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1 | INTRODUCTION

Breast cancer is the most frequent malignant tumor in women, and
its incidence has increased in recent decades worldwide.! Breast
cancer is pathologically classified into four molecular subtypes de-
pending on the expression of hormone receptors, Ki-67, and HER2.
Neoadjuvant chemotherapy is the standard treatment for patients
with breast cancer. Triple-negative breast cancer subtypes account
for 10%-20% of breast cancers and are more aggressive than other
subtypes due to resistance to hormone therapy and anti-HER2 Ab
therapy. An immunotherapy targeting PD-L1 combined with chemo-
therapy is effective against early and advanced TNBC subtypes,?®
and it has been approved in several countries for treating PD-L1-
positive TNBC. Several studies have reported that PD-L1 expression
in cancer tissues is predictive of beneficial clinical response to anti-
PD-L1 therapy.

Infiltrating macrophages in cancer/tumor microenvironment
are known as TAMs.* Accumulating evidence suggests that the
immune microenvironment also contributes to the efficacy of an-
ticancer immunotherapy, and TAMs are the primary immune cells
within the immune microenvironment of cancer tissues (Figure 1A).
Immunohistochemistry using human breast cancer specimens re-
vealed that PD-L1 is primarily expressed on immune cells, especially
TAMs (Figure 1B,C). Single-cell sequence analyses suggested that
PD-L1 and PD-L2 expression by myeloid cells in breast cancer is as-
sociated with immune regulation.® Thus, macrophages are thought
to play a role in immunosuppression in the tumor microenvironment
of breast cancer.

Macrophages are immune cells that play critical roles in many
diseases, and it is important to note that many researchers have
focused on the functions of macrophages in cancer biology in re-
cent years. In this review, we discuss how TAMs contribute to can-
cer progression, focusing on breast cancer, and we summarize the
development of anticancer therapies targeting TAMs. Macrophage
activation is a heterogeneous and complex process. In the late
1990s, two hypotheses of macrophage activation (classical/alter-
native activation and M1/M2 classification) based on the activat-
ing condition of monocyte-derived macrophages were proposed
by Gordon et al. and Mills et al.,, respectively‘(”7 M1 macrophages
are considered pro-inflammatory cells that play a role in antimicro-
bial host defense, whereas M2 macrophages generally counteract
inflammatory responses and promote tissue repair.® Although the
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M1/M2 classification has been widely accepted, it is now considered
an oversimplified concept. The M1/M2 concept first emerged from
studies using mouse bone marrow-derived macrophages, and it was
unclear whether this concept would be applicable to humans.”® In
addition, the M1/M2 concept is considered inadequate for the clas-
sification of resident macrophages.10 Therefore, terms such as “M1-
like” and “M2-like”, rather than “M1” and “M2”, should be used based

on the relative expression levels of each marker.

2 | TUMOR-ASSOCIATED MACROPHAGES
IN HUMAN BREAST CANCER: STUDIES
USING A PAN-MACROPHAGE MARKER

Tumor-associated macrophages can be detected in almost all cancer
tissues, and recent studies indicated that TAMs play a protumor role
in many kinds of cancers.?**? Tumor-associated macrophages have
been shown to secrete growth, angiogenic, tissue remodeling, and
immunosuppressive factors, and a high density of TAMs is thought
to be associated with worse clinical course or higher histological
grade of malignancy in many cancers. As it is difficult to detect TAMs
in routine microscopic pathology sections; descriptions of TAMs in
cancer tissues were scarce before 1990. However, the development
of new IHC methods for identifying TAMs in tumor tissue has ad-
vanced TAM research. Beginning in the 1990s, numerous studies
on human samples were carried out using CD68 as a macrophage
marker.!® The first study using IHC to examine TAMs in breast can-
cer was published in 1992.1 That study, which combined IHC and in
situ hybridization suggested that CSF-1, which is secreted by breast
cancer cells, mediates the chemotaxis of CSF-1R-positive TAMs.
After CD68 was found to be a marker for macrophages,'® EGF was
shown to be secreted by CD68* TAMs in breast cancer, but not by
cancer cells per se.'® It was also shown that the density of CD68*
TAMs is associated with high blood vessel density and poor clinical
course.”’” A significant positive correlation was observed between
the density of TAMs and either VEGF expression or vessel density,
with increased TAM density predicting a poor clinical course.'® An
increase in the density of CD68" TAMs infiltrating the stromal area
was shown to be associated with estrogen receptor and progester-
one receptor negativity, HER2 positivity, and worse clinical course.’?
Thus, many studies on CD68* TAMs showed that these cells contrib-
ute to cancer progression.

FIGURE 1 Immune microenvironment of breast cancer. (A) The proportions of immune cells in triple-negative breast cancers (TNBCs) are
presented. Sixty randomly selected cases from The Cancer Genome Atlas data were analyzed using CIBERSORTX, and the proportions of
each type of immune cell relative to the total number of immune cells was calculated. (B) Cases were classified into three categories based
on immune cell infiltration. Programmed death 1 ligand 1 (PD-L1) expression is predominantly observed in “inflamed” cases, and cell-cell
interactions between CTLs and TAMs are suggested to be involved in PD-L1 overexpression. (C) Multiplex immunohistochemical analysis of
an inflamed breast cancer specimen. Cancer cells were positive for cytokeratin but negative for PD-L1, and 30%-35% of CD68* TAMs were
positive for PD-L1 in this case. The signal values of CD68 in TAMs were positively correlated with the signal values of CD204 and PD-L1.

As CD68 expression is a marker of tumor-associated macrophage (TAM) maturation, the expression of CD204 and PD-L1 depends on the
maturation of TAMs. DC, dendritic cell; TH, helper T cell; Treg, regulatory T cell.
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3 | TUMOR-ASSOCATED MACROPHAGES
IN HUMAN BREAST CANCER:

STUDIES FOCUSING ON PHENOTYPIC
HETEROGENEITY

Many studies using surgically resected human cancer samples have
been carried out using CD68 as a total macrophage marker, whereas
CD163, CD204, and CD206 have been used as markers of M2-like
macrophages in recent studies. CD163 and CD204 were first iden-
tified as hemoglobin scavenger receptor and modified low-density
lipoprotein scavenger receptor, respectively, specifically expressed
on macrophages.?%?* CD163 and CD204 were then shown to be ex-
pressed in protumor phenotype TAMs and related to protumor ac-
tivation signals.?>?% Depletion of TAMs expressing these molecules
stopped cancer growth or progression in preclinical models.?*%°

A study using CD68 and CD163 to detect TAMs showed a high
density of CD163% TAMs rather than CD68" TAMs, and this was
associated with worse clinical course.? In that in vitro study, con-
ditioned medium of MDA-MB231 cells stimulated macrophage
differentiation into the CD163" M2 phenotype. As MDA-MB231
cells highly produce CSF-1, it was suggested that CSF-1 induces
M2 polarization.zé In our previous study, CD204 expression in cul-
tured macrophages was upregulated by exposure to conditioned
medium from cultures of three human breast cancer cell lines
(MCF7, MDA-MB453, and OCUB-M), but expression of CD163 and
CD206 was not affected.?” We next evaluated CD68*, CD163*, and
CD204* TAMs in serial sections of breast cancer tissues and found
that only the density of CD204" TAMs was a prognostic factor in
breast cancer.?” Kuroda et al. evaluated immune cells by monitoring
the expression of CD68, CD163, CD8 (CTL marker), CD4 (helper T
lymphocyte marker), and CD20 (B cell marker) in TNBC cases. They
indicated that cases involving a high density of CD68/CD163" TAMs
and a low density of T and B lymphocytes showed the worst clini-
cal course.?® Strack et al. reported an increase in CD206™ TAMs in
invasive breast cancer as compared with noninvasive breast cancer,
and the increased density of CD206°/MHC-II-high TAMs was asso-
ciated with poor clinical course.?’ A study of TNBC reported that
a high number of CD206* TAMs is associated with a high density
of CTLs and better clinical course.’° These studies indicated that
CD68* TAMs can be divided into various subpopulations based on
M2-related markers; however, it is unclear whether there is a sub-
population of TAMs showing strong protumor functions in breast
cancer.

A recent single-cell RNA-seq analysis examined myeloid cell infil-
tration of breast cancer tissues.®! The authors proposed that TAMs
in breast cancer can be categorized into several subpopulations. In
particular, FOLR2* macrophages localize in perivascular areas of
breast cancer tissues, where they interact with CD8™ T cells, thereby
possibly inducing tumor immunity. To determine which genes are ex-
pressed in TAM subpopulations, we reanalyzed the single-cell RNA-
seq data reported by that study (Figure 2). Although the FOLR2"
cluster was unclear, it was found that TAMs were broadly divided
into two subtypes (Group 1: high expression of CD204, APOE, C1QA,

TREM2, CADM1, and SPP1; Group 2: strong expression of CD206,
S100A9, and FCN1). As FOLR2" clustering was reported to be pos-
itive for CD206,%! the Group 2 cluster might express low levels of
FOLR2. Considering these results together with those of previous
reports described above, CD204-expressing TAMs appear to sup-
port the progression of breast cancer, whereas CD206-expressing
TAMs potentially have unknown anticancer activities. CD204" cells
express APOE, and APOE expression reportedly plays a significant
role in the protumor function of TAMs in other cancers.®? It was
shown that CD163* and CD204* TAMs are not the same (Figure 2).
Our previous study also revealed a discrepancy in the numbers
between CD163" and CD204 cells in breast cancer samples.?”
Multiplex IHC using a CODEX system suggested that CD204 was
strongly expressed in TAMs, and CD163 signals were less intense
than CD204 signals (Figure 1C). It is considered that CD204 is a bet-
ter marker for predicting the protumor functions of TAMs in breast
cancer than several other markers. such as CD163.

CD206-expressing TAMs have immune-stimulatory functions in
the early stages of lung cancer.®® CD206-expressing macrophages
were suggested to be resident cells in the breast.>° The Group 2
cluster was FCN1"8" and CD204'°%, and it is known that FCN1 was
highly expressed in monocytes, but expression was low in macro-
phages.34 In contrast, CD204 expression was low in monocytes, but
high in macrophages.® Therefore, the Group 2 cluster in Figure 2
was suggested to include resident macrophages and immature
monocytic cells.

When the density of TAMs in the tumor nest and tumor stroma
were evaluated, the density of TAMs in the stromal area of tumors
is reportedly associated with cancer cell proliferation, whereas the
density of TAMs in the cancer nest is linked to vessel density.®® A
high density of CD68* and CD163* TAMs in the tumor stroma, but
not in the tumor nest, is associated with worse clinical course.®”
Thus, the distribution of TAMs appears to determine their func-
tion. However, it was often difficult to distinguish between stromal
TAMs and nest TAMs in our microscopic observations, especially in
scirrhous-type cancers, as the cancer nest cannot be detected in ap-

proximately 40% of breast cancer cases.*®

4 | FUNCTIONS OF TAMs IN BREAST
CANCER PROGRESSION: INSIGHTS FROM
HUMAN STUDIES

Tumor-associated macrophages reportedly secrete several factors
in human breast cancer tissue. Expression of VEGF in TAMs has
been linked to angiogenesis, as described above. Heparin-binding
EGF-like growth factor and oncostatin-M synergistically stimulate
cancer growth by activating STAT3 signaling.®” Tumor-associated
macrophage-derived IL-6, IL-1p, prostaglandin E2, and osteopontin
are also reportedly involved in cancer growth and progression.*°~4?
Thus, many protumor factors derived from human TAMs are thought
to beinvolved in progression, metastasis, invasion, chemoresistance,

and angiogenesis in breast cancer (Figure 3).
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FIGURE 2 Heterogeneity of tumor-associated macrophages in breast cancer patients. Single-cell RNA sequencing (RNA-seq) data

of CD11C* HLA-DR" myeloid cells infiltrating breast cancer tumor tissues were reanalyzed. (A) CD11C* HLA-DR* myeloid cells were
subdivided into three main subpopulations: macrophages (Group 1 and Group 2) and dendritic cells (DCs). (B) Macrophage (Group 1)
specifically express APOE, MSR1 (CD204), C1QA, TREM2, CADM1, and SPP1, whereas macrophage (Group 2) strongly express S100A9, FCN1,
and MRC1 (CD206). Cluster expressing CD1C and CLEC10A was classified as DC. The single-cell RNA-seq data were retrieved from the NCBI
Gene Expression Omnibus database (accession code GSE192935). The RNA count data were obtained from Fastq files using Cellranger
software (version 7.0.1). Cluster analysis and visualization by UMAP and violin plots were undertaken using Seurat (version 4.2.0).

Some studies have reported a relationship between TAMs and
anticancer immunity. A high density of TAMs has been linked to
poor clinical course, whereas a high density of CD8" CTLs is asso-
ciated with a favorable course in breast cancer.*® Additionally, PD-1
and related signals are important TAM-derived factors, as immuno-
therapies targeting PD-L1 have been approved in several countries
for the treatment of PD-L1-positive TNBC.** Recent studies using
human breast cancer samples have indicated that PD-L1 is mainly
expressed on immune cells, especially on TAMs.*® Expression of PD-
L1 was reportedly detected in cancer cells (cut-off value, 1%) in 12%
of cases and in immune cells (cut-off value, 10%) in 28% of cases,
and high PD-L1 expression in immune cells was associated with a fa-
vorable clinical course.*® Spatial gene expression analyses indicated
that a high IFN signature was linked to increased PD-L1 expression,
suggesting that PD-L1 expression reflects the anticancer immune
response in TNBC tissues.*” A high density of PD-L1* and CD163~
TAMs in the cancer nest is predictive of a better clinical course.*®
Another study reported a positive correlation between CTL infiltra-
tion and PD-L1 expression,*’ indicating that lymphocyte-derived
factors mediate PD-L1 overexpression in TAMs. In addition to IFN
signals, GM-CSF derived from activating lymphocytes synergisti-
cally enhances PD-L1 expression in TAMs through STATS3 signaling

activation.’® It has been suggested that STAT3 signaling enhances
PD-L1 expression mediated by IFN-STAT1 signaling.

5 | PROTUMOR FUNCTIONS OF TAMs
AND TAM-TARGETING THERAPIES:
INSIGHTS FROM ANIMAL STUDIES

Animal studies have provided many insights into the functions
of TAMs. The anticancer functions of TAMs have been examined
using animal models since the 1990s. However, following a 2001
study examining the protumor function of TAMs using an MMTV-

1>t many studies have focused

PyMT mouse breast cancer mode
on the protumor functions of TAMs. Cancer cell-derived CSF-1
stimulates protumor TAMs, which in turn secrete EGF and pro-
mote cancer cell migration,®? and that study also suggested that
cell-cell communication between cancer cells and TAMs plays an
important role in breast cancer. Cancer cell-derived CCL2 (MCP1)
induces the recruitment of Gr1*/Ly6C* inflammatory monocytes
into metastatic sites, whereas Ab blockade of CCL2 suppresses
lung metastasis, and VEGF derived from myeloid cells plays a role
in the extravasation of cancer cells.>® High CCL2 production has
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been reported in TNBC cells, activating cancer cell invasion and
tumor progression through the MAPK signaling pathway in an au-
tocrine manner.”* Similar mechanisms were reported in studies of
the CCL5-CCRS5 axis. Breast cancer cells express CCL5, which po-
tentially predicts a worse clinical course,> and blockade of CCR5
was shown to suppress cancer cell invasion and metastasis while
enhancing chemosensitivity.>® Production of CCL2 and CCL5 by
cancer cells is elevated by IFN, and the inhibitor FROUNT (a coac-
tivator of CCR2 and CCR5) was shown to abrogate breast cancer
cell growth by inhibiting TAM recruitment.*°

Breast cancer cells also secrete CSF-1 and IL-34, which are [i-
gands of CSF-1R and recruit TAMs into cancer tissues. An antago-
nist of CSF-1R suppressed cancer cell growth in combination with
cytotoxic therapy by enhancing the anticancer immune responses.®’
Inhibition of CSF-1R signaling was shown to decrease TAM infil-
tration and increase the numbers of central and effector memory
T cells; cell-cell communication between T cells and TAMs may
suppress the response to anticancer agents.58 Thus, inhibiting the
migration of TAMs into cancer tissues is an additional promising ap-
proach for anticancer therapy.

Reprogramming the protumor phenotype of TAMs to a tumori-
cidal phenotype, a process known as macrophage conversion ther-
apy, has been reported to be an effective anticancer approach.59
Inhibition of PI3Ky was shown to enhance the anticancer effect of

several therapies by inducing TAM polarization into an M1-like phe-
notype.® Peroxisome proliferator-activated receptor-y and retinoic
acid signaling mediated by MAPK and histone deacetylase was shown
to be involved in M2-like polarization, and thus, inhibitors of these
pathways are potentially useful for anticancer therapy.®? Cyclic sul-
fur compounds that suppress the phenotypic change of TAMs to the
M2-like/protumor phenotype exert anticancer effects by inducing
anticancer T cell responses.? Among the many signaling pathways
related to M1/M2 balance, STAT3 signaling is one of the most critical
with regard to change of TAMs to the M2-like/protumor phenotype.
Selective STAT3 inhibition in TAMs is thus suggested to be an effec-
tive anticancer therapy modulating the M1/M2 balance of TAMs. %3

Other research is focusing on the phagocytic activity of TAMs.
CD47 is a “don't eat me signal” expressed by red blood cells that has
also been detected in cancer cells. Blocking the interaction between
CD47 and signal regulatory protein-o (SIRPa) using an anti-CD47 Ab
increased the phagocytosis of cancer cells by TAMs; this anticancer
effect of the anti-CD47 Ab in combination with an anti-CD20 Ab
was first reported against B-cell lymphoma.®* Breast cancer cells ex-
press CD47, and CD47 positivity has been linked to a poor clinical
course. Animal studies showed that treatment with an anti-CD47 Ab
enhances STING-stimulating immunotherapy.65 STING is a critical
molecule involved in the conversion of macrophages to the M1-like
phenotype.®®



KOMOHARA ET AL.

= BRWATS 2 Cancer SCience

6 | MACROPHAGES AS CRITICAL
DETERMINANTS FOR THE EFFICACY OF
CANCER IMMUNOTHERAPY: BEYOND THE
CLASSICAL TAM-TARGETING STRATEGY

Macrophages are critical cells that direct the immune response
against tumors as well as the responsiveness to anti-PD1/PD-L1
therapy because of their immunosuppressive and protumorigenic
effects that impede the activation and effector function of tumor-
specific T cells.®” Tumor-associated macrophages contribute to re-
sistance to anti-PD1/PD-L1 therapy through several mechanisms.
The simplest interpretation is that anti-PD1/PD-L1 therapy is not
sufficient to reactivate tumor-specific T cells due to the strong ef-
fects of TAM-derived immunosuppressive factors such as trans-
forming growth factor-g, IL-6, and IL-10, other than PD-L1/L2.%” An
alternative mechanism underlying resistance to therapy is that Fc
receptors expressed by TAMs strip the anti-PD-1 Abs bound to T
cells, which reactivates the PD1/PD-L1 signaling and prevents T cell

activation.®® Furthermore, it has been suggested that modulation of

A. Targeting the recruitment

PD1 signaling in PD1-expressing TAMs by anti-PD1/PD-L1 therapy
increases IL-6 production, leading to immunosuppressive effects

against antitumor T cell responses,69

or conversely, polarization of
TAMs into an immunostimulatory phenotype,70 the effects of which
could vary depending on the type of tumor. Based on these findings,
promising research has focused on treatment strategies combining
targeting of macrophages and the PD1/PD-L1 interaction. Indeed, a
preclinical mouse model study showed that targeting TAMs increases
the responsiveness to anti-PD1/PD-L1 therapy.”*”2 However, for
such treatments, heterogeneity in terms of functional differences
must be considered,®” in addition to the source or ontogenetic origin

(monocytic vs. embryonic progenitors),73 and subsequent movement

or niches in the tumor microenvironment.”

Single-cell RNA sequencing analyses have documented the
heterogeneity of TAMs in human breast cancer, suggesting that
TAM subpopulations coexisting within the same tumor tissue play
both immunostimulatory and immunosuppressive roles. A recent
study showed that clonal expansion of CD8% T cells responsi-

ble for tumor immunosurveillance is inversely correlated with the
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presence of CX3CR1" rather than CCR2" cells among TAM subpop-
ulations in breast cancer tissue,”” suggesting that certain types of
TAMs enriched within tumor tissues have a negative impact on T
cell-mediated antitumor immunity. On the other hand, two distinct
subpopulations, FOLR2" and TREM2/CADM1" TAMs, have been
identified in breast tumors.>%7%7” Folate receptor 2-positive mac-
rophages are also found in healthy breast tissue as tissue-resident
macrophages, but they are largely eliminated during tumor progres-
sion. A beneficial role of FOLR2" resident macrophages in tumor
control is suggested by observations that a high frequency of these
cells is associated with signature antitumor immune responses, such
as higher infiltration of CD8* T cells and dendritic cells, with bet-
ter outcomes for patients with breast cancer.®! Interestingly, these
TAMs preferentially localize in the tumor stroma, especially within
the TLS in tumor tissues.”® This phenomenon is consistent with the
hypothesis that the presence of TLS in the tumor microenvironment
is associated with better response to the anti-PD1/PD-L1 therapy.”®
However, this assumption regarding tissue-resident macrophages
is not consistent with the results of other studies showing that
CX3CR1*CCR2'°""™d tissue-resident TAMs exert tumor-promoting
functions in the TME of particular organs in cancers such as pan-
creatic ductal adenocarcinoma, colon adenocarcinoma, and brain
tumors.”37477

In contrast to FOLR2" macrophages, TREM2" macrophages in
breast cancer have been correlated with poor prognosis and induced
T cell exhaustion associated with resistance to anti-PD1/PD-L1
therapy.‘“'71 This immunosuppressive subpopulation of TAMs tends
to reside close to the tumor nest.3! Therefore, in pathological di-
agnosis, such spatial distribution of specific macrophages could be
of particular interest in determining whether the tumor microenvi-
ronment is susceptible to anti-PD1/PD-L1 therapy. Meanwhile, the
complex and diverse heterogeneity and differential functions of
TAMs comprising a mixture of both monocyte-derived and tissue-
resident macrophages likely vary depending on the stage of can-
cer progression and the characteristics of the tissue in which the
tumors are located.®° Typically, the effect of tumor-related factors
that regulate TAM survival/differentiation, such as GM-CSF and
CSF-1, changes with tumor progression and disease stage.®'8°
Macrophage-targeting therapeutic approaches have traditionally fo-
cused on reducing the infiltration of macrophages into tumor tissues
by inhibiting relevant signals.” Modulation of CCL2-CCR2 axis-
mediated recruitment and enrichment of monocyte-derived immu-
nosuppressive macrophages has also been proposed as a combined
strategy in conjunction with anti-PD1/PD-L1 therapy.”> However,
such approaches are likely to provide less improvement of antitu-
mor immunity for cancers with tissue-resident immunosuppressive
TAMs. Approaches targeting the whole TAM population might fail
to take advantage of the potential antitumor activity of immuno-
stimulatory macrophages. Therefore, tissue- or subpopulation-
specific TAM-targeting strategies such as anti-TREM2* cell-specific
targeting are promising cancer type-tailored immunotherapeutic
approaches.®’ It is also important to consider the re-education of
macrophage functions through modification of master regulators
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such as the IRF5/IKKp and p-catenin/FOSL2/ARID5A pathways to
direct the differentiation into immunostimulatory or immunosup-

pressive macrophages (Figure 4)8485
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