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ABSTRACT: In recent years, the treatment of various cancers with immunotherapeutic strategies has revolu-
tionized the classical treatments with chemotherapy or radiation. Such immunotherapeutic strategies are effective
only in a subset of cancer patients who were unresponsive to conventional therapies and are not generalized to all
cancer types. Several mechanisms have been reported that underlie the failure of the natural anti-tumor immunity
or the administered immunotherapeutic agents in the treatment of cancer. Among these mechanisms is the pivotal
role played by the immunosuppressive tumor microenvironment (TME). The TME is complex and consists of the
stroma, blood vessels, and several cell types that have a direct relationship with the tumor as well as the tumor-re-
lationship with the TME. Among the immunosuppressive cells in the TME are the tumor-associated macrophages
(TAMs), myeloid-derived suppressor cells (MDSCs), T regulatory cells (Tregs), and cancer-associated fibroblasts
(CAFs). These cells altogether inhibit both innate and the adaptive anti-tumor immune responses. Noteworthy,
TAMs represent > 50 % of all the infiltrating cells in the TME and their frequencies correlate with poor prognoses
in many cancers. The depletion or inactivation of TAMs has been reported to restore, in large part, the anti-tumor
immune response in several cancers. In this review, we discuss (i) the interrelationship between TAMs and can-
cer stem cells, (ii) the various mechanisms by which TAMs suppress the immune response [e.g., expression of
inhibitory receptors and ligands, secretion of immunosuppressive cytokines, secretion of chemokines, secretion
of arginase 1, secretion of IDO1 and expression of the triggering receptor expressed on myeloid cells (TREM)],
and (iii) targeting TAMs for immunotherapy (e.g., depletion of TAMs, killing of TAMs, inhibition of TAM recruit-
ment, reprogramming of TAMs, targeting Toll-like receptors, inhibition of PI3K gamma, HDAC inhibitors, and
inhibition of specific miRNA activities, and targeting TREM and exosomes). In addition, we present bioinformatic
analyses that demonstrated that (i) TAM infiltration into many cancers correlated with poor survival (ii) the TAM
infiltration was associated with the clinical stages of the cancer and (iii) there is a strong correlation between the
TAM infiltrates and various immunosuppressive gene products. Although many clinical studies are underway to
inhibit the immunosuppressive functions of TAMs through a variety of mechanisms, by either targeting TAMs
alone or in combination with other therapeutics, we present various perspectives that need to be considered for
the successful translational application of TAMs targeting alone or in combination with other therapies in the
clinic.
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I. INTRODUCTION

We have witnessed this last decade new milestones
in immunotherapeutic strategies against various can-
cers, particularly those unresponsive and refractory
to conventional therapies. These immunotherapeutic
strategies include the wide spectrum of U.S. Food
and Drug Administration (FDA)-approved mono-
clonal anticancer antibodies and various T cell-me-
diated cytotoxic anti-tumor activities. These latter
include the genetic engineered T cells with specific
T cell receptors, the development of chimeric an-
tigen receptor (CAR)-T cells and the development
of checkpoint inhibitors targeting CTLA-4 and both
PD-1 receptors and PDL-1/2 ligands.! Although
these new therapies resulted in significant clinical
responses, nevertheless, they were consistent with
only a subset of the patients. The unresponsive pa-
tients had tumors that were either intrinsically resis-
tant and/or the tumor microenvironment (TME) was
immunosuppressive.’

Clearly, the immunosuppressive TME is the
result of many factors and infiltrating cells such
as the regulatory T cells (Tregs), tumor-associated
macrophages (TAMs), myeloid-derived suppressor
cells (MDSCs), and cancer-associated fibroblasts
(CAFs). Interestingly, the TME has over 50% of
the cells belonging to TAMs and those frequencies
correlated with worse prognoses. TAMs affect the
immune cells and MDCs and express chemokines
(CCLS5, CCL22, and CCL20) and cytokines [inter-
leukin-10 (IL-10) and transforming growth factor
beta (TGF-B)] that recruit and activate Treg, cells
and participate in immune suppression.’

Due to the immunosuppressive dominant role
of TAMs in inhibiting T-cell mediated anti-tumor
cytotoxicity as well as regulating the expression of
checkpoint inhibitory receptors on T cells and corre-
sponding ligands on the tumor cells and on MDSCs,
specific targeting TAMs may reverse the immuno-
suppression and restore the T-cell-mediated cyto-
toxic activity, both directly and in the presence of
checkpoint inhibitors.*

In this review, we will briefly examine the im-
munosuppressive roles of TAMs on anti-tumor T
cell-mediated immune response and tumor regres-
sion, bioinformatic analyses on the association of
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TAMs with immunosuppressive factors in human
cancers and how targeting TAMs may restore im-
munity and tumor regression.

Il. TAMS VERSUS CANCER STEM CELLS
(CSCS)

CSCs constitute a very small subpopulation of can-
cer cells that have distinct phenotypic and molecu-
lar properties that endow them with the ability for
self-renewal and multilineage differentiation and
are highly resistant to cytotoxic therapies. They
are in large part responsible for tumor relapses.>
Hence, novel immunotherapeutic intervening strat-
egies might be effective provided the delineation of
the various resistant mechanisms.’

The specific identification of CSCs has been
a challenge, but some phenotypic markers were
found to be associated with CSCs such as CD34-
CD38 %% These markers cannot distinguish be-
tween stem cells and CSCs. Other markers were
also reported such as the ATP binding cassette,
CD133 on the membrane or ALDHI in the cyto-
plasm. Likewise, a recent biomarker was reported,
namely, the expression of EPCAM™ (CD44) on ep-
ithelial cells.'

CSCs escape immune mechanisms via down
regulation of MHC I expression that is essential for
recognition of T cells and APCs.'"'? Also, the anti-
gen-processing machinery is defective in CSCs and,
hence, results in poor immunogenicity.'

CSCs exist amidst numerous cell types includ-
ing TAMs. TAMs primarily role is to provide for the
CSCs functions. For instance, the TAMs provide
necessary signals to promote CSC survival, self-re-
newal, migration, and their maintenance. In return,
the CSCs also help in promoting the TAMs that en-
hance the CSCs tumorigenicity. Thus, significant
cross-talks are established between the TAMs and
the CSCs.!* Huang et al. (2020) reported, in prostate
cancer models, that TAMs secrete CCLS5 that pro-
motes the migration, invasion, the EMT of prostate
cancer cells as well as the self-renewal of prostate
CSCs."” The CCLS effect is mediated by the acti-
vation of the B-catenin/STAT3 signaling pathway.
They also found that the expression of CCLS5 cor-
related significantly with high Gleason grade, poor
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prognosis, metastasis and enhanced activity of the
CSCs. In a recent review by Aramini et al. (2021)
they discussed the various interactions between
TAMs and CSCs in various tumors.'® For instance,
in liver cancer the TAMs secrete IL-6 that promotes
the expression of the CSC marker, CD44* and lead-
ing to tumor development. The IL-6 release, together
with CCL5 and IL-8, has been linked to the -cat-
enin/Wnt pathway, leading to the spread of CSCs.

lll. IMMUNOSUPPRESSIVE CELLS IN THE TME

In the TME, there exists a variety of both mature
differentiated and immature myeloid cells which
consist of monocytes, macrophages, neutrophils
and MDSCs and which play a major role in tumor
growth and metastasis.'”" Proangiogenic factors
and pro-inflammatory cytokines derived from hy-
poxia and the acidic environment promote the infil-
tration of myeloid cells and their activation.”**' These
myeloid cells infiltration regulate both the T cell
trafficking as well as regulating their activity and
exhaustion.??* Therefore, targeting or eliminating
these myeloid derived immunosuppressor cells may
render the natural immune T cell responses against
tumors more effective.”* For instance, depleting
TAMs with clodronate liposomes resulted in signifi-
cant improvement of T cell trafficking.?

Poor T cell traffic is also the result of reduced
chemokines in the TME and corresponding recep-
tors on cytotoxic T cells.”” Disruption of the im-
munosuppressive chemokine/cytokine network can
restore T cell traffic and sensitize tumors to cyto-
toxic immunotherapy.”® The M2-like macrophages
represent the major player in the inadequate CD8 T
cell trafficking.”’

Peripheral blood monocytes are recruited into
the TME via the CCL2/CCR2 chemokine pathway
and transdifferentiate into M2-like macrophages
under the influence of the CSF1/CSFIR pathway.?®
Depleting M2 macrophages by inhabiting either the
CSF1/CSF1R or the CCL2/CCR2 overcome T cell
exhaustion within the tumor.?**

TAMs are also engaged in metabolic pathways
that deplete essential elements (e.g. tryptophan) and
also produce immunosuppressive metabolites like
Indo-kynurenines.?!
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Lymphocyte exhaustion is a hallmark of CD4
and CD8 T cells in the TME as a result of their in-
ability to function and their failure to produce ef-
fector cytokines [TNF, interferon-gamma (IFN-y),
and TL-10] and inability to kill tumor cells.?®3* The
exhausted cells express a variety of checkpoint in-
hibitory receptors such as PD-1, LAG-3 TIMS3,
CTLA-4, BTLA, and TIGIT.* Ligands for immune
checkpoint receptors are expressed on M2 macro-
phages and promote immune evasion.

IV. TAMS VERSUS IMMUNITY

TAMs have been reported to limit the efficacy of
immunotherapy. Several FDA-approved monoclo-
nal antibodies (mAbs) directed against checkpoint
inhibitory receptors and ligands have been used in
cancer therapies with significant clinical responses
in a subset of patients in certain cancers but not
all cancers (e.g., pancreas, colorectal, and ovarian
cancers).”’

Macrophages exhibit plasticity by acquiring
the proper phenotype to respond depending on the
stimulus. This plasticity is referred to as polar-
ization and is based on gene expression, surface
molecules and metabolites that can switch from
M1 inflammatory cells to M2 anti-inflammatory.
M1 can be activated by Thl cytokines such as
IFN-y, TNF-a, or by LPS and secrete high lev-
els of pro-inflammatory cytokines (TNF-a, IL-1,
IL-6, IL-12, IL-23) through the NADPH oxidase
system and consequent ROS production exert
anti-microbial and anti-tumoral activities. M2
macrophages are induced by Th2 cytokines (IL-
4, IL-13, IL-10) and glucocorticoids. They pro-
duce anti-inflammatory cytokines such as IL-10,
TGF-B. They have potent phagocytic activity and
promote tissue repair and wound healing and pro-
angiogenic activity.**?*

TAMs represent the major infiltrating immune
cells in the TME. TAMs play a major role in im-
munosuppression by inhibiting TH1 cells and ac-
tivating Th2 cells.’**” TAMs inhibit CD8 T cells
proliferation and activation.’®** The M1/M2 mac-
rophage ratio score along with the tumor muta-
tional burden and CD8" scores were all predictors
to ICIs.*
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V. MECHANISMS OF IMMUNE SUPPRESSION
BY TAMS

Several mechanisms have been reported to describe
the multiple means by which TAMs lead to immune
suppression. Some of these mechanisms are briefly
discussed below.

A. Expression of Inhibitory Receptors
Including HLA-E and HLA-G

These inhibit the activities of natural killer (NK) and
T cells via the interaction of these receptors with
CD9%4 and LIT-2, respectively.* HLA-E and HLA-G
(non-classical) membrane bound or soluble forms
can inhibit the activation of NK cells and a subset of
activated T cells upon the ligation of HLA-E to the
killer cell immunoglobulin like receptor CD94 (also
known as NKG2)* or the inhibitory leukocyte im-
munoglobulin-like receptor LIT-2, where it binds to
HLA-G molecules on antigen-presenting cells and
macrophages.* Both transduce a negative signal
that inhibits stimulation of the NK or T cell medi-
ated immune response.

Under physiological conditions, there is a
strong correlation between HLA-E and HLA-G as
they are involved in inducing anergy of activated
immune NK cells and T cells. Hence, they both
establish an immunosuppressive environment in
human tumors, and thus, tumor escape from the
immune system.

For example, breast cancer patients who dis-
played loss of HLA-I molecules with either HLA-G
or HLA-E expression correlated with worse overall
and event-free survival even though these patients
have activated NK cells.* In addition, in patients
with colon cancer, both HLA-E and HLA-G co-ex-
pression correlated with metastasis and with a worse
event-free and overall survival.*

B. Expression of the Inhibitory PD-1,
PD-L1/2, and B7-1/2 Ligands

TAMs also express T cell checkpoint inhibitors
(PD-1 and CTLA-4) and ligands PDL-1/2 and B7-
1/2 that directly inhibit T cell functions.***’ PD-1
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receptor is highly expressed by activated T cells,
B cells, and natural killer cells. The well-known
ligands of PD-1 are PD-L1 (or B7-H1) and PD-
L2 (or B7-DC) are expressed in TAMs and can
be induced by inflammatory cytokines on tumors,
immune cells, and various tissues. After ligand
binding, PD-1 inhibits kinase signaling pathways
involved in T-cell activation; thus, this process
prevents overstimulation of immune response.
PD-L1 also binds the CD80 receptor, which is an-
other negative regulator of T-lymphocyte activa-
tion. PD-1 primarily inhibits T-cell activity in the
effector phase within tissues and tumors, whereas
CTLA-4 regulates immune responses early in T-cell
activation.

The activation of T cells requires more than
one signal in addition to the TCR binding to the
corresponding MHC-peptide complex. TCR bind-
ing to the MHC provides specificity to T-cell ac-
tivation, but further costimulatory signals are
required. For instance, the binding of B7-1 (CD80)
or B7-2 (CD86) molecules on the APC and mac-
rophages with CD28 molecules on the T cell leads
to signaling within the T cell. Sufficient levels of
CD28:B7-1/2 binding lead to proliferation of T
cells, increased T-cell survival, and differentiation
through the production of growth cytokines such
as IL-2, increased energy metabolism, and upreg-
ulation of cell survival genes. CTLA-4 is a CD28
homolog with much higher binding affinity for
B77; however, unlike CD28, binding of CTLA-4
to B7 does not produce a stimulatory signal. As
such, this competitive binding can prevent the co-
stimulatory signal normally provided by CD28:B7
binding.*

Interestingly, patients whose TAMs express
PD-L1 responded favorably to anti-PD-L1 anti-
body.* The expression of PD-1 on TAMs inhibited
phagocytosis of the tumor cells and blocking of the
PD-1-PD-L1 axis restored the macrophage phago-
cytic activity.*’” For example, in a mouse model of
a tumor resistant to anti-PD1 antibody, the combi-
nation treatment with anti-CD40 resulted in a syn-
ergistic anti-tumor response.” In a murine model
for melanoma, the treatment with the combination
of anti-PD-1 and anti-CSFIR resulted in tumor
regression.>!
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C. Secretion of Immunosuppressive
Cytokines and TGF-g

TAMs also secrete several cytokines such as IL-10
and TGF-B that contribute to the maintenance of a
strong immune suppressive microenvironment by
inhibiting CD4 (Th1 and Th2) and CD8 T cells and
by inducing T-regulatory cells expansion.

TAMs interfere with T cell activation via inter-
action with inhibitory immune checkpoints and in-
hibiting T cell recruitment.’*> TGF-f excludes CD8
from the tumor parenchyma and their delocalization
in peri-tumoral stroma.>*

D. Secretion of Chemokines

TAM-mediated release several chemokines such as
CCL2, CCL3, CCL4, CCL5, and CCL20 further
contributing to the recruitment of regulatory T cells
in the TME and participate in the suppression of
CD8 T cells.*

E. Secretion of Arginase 1

TAMs also directly inhibit T cell cytotoxicity by
depletion of L-arginine (L-Arg), essential for the
re-expression of the CD3 zeta chain in the TCR af-
ter antigen engagement on T cells, by the release
of arginase | that metabolizes L-Arg to urea and
L-ornithine.*®’

Arginase production by macrophages not only
leads to the inhibition of anti-tumor response via
L-Arg degradation, but also increases the prolifer-
ation of tumor cells, which is associated with the
production of L-ornithine and then a polyamine-pu-
trescine that promotes tumor cells proliferation.
Moreover, L-Arg depletion in the TME attenuates
NO production and reduces its cytotoxic effects on
tumor cells.*®>

F. Depletion of Tryptophan by IDO1

Similarly, depletion of tryptophan or production of
tryptophan metabolites by indoleamine 2,3-dioxy-
genase (IDO) expressed by macrophages can inhibit
cytotoxic T cells. The mechanism of IDOI1-elic-
ited immunosuppression is not fully understood;
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however, increased IDO1 and Kyn levels are known
to inhibit natural killer (NK) cell function, prevent
the activation of effector T cells.® stimulate the ac-
tivation of Treg, cells® and promote the expansion
and activation of MDSCs.*

Lack of any single essential amino acids re-
stricts T-cells activation and proliferation and this
phenomenon is not specific to L-Arg. Depletion of
L-histidine, L-leucine, L-lysine, L-phenylalanine,
L-threonine, and L-valine inhibited the proliferation
of T-cells to a similar extent as L-Arg depletion. Of
importance, however, only arginases as well as IDO
that hydrolyzes L-tryptophan are substantially in-
creased in cancer.**

G. Expression of TREM

The triggering receptor expressed on myeloid cells
(TREM) is a 30-kDa glycoprotein expressed on
monocytes and macrophages. It is a type 1 mem-
brane receptor that is also secreted. TREM-1 in-
teracts with DAPI12 to stimulate neutrophil and
monocyte mediated inflammatory responses through
the triggering and release of pro-inflammatory cyto-
kines and chemokines.®

Six TREM genes in the mouse (TREM 1-6) and
4 TREM genes in humans (TREM 1-4) have been
identified and the human genes are clustered on hu-
man chromosome 6p21. TREM-1 (CD354) is the
first identified and best-characterized family mem-
ber and an important regulator of myeloid cell im-
mune response.®

TREM-1 is overexpressed in macrophages and
M1-M2 polarization.®> The TREM-1 ligand is not
known and it is an area of controversy. The cell sig-
naling mediated by TREM-1 has been recently re-
viewed.®” TREM-1 expression on macrophages is
an independent predictor of tumor progression.®%
The immunosuppressive proprieties of TAMs de-
scribed in this section are summarized in Fig. 1.

VI. TARGETING TAMS FOR IMMUNOTHERAPY

Tumors expressing neoantigens have the ability to
elicit an anti-tumor immune response, both anti-
body-mediated and T-cell-mediated. The T-cell me-
diated response is the result of the interactions of the
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FIG. 1: Immunosuppressive properties of TAMs. A sche-
matic diagram represents all the multiple pathways by
which the TAMs mediate their tumor immune suppres-
sion, which include: (1) HLA-E- and HLA-G-mediated
response, (2) PD-L1 and PD-L2 checkpoint response, (3)
secretion of relevant immunosuppressive cytokines and
chemokines, (4) secretion of enzymes (ARG-1 and IDO-
1), and (5) TREM-1/DAP12-mediated signaling.

T cell with the MHC loaded with the tumor peptide
and the additional signaling via the CD28 signal-
ing on the T cells via the co-stimulatory molecules
(CD80 and CD86) expressed on the APCs.

However, this activation process is complex as
it is affected by various immunosuppressive factors.
For instance, the solid tumors are infiltrated with
immunosuppressive cells (Tregs, TAMs, MDSCs,
and CAFs) and endothelial cells,® as well the tumor
is regulated by immunosuppressive cytokines such
as IL-10 and TGF-B. An important development
was the discovery of immune checkpoint blocking
receptors, such as CTLA-4 and PD-1/2 whose main
functions were to block the induction and the effec-
tor functions of T cells, respectively. These have led
to the development of FDA-approved checkpoint
inhibitors allowing a restoration of the antitumor
immune response.”

The TME is complex with diverse populations
of non-tumor stromal cells that impact tumor im-
mune evasion, response to immunotherapy, and pa-
tient survival.”! Several reports have indicated that
TAMs are directly involved in immune resistance.”
Therefore, several strategies were devised to target
TAMs to inhibit TAMs immunosuppressive activi-
ties, namely, depletion of TAMs, inhibition of TAM
recruitment, reprogramming of TAMs, targeting
TREM-1, targeting the CD47/SIRPapj=ha axis, and
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targeting exosomes. Such TAM-targeting strate-
gies have been extensively reviewed elsewhere.” "
Some strategies are briefly described below and are
summarized in Fig. 2.

A. Depletion of TAMs

Because TAMs are dependent on CSFIR signaling
for survival and proliferation, antibodies directed
against CSF1 or CSFIR have been developed as
well as small chemical molecules targeting CSFIR
have been synthesized such as PLX3397 or pexi-
dartinib.”*”> A humanized mAb targeting CSFIR,
emactuzumab, in animal models reduced the num-
ber of TAMs in the TME and increased the ratio
of CD8/CD8 T lymphocytes.” In patients with ad-
vanced solid tumors and treated with a combination
of emactuzumab and paclitaxel resulted in a safety
profile although with no significant improvement
of outcomes.” Other clinical trials using other an-
ti-CSF1R mAbs alone or in combination are being
investigated.”

Depletion of TAMs with the Plexicon small mol-
ecule PLX3397 was tested in patients with different
cancers showed clinical responses.” In murine pan-
creatic cancer, the combination of PLX3397 with ei-
ther anti-CTLA4 or anti PD-1 checkpoint inhibitors
ameliorated the anti-tumor immune response and

Depletion Killing

PLX3397
Pexidartinib
Emactuzumab

Lobggy  AnticDa0

agonist Ab
%@b\ Anti-CD47
% blocking Ab

S Imiquimod Anti-MARCO
IMO-2055 blocking Ab
DICER .
Inhibitors  RP6530 LR peptde
P

GP9 peptide
Reprogramming

BMS-813160
PF-04136309

o AMD3100
Recruitment BL-8040

inhibition

i TMP195 GSK547

FIG. 2: Various means of targeting TAMs. A summary of
the main strategies pursued to target TAMs are schemat-
ically represented: (1) depletion of TAMs, (2) killing of
TAMs (through drug-mediated apoptosis induction), (3)
inhibition of TAM recruitment at the tumor site, and (4)
reprogramming of TAMs (from the pro-inflammatory to
the anti-inflammatory phenotype).
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the regression of established pancreatic tumors.®
Several clinical trials are currently being investi-
gated regarding the efficacy of treatment with the
inhibitors of the CSF-1/CSF1R axis.™

In an in vivo study in mice, the infiltration of T
cells increased following treatment with a tyrosine
kinase inhibitor, pexidartinib, that targets CSF1, and
depleted TAMs. This resulted in T cell migration
and anti-tumor effect. In a mouse tumor model of
pancreatic cancer, macrophages were depleted by
the use of an inhibitor against CSF-1R, PLX3397,
and the findings revealed that CD8 T cells from the
periphery migrated and infiltrated into the tumor
cells though with minimal effect on tumor growth.
However, the combination treatment with anti-PD-1
mAb enhanced the CD8 T cells interaction with the
tumor cells and resulted in significant inhibition of
tumor growth.®'8? The combination of anti-PD1 or
anti-CTLA-4 antibodies with the CSF1R inhibitor,
PLX3397, resulted in a significant improvement if
anti-tumor immunity in established pancreatic can-
cer models.®

B. Killing TAMs

Another approach to deplete and kill TAMs is via
the use of bisphosphonates. These agents have been
reported to have a both direct effect on the tumor
cells and the TME.» A member of the family of
non-nitrogen bisphosphonates, clodronate, was
used in liposomes and induces apoptosis in macro-
phages.® In tumor bearing mice, administration of
the liposomes inhibited tumor growth and depleted
TAMSs.¥ Another bisphosphonate, zoledronic acid,
inhibited tumor growth in a mouse model of breast
carcinoma and reduced the number of TAMs and
their repolarization status.3¢%

A registered anti-neoplastic drug, trabectedin,
can target tumor cells and also deletes circulating
monocytes and TAMs through a TRAIL-dependent
pathway of apoptosis.®® Monocytes and TAMs ex-
press the functional TRAIL receptors, TRAIL R1,
and TRAIL R2 and are susceptible to the cytotoxic
effect of trabectedin. Its anti-tumor effect was shown
in preclinical animal cancer models.*!

Macrophages and TAMs express the scavenger
receptor, CD163, which promotes pro-tumorigenic
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activities” and, targeting CD163 with an antibody,
results in depletion of TAMs and consequently an-
ti-tumor activity.”>%

C. Inhibition of TAM Recruitment

The recruitment of monocytes into the TME as
TAMs may be targeted to prevent the recruitment
and prevent TAM-mediated immunosuppression.
The recruitment of circulating monocytes depends
on various chemokines signaling and therefore
targeting these chemokines will prevent the TAM
recruitment.” CCL2 is synthesized by tumor cells
and is a potent chemoattractant for monocytes. The
CCL2/CCR2 signaling is involved in the regulation
of circulating monocytes and their infiltration into
the TME and their inhibition showed an anti-tumor
activity.” Hence, for example the use of neutraliz-
ing antibodies to CCL2 inhibited the recruitment of
circulating monocytes and significantly reducing the
number of TAMs concomitantly with an increase of
CD8 T and NK cells.”®” The therapeutic effect of
BMS-813160 in clinical studies was induced by ex-
amining a small molecule inhibitor of CCR2/5, in
combination with nivolumab and/or the tumor vac-
cine GVAX in several solid tumors.

Carlumab is a human antibody that binds CCL2
and its administration in a prostate cancer model re-
duced tumor growth and the infiltration of TAMs. In
a phase II clinical study treatment with carlumab in
patients with refractory prostate cancer did not show
a therapeutic effect.”

In a phase Ib randomized trial in 47 patents, the
CCR2 small molecule inhibitor PF-04136309 was
tested in combination with FOLFIRINOX chemo-
therapy and the findings showed that unlike treat-
ment with FOLFIRINOX alone, the combination
resulted in 16/33 patients to have an overall response
and 32 patients had local tumor control.”

Hypoxia was also reported to be involved in
the recruitment to TAMs via hypoxia-induced up-
regulation of stromal cell-derived factor 1 alpha
(SDF-10/CXCL12).!1% Treatment with the inhibitor
SDF1 alpha receptor (CXCR4) using the antagonist
AMD 3100 reversed immunosuppression and en-
hanced anti-PD-1 treatment in a sorafenib resistant
HCC model.' Therefore, CXCR4 antagonists, such
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as AMD3100 and BL-8040, should be justifiably
considered in the future design of clinical trials for
immunotherapies.

D. Reprogramming of TAMs

Several approaches have been used to reprogram
M2 macrophages into anti-tumor M1 macrophages.
Reprogramming is feasible due to the plasticity of
the macrophages. These include the restoration of
phagocytic activity by targeting the CD-47-SIRP-a
axis using antibodies directed against either, targeting
the Toll-like receptors, inhibition of PI3Kgamma, an-
ti-CD40 mAbs, HDAC inhibitors, anti-MARCO Ab,
inhibitors for CSF1R or CCR2 and RNA delivery.

1. Anti-CD40 Antibodies

Macrophages and DCs express on their surface the
CD-40 receptor, a member of the TNF receptor su-
perfamily. Its interaction with its ligand expressed
on T cells upregulates the expression of MHC
molecules and the secretion of pro-inflammatory
cytokines that promote T cell activation.'” The ad-
ministration of anti-CD40 agonists led to the an-
ti-tumor effect and reprogramming TAMs towards
the M1 phenotype.'*1%

2. Inhibition of CSF1R or CCR2

Inhibition of CSFIR or CCR2 resulted in inhibition
of tumor growth. This finding was the result of re-
programming M2 into M1. Pyonteck et al. reported
that the CSFIR inhibitor BLZ945 enhanced survival
in tumor bearing mice and was due in part of TAM
reprogramming to M1.'%

3. Anti-MARCO Antibody

The macrophage receptor with collagenous structure
(MARCO) belongs to the class A scavenger recep-
tor family and is a pattern recognition receptor and
primarily expressed on macrophages.'® MARCO is
overexposed in breast cancer and metastatic mela-
noma patients and its neutralization by antibodies
inhibited tumor growth and metastasis and enhance-
ment of anti-CTLA- 4 antibody.'"”
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4. Targeting Toll-Like Receptors

Toll-like receptors are pattern recognition receptors
in innate immunity and their interactions with cor-
responding ligands stimulate macrophages. Hence,
targeting TAMs by TLRs agonists can reprogram
TAM:s into anti-tumor effector cells.!® TLRs located
in the endosomal compartment (TLR3, 7, 8, 9) ex-
hibit a higher capacity, compared to extremal TLRs,
to trigger a better anti-tumor response’. The TLR7
agonist imiquinod is the only FDA-approved for
topical administration in squamous and basal cell
carcinoma.'® "2 Two TLR7 agonists (imiquinod and
852A0) and one TLRO ligand (IMO-2055) are being
tested clinically.®®

An agonist of TLR7/8, Resquimod R848, was
shown to reprogram TAMs and triggers a strong
anti-tumor response.''*!"* MEDI19197, a different
formulation of R848 and less toxic was used. Be-
ta-cyclodextrin-NPs loaded with R848 and was tar-
geted for TAMs in vivo. The findings showed that
this treatment resulted in the production of pro-in-
flammatory cytokines by TAMs and its combination
with PD-1 antibodies restored the anti-tumor activ-
ity in cancers resistant to anti-PD lantibody.'

5. Inhibition of PI3K-y

PI3K-y in TAMs regulate their immunosuppressive
activity.""® The selective inhibition of PI3K-y re-
sulted in CD8 T cells recruitment, pro-inflammatory
cytokine secretion and inhibition of tumor growth.
The PI3K-delta/gamma inhibitor, RP6530, was able
to reprogram the TAMs into an M1 phenotype and
inhibited angiogenesis and inhibited tumor growth
in a Hodgkin’s lymphoma tumor xenograft.'”

A PI3K-y inhibitor, IPI-549, reprograms M2
into an M1 phenotype and its administration in vivo
upregulated PD-1 and CTLA4 expressions on CD8
T cells and the combination treatment with IP1-549
and either anti-PD1 or anti-CTLA4 Abs in ICI resis-
tant tumors resulted in significant tumor delay and
remission in a number of mice.''®

Although IFN-y has been reported to amplify
anti-tumor immunity, it also can hinder it. The se-
cretion of IFN-y by TAMs induces the expression of
PD-L1 on tumor cells through the JAK/STAT3 AND
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PI3K/AKT pathways leading to inhibition of CD8 T
cells and tumor progression.'” Also, TAMs secrete
IL-10 that upregulates PD-L1 on tumor cells.'®
Tumor cells also secrete phosphoprotein 1 (SPP1)
that induces PD-L1 expression on TAMs.!'" There-
fore, there is a vicious circle between the TAMs and
tumor cells in the upregulation of PD-L1 on both
TAMs and the tumor cells and thereby enhancing
immunosuppression via the inhibition of anti-tumor
CDS8 T cytotoxic cells expressing PD-1.

The receptor-interacting serine/threonine pro-
tein kinase 1 (RIPK1) is upregulated in TAMs
in PDAC and targeting TAMs with the inhibitor
GSK547 repolarizes TAMs towards a pro-inflam-
matory phenotype and increases the infiltration of
CTLs and tumor suppression.'?! In addition, there
was a synergistic activity with the combination of
the inhibitor and anti-PD1 antibody.

6. HDAC Inhibitors

HDAC inhibitors are enzymes that remove the ace-
tyl groups on histones during epigenetic regulation
or gene expression.'?? They reported that the admin-
istration of the class IIA HDAC inhibitor, TMP195,
resulted in the recruitment and the reprogramming
of TAM-CD40" into anti-tumor effector cells and
resulting in tumor eradication. In addition, the com-
bination of TMP195 with chemotherapy or check-
point inhibitor anti PD-1 augmented the anti-tumor
response.

The specific inhibitor of class 1IA HDAC,
TMP195, modifies the epigenomic profile of mono-
cytes and macrophages and promotes a pro-inflam-
matory phenotype.'? In a model of breast cancer,
the administration of TMP195 resulted in infiltration
of myeloid cells into the tumor where they differen-
tiated into anti-tumoral macrophages. In addition,
they enhanced the treatment with chemotherapeutic
drugs or anti-PD-1 antibodies.'?

7. Inhibition of miRNA Activity

The RNAse-III enzyme DICER inhibition in macro-
phages affected TAM reprogramming and was asso-
ciated with inhibition of tumor growth an infiltration
of anti-tumor immune cells.'**
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8. Targeting TREM-1

TREM-1 targeting represents a new modality to in-
hibit M2-mediated chronic inflammation associated
with tumor development.® The TREM-1 peptide
LP17 antagonist was reported to have a therapeutic
effect in a mouse model of colon cancer by reducing
production of pro-inflammatory mediators by intes-
tinal macrophages.'? The GP9 inhibitory peptide
was tested in two human NSCLC xenograft mod-
els suppressed tumor growth.'?® GF9 also attenuated
the resistance to PD-L1 blockade and improved the
therapeutic efficacy.'?’

Studies by Zhou et al. reported that targeting
TREM-1 with LP17 inhibited tumor growth in a
murine model of colon carcinogenesis.!” Similar
findings were reported in human NSCLC xenografts
and human pancreatic cancer xenografts by the ad-
ministration of the GP-9 peptide inhibitor.'¢1287130 T
an orthotopic HCC-bearing models, GP9 abrogated
the TREM-1 TAM mediated immunosuppression
and attenuated resistance to PD-1 blockade.'?’

9. Targeting the CD47-SIRP-a Axis

Tumor cells express CD47 that interacts with the
signal regulatory protein 1 alpha (SIRP-a) pres-
ent on the surface of phagocytic cells and inhibits
phagocytosis. Blocking CD47 restores phagocytosis
and killing of tumor cells by macrophages. Repolar-
ization of TAMs was achieved by the combination of
anti-CD47 and anti-CSFIR antibodies and was ac-
companied by anti-tumor effect.!?®!? Several clini-
cal trials using a combination of anti-CD47mAbs or
CD47-Fc fusion proteins with anti-PD1 antibodies
in the treatment of different tumor types.”

10. Targeting Exosomes

Exosomes derived from TAMs promote cellular
migration and invasion. It has been reported that
TAM-derived exosomes exhibit high expression
levels of miR-21-5-p and miR-155-5p, which sig-
nificantly promote cellular migration and invasion
of colorectal cancer cell. Besides, exosomes from
macrophages also contain a high level of Wnt,
which is considered to provide critical signaling in
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EMT induction and mesenchymal-phenotype main-
tenance. In addition to metastasis, TAM-derived
exosomes also contribute to extracellular matrix
remodeling. It has been shown that MMP-12 and
MMP-13, as well as cathepsin B, D, K, L, S, and Z,
are all upregulated in TAM-derived exosomes, sug-
gesting their positive roles in extracellular remod-
eling. Notably, exosomes released from TAMs also
contain miRNAs that lead to Treg/Th17 cell imbal-
ance in ovarian cancer, resulting in the generation
of an immune-suppressive TME and thus promot-
ing cancer progression and metastasis. Altogether,
targeting TAM-derived exosomal signaling rep-
resents a novel and promising approach for cancer
treatment."!

VII. BIOINFORMATIC ANALYSES

A. TAMs in Human Cancers

During the last years, several molecular and clin-
ical-pathological data of tumors have been col-
lected.'* The huge amount of bioinformatics data
generated has led researchers worldwide to develop
tools and software able to fasten the analysis of such
data thus favoring the identification of specific char-
acteristics of each tumor as well as novel diagnostic
biomarkers or therapeutic targets. '3!3

Among the biggest tumor bioinformatics data
repository there is the Cancer Genome Atlas da-
tabase which collects omics data obtained for 33
different tumors useful to identify transcriptomics,
proteomics, epigenomics and clinical features of tu-
mors.!'¥ Through the integration of gene expression,
protein expression and clinical data it has been pos-
sible to evaluate the interaction of the immune sys-
tem with different tumors thus highlighting the role
of the different immune cells in cancer development
and progression.'*

To fasten the analysis of the interaction exist-
ing between tumor cells and immune cells, Li and
colleagues have developed a web resource, Tumor
Immune Estimation Resource (TIMER), for the
analysis of the abundance of immune cell infiltrates
as well as to establish the correlation between spe-
cific immune cell types and the expression of se-
lected genes."”” The software uses a well-validated
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statistical method that takes into account the im-
mune infiltrates’ abundances estimated by multiple
immune deconvolution methods across diverse can-
cer types correlating these infiltrates with immuno-
logical, clinical and genomic features.'?’

TIMER analysis revealed how macrophage
infiltrates are generally increased in tumors sam-
ples. Statistical increment of macrophages was also
observed in bladder cancer (BLCA), breast cancer
(BRCA) with higher increment in luminal B breast
cancer (BRCA-LumB), kidney chromophobe cancer
(KICH), low-grade glioma (LGG), liver hepatocel-
lular carcinoma (LIHC), malignant mesothelioma
(MESO), primary skin cutaneous melanoma (SK-
CM-Primary) and stomach adenocarcinoma (STAD)
(Fig. 3).

For all these tumors, except for KICH, the in-
crement of macrophage infiltrates is associated with
a lower cumulative overall survival (Fig. 3). There-
fore, macrophage infiltrates are associated with a
worse prognosis in different tumors.

B. TAMs in Human Cancers and Clinical
Stages

By performing the same analysis and considering
tumor stages as a key clinical feature, TIMER analy-
sis revealed how the increment of macrophage infil-
trates is associated with an increased risk of BLCA,
BRCA, BRCA-LumB, LGG, LIHC, MESO and
STAD advanced stages (Fig. 4). As for the previous
analysis, the increment of macrophage infiltrates is
associated with lower cumulative survival of pa-
tients affected by these tumors (Fig. 4).

C. Correlation of TAM Infiltrates and
Immunosuppressive Factors

To further unveil the role of TAMs in human cancers,
the correlations between macrophage infiltrates and
the expression levels of immunosuppressant genes
were also established.

Therefore, using TIMER it is possible to eval-
uate the statistical variation of macrophage infil-
trates abundance between normal and tumor tissues
as well as to establish the prognostic significance
of this infiltration in terms of cumulative overall
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FIG. 3: Macrophage infiltrate abundance using the TIMER multivariable Cox proportional hazard model in different
TCGA tumors. Z-scores indicate the normalized coefficient of the macrophage infiltrates across multiple tumors. Each
cell of heatmap corresponds to an independent cox model. Kaplan-Meier curves show the clinical relevance of mac-
rophage infiltrates dividing tumor samples into low and high levels of infiltration. The hazard ratio and P value for the
Cox model were considered significant when Z> 0, Z <0, and P < 0.05. Log-rank P value for the Kaplan-Meier curve

was considered significant when P < 0.05.

survival. In addition, TIMER can correlate the lev-
els of macrophage infiltrates with the expression
of immunosuppressant genes like PDCD1 (PD-1),
CD274 (PD-L1), PDCDILG2 (PD-L2), CTLAA4,
CD80 (B7-1), and CD86 (B7-2).

Overall, macrophage infiltrates are mainly posi-
tively correlated with the expression levels of immu-
nosuppressant genes like PDCD1 (PD-1), CD274
(PD-L1),PDCDILG2 (PD-L2), CTLA4,CD80 (B7-
1), and CD86 (B7-2). In particular, macrophage in-
filtrates are positively correlated with the expression
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levels of CD86 in almost all of the TCGA tumors
(moderate correlation). Similarly, macrophage in-
filtrates are associated with the over-expression of
CD86 in 28 out of 40 TCGA tumor categories (mild
and moderate positive correlation) (Fig. 5). As re-
gards the PD-1/PD-L1/2 axis, macrophages play
a more heterogeneous role in immunosuppressant
genes’ regulation. Similar to what observed for the
CTLA-4/CD80-CD86 axis, macrophage infiltrates
are positively correlated with PD-1, PD-L1, and
PD-L2 expression (mild and moderate correlation)
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Cumulative Survival according to Macrophage Infiltration and Clinical Stage
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FIG. 4: Clinical relevance of macrophage infiltrates using the TIMER multivariable Cox proportional hazard model
considering tumor stages. Z-scores indicate the normalized coefficient of the macrophage infiltrates across multiple tu-
mors considering the tumor stages. Each cell of the heatmap corresponds to an independent Cox model. Kaplan-Meier
curves show the clinical relevance of macrophage infiltrates dividing tumor samples into low and high levels of infil-
tration considering the tumor stages. The hazard ratio and p-value for Cox model were considered significant when
Z>0,7Z<0,and P <0.05. Log-rank P value for the Kaplan-Meier curve was considered significant when P < 0.05.

except for BRCA tumors where a wild-moderate
negative correlation between macrophage infiltrates
and PD-1 gene expression has been observed (Fig.
5).

Taking into account both PD-1/PD-L1/2 and
CTLA-4/CD80-CD86 axes, macrophage infiltrates
in adrenocortical carcinoma (ACC), colon adenocar-
cinoma (COAD), glioblastoma multiforme (GBM),
HPV-negative head and neck cancer (HNSC-HPV-),
kidney renal papillary cell carcinoma (KIRP),
LGG, LIHC, pancreatic adenocarcinoma (PAAD),
pheochromocytoma and paraganglioma (PCPG),
rectum adenocarcinoma (READ) and STAD were

positively correlated with the expression levels of
all the relevant immunosuppressant genes (PD-1,
PD-L1, PD-L2, CTLA4, CD80 and CD86). Of these
tumors, GBM and LIHC showed the highest posi-
tive correlation levels (Fig. 5).

VIIl. PERSPECTIVES AND CONCLUSIONS

We have briefly discussed the complex role TAMs
play in the TME and how they regulate the cell-medi-
ated anti-tumor immune response. Clearly, immuno-
therapy has become a major therapeutic approach in
the treatment of many cancers and particularly those
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FIG. 5: Correlation analysis between macrophage infil-
trates and expression levels of immunosuppressant genes
in diverse cancer types. Correlation levels are expressed
as purity-adjusted Spearman’s rho values. When a par-
ticular cell on the heatmap is clicked, a scatter plot will
pop out to present the relationship between infiltrate esti-
mation value and gene expression. Data were considered
significant when P < 0.05.
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that were refractory to conventional treatments. In
addition, immunotherapy is a targeted therapy that
is not manifested by various side and toxic effects
observed with chemotherapy or radiation. For solid
tumors, the TME dictates the efficacy of the an-
ti-tumor response. Several mechanisms have been
identified that underlie the immunosuppressive na-
ture of the TME due to its complex constituents of
cellular and liquid mediators. These constitute the
infiltrating cells (macrophages and TAMs, MDSCs,
CAFs, Treg, CD4 and CD8 T cells, NK cells, Dcs,
Ecs, etc.) and a variety of chemokines, cytokines
and other molecules that establish a network whose
end result is to maintain tumor growth and survival
and by inhibiting the anti-tumor response.

A major cellular constituent in the TME was
found to be TAMs that represent an average of >
50% of the cellular infiltrates. These TAMs regulate
tumor growth and inhibit T-cell mediated anti-tumor
response and their elimination or reprogramming
has been shown to restore immunity and tumor re-
gression in many experimental cancer models.

The bioinformatic analyzes presented herein
are in line with other scientific findings demon-
strating how macrophage infiltrates are associated
with a lower response to immune checkpoint inhib-
itors. Recently, Mehta and colleagues have widely
described the immunosuppressant roles of TAMs
in breast cancer highlighting how macrophages
can prompt breast cancer progression through the
promotion of tumorigenesis, the facilitation of an-
giogenesis, the promotion of metastasis, the inhi-
bition of antigen presentation and the suppression
of T cell function.*® Similarly, DeNardo and Ruf-
fell have elegantly described the direct and indirect
mechanisms of T cell regulation in different tumors
including prostate cancer, pancreatic cancer, hepato-
cellular carcinoma, ovarian cancer and melanoma.>
These observations, together with several studies al-
ready reported in the literature, suggest that precise
characterization of macrophage infiltrates within the
tumor bulk could give important prognostic infor-
mation for the administration of ICIs and the devel-
opment of tailored anti-cancer treatments.

Several approaches have been devised to inhibit
TAMs in the TME that include their depletion, re-
programming them to the anti-tumor M1 phenotype
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and such approaches were shown to be effective in
restoring the anti-tumor response and inhibition of
tumor growth and metastasis in experimental can-
cer models. Of interest are the findings that targeting
TAMs resulted in the therapeutic response to check-
point inhibitors in cancer resistant to such inhibitors.
However, while the preclinical models were signifi-
cant, clinical applications in cancer patients are still
at an early stage in clinical trials.

There are many questions regarding targeting
TAMs and immunity that need to be considered for
translational applications in cancer patients. A few
of these are discussed below.

* The TAM population is not homogeneous
and is distinctly different in different tumors
and there are various subsets of TAMs that
may function differently in the TME of indi-
vidual cancers. Also, the subsets of TAMs in
primary tumors may be different in metasta-
ses. More research is needed to sort out these
differences and design more specific target-
ing agents for different cancers.

* An important area of investigation is the role
played by TAMs in CSCs and whether such
TAMs are distinct from those in the TME and
need to develop novel therapeutic strategies.

* TAMs are not the only immunosuppressive
cells in the TME and other immunosuppres-
sive cells may be the dominant ones and tar-
geting TAMs may not be effective by itself
and may require targeting other immunosup-
pressive cells. This will depend on the tumor
studied and the stage of the intervention.

e It must also be considered that target-
ing TAMs may not be a good approach in
some immunotherapeutic strategies such as
vaccination.

It is not clear what is the optimal therapeutic
approach due to the heterogeneity of TAMs
and their role in the tumor is dependent on
the environmental conditions.

e It has been shown that checkpoint inhibitors
such as anti-PD-1 antibodies not only acts on
the CD8 T cell but also TAMs express PD-1
to maintain an immunosuppressive M2 phe-
notype and is a useful target and reprograms
the TAMs into the M1 phenotype. However,

Bonavida et al.

TAMs also express other inhibitory receptors
(LAG-3, TIGIT) and it is not clear how these
receptors will influence the response to an-
ti-PD-1 treatments.

e Although experimentally targeting TAMs as
a monotherapy was effective in several tumor
models, combination treatments were more
effective. Therefore, it is important to deter-
mine which combination is appropriate for
certain cancers and make the correct choices.

e Although we are recently considering indi-
vidual medicine, the challenge remains as
how to determine the therapeutic approach
for particular individual patients.

* Some patients may be refractory to TAMs
targeting therapies due, for example, to gene
mutations. For instance, certain single nu-
cleotide polymorphisms in the CSF-21R de-
creases the efficacy of emactuzumab.

* There are also basic research questions that
need to be examined such as the molecular
mechanisms of TAM development, the key
factor responsible for the phenotypic changes
of TAMs in the TME, and the molecular reg-
ulation of the expression of checkpoint inhib-
itory receptors and ligands.

We feel very optimistic in the forthcoming ad-
vances in targeting TAMs and other immunosuppres-
sive cells in the TME and their use in combination
with other therapies in leading to new advances in
the treatment of unresponsive tumors and significant
prolongation of survival and minimal side effects.

ACKNOWLEDGMENTS

We acknowledge all of scientists whose works were
referenced in this review, and we apologize to those
who were not referenced because of the brief scope
of this review. The author (B.B.) acknowledges the
assistance of the Department of Microbiology, Im-
munology & Molecular Genetics and the David Gef-
fen School of Medicine at UCLA for their support.
S.V.,, L.M., and M.L. acknowledge support from the
League against Cancer (LILT). The assistance of
Maggie Yu is also acknowledged for the formatting
of this manuscript.

Onco Therapeutics



Targeting TAMs for Immunotherapy

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Hayes C. Cellular immunotherapies for cancer. Ir ] Med
Sci. 2021;190:41-57.

Meric-Bernstam F, Larkin J, Tabernero J, Bonini C. En-
hancing anti-tumour efficacy with immunotherapy combi-
nations. Lancet. 2021;397:1010-22.

Kaymak I, Williams KS, Cantor JR, Jones RG. Immu-
nometabolic interplay in the tumor microenvironment.
Cancer Cell. 2021;39:28-37.

Mantovani A, Marchesi F, Jaillon S. Tumor-associated
myeloid cells: Diversity and therapeutic targeting. Cell
Mol Immunol. 2021;18:566-78.

Schulenburg A, Blatt K, Cerny-Reiterer S, Sadovnik I,
Herrmann H, Marian B, Grunt TW, Zielinski CC, Valent
P. Cancer stem cells in basic science and in translational
oncology: Can we translate into clinical application? J He-
matol Oncol. 2015;8:16.

Du FY, Zhou QF, Sun WIJ, Chen GL. Targeting cancer
stem cells in drug discovery: Current state and future per-
spectives. World J Stem Cells. 2019;11:398-420.

Chen W, Dong J, Haiech J, Kilhoffer MC, Zeniou M. Can-
cer stem cell quiescence and plasticity as major challenges
in cancer therapy. Stem Cells Int. 2016;2016:1740936.
Bonnet D, Dick JE. Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive
hematopoietic cell. Nat Med. 1997;3:730-7.

Bao B, Ahmad A, Azmi AS, Ali S, Sarkar FH. Overview
of cancer stem cells (CSCs) and mechanisms of their reg-
ulation: Implications for cancer therapy. Curr Protoc Phar-
macol. 2013;Chapter 14:Unit 14.25.

Masciale V, Grisendi G, Banchelli F, D’Amico R,
Maiorana A, Sighinolfi P, Stefani A, Morandi U, Dominici
M, Aramini B. CD44+/EPCAM+ cells detect a subpopula-
tion of ALDHhigh cells in human non-small cell lung can-
cer: A chance for targeting cancer stem cells? Oncotarget.
2020;11:1545-55.

Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New in-
sights into cancer immunoediting and its three component
phases—elimination, equilibrium and escape. Curr Opin
Immunol. 2014;27:16-25.

Castagnoli L, De Santis F, Volpari T, Vernieri C, Tagliabue
E, Di Nicola M, Pupa SM. Cancer stem cells: Devil or
savior-looking behind the scenes of immunotherapy fail-
ure. Cells. 2020;9:555.

Schatton T, Schiitte U, Frank NY, Zhan Q, Hoerning A,
Robles SC, Zhou J, Hodi FS, Spagnoli GC, Murphy GF,
Frank MH. Modulation of T-cell activation by malignant
melanoma initiating cells. Cancer Res. 2010;70:697-708.
Sainz B Jr, Carron E, Vallespinos M, Machado HL. Cancer
stem cells and macrophages: Implications in tumor bi-
ology and therapeutic strategies. Mediators Inflamm.
2016;2016:9012369.

Huang R, Wang S, Wang N, Zheng Y, Zhou J, Yang B,
Wang X, Zhang J, Guo L, Wang S, Chen Z, Wang Z,

Volume 8, Issue 1, 2021

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

4

Xiang S. CCLS5 derived from tumor-associated macro-
phages promotes prostate cancer stem cells and metastasis
via activating B-catenin/STAT3 signaling. Cell Death Dis.
2020;11:234.

Aramini B, Masciale V, Grisendi G, Banchelli F, D’A-
mico R, Maiorana A, Morandi U, Dominici M, Haider K.
Cancer stem cells and macrophages: Molecular connec-
tions and future perspectives against cancer. Oncotarget.
2021;12:230-50.

Asiry S, Kim G, Filippou PS, Sanchez LR, Entenberg D,
Marks DK, Oktay MH, Karagiannis GS. The cancer cell
dissemination machinery as an immunosuppressive niche:
A new obstacle towards the era of cancer immunotherapy.
Front Immunol. 2021;12:654-77.

Sanchez LR, Borriello L, Entenberg D, Condeelis JS,
Oktay MH, Karagiannis GS. The emerging roles of mac-
rophages in cancer metastasis and response to chemother-
apy. J Leukoc Biol. 2019;106:259-74.

El-Kenawi A, Hénggi K, Ruffell B. The immune microen-
vironment and cancer metastasis. Cold Spring Harb Per-
spect Med. 2020;10(4):a037424.

Schaaf MB, Garg AD, Agostinis P. Defining the role of
the tumor vasculature in antitumor immunity and immu-
notherapy. Cell Death Dis. 2018;9:115.

Vonderheide RH. The immune revolution: A case for
priming, not checkpoint. Cancer Cell. 2018;33:563-69.
Noman MZ, Desantis G, Janji B, Hasmim M, Karray S,
Dessen P, Bronte V, Chouaib S. PD-L1 is a novel direct
target of HIF-la, and its blockade under hypoxia en-
hanced MDSC-mediated T cell activation. J Exp Med.
2014;211:781-90.

Motz GT, Santoro SP, Wang LP, Garrabrant T, Lastra RR,
Hagemann IS, Lal P, Feldman MD, Benencia F, Coukos
G. Tumor endothelium FasL establishes a selective im-
mune barrier promoting tolerance in tumors. Nat Med.
2014;20:607-15.

Lebegge E, Arnouk SM, Bardet PMR, Kiss M, Raes G,
Van Ginderachter JA. Innate immune defense mechanisms
by myeloid cells that hamper cancer immunotherapy.
Front Immunol. 2020;11:1395.

WWang Y, Jia A, Bi Y, Wang Y, Yang Q, Cao Y, Li Y, Liu
G. Targeting myeloid-derived suppressor cells in cancer
immunotherapy. Cancers. 2020;12:2626.

Zhang SY, Song XY, Li Y, Ye LL, Zhou Q, Yang WB.
Tumor-associated macrophages: A promising target for
a cancer immunotherapeutic strategy. Pharmacol Res.
2020;161:105111.

Quaranta V, Schmid MC. Macrophage-mediated subver-
sion of anti-tumour immunity. Cells. 2019;8:747.
Boldajipour B, Nelson A, Krummel MF. Tumor-infiltrat-
ing lymphocytes are dynamically desensitized to antigen
but are maintained by homeostatic cytokine. JCI Insight.
2016;1:20.

Lin Z, Lu D, Wei X, Wang J, Xu X. Heterogeneous re-
sponses in hepatocellular carcinoma: The Achilles heel



42

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

of immune checkpoint inhibitors. Am J Cancer Res.
2020;10:1085-102.

Awad RM, De Vlaeminck Y, Maebe J, Goyvaerts C,
Breckpot K. Turn back the TIMe: Targeting tumor infil-
trating myeloid cells to revert cancer progression. Front
Immunol. 2018;9:1977.

Fiore A, Murray PJ. Tryptophan and indole metabolism in
immune regulation. Curr Opin Immunol. 2021;70:7-14.
Anderson KG, Stromnes IM, Greenberg PG. Obstacles
posed by the tumor microenvironment to T cell activ-
ity: A case for synergistic therapies. Cancer Cell. 2017;
31:311-25.

Bolouri H, Young M, Beilke J, Johnson R, Fox B, Huang
L, Santini CC, Hill CM, Vries AVV, Shannon PT, Dervan
A, Sivakumar P, Trotter M, Bassett D, Ratushny A. Inte-
grative network modeling reveals mechanisms underlying
T cell exhaustion. Sci Rep. 2020;10:1915.

Shrivastava R, Shukla N. Attributes of alternatively acti-
vated (M2) macrophages. Life Sci. 2019;224:222-31.
Shapouri-Moghaddam A, Mohammadian S, Vazini H,
Taghadosi M, Esmaeili SA, Mardani F, Seifi B, Moham-
madi A, Afshari JT, Sahebkar A. Macrophage plasticity,
polarization, and function in health and disease. J Cell
Physiol. 2018;233(9):6425-40.

Chittezhath M, Dhillon MK, Lim JY, Laoui D, Shalova
IN, Teo YL, Chen J, Kamaraj R, Raman L, Lum J, Tham-
boo TP, Chiong E, Zolezzi F, Yang H, Van Ginderachter
JA, Poidinger M, Wong AS, Biswas SK. Molecular pro-
filing reveals a tumor-promoting phenotype of monocytes
and macrophages in human cancer progression. Immunity.
2014;41:815-29.

Squadrito ML, De Palma M. Macrophage regulation of
tumor angiogenesis: Implications for cancer therapy. Mol
Aspects Med. 2011;32:123-45.

Cassetta L, Pollard JW. Targeting macrophages: Ther-
apeutic approaches in cancer. Nat Rev Drug Discov.
2018;17:887-904.

Haibe Y, El Husseini Z, El Sayed R, Shamseddine A. Re-
sisting resistance to immune checkpoint therapy: A sys-
tematic review. Int J Mol Sci. 2020;21:6176.

Pender A, Titmuss E, Pleasance ED, Fan KY, Pearson H,
Brown SD, Grisdale CJ, Topham JT, Shen Y, Bonakdar
M, Taylor GA, Williamson LM, Mungall KL, Chuah E,
Mungall AJ, Moore RA, Lavoie JM, Yip S, Lim H, Re-
nouf DJ, Sun S, Holt RA, Jones SIM, Marra MA, Laskin
J. Genome and transcriptome biomarkers of response to
immune checkpoint inhibitors in advanced solid tumors.
Clin Cancer Res. 2021;27:202—12.

Morandi F, Pistoia V. Interactions between HLA-G and
HLA-E in physiological and pathological conditions.
Front Immunol. 2014;5:394.

Borrego F, Ulbrecht M, Weiss EH, Coligan JE, Brooks
AG. Recognition of human histocompatibility leuko-
cyte antigen (HLA)-E complexed with HLA class I sig-
nal sequence-derived peptides by CD94/NKG2 confers

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bonavida et al.

protection from natural killer cell-mediated lysis. J Exp
Med. 1998;187:813-8.

Roy R, Pollard JW. Tumor-associated macrophages: From
mechanisms to therapy. Immunity. 2014;41:49-61.

de Kruijf EM, Sajet A, van Nes JG, Natanov R, Putter H,
Smit VT, Liefers GJ, van den Elsen PJ, van de Velde CJ,
Kuppen PJ. HLA-E and HLA-G expression in classical
HLA class I-negative tumors is of prognostic value for
clinical outcome of early breast cancer patients. J Immu-
nol. 2010;185:7452-9.

Zeestraten EC, Reimers MS, Saadatmand S, Goos-
sens-Beumer 1J, Dekker JW, Liefers GJ, van den Elsen PJ,
van de Velde CJ, Kuppen PJ. Combined analysis of HLA
class I, HLA-E and HLA-G predicts prognosis in colon
cancer patients. Br J Cancer. 2014;111:2383.

Santarpia M, Karachaliou N. Tumor immune microenvi-
ronment characterization and response to anti-PD-1 ther-
apy. Cancer Biol Med. 2015;12:74-8.

Gordon SR, Maute RL, Dulken BW, Hutter G, George
BM, McCracken MN, Gupta R, Tsai JM, Sinha R, Corey
D, Ring AM, Connolly AJ, Weissman IL. PD-1 expression
by tumour-associated macrophages inhibits phagocytosis
and tumour immunity. Nature. 2017;545:495-9.
Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways:
Similarities, differences, and implications of their inhibi-
tion. Am J Clin Oncol. 2016;39:98-106.

Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O,
Gordon MS, Sosman JA, McDermott DF, Powderly JD,
Gettinger SN, Kohrt HE, Horn L, Lawrence DP, Rost S,
Leabman M, Xiao Y, Mokatrin A, Koeppen H, Hegde PS,
Mellman I, Chen DS, Hodi FS. Predictive correlates of re-
sponse to the anti-PD-L1 antibody MPDL3280A in cancer
patients. Nature. 2014;515:563-7.

Luheshi NM, Coates-Ulrichsen J, Harper J, Mullins S,
Sulikowski MG, Martin P, Brown L, Lewis A, Davies
G, Morrow M, Wilkinson RW. Transformation of the tu-
mour microenvironment by a CD40 agonist antibody cor-
relates with improved responses to PD-L1 blockade in a
mouse orthotopic pancreatic tumour model. Oncotarget.
2016;7:18508-20.

Neubert NJ, Schmittnacgel M, Bordry N, Nassiri S,
Wald N, Martignier C, Tillé L, Homicsko K, Damsky W,
Maby-El Hajjami H, Klaman I, Danenberg E, Ioannidou
K, Kandalaft L, Coukos G, Hoves S, Ries CH, Fuertes
Marraco SA, Foukas PG, De Palma M, Speiser DE. T
cell-induced CSF1 promotes melanoma resistance to PD1
blockade. Sci Transl Med. 2018;10(436):eaan3311.

De Palma M, Lewis CE. Macrophage regulation of tu-
mor responses to anticancer therapies. Cancer Cell.
2013;23:277-86.

Shalapour S, Karin M. Pas de deux: Control of anti-tumor
immunity by cancer-associated inflammation. Immunity.
2019;51:15-26.

Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen
K, Wang Y, Kadel EE III, Koeppen H, Astarita JL, Cubas R,

Onco Therapeutics



Targeting TAMs for Immunotherapy

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Jhunjhunwala S, Banchereau R, Yang Y, Guan Y, Chalouni
C, Ziai J, Senbabaoglu Y, Santoro S, Sheinson D, Hung J,
Giltnane JM, Pierce AA, Mesh K, Lianoglou S, Riegler J,
Carano RAD, Eriksson P, Hoglund M, Somarriba L, Hal-
ligan DL, van der Heijden MS, Loriot Y, Rosenberg JE,
Fong L, Mellman I, Chen DS, Green M, Derleth C, Fine
GD, Hegde PS, Bourgon R, Powles T. TGFf attenuates
tumour response to PD-L1 blockade by contributing to
exclusion of T cells. Nature. 2018;554:544-8.

DeNardo DG, Ruffell B. Macrophages as regulators of tu-
mour immunity and immunotherapy. Nat Rev Immunol.
2019;19:369-82.

Mazzone M, Menga A, Castegna A. Metabolism and TAM
functions-it takes two to tango. FEBS J. 2018;285:700-16.
Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Ja-
sinski M, Nowis D, Golab J. Myeloid cell-derived arginase
in cancer immune response. Front Immunol. 2020;11:938.
Bronte V, Zanovello P. Regulation of immune re-
sponses by L-arginine metabolism. Nat Rev Immunol.
2005;5:641-54.

Chang CI, Liao JC, Kuo L. Macrophage arginase pro-
motes tumor cell growth and suppresses nitric oxide-me-
diated tumor cytotoxicity. Cancer Res. 2001;61:1100-6.
Mellor AL, Keskin DB, Johnson T, Chandler P, Munn DH.
Cells expressing indoleamine 2,3-dioxygenase inhibit T
cell responses. J Immunol. 2002;168:3771-6.
Godin-Ethier J, Hanafi LA, Piccirillo CA, Lapointe R. In-
doleamine 2,3-dioxygenase expression in human cancers:
Clinical and immunologic perspectives. Clin Cancer Res.
2011;17:6985-91.

Holmgaard RB, Zamarin D, Li Y, Gasmi B, Munn DH,
Allison JP, Merghoub T, Wolchok JD. Tumor-expressed
IDO recruits and activates MDSCs in a Treg-dependent
manner. Cell Rep. 2015;13:412-24.

Hornyak L, Dobos N, Koncz G, Karanyi Z, Pall D, Sz-
abo Z, Halmos G, Székvolgyi L. The role of indoleam-
ine-2,3-dioxygenase in cancer development, diagnostics,
and therapy. Front Immunol. 2018;9:151.

Munn DH, Mellor AL. Indoleamine 2,3-dioxygenase and
tumor-induced tolerance. J Clin Invest. 2007;117:1147-54.
Raggi F, Bosco MC. Targeting mononuclear phagocyte re-
ceptors in cancer immunotherapy: New perspectives of the
triggering receptor expressed on myeloid cells (TREM-1).
Cancers. 2020;12:1337.

Bosco MC, Raggi F, Varesio L. Therapeutic potential of
targeting TREM-1 in inflammatory diseases and cancer.
Curr Pharm Des. 2016;22:6209-33.

Arts RJ, Joosten LA, van der Meer JW, Netea MG. TREM-
1: Intracellular signaling pathways and interaction with pat-
tern recognition receptors. J Leukoc Biol. 2013;93:209-15.
Nguyen AH, Berim IG, Agrawal DK. Chronic inflamma-
tion and cancer: Emerging roles of triggering receptors
expressed on myeloid cells. Expert Rev Clin Immunol.
2015;11:849-57.

Morse MA, Sun W, Kim R, He AR, Abada PB, Mynderse

Volume 8, Issue 1, 2021

70.

71.

72.

73.

74.

75.

75.

76.

77.

78.

79.

80.

43

M, Finn RS. The role of angiogenesis in hepatocellular
carcinoma. Clin Cancer Res. 2019;25:912-20.

Sharma P, Allison JP. The future of immune checkpoint
therapy. Science. 2015;348:56-61.

Rizvi S, Wang J, El-Khoueiry AB. Liver cancer immunity.
Hepatology. 2021;73:86—103.

Malfitano AM, Pisanti S, Napolitano F, Di Somma S, Mar-
tinelli R, Portella G. Tumor-associated macrophage status
in cancer treatment cancers. Basel. 2020;12:1987.

Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated
macrophages to synergize tumor immunotherapy. Signal
Transduct Target Ther. 2021;6:75.

Anfray C, Aldo U, Andon FT, Allavena P. Current strate-
gies to target tumor-associated-macrophages to improve
anti-tumor immune responses. Cells. 2019;9:46.

Pathria P, Louis TL, Varner JA. Targeting tumor-as-
sociated macrophages in cancer. Trends Immunol.
2019;40:310-27.

Cassetta L, Kitamura T. Targeting tumor-associated mac-
rophages as a potential strategy to enhance the response
to immune checkpoint inhibitors. Front Cell Dev Biol.
2018;6:38.

Cendrowicz E, Sas Z, Bremer E, Rygiel TP. The role of
macrophages in cancer development and therapy. Can-
cers. 2021;13:1946.

Ries CH, Cannarile MA, Hoves S, Benz J, Wartha K,
Runza V, Rey-Giraud F, Pradel LP, Feuerhake F, Klaman I,
Jones T, Jucknischke U, Scheiblich S, Kaluza K, Gorr IH,
Walz A, Abiraj K, Cassier PA, Sica A, Gomez-Roca C, de
Visser KE, Italiano A, Le Tourneau C, Delord JP, Levitsky
H, Blay JY, Riittinger D. Targeting tumor-associated
macrophages with anti-CSF-1R antibody reveals a
strategy for cancer therapy. Cancer Cell. 2014;25:846-59.
Gomez-Roca CA, Italiano A, Le Tourneau C, Cassier
PA, Toulmonde M, D’Angelo SP, Campone M, Weber
KL, Loirat D, Cannarile MA, Jegg AM, Ries C, Chris-
ten R, Meneses-Lorente G, Jacob W, Klaman I, Ooi CH,
Watson C, Wonde K, Reis B, Michielin F, Riittinger D,
Delord JP, Blay JY. Phase I study of emactuzumab single
agent or in combination with paclitaxel in patients with
advanced/metastatic solid tumors reveals depletion of
immunosuppressive M2-like macrophages. Ann Oncol.
2019;30:1381-92.

Tap WD, Wainberg ZA, Anthony SP, Ibrahim PN, Zhang
C, Healey JH, Chmielowski B, Staddon AP, Cohn AL,
Shapiro GI, Keedy VL, Singh AS, Puzanov I, Kwak EL,
Wagner AJ, Von Hoff DD, Weiss GJ, Ramanathan RK,
Zhang J, Habets G, Zhang Y, Burton EA, Visor G, San-
ftner L, Severson P, Nguyen H, Kim MJ, Marimuthu A,
Tsang G, Shellooe R, Gee C, West BL, Hirth P, Nolop K,
van de Rijn M, Hsu HH, Peterfy C, Lin PS, Tong-Stark-
sen S, Bollag G. Structure-guided blockade of CSFIR
kinase in tenosynovial giant-cell tumor. N Engl J Med.
2015;373(5):428-37.

Tap WD, Wainberg ZA, Anthony SP, Ibrahim PN, Zhang



44

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

C, Healey JH, Chmielowski B, Staddon AP, Cohn AL,
Shapiro GI, Keedy VL, Singh AS, Puzanov I, Kwak EL,
Wagner AJ, Von Hoftf DD, Weiss GJ, Ramanathan RK,
Zhang J, Habets G, Zhang Y, Burton EA, Visor G, San-
ftner L, Severson P, Nguyen H, Kim MJ, Marimuthu A,
Tsang G, Shellooe R, Gee C, West BL, Hirth P, Nolop K,
van de Rijn M, Hsu HH, Peterfy C, Lin PS, Tong-Stark-
sen S, Bollag G. CSF1/CSFIR blockade reprograms tu-
mor-infiltrating macrophages and improves response to
T-cell checkpoint immunotherapy in pancreatic cancer
models. Cancer Res. 2014;74:5057-69.

Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin
S, Kantari-Mimoun C, Bercovici N, Guérin M, Biton J,
Ouakrim H, Régnier F, Lupo A, Alifano M, Damotte D,
Donnadieu E. Macrophages impede CD8 T cells from
reaching tumor cells and limit the efficacy of anti-PD-1
treatment. Proc Natl Acad Sci U S A. 2018;115:E4041-50.
Hah YS, Koo KC. Immunology and immunotherapeutic
approaches for advanced renal cell carcinoma: A compre-
hensive review. Int J Mol Sci. 2021;22:4452.

Van Acker HH, Anguille S, Willemen Y, Smits EL, Van
Tendeloo VF. Bisphosphonates for cancer treatment:
Mechanisms of action and lessons from clinical trials.
Pharmacol Ther. 2016;158:24-40.

Van Rooijen N, Sanders A. Liposome mediated deple-
tion of macrophages: Mechanism of action, preparation
of liposomes and applications. J Immunol Methods.
1994;174:83-93.

Wang B, Li Q, Qin L, Zhao S, Wang J, Chen X. Transition
of tumor-associated macrophages from MHC class I1(hi)
to MHC class II(low) mediates tumor progression in mice.
BMC Immunol. 2011;12:43.

Daubiné F, Le Gall C, Gasser J, Green J, Clézardin
P. Antitumor effects of clinical dosing regimens of
bisphosphonates in experimental breast cancer bone
metastasis. J Natl Cancer Inst. 2007;99:322-30.

Comito G, Pons Segura C, Taddei ML, Lanciotti M, Serni
S, Morandi A, Chiarugi P, Giannoni E. Zoledronic acid
impairs stromal reactivity by inhibiting M2-macrophages
polarization and prostate cancer-associated fibroblasts.
Oncotarget. 2017;8:118-32.

Germano G, Frapolli R, Belgiovine C, Anselmo A, Pesce
S, Liguori M, Erba E, Uboldi S, Zucchetti M, Pasqualini
F, Nebuloni M, van Rooijen N, Mortarini R, Beltrame L,
Marchini S, Fuso Nerini I, Sanfilippo R, Casali PG, Pilotti
S, Galmarini CM, Anichini A, Mantovani A, D’Incalci M,
Allavena P. Role of macrophage targeting in the antitumor
activity of trabectedin. Cancer Cell. 2013;23:249-62.
Jones JD, Sinder BP, Paige D, Soki FN, Koh AJ, Thiele
S, Shiozawa Y, Hofbauer LC, Daignault S, Roca H, Mc-
Cauley LK. Trabectedin reduces skeletal prostate cancer
tumor size in association with effects on M2 macrophages
and efferocytosis. Neoplasia. 2019;21:172-84.

Carminati L, Pinessi D, Borsotti P, Minoli L, Giavazzi R,
D’Incalci M, Belotti D, Taraboletti G. Antimetastatic and

91.

92.

93.

94.

95.

96.

97.

98.

99.

Bonavida et al.

antiangiogenic activity of trabectedin in cutaneous mela-
noma. Carcinogenesis. 2019;40:303—12.

Borgoni S, Iannello A, Cutrupi S, Allavena P, D’Incalci
M, Novelli F, Cappello P. Depletion of tumor-associated
macrophages switches the epigenetic profile of pancreatic
cancer infiltrating T cells and restores their anti-tumor
phenotype. Oncoimmunology. 2017;7(2):¢1393596.
Shiraishi D, Fujiwara Y, Horlad H, Saito Y, Iriki T, Tsuboki
J, Cheng P, Nakagata N, Mizuta H, Bekki H, Nakashima
Y, Oda Y, Takeya M, Komohara Y. CD163 is required for
protumoral activation of macrophages in human and mu-
rine sarcoma. Cancer Res. 2018;78:3255-66.

Etzerodt A, Tsalkitzi K, Maniecki M, Damsky W, Delfini
M, Baudoin E, Moulin M, Bosenberg M, Graversen JH,
Auphan-Anezin N, Moestrup SK, Lawrence T. Specific
targeting of CD163 + TAMs mobilizes inflammatory
monocytes and promotes T cell-mediated tumor regres-
sion. J Exp Med. 2019;216:2394—411.

Tacke F. Targeting hepatic macrophages to treat liver dis-
eases. J Hepatol. 2017;66:1300—-12.

Schmall A, Al-Tamari HM, Herold S, Kampschulte M,
Weigert A, Wietelmann A, Vipotnik N, Grimminger F,
Seeger W, Pullamsetti SS, Savai R. Macrophage and can-
cer cell cross-talk via CCR2 and CX3CRI1 is a fundamen-
tal mechanism driving lung cancer. Am J Respir Crit Care
Med. 2015;191:437-47.

Teng KY, Han J, Zhang X, Hsu SH, He S, Wani NA, Bara-
jas JM, Snyder LA, Frankel WL, Caligiuri MA, Jacob ST,
Yu J, Ghoshal K. Blocking the CCL2-CCR2 axis using
CCL2-neutralizing antibody is an effective therapy for he-
patocellular cancer in a mouse model. Mol Cancer Ther.
2017;16(2):312-22.

Teng KY, Han J, Zhang X, Hsu SH, He S, Wani NA, Bara-
jas JM, Snyder LA, Frankel WL, Caligiuri MA, Jacob
ST, Yu J, Ghoshal K. A natural CCR2 antagonist relieves
tumor-associated macrophage-mediated immunosuppres-
sion to produce a therapeutic effect for liver cancer. EBio-
Medicine. 2017;22:58-67.

Pienta KJ, Machiels JP, Schrijvers D, Alekseev B, Shkol-
nik M, Crabb SJ, Li S, Seetharam S, Puchalski TA,
Takimoto C, Elsayed Y, Dawkins F, de Bono JS. Phase
2 study of carlumab (CNTO 888), a human monoclonal
antibody against CC-chemokine ligand 2 (CCL2), in met-
astatic castration-resistant prostate cancer. Invest New
Drugs. 2013;31:760-8.

Nywening TM, Wang-Gillam A, Sanford DE, Belt BA,
Panni RZ, Cusworth BM, Toriola AT, Nieman RK, Wor-
ley LA, Yano M, Fowler KJ, Lockhart AC, Suresh R, Tan
BR, Lim KH, Fields RC, Strasberg SM, Hawkins WG,
DeNardo DG, Goedegebuure SP, Linechan DC. Targeting
tumour-associated macrophages with CCR2 inhibition in
combination with FOLFIRINOX in patients with border-
line resectable and locally advanced pancreatic cancer: A
single-centre, open-label, dose-finding, non-randomised,
phase 1b trial. Lancet Oncol. 2016;17:651-62.

Onco Therapeutics



Targeting TAMs for Immunotherapy

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Chen Y, Huang Y, Reiberger T, Duyverman AM, Huang
P, Samuel R, Hiddingh L, Roberge S, Koppel C, Lauw-
ers GY, Zhu AX, Jain RK, Duda DG. Differential effects
of sorafenib on liver versus tumor fibrosis mediated by
stromal-derived factor 1 alpha/C-X-C receptor type 4 axis
and myeloid differentiation antigen-positive myeloid cell
infiltration in mice. Hepatology. 2014;59:1435-47.

Chen Y, Ramjiawan RR, Reiberger T, Ng MR, Hato T,
Huang Y, Ochiai H, Kitahara S, Unan EC, Reddy TP, Fan
C, Huang P, Bardeesy N, Zhu AX, Jain RK, Duda DG.
CXCR4 inhibition in tumor microenvironment facilitates
anti-programmed death receptor-1 immunotherapy in
sorafenib-treated hepatocellular carcinoma in mice. Hepa-
tology. 2015;61:1591-602.

Zhang JQ, Zeng S, Vitiello GA, Seifert AM, Medina BD,
Beckman MJ, Loo JK, Santamaria-Barria J, Maltbaek JH,
Param NJ, Moral JA, Zhao JN, Balachandran V, Rossi F,
Antonescu CR, DeMatteo RP. Macrophages and CD8+ T
cells mediate the antitumor efficacy of combined CD40
ligation and imatinib therapy in gastrointestinal stromal
tumors. Cancer Immunol Res. 2018;6(4):434-47.

Perry CJ, Mufioz-Rojas AR, Meeth KM, Kellman LN,
Amezquita RA, Thakral D, Du VY, Wang JX, Damsky W,
Kuhlmann AL, Sher JW, Bosenberg M, Miller-Jensen K,
Kaech SM. Myeloid-targeted immunotherapies act in syn-
ergy to induce inflammation and antitumor immunity. J
Exp Med. 2018;215:877-93.

Vonderheide RH. CD40 agonist antibodies in cancer im-
munotherapy. Annu Rev Med. 2020;71:47-58.

Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL,
Sevenich L, Quail DF, Olson OC, Quick ML, Huse JT,
Teijeiro V, Setty M, Leslie CS, Oei Y, Pedraza A, Zhang
J, Brennan CW, Sutton JC, Holland EC, Daniel D, Joyce
JA. CSF-1R inhibition alters macrophage polarization and
blocks glioma progression. Nat Med. 2013;19:1264-72.
Elomaa O, Kangas M, Sahlberg C, Tuukkanen J, Sor-
munen R, Liakka A, Thesleff I, Kraal G, Tryggvason K.
Cloning of a novel bacteria-binding receptor structurally
related to scavenger receptors and expressed in a subset of
macrophages. Cell. 1995;80:603-9.

Georgoudaki AM, Prokopec KE, Boura VF, Hellqvist E,
Sohn S, Ostling J, Dahan R, Harris RA, Rantalainen M,
Klevebring D, Sund M, Brage SE, Fuxe J, Rolny C, Li F,
Ravetch JV, Karlsson MC. Reprogramming tumor-asso-
ciated macrophages by antibody targeting inhibits cancer
progression and metastasis. Cell Rep. 2016;15:2000—11.
Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena
P. Tumour-associated macrophages as treatment targets in
oncology. Nat Rev Clin Oncol. 2017;14:399-416.
Kobold S, Wiedemann G, RothenfuBler S, Endres S.
Modes of action of TLR7 agonists in cancer therapy. Im-
munotherapy. 2014;6:1085-95.

Vacchelli E, Bloy N, Aranda F, Buqué A, Cremer I,
Demaria S, Eggermont A, Formenti SC, Fridman WH,
Fucikova J, Galon J, Spisek R, Tartour E, Zitvogel L,

Volume 8, Issue 1, 2021

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

45

Kroemer G, Galluzzi L. Trial Watch: Immunotherapy plus
radiation therapy for oncological indications. Oncoimmu-
nology. 2016;5:e1214790.

Adams S, Kozhaya L, Martiniuk F, Meng TC, Chiriboga
L, Liebes L, Hochman T, Shuman N, Axelrod D, Speyer J.
Topical TLR7 agonist imiquimod can induce immune-me-
diated rejection of skin metastases in patients with breast
cancer. Clin Cancer Res. 2012;18(24):6748-57.

Bubna AK. Imiquimod - its role in the treatment of cuta-
neous malignancies. Indian J Pharmacol. 2015 Jul-Aug;
47(4):354-9.

Thauvin C, Widmer J, Mottas I, Hocevar S, Allémann
E, Bourquin C, Delie F. Development of resiquimod-
loaded modified PLA-based nanoparticles for cancer
immunotherapy: A kinetic study. Eur J Pharm Biopharm.
2019;139:253-61.

Chi H, Li C, Zhao FS, Zhang L, Ng TB, Jin G, Sha O.
Anti-tumor activity of Toll-like receptor 7 agonists. Front
Pharmacol. 2017;8:304.

Rodell CB, Arlauckas SP, Cuccarese MF, Garris CS, Li
R, Ahmed MS, Kohler RH, Pittet MJ, Weissleder R. TL-
R7/8-agonist-loaded nanoparticles promote the polariza-
tion of tumour-associated macrophages to enhance cancer
immunotherapy. Nat Biomed Eng. 2018;2:578-88.
Kaneda MM, Messer KS, Ralainirina N, Li H, Leem CJ,
Gorjestani S, Woo G, Nguyen AV, Figueiredo CC, Fou-
bert P, Schmid MC, Pink M, Winkler DG, Rausch M,
Palombella VJ, Kutok J, McGovern K, Frazer KA, Wu X,
Karin M, Sasik R, Cohen EE, Varner JA. PI3Ky is a mo-
lecular switch that controls immune suppression. Nature.
2016;39:437-42.

Locatelli SL, Careddu G, Serio S, Consonni FM, Maeda
A, Viswanadha S, Vakkalanka S, Castagna L, Santoro A,
Allavena P, Sica A, Carlo-Stella C. Targeting cancer cells
and tumor microenvironment in preclinical and clinical
models of Hodgkin lymphoma using the dual PI3Ké/y in-
hibitor RP6530. Clin Cancer Res. 2019;25:1098-112.

De Henau O, Rausch M, Winkler D, Campesato LF,
Liu C, Cymerman DH, Budhu S, Ghosh A, Pink M,
Tchaicha J, Douglas M, Tibbitts T, Sharma S, Proctor
J, Kosmider N, White K, Stern H, Soglia J, Adams J,
Palombella VJ, McGovern K, Kutok JL, Wolchok JD,
Merghoub T. Overcoming resistance to checkpoint
blockade therapy by targeting PI3Ky in myeloid cells.
Nature. 2016;539:443-7.

Zhang Y, Du W, Chen Z, Xiang C. Upregulation of PD-L1
by SPP1 mediates macrophage polarization and facilitates
immune escape in lung adenocarcinoma. Exp Cell Res.
2017;359:449-57.

Pang L, Han S, Jiao Y, Jiang S, He X, Li P. Bu Fei De-
coction attenuates the tumor associated macrophage
stimulated proliferation, migration, invasion and immu-
nosuppression of non-small cell lung cancer, partially via
IL-10 and PD-L1 regulation. Int J Oncol. 2017;51:25-38.
Wang W, Marinis JM, Beal AM, Savadkar S, Wu Y,



46

122.

123.

124.

125.

126.

127.

Khan M, Taunk PS, Wu N, Su W, Wu J, Ahsan A, Kurz
E, Chen T, Yaboh I, Li F, Gutierrez J, Diskin B, Hun-
deyin M, Reilly M, Lich JD, Harris PA, Mahajan MK,
Thorpe JH, Nassau P, Mosley JE, Leinwand J, Kochen
Rossi JA, Mishra A, Aykut B, Glacken M, Ochi A,
Verma N, Kim JI, Vasudevaraja V, Adeegbe D, Almonte
C, Bagdatlioglu E, Cohen DJ, Wong KK, Bertin J, Mil-
ler G. RIP1 kinase drives macrophage-mediated adap-
tive immune tolerance in pancreatic cancer. Cancer Cell.
2020;34:757-74.

Guerriero JL, Sotayo A, Ponichtera HE, Castrillon JA,
Pourzia AL, Schad S, Johnson SF, Carrasco RD, Lazo S,
Bronson RT, Davis SP, Lobera M, Nolan MA, Letai A.
Class Ila HDAC inhibition reduces breast tumours and
metastases through anti-tumour macrophages. Nature.
2017;543:428-32.

Lobera M, Madauss KP, Pohlhaus DT, Wright QG,
Trocha M, Schmidt DR, Baloglu E, Trump RP, Head
MS, Hofmann GA, Murray-Thompson M, Schwartz B,
Chakravorty S, Wu Z, Mander PK, Kruidenier L, Reid
RA, Burkhart W, Turunen BJ, Rong JX, Wagner C, Moyer
MB, Wells C, Hong X, Moore JT, Williams JD, Soler D,
Ghosh S, Nolan MA. Selective class Ila histone deacetyl-
ase inhibition via a nonchelating zinc-binding group. Nat
Chem Biol. 2013;9:319-25.

Baer C, Squadrito ML, Laoui D, Thompson D, Hansen
SK, Kiialainen A, Hoves S, Ries CH, Ooi CH, De Palma
M. Suppression of microRNA activity amplifies IFN-y-
induced macrophage activation and promotes anti-tumour
immunity. Nat Cell Biol. 2016;18:790-802.

Zhou J, Chai F, Lu G, Hang G, Chen C, Chen X, Shi J.
TREM-1 inhibition attenuates inflammation and tumor
within the colon. Int Immunopharmacol. 2013;17:155-61.
Sigalov AB. A novel ligand-independent peptide inhibi-
tor of TREM-1 suppresses tumor growth in human lung
cancer xenografts and prolongs survival of mice with li-
popolysaccharide-induced septic shock. Int Immunophar-
macol. 2014;21(1):208-19.

Wu Q, Zhou W, Yin S, Zhou Y, Chen T, Qian J, Su R,
Hong L, Lu H, Zhang F, Xie H, Zhou L, Zheng S. Block-
ing triggering receptor expressed on myeloid cells-1-pos-
itive tumor-associated macrophages induced by hypoxia
reverses immunosuppression and anti-programmed cell

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Bonavida et al.

death ligand 1 resistance in liver cancer. Hepatology.
2019;70:198-214.

Shen ZT, Sigalov AB. Novel TREM-1 inhibitors attenuate
tumor growth and prolong survival in experimental pan-
creatic cancer. Mol Pharm. 2017;14:4572-82.

Kulkarni A, Chandrasekar V, Natarajan SK, Ramesh A,
Pandey P, Nirgud J, Bhatnagar H, Ashok D, Ajay AK,
Sengupta S. A designer self-assembled supramolecule am-
plifies macrophage immune responses against aggressive
cancer. Nat Biomed Eng. 2018;2:589-99.

Ramesh A, Kumar S, Nandi D, Kulkarni A. CSF1R-and-
SHP2-inhibitor-loaded nanoparticles enhance cytotoxic
activity and phagocytosis in tumor-associated macro-
phages. Adv Mater. 2019;31(51):¢1904364.

Guo W, Li Y, Pang W, Shen W. Exosomes: A potential
therapeutic tool targeting communications between tumor
cells and macrophages. Mol Ther. 2020;28:1953—-64.
Miillauer L. Molecular pathology of cancer: The past, the
present, and the future. J Pers Med. 2021;11:676.

Ramos M, Schiffer L, Re A, Azhar R, Basunia A, Rodri-
guez C, Chan T, Chapman P, Davis SR, Gomez-Cabrero
D, Culhane AC, Haibe-Kains B, Hansen KD, Kodali H,
Louis MS, Mer AS, Riester M, Morgan M, Carey V, Wal-
dron L. Software for the integration of multiomics experi-
ments in bioconductor. Cancer Res. 2017;77:¢39-42.
Berger B, Peng J, Singh M. Computational solutions for
omics data. Nat Rev Genet. 2013;14:333-46.

Cancer Genome Atlas Research Network, Weinstein JN,
Collisson EA, Mills GB, Shaw KR, Ozenberger BA,
Ellrott K, Shmulevich I, Sander C, Stuart JM. The can-
cer genome atlas pan-cancer analysis project. Nat Genet.
2013;45:1113-20.

Cheng PF, Dummer R, Levesque MP. Data mining the
cancer genome atlas in the era of precision cancer med-
icine. Swiss Med Wkly. 2015;145:w14183.

Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, Li B,
Liu XS. TIMER: A web server for comprehensive anal-
ysis of tumor-infiltrating immune cells. Cancer Res.
2017;77:¢108-10.

Mehta AK, Kadel S, Townsend MG, Oliwa M, Guer-
riero JL. Macrophage biology and mechanisms of im-
mune suppression in breast cancer. Front Immunol. 2021;
12:643-71.

Onco Therapeutics



