treatment-resistant
solid tumors. For example, a trial of selicrelumab, a human
IgG2 agonistic mAb against CD40, in 15 patients with mela-
noma, demonstrated a partial response in 4 patients, some of



which were long-lasting responses.”” More recently, selicrelu-
mab in combination with CTLA-4 inhibition showed an over-
all response rate of 27.3% compared with 10.7% in the anti-
CTLA-4 only arm.”®'® There are currently no ongoing trials
further exploring selicrelumab in melanoma. APX005M and
SEA-CD40 are both humanized IgG1 agonistic CD40 mAbs
currently tested in melanoma in multiple phase 2 trials, in
combination  with  pembrolizumab  (NCT02706353,
NCT04337931, NCT04993677, see Table 2). Furthermore,
CDX-1140 is a human IgG2 mAb being trialed in combination
with a melanoma peptide vaccine and a TLR agonist
(NCT04364230). Results from these trials are awaited.

More recently, the focus on CD40 agonists has been direc-
ted to combinations with myeloid cell depletion strategies, such
as anti-CSFIR. Preclinical studies demonstrated that when
CD40 agonists were combined with CSFIR inhibitors in mur-
ine models of melanoma, TAMs secreted pro-inflammatory
cytokines, such as IL-1b and IL-27, and reduced their expres-
sion of MMP9, suggesting an effective, albeit temporary,
reprogramming.”®'*" In addition to this, an enhanced T cell
response against melanoma was reported, which was macro-
phage dependent.”>'®! These data suggest that the reprogram-
ming of TAMs has the potential to play an important role in
promoting an anticancer TME, which in turn enables
improved T cell effector function. The combination may
seem counterintuitive, in that by using anti-CSFIR and CD40
agonism, TAMs are being both depleted and reprogrammed.
However, it has been suggested that activation occurs rapidly
with CD40 agonism while depletion of TAMs is much slower,
and these mechanisms may occur alongside a preferential
recruitment of pro-inflammatory TAMs in tumors exposed to
this combination of therapies.'" This concept is being taken
forward with an ongoing phase 1 clinical trial exploring the
combination of the APX005M CD40 agonistic mAb with the
anti-CSFIR IgG4 mAb cabiralizumab, with and without nivo-
lumab (NCT03502330, see Table 2).

TLRs

Toll-like-receptors (TLRs), expressed on immune cells includ-
ing macrophages, recognize pathogen-associated and damage-
associated molecular patterns, and these interactions activate
pro-inflammatory immune responses to ultimately result in the
immune clearance of pathogens.'®” TLR agonists have a potent
pro-inflammatory effect and are currently used as first line
therapy in superficial non-melanoma skin cancers and can be
used as treatment for lentigo maligna, or melanoma in situ, in
cosmetically sensitive areas. Applied topically, their side effects
are limited; however, systemic application is associated with
severe toxicity, including cytokine storm, as well as with the
development of tolerance over time.' Preclinical data suggest
that TLR agonists can increase the presence of pro-
inflammatory TAMs in melanoma lesions, which in turn modi-
fies the TME to exert anticancer effects.'**'*” TLR agonists can
also enhance concurrent therapies, including anti-cancer anti-
gen mAbs,'” checkpoint inhibitors '°® and BRAF
inhibitors.'”” Designing TLR agonists that are retained in the
TME after intratumoral injection may be one way of enhancing
their efficacy while limiting toxicities of such drugs. The
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lipophilic TLR7/8 agonist MEDI9197, has been designed to
be retained at the site of injection and appears to not only
polarize macrophages in in vitro studies but when tested in
mouse models, recruits and activates immune cells, including
CD8+ T cells and NK cells, while creating a more inflammatory
TME.'*®

This ability to turn a “cold tumor” into a “hot tumor”, with
a dense immune infiltrate, makes TLR agonists an attractive
adjunct to other immune therapies. In one study using
a checkpoint inhibitor-resistant mouse model of melanoma,
TLR agonists in combination with CD40L, injected intratumo-
rally, demonstrated an abscopal affect, whereby administration
of CD40L and TLR agonist potentiated PD-1 blockade, not
only locally but also at distant sites.'”® Combination therapy of
a CD40 agonist and a TLR3 agonist has reached clinical trials,
and the TLRY agonist CMP-001 has reached phase 2/3 trials
(see Table 2).

Depleting specific macrophage subsets

CD163

The expression of CD163 is associated with immunoregulatory
TAMS with pro-tumoral functions. The presence of CD163
+ macrophages in melanoma lesions is associated with poorer
prognosis.>> CD163 is upregulated by cytokines such as IL-6
and IL-10 found in the melanoma TME, and downregulated by
pro-inflammatory cytokines, and M1-like polarization signals,
such as IFN-y and TNF-a.'*’ Targeting CD163 may therefore
represent a strategy to eliminate specific macrophage subsets
which are known to contribute to melanoma progression.
Etzerodt et al. developed an anti-CD163 IgG mAb conjugated
with lipid nanoparticles loaded with the cytotoxic agent
doxorubicin.!? In a mouse model of BRAF-mutant melanoma,
the group demonstrated that the antibody was able to deplete
CD163+ TAMs and this depletion led to an almost complete
inhibition of tumor growth, which was more effective than
pan-TAM blockade using CSFIR and CCR2 inhibition. The
depletion of CD163+ TAMs correlated with an increase in
tumor-infiltrating lymphocytes and when T cells were
depleted, the effect on tumor growth restriction was reversed.
This model suggests that tumor regression caused by the deple-
tion of CD163+ TAM subsets, was driven by the recruitment
and activation of lymphocytes, demonstrating the important
underlying interactions between T cells and macrophage sub-
sets within the TME: TAMs may prevent effective immune
responses against melanoma by restricting T cell activation
and recruitment, and by promoting an anti-inflammatory
environment. Furthermore, this suggests that combining treat-
ments which target both lymphoid and myeloid compartments
of the immune system may greatly improve immunogenic
cancer killing and may hold therapeutic promise. Such thera-
pies are currently restricted to preclinical studies.

MARCO

Another marker of interest is the scavenger receptor MARCO,
expressed on TAMs which appear to be tumor-promoting, in
melanoma and other cancers."'®'"" Although the exact pro-
tumor properties of such TAMs have yet to be fully elucidated,
it appears that MARCO is expressed selectively on tumor-
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promoting TAMs in the TME, including on perivascular TAMs
with a role in angiogenesis and supporting tumor growth.''?
One group has demonstrated, using both in vitro co-culture
and in vivo models, that binding of an anti-MARCO IgG1 mAb
caused target internalization and resulted in changes in the
metabolic profile of immunosuppressive macrophages.''”
These functions appeared to be dependent on the ability of
the antibody to engage with the inhibitory FcyRIIb on macro-
phages. The TME was altered, featuring
more pro-inflammatory macrophages, and treatment with
anti-MARCO not only led to tumor shrinkage but also aug-
mented the effects of anti-CTLA-4 immunotherapy through an
NK cell-dependent mechanism. Sequential blocking of FcyRs
demonstrated that this effect was FcyRIIb-dependent, suggest-
ing engagement of the Fc portion of the antibody, and subse-
quent signaling through FcRs expressed on macrophages, is as
important as creating a Fab portion which targets an antigen
found only in the TME. Within the TME, MARCO appears to
be solely expressed by anti-inflammatory but not pro-
inflammatory macrophage subsets.''> However, outside of the
TME, it is found on tissue resident macrophages in lung,
lymph nodes, spleen, and peritoneum as well as on activated
dendritic cells.''* This target is therefore not specific to TAMs
and anti-MARCO treatments could have unwanted toxicity
through impacting macrophages in healthy tissues. There are
no clinical trials currently ongoing to test anti-MARCO in
patients.

Despite the lack of ongoing trials of anti-MARCO mAbs,
the combination of approaches, whereby both the immune
system and specific cancer antigens are targeted, may prove
to be a successful mechanism to target specific tumor resident
macrophage subsets and to repolarize them. Engineering anti-
bodies with Fab regions to bind cancer antigens in conjunction
with Fc regions which can bind to, and ultimately change, the
effector function of immune cells is an emerging field and one
that holds much promise in generating an immune response
which is specific to the TME.

Engaging macrophage Fc-mediated effector functions
with monoclonal antibodies

Macrophages express multiple FcRs, which, when engaged
with antibodies via their Fc regions, can lead to different
cellular responses, depending on the combination of FcR
expression profile of the effector cells and the antibody
isotype.®*”° This combination may have an impact on whether
a pro- or antitumor response is coordinated. Macrophages are
abundant in the TME of melanoma and have been shown to
play essential roles in ADCC and ADCP, and in the secretion of
pro-inflammatory mediators in response to FcR signaling.
Designing IgG antibodies with high affinity to activatory FcRs
(FcyRI, FcyRlIla, FcyRIIIa), all of which may be expressed by
macrophages, or with low affinity for the inhibitory FcyRIIb,
also expressed in TAMs, can help optimize antibody-macro-
phage interactions and may be a strategy to promote a pro-
inflammatory and antitumor environment.''>~'*?

IgG class mAbs currently used in clinic may have anti-
cancer functions via FcRs. This is likely the case with
ipilimumab, an IgGl isotype antibody, since it has been

reported that its ability to engage FcyRIIla can lead to the
cytotoxic killing of CTLA-4-expressing Tregs by effector
cells such as macrophages and NK cells.?! In contrast, one
contributor to immune evasion and melanoma progression
may be the signaling through inhibitory FcRs on TAMs.
For example, it has been shown that IgG4 is expressed in
chronic inflammation states, and in the TME of melanoma
and other solid tumors."'®'"” IgG4 has a high affinity for
FcyRIIb, which signals through a downstream ITIM
domain, leading to immune cell inhibition. IgG4 isotype
antibodies can interact with FcyRIIb on the surface of
macrophages (see Table 1), and this may lead to impaired
antitumor responses.''®'"” Consistent with the reported
immune-modulating effects of IgG4, elevated serum levels
of IgG4 in patients with melanoma have been associated
with poorer prognosis.''””'*° Further work is needed to
investigate how these interactions may contribute to mela-
noma growth and survival and may reveal new prognostic
markers, and strategies to interrupt this pro-tumor signal-
ing pathway.

On the other hand, IgE class antibodies specific for
cancer-associated antigens may be able to activate macro-
phages. IgE antibodies which operate via a different set of
activatory Fc receptors to IgG, have shown some promise
in preclinical models and early clinical testing. IgE engage-
ment of the FceR on monocytes and macrophages has been
shown to polarize these cells, including the immunoregula-
tory macrophage subsets, toward pro-inflammatory pheno-
types and to enhance their antitumor activity.'*"'??
Importantly in the context of the TME, this involves the
increased secretion of pro-inflammatory cytokines, which
could change the immune milieu of the TME.'*® Tt is
therefore possible to influence TAMs in tumors via engi-
neering antibodies with Fc regions of a class different to the
conventional IgG.

It is also possible that TAM activation by checkpoint
inhibitor antibodies could lead to depletion of pro-
inflammatory immune cells. For example, TAMs engaged by
anti-PD-1 antibodies could target PD-1-expressing effector
T cells.””® However, engineering these antibodies with Fc
regions of the IgG4 isotype, it is possible that the affinity of
IgG4 for the inhibitory FcyRIIb can be utilized to reduce
macrophage activation. For example, both anti-PD-1 mAbs,
nivolumab and pembrolizumab, are IgG4, in contrast to ipi-
limumab, an IgG1 mAb, the mechanism of action of which, as
discussed above, benefits from macrophage activation. In
addition to this, Fc engineering of antibodies to generate
agents with reduced or no binding to FcRs on TAMs is
being explored, with two such anti-PD-1 inhibitors are cur-
rently in phase 1/2 clinical trials. Tislelizumab, a humanized
IgG4 with minimal FcR binding is currently in phase 1/2
trials, in combination with other treatment modalities
(NCT04924413, NCT04924413). Similarly, prolgolimab, an
IgGl mAb containing the Fc-silencing “LALA” mutation is
being explored (NCT05120024).

Furthermore, the inhibitory FcyRIIb is specifically targeted
when agonistic antibodies, such as agonistic CD40 mAbs are
used."”* Hyper cross-linking by FcRs of anti-CD40 mAbs is
required for stimulation, unlike the immune checkpoint



blocking mAbs. Specifically, anti-CD40 mAbs require FcyRIIb-
mediated crosslinking for efficacy.’*® An enhanced IgG1, with
a stronger binding affinity to FcyRIIb and lower affinity for
FcyRIIa, has led to more potent effects of such agonistic anti-
bodies. These findings demonstrate the importance of Fc
design in antibody engineering.'*®

The efficacy of mAbs can therefore be influenced and fine-
tuned by the design of Fc regions: where interactions with
macrophages and the target of mAbs is detrimental, designing
isotypes with a lower affinity for activatory receptors or higher
affinity for inhibitory FcyRIIb may be beneficial. Where mono-
cyte and macrophage ADCP, ADCC and inflammatory prop-
erties aid anticancer functions, engineering the Fc with high
affinity for activatory FcRs could increase the efficacy of such
antibodies. This may be the case for mAbs targeting cancer-
antigens.

Targeting cancer-specific antigens

mAbs provide an opportunity to target specific immune cells
within the TME. By designing the Fab region to recognize
a specific cancer antigen, and the Fc portion to have a high
affinity for FcRs expressed on immune cells within the TME,
for example macrophages, colocalization of both antigen and
effector cell is enabled, enhancing the tumor cell killing func-
tions of specific immune cells within the TME. Although this
review is focused on how to target TAMs with mAbs, it is
important to note that immune cells, other than monocytes
and macrophages, also present within the TME, express FcRs
(see Table 1). As with the “oft-target” impact of checkpoint
inhibitors on macrophage functions, mAbs designed to target
macrophage FcRs, may be able to engage with and impact
multiple cell types. Given their abundance in the TME, it is
likely that TAMs will be key effector cells if FcRs are required
for the antitumor functions of monoclonal antibodies recog-
nizing cancer antigens.

A suitable target antigen for antibodies should ideally be
expressed at high levels on tumor cells while not expressed or
lowly expressed on non-malignant tissues. Such cancer-
associated antigens can be hard to identify, since targeting
cancer ultimately means targeting self. For example, while
over-expressed by 15-20% of breast cancers, HER2 is also
expressed by gastrointestinal, respiratory, reproductive, and
urinary tract cells as well as in the skin, breast and
placenta.'”” Its expression on cardiomyocytes is thought to be
the underlying pathogenic mechanism of cardiac side effects
seen in patients treated with the anti-HER2 antibody
trastuzumab.'*®

Phosphatidylserine

Although not restricted exclusively to tumor cells, phospha-
tidylserine (PS) is a target currently being explored in clinical
trials in cancer types other than melanoma (in head and neck
cancer, NCT04150900; hepatocellular cancer, NCT03519997,
NCT05249569; and glioblastoma, NCT03139916). PS is
expressed on the inner leaflet of the plasma membrane in
healthy cells. However, it is transported to the cell surface in
apoptotic cells. Once bound to its receptor on macrophages,
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efferocytosis is triggered, allowing the clearing of dead and
dying cells.'*” The process is immunoregulatory, contributing
to inflammation resolution, with efferocytosis causing macro-
phages to become more immunosuppressive and attenuate
NK cell and DC cell activation.'** Aside from being expressed
on apoptotic cells, PS expression is upregulated on the cell
surface of tumor cells, including in melanoma. Antibodies
blocking PS have demonstrated antitumor activity by redu-
cing the immunosuppressive effects caused by efferocytosis,
increasing immune cell activation, destruction of tumor vas-
culature and promotion of a more pro-inflammatory
TME, 130:131

In melanoma, exploration have been restricted to preclinical
studies. In a mouse model of melanoma, a mouse IgG2 equiva-
lent of bavituximab, mch1N11, was combined with radiother-
apy and anti-PD1 immune checkpoint inhibitor.'** The
combination delayed tumor growth and prolonged survival of
mice compared to treatment without bavituximab. The study
also demonstrated an increase in TAM infiltration, which had
a more pro-inflammatory phenotype (CD206- MHCII+), and
increased secretion of pro-inflammatory cytokines in the TME.

The mechanism of action of bavituximab demonstrates the
proof of concept that using mAbs against a cancer-antigen can
enhance the FcR effects of local immune cells. However, PS is
not restricted just to the TME of melanoma. It is expressed by
platelets, myeloid cells, activated B and T cells and DCs, and
although toxicity has not been reported in studies in other
cancer types,'> the potential for off-target effects of bavitux-
imab warrants further investigation.

Chondroitin sulfate proteoglycan 4

Chondroitin sulfate proteoglycan 4 (CSPG4) is a cancer
antigen which may be more selective for cancer cells.
CSPG4 is expressed in 70% of the melanomas with a low
and restricted expression profile in healthy tissue.'’
Monoclonal antibodies designed against this target which
can engage the FcRs on immune cells, including monocytes
and macrophages, are under development in preclinical
models. An anti-CSPG4 IgGl monoclonal antibody has
been reported to increase macrophage recruitment in
a fully humanized mouse model of melanoma,''® and
repeated administration of an anti-CSPG4 IgE monoclonal
antibody therapy is well tolerated in immunocompetent
animal models.'*® The exact effect of anti-CSPG4 mAbs on
macrophages remains unknown but warrants exploration,
since polarizing TAMs and enhancing their antitumor prop-
erties may be a potential mechanism by which anti-CSPG4
can exert therapeutic effects.

Conclusion

Given their key roles in melanoma growth and survival,
tumor-associated macrophages may be a promising target
for an array of novel immunotherapeutic strategies. Their
plasticity means these cells can be manipulated, both by
their environment, for example factors within the TME, and
by exogenous stimuli, such as therapeutic immunoglobulins.
Many promising ways to clinically target macrophages with
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mADbs are being explored. The Fab portion of mAbs can be
used to block signaling pathways which promote melanoma
growth and survival, for example blocking TAM chemoat-
tractant pathways, blocking immunoregulatory axes such as
SIPRa/CD47 and inhibiting immunoregulatory MIF. Given
the multiple ongoing trials, using agonistic mAbs, such as
CD40 and TLR agonists, to promote cancer-cell killing by
immune cells holds much promise. The Fab portion can also
target markers of immunoregulatory TAM subsets, such as
CD163, which may prove to be a promising candidate for
antibody-drug conjugates (ADC). The design of Fc portions
may prove to be just as important: intelligent design may lead
to enhanced efficacy of mAbD therapies, by carefully consider-
ing target expression distribution and ensuring effective or no
engagement with immune cells through the binding of FcRs,
as required. For example, by designing anti-cancer antigen
specific Fab regions, mAbs can penetrate and be crosslinked
at the tumor site in the presence of tumor antigen-expressing
cells, i.e.,, by macrophages, within the TME, where an
enhanced immune response is needed. By designing an anti-
body’s Fc region to optimally bind to an activatory FcR which
generates a pro-inflammatory response in macrophages,
mADs can not only influence the effector function of macro-
phages but could also alter the cytokine milieu of the TME to
enhance anticancer activity.
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