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Abstract Macrophages are cells of the innate immune system involved in critical activities such as maintaining tissue
homeostasis and immune surveillance. Pro-inflammatory macrophages M1 are responsible for the inflammatory response, while
M2 macrophages are associated with the immunosuppressive repair phase of tissue remodeling. Most cancers are associated with
chronic inflammation, and a high number of macrophages in tumors have been associated with tumor progression. Much effort has
been made in elucidating the mechanisms through which macrophages contribute to tumor development, yet much less is known
about the initial mechanisms by which tumors modify macrophages. Our work has focused on identifying the mechanisms by which
macrophages from tumor hosts are modified by tumors. We have shown that peritoneal macrophages are significantly altered in
mice bearing advanced mammary tumors and are not M1 or M2 polarized, but express a mixture of both transcriptional programs.
These macrophages are less differentiated and more prone to apoptosis, resulting in increased myelopoiesis as a compensation to
regenerate macrophage progenitors in the marrow. Macrophages in the tumor microenvironment are also neither M1 nor M2 cells
and through a display of different mechanisms are even more impaired than their peripheral counterparts. Finally, systemic blood
monocytes, precursors of tissue macrophages, are also altered in tumor bearers and show a mixed program of pro- and anti-
inflammatory functions. We conclude that there is evidence for local and systemic immune impairment in tumor hosts.
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Macrophages are the main phagocytic and inflammatory
cells in our bodies and are fundamental in the response of our
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innate immune system to infection and damage. Cancer is a
disease strongly associated with chronic inflammation, and
macrophages are significantly involved in cancer develop-
ment. In chronically inflamed tissues, macrophages contrib-
ute to tumor initiation, whereas within developing tumors,
macrophages help in the progression of the disease. A strong
immunosuppressive microenvironment is established in
advanced tumors, in great part contributed by the presence of
immunosuppressive macrophages within tumors. However,
it is still controversial whether in addition to a local immune
deficiency there is also a systemic or generalized state of
immunosuppression in cancer patients [1].

Evidence indicates that the healthy immune system is
necessary for the control of malignant disease and that
immunosuppression associated with cancer contributes to
its progression. Tumors have developed strategies to suc-
cessfully evade the host immune system, and various
molecular and cellular mechanisms responsible for tumor
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evasion have been identified. Some of these mechanisms
target macrophages, and the changes induced in these
macrophages contribute to tumor development.

Our work seeks to analyze the mechanisms by which
tumors can modify different populations of myelomono-
cytic cells, resulting in both local and systemic immuno-
suppression that further contributes to tumor progression.
To do this, we have analyzed macrophages and their pre-
cursor blood monocytes as indicative of immune impair-
ment. The results of our work show that macrophages from
within the tumor, those in peripheral locations of tumor-
bearing mice and also their precursor blood monocytes are
all targets of immunosuppressive strategies in tumor hosts.
Understanding the ways by which tumors modify these
critical immune cells may contribute in part to the rever-
sion of immunosuppression and to the control of cancer
progression.

Macrophages: key players in tissue homeostasis
and immune surveillance

Macrophages are cells of the innate immune system
involved in critical regulatory activities in health and dis-
ease [2, 3]. Due to their phagocytic capacity, macrophages
perform necessary housekeeping functions in healthy tis-
sues, clearing away apoptotic cells and debris to maintain
tissue homeostasis [4—6]. Macrophages are also responsible
for the phagocytosis of apoptotic cells in embryogenesis [7,
8] and during tissue remodeling in organ development [9,
10]. Importantly, they participate as central sentinels in
immune surveillance in the detection of infection and tissue
damage. As important as they are in homeostasis, their
roles in inflammation and disease are also essential [11]. In
conjunction with the short-lived neutrophils, macrophages
are the key executors of the acute inflammatory immune
response, enabling multicellular organisms to rapidly react
to infections and tissue damage [12, 13]. Together with
dendritic cells (DC), macrophages are considered a bridge
between innate and adaptive immunities in their roles as
professional antigen-presenting cells (APC) and presenters
of second signals to T lymphocytes.

Living and performing diverse functions in tissues, mac-
rophages are phenotypically and functionally heterogeneous
and remarkably plastic cells capable of adapting to different
tissue microenvironments [3, 14, 15]. Macrophages are
recognized as “resident” when they perform housekeeping
functions in healthy tissues and are known as “inflamma-
tory” when they are newly recruited into tissues in which
infection or damage has been recently detected by resident
macrophages. Resident macrophages exist in practically
every tissue of multicellular organisms and receive different
names according to their specific locations: In vertebrates

there are two types of resident macrophages in the lungs,
called alveolar and interstitial macrophages; they are refer-
red to as osteoclasts when in the bone; microglia in the
central nervous system; Kupfer cells in the liver; Langerhans
cells in the skin; and marginal zone, red pulp and white pulp
macrophages in the spleen [9]. Resident macrophages fulfill
tissue-specific and niche-specific functions that range from
homeostatic activities, such as clearance of cellular debris
and iron processing, to central roles in tissue immune sur-
veillance to detect damage or infection. On the other hand,
inflammatory macrophages are cytotoxic effector cells that
contribute to unleashing the physiologically required but
destructive acute inflammatory response. Once tissue dam-
age or infection is resolved through acute inflammation and
the initiation of the adaptive immune response, a different
regulatory macrophage subpopulation is involved in the
feedback wave of immunosuppressive functions that restores
homeostasis to the inflamed tissue [16—18].

Origin of tissue macrophages

Recent studies reveal differences in the origins of tissue
macrophages, which may arise from hematopoietic (bone
marrow) versus self-renewing embryo-derived populations.
It is well known that tissue macrophages differentiate from
bone marrow-derived blood monocytes, which are recrui-
ted into the tissues in situations of homeostasis or inflam-
mation and become macrophages. However, at least in
mice, other tissue macrophages have prenatal origins, some
of which involve cells arising from a distinct yolk sac-
derived embryonic macrophage lineage maintained by self-
renewal [19, 20]. Until recently, macrophages were con-
sidered highly differentiated cells incapable of cell prolif-
eration, so the only way macrophages could increase in
numbers within tissues was considered to be through
renewed blood monocyte tissue recruitment and macro-
phage differentiation. However, the latest evidence indi-
cates that macrophages can proliferate in some tissue
niches. Actually, low-level self-renewal during adulthood
appears sufficient to maintain many tissue-resident mac-
rophages [21], and tissues infected by parasites have shown
a Th2 cell environment where IL-4 has been demonstrated
to stimulate tissue macrophage proliferation [22]. It is
possible that tissues contain diverse populations of both
local self-renewing and peripherally derived macrophages
both in mice and in humans [9].

Macrophage polarization

Paralleling the Th1/Th2 division of CD4" T helper cells,
macrophages have been classified into M1 (also known as

@ Springer



88

Immunology & Microbiology in Miami (2013) 57:86-98

“classically” activated) and M2 (or “alternatively” acti-
vated) [23-25]. Thl-related cytokines such as IFNYy, as
well as microbial stimuli such as lipopolysaccharide (LPS),
polarizes macrophages to M1. M1 macrophages are char-
acterized by IL-12", IL-23", TNFo™, IL-10"", CXCL9",
CXCL10™, ROI™, RNI™, COX1'“%, COX2" and iron
uptake phenotype, among other features, and are involved
in inflammatory, microbicidal and at least in vitro tumor-
icidal activities. In contrast, Th2 cytokines such as IL-4 and
IL-13 polarize macrophages to M2 [17, 26]. These mac-
rophages exhibit IL-12'°%, TNFo/'°%, IL-10", IL-1decoyR™,
IL-1RAM, Arginasel™, CCL17", CCL18", CCL22",
CccL24M  coxi1M COX2°", iron release, increased
phagocytic activity and high expression of scavenging,
mannose and galactose receptors [14]. M2 macrophages
reduce inflammation, promote tissue remodeling and
repair, help in parasite clearance and in tumor progression
and possess immunoregulatory functions. Several other
stimuli such as IL-10, glucocorticoid hormones, apoptotic
cells and immune complexes have also been reported to
induce macrophages to an M2-like immunosuppressive
phenotype [11]. M1 macrophages are involved in the
inflammatory response, for which they are also known as
pro-inflammatory macrophages, and are thus associated
with tissue destruction and mutation induction through the
free radicals these macrophages produce (RNI and ROI). In
contrast, M2 macrophages are associated with the immu-
nosuppressive repair phase of tissue remodeling; these
macrophages operate in the feedback response that termi-
nates inflammation and results in restoration of tissue
homeostasis.

Macrophage heterogeneity in tissues

Although the notion of M1/M2 macrophage polarization
was initially described in vitro and was defined as an
“operational” concept unfolding “extremes of a contin-
uum” in the phenotype and function of macrophages [26],
such polarization states have been observed also in vivo in
mice and humans, under physiological and pathological
conditions. Macrophages that are present in physiological
settings such as developing embryonic tissues or normal
lean adipose tissues, or that participate in pathological
situations such as parasitic infections, allergy and tumors,
all resemble M2 or M2-like phenotypes [9, 27]. Whether
M1-M2 macrophage switches in phenotype and function
occur normally in vivo or whether new waves of circulat-
ing blood monocytes are recruited into tissues to become
differently polarized macrophages is a controversial issue.
Immunosuppressive, regulatory macrophages are required
for the resolution of inflammation and restoration of
tissue integrity by removing debris and promoting the
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proliferation and differentiation of parenchymal cells.
Thus, the M1 to M2 switch during the progression of the
inflammatory response requires the twofold role of mac-
rophages in coordinating the onset of inflammation and
subsequently promoting healing and repair. There is cur-
rently an active debate about the mechanisms underlying
this switch between the pro-inflammatory and the sup-
pressive status in macrophages. This shift could reflect a
transcriptional reprogramming between their alternative
polarization states so that plastic macrophages may switch
between different transcriptional programs [28]. Alterna-
tively, the shift between macrophage polarization profiles
could reflect a new wave of blood monocyte recruitment,
resulting in new macrophages exhibiting features of a
different activation status. These two interpretations are not
necessarily mutually exclusive, and both things could at the
same time occur in tissues: Early-recruited M1 inflamma-
tory macrophages might undergo a reprogramming to M2-
type cells, and newly bone marrow-generated suppressive
blood monocytes may also replenish tissues with M2
macrophages. In vivo settings are characterized by a great
variety of microenvironmental conditions reflecting the
diversity of cells and molecules that are present and con-
tinuously expressed; therefore, it should not be surprising
to find mixtures of M1 and M2 macrophages coexisting in
a particular tissue or organ.

Homeostatic macrophages resident in healthy tissues
were understood until recently as housekeeping “inert”
non-polarized (Mo) cells involved in the silent phagocy-
tosis of apoptotic cells, in contrast to the M1- or the M2-
polarized “activated” macrophages. However, this vision
has been challenged by new findings on immunosuppres-
sive M2-like macrophages occurring in the vast majority of
homeostatic tissues, as mentioned above, probably as an
expression of the physiologic requirement to protecting
homeostatic tissues against overwhelming uncontrolled
inflammation.

Macrophages may be actively and dynamically tran-
scribing different genetic programs to adapt to the chang-
ing conditions of the diverse microenvironments in which
they live. A note of caution should be taken into consid-
eration against the concept of macrophage polarization.
This concept should not be understood as an irreversible
cellular differentiation in one of two antagonist subsets, but
as the dynamic, adaptive and reversible changes constantly
occurring as response of macrophages to varying micro-
environments [29, 30]. Hence, as an alternative to the
concept of stable macrophage subsets, other authors have
proposed the model of “functional adaptivity” or “func-
tional plasticity” of macrophages as a basis for under-
standing macrophage function in physiologically, dynamic
settings [31]. Thus, the concept of tissue macrophage
phenotype should not be understood as an immutable end-
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stage set of characteristics and features but rather as a
dynamic and plastic state maintained by reversible
homeostatic mechanisms exerted through adaptation to
tissue-specific yet changing microenvironments. Address-
ing the mechanistic bases of these complex population
dynamics in vivo is of outmost priority, although it will be
extremely challenging [28].

Role of macrophages in tumorigenesis

Most cancers are associated with chronic inflammation, a
process that sets in when the resolution of acute inflam-
mation fails [32, 33]. Chronic inflammation results in the
installment of a permanent state of damage in a tissue with
the persistent action of inflammatory cells such as macro-
phages. Inflammation and immunosuppression are two
opposing responses of the immune system linked in dif-
ferent ways to cancer progression: Earlier stages of tumor
development are associated with chronic inflammation,
while established advanced cancers induce a stage of
immunosuppression [34].

Given that macrophages are key players of the inflam-
matory response, it is anticipated that they will exhibit
significant roles in the different stages of tumorigenesis. In
fact, the release of mutation-inducing free radicals, such as
reactive oxygen intermediates and reactive nitrogen inter-
mediates (ROI/RNI) as part of the macrophage cytotoxic/
inflammatory response, does contribute to tumor initiation
[35, 36]. Macrophages also play important roles in tumor
progression by releasing factors that promote angiogenesis,
invasion, extracellular matrix remodeling/repair and
metastasis and by recruiting additional immune suppressor
cells to the tumor [26, 37].

Tumors are structures comprised of tumor and non-
tumor cells, which include endothelial cells, pericytes,
fibroblasts, stromal, mesenchymal cells, innate and adap-
tive immune cells. These tumor and non-tumor cells and
the many different factors they express form the tumor
microenvironment. Macrophages not only constitute the
most abundant immune cell type comprising tumor
microenvironments but also significantly modulate tumor
development. In fact, high numbers of macrophages in
tumors (tumor-associated macrophages, TAMs) have been
associated with tumor progression in animals and humans
and with poor tumor prognosis in the clinics [38—40].

Before TAMs can modulate tumor development, tumor
cells and other cells and factors from the tumor microen-
vironment modify or “educate” these macrophages [41,
42]. By shaping macrophage functions, tumors induce them
to express pro-inflammatory and immunosuppressive traits,
all of which end up facilitating the different stages of tumor
progression [33, 37]. Much effort has been made in

elucidating the mechanisms through which macrophages
contribute to tumorigenesis, yet much less is known about
the initial mechanisms by which tumors modify
macrophages.

Our work in the past several years has focused on
identifying the mechanisms by which macrophages from
tumor hosts are modified by the presence of a tumor. To
investigate this, we have used syngeneic mouse mammary
tumor models. We have been interested in understanding
whether only local tumor-associated macrophages are
affected by the tumor, or whether also peripheral macro-
phages at non-tumor niches and their precursor circulating
blood monocytes are impacted by the disease as well.

In the following sections, we will present an overview of
our studies comparing local (tumor microenvironment
TAMs) and peripheral (peritoneal macrophages and cir-
culating blood monocytes) myelomonocytic cells from
tumor hosts exposed to the transplantable mouse mammary
tumor model DI-DMBA3, an estrogen-receptor-negative
malignant murine mammary tumor [43], which we have
compared with a different mammary tumor model, the 4T1
(an estrogen-receptor-positive malignant murine breast
tumor), both syngeneic to BALB/c mice.

Peripheral, non-tumor-associated peritoneal
macrophages are significantly altered in mammary
tumor-bearing hosts

We were interested in examining whether advanced tumors
may induce peripheral immune deficiency in the host. To
this end, we investigated whether macrophages recruited to
the peritoneal cavity of mammary tumor-bearing mice
differed in their pro-inflammatory capacities from their
normal counterparts, i.e., a similar macrophage subpopu-
lation isolated from normal, non-tumor-bearing age- and
sex-matched control mice. The peritoneal cavity is con-
sidered a non-tumor, peripheral, distal location when ana-
lyzing breast tumors. Peritoneal-elicited macrophages from
mice bearing advanced D1-DMBA-3 mammary tumors
were found to be immunologically dysfunctional, either
constitutively or in response to LPS activation. Among
other deficiencies, they exhibit depressed mRNA and pro-
tein levels of pro-inflammatory molecules IL-12 and
inducible nitric oxide synthase (iNOS). We found that
these defects were associated with impaired binding
activities of pro-inflammatory transcription factors NFkB
and C/EBP to their respective sites on the IL-12 and iNOS
gene promoters. Interestingly, lower NFkB nuclear trans-
location but no difference in the amounts of IxkB A, pIkBa
or IKKa was found in these macrophages [44].

Elevated constitutive NFkB activity has been previously
demonstrated in tumor cells and myeloid cells from tumor
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hosts [45]. However, we were among the first to report the
opposite observation: a decreased constitutive expression
and activity of NFkB in macrophages from mice bearing
advanced (4-week) tumors; interestingly, mice bearing
earlier tumors (1-2 weeks) showed an upregulation of
NFxB in these peripheral macrophages. Thus, our work
provided initial evidence to support the notion that tumor
initiation is associated with inflammation (increased NFxB
activity and the downstream pro-inflammatory cytokines
NF«B regulates), whereas tumor progression is associated
with immunosuppression (decreased NFxB).

Moreover, the finding of these deficiencies in peritoneal
macrophages, which in contrast to TAMs are not in direct
contact with the tumor, further underscored the potency of
tumor-derived factors that are capable of acting far from
the tumor milieu on peripheral peritoneal macrophages.
We confirmed a similar downregulation of NFxB and
C/EBP transcription factors in peritoneal macrophages
from mice bearing other advanced tumors such as 4T1
mammary tumors and RENCA renal tumors.

Peripheral macrophages from mice bearing advanced
tumors are not M1 or M2 polarized; instead, they
express a mixture of both transcriptional programs

Peritoneal macrophages from mice bearing advanced
tumors do not exhibit a definite polarization program. In
addition to being deficient in IL-12 and nitric oxide, they
are also impaired in the production of other main pro-
inflammatory cytokines and chemokines, such as IL-1p,
IL-6, TNF-a, CCL2 and M-CSF. Among the crucial
intermediates that operate upstream of NFkB in the TLR/
NFxB signaling pathway, these peripheral macrophages
from tumor hosts exhibit a dramatic reduction in kinase
IRAK-1 and a significant upregulation of the inhibitor
kinase IRAK-M; these cells also show a general decrease
in the mRNA expression of most of the MAPKs examined,
including a substantial reduction in NFxB-inducing kinase
(NIK), JNK, p38 and ERK1/2.

Moreover, STATI transcription factor, which is
involved in upregulating genes upon stimulation by IFNs
and is associated with the activation of a Thl-type of
antitumor immune response, is profoundly decreased in
these peritoneal macrophages, as is the case of a critical
STATI-regulated chemokine, CXCL10, distinctive of M1
macrophages, which is also diminished. Interestingly, these
macrophages upregulate TGFf production [46] but do not
exhibit increased expression of the anti-inflammatory
cytokine IL-10, as expected from M2 macrophages. No
enhanced expression of other suppressor markers shared by
M2 macrophages is detected in these cells, such as VEGF,
matrix metalloproteinase-9 or arginase.
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Overall, these peripheral macrophages exhibit major
dysfunctional expression and signaling of several M1 pro-
inflammatory proteins, and pathways yet show the absence
of a clear-cut M2 transcriptional program. Consequently,
we conclude that peritoneal macrophages from tumor
bearers exhibit a mixed M1/M2 phenotype. Amazingly,
these macrophages can nevertheless become high produc-
ers of IL-12 or of IL-10, when experimentally they switch
to express high amounts of IL-12p70 by culturing them in
the presence of LPS supplemented with IFN-y. Moreover,
they can be induced to produce elevated amounts of IL-10
by culturing them with peptidoglycan, a TLR-2 ligand [47].

Peripheral macrophages from hosts bearing advanced
tumors are more prone to apoptosis, which is associated
with increased myelopoiesis as a compensatory
mechanism to regenerate macrophage progenitors

in the bone marrow

As expected from a decreased antiapoptotic NFxB
expression and function, these peripheral macrophages
from tumor-bearing mice are more apoptotic than their
normal counterparts, with dramatically decreased BCL-x,
notably increased caspase-3 activation and a TUNEL assay
indicative of significant cellular apoptosis. Therefore,
peripheral macrophages are not only dysfunctional but are
also less in numbers.

Because the tumor induces decreased NF«xB expression
and enhanced apoptosis in peripheral macrophages, we
hypothesized that a compensatory increase in the genera-
tion of myeloid progenitors could be occurring in the bone
marrow of tumor bearers to compensate for this macro-
phage loss. It has been previously described that enhanced
myelopoiesis is associated with the presence of tumor-
derived factors in tumor hosts [48, 49]. However, we were
the first to describe increased myelopoiesis in tumor hosts
as a result of a compensatory mechanism to equilibrate
for the loss of macrophages due to apoptosis; we com-
pellingly demonstrated that macrophage depletion is
associated with a specific increase in bone marrow pro-
genitors committed to macrophage but not other myeloid
lineages [47].

Peripheral macrophages from tumor hosts are less
differentiated than their normal counterparts but are
not typical myeloid-derived suppressor cells

Elevated expression of a group of myeloid markers is
considered indicative of macrophage differentiation. Peri-
toneal macrophages from mice bearing advanced tumors
appear as a homogeneous cell population of macrophages
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of larger size and increased vacuolation, with significantly
lower levels of F4/80, CD68, CD115 and CD11b than
similar macrophages from their normal counterparts, con-
sistent with the phenotype of newly recruited blood
monocytes (F4/80"°%, CD68'°%, CDI115"%, CDI11b"™).
These results suggest that peritoneal macrophages from
tumor hosts are less differentiated than their normal
counterparts. Interestingly, they also exhibit upregulation
of the granulocytic myeloid marker Gr-1.

Myeloid-derived suppressor cells (MDSC) are a group
of poorly differentiated myeloid cells that appear in the
bone marrow, spleen, blood and the tumor microenviron-
ment of tumor hosts, inducing immunosuppression and
promoting tumor progression [50, 51]. In mice, they are
characterized by a CD11b™ and Gr 1™ phenotype.

Peripheral macrophages from tumor-bearing mice with a
CD11b™" and Gr 1™ expression pattern also lack expres-
sion of other characteristic markers of MDSC, such as
elevated arginase and nitric oxide. In contrast to these
peritoneal macrophages, splenic MDSC isolated from these
tumor-bearing mice do not express F4/80 [52]. Therefore,
peritoneal macrophages from tumor hosts do not corre-
spond to the definition of MDSC.

Our data suggest that peritoneal macrophages are a less
differentiated cell population and represent monocytes
recently recruited from the blood that may become apop-
totic during differentiation to macrophages [47].

Factors derived from tumor cells and not from non-
tumor cells, such as TGFp, PGE, and IL-11,
downregulate NFkB and C/EBP expression: possible
involvement of TGFp-mediated increase in macrophage
proteasomal activity

We in vitro cultured peritoneal macrophages from normal
healthy mice with supernatants from different murine
mammary, lung and kidney tumor cell lines and also with
supernatants from the murine non-tumor fibroblast cell line
3T3. Our results confirmed that only supernatants from
tumor cell lines and not from non-tumor cells were asso-
ciated with diminished NFxB and C/EBP protein expres-
sion in these normal macrophages [47].

Among the many factors known to be secreted by most
of the tumor cell lines, and particularly by the DA3 cell line
isolated from the D1-DMBA3 mammary tumor used in our
studies, we showed that treatment of normal peritoneal
macrophages with TGFB and PGE,, individually and
additively, resulted in significant downregulation of some
of the NFxB and C/EBP family member proteins. We had
previously shown that IL-11, produced by the DA3 tumor
cell line, reduced C/EBP expression in normal macro-
phages [53].

Given that upregulation of ubiquitin/proteasomal path-
ways has been described under cancer-induced cachexia
[54], we examined the possible role of this proteolytic
machinery in the decrease in NFkB and C/EBP proteins in
macrophages from tumor hosts. Using the proteasome
inhibitor MG-132 to block the proteasome machinery in
macrophages from normal and tumor-bearing animals, we
concluded that peritoneal macrophages from tumor hosts
display higher ubiquitination and proteolysis compared
with those from normal mice. We also observed that NFkB
and C/EBP protein downregulation is reversed when these
macrophages are treated with this proteasome inhibitor
[55].

Studies on the Smad family proteins, which are the key
signal transducers of the TGF-6 family ligands, have
revealed the ability of Smads to interact with various
components of the 26S proteasome system [56]. In breast
cancer cell lines, TGF- increases the activity of the pro-
teasome [57]. We speculate that TGF-B-induced modula-
tion of proteasomal function may in part mediate the
immunosuppressive effects of TGF-8 in macrophages by
accelerating degradation of inflammatory mediators.

Further studies to elucidate the role of TGF-8 in pro-
teasome function in macrophages are required to assess the
possible involvement of the proteasome in immune regu-
lation by TGF-B, particularly as it regards to increased
NFxB and C/EBP proteolysis. Thus, proteasome degrada-
tion may contribute, at least in part, to NFkB and C/EBP
impairment in macrophages from tumor bearers [55].

Macrophages in the tumor microenvironment reveal
greater impairment and are more prone to apoptosis
and less differentiated than peripheral peritoneal
macrophages from mice bearing advanced tumors

Once we determined that macrophages from peripheral
sites in tumor-bearing mice were significantly impacted by
the presence of the tumor, we sought to compare their
degrees of alteration with the ones shown by TAMs from
animals bearing the same tumor model. Because of their
location within the tumor, TAMs are exposed to higher
concentration gradients of tumor factors and to the com-
bined effect of additional cells and molecules at the tumor
microenvironment.

The first thing that surprised us when comparing the two
macrophage subpopulations from the same tumor model
was their contrasting expression patterns of main pro-
inflammatory (IL-12p70, IL-12p40, IL-23, IL-6 and TNFa)
and anti-inflammatory (IL-10) cytokines. TAMs do not
express IL-12p70 at all but constitutively upregulate IL-
12p40, IL-23, IL-6 and IL-10. Significantly, the two related
pro-inflammatory cytokines, IL-12p70 (with antitumor
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properties) and IL-23 (with pro-tumor properties), show
strikingly different patterns of gene and protein expression
in peritoneal macrophages and TAMs.

Our results demonstrate the existence of dissimilar
transcriptional patterns of IL-12p40, IL-12p35 and IL-
23p19 gene expression in these two macrophage subpop-
ulations, resulting in TAMs showing a shift toward features
that supported tumor progression, such as constitutive IL-
23 (which is not expressed by peritoneal macrophages) and
total block of IL-12p70 production (which was produced at
lower levels in peritoneal macrophages). Surprisingly, we
also observed that in contrast to TAMs isolated from D1-
DMBA3 (ER7) mammary tumors, TAMs isolated from
4T1 ER" mammary tumors do not produce IL-23 at all,
indicating that the patterns of TAM polarization even
within a similar tumor type may be different, reflecting
variations in the molecular, biochemical and microenvi-
ronmental characteristics of different tumors [58].

Despite the fact that many authors have shown proto-
typical M2 features in TAMs isolated from a variety of
tumors, our data demonstrate that the peritoneal and tumor-
associated macrophages studied in these tumors do not
correspond to clear-cut M1 or M2 activation profiles, but
instead display mixtures of both polarization programs.

Our results also reveal that peritoneal macrophages and
TAMs exhibit different NFxB and C/EBP expression pat-
terns: Both transcription factors are downregulated to
higher degrees in TAMs, and the mechanisms used to
modulate NFxB and C/EBP expression are different in
these two macrophage subpopulations. Whereas NFkB p65
and c-rel are more profoundly diminished in TAMs, p50 is
in contrast dramatically upregulated, with inhibiting p50
homodimers formed in TAMs but not in peritoneal mac-
rophages. Interestingly, other authors working with dif-
ferent experimental and clinical tumors have also
demonstrated the presence of p50 homodimers in TAMs
[59, 60].

In contrast, STAT1, which is downregulated in perito-
neal macrophages from tumor bearers, shows a dramatic
increase in TAMs (in its constitutive and activated forms)
as has also been reported in other tumor models [61, 62].
STAT3, involved in the signaling of the pro-tumor cyto-
kine IL-23 [63], exhibits an increased expression in TAMs,
yet no alteration in peritoneal macrophages of tumor
bearers when compared with peritoneal macrophages of
normal mice.

Altogether, our data demonstrate that there is a gradual
alteration, either down- or upregulation, in the expression
of critical transcription factors in peripheral macrophages
and TAMs, with the more significant changes observed in
TAMs [58].

Our work also reveals that macrophages at the tumor
microenvironment are even more susceptible to apoptosis
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than macrophages in the periphery. Resting TAMs express
significantly higher levels of activated caspase-3 with
augmented expression of pro-apoptotic p53 and lower
levels of Bcl-x compared with peritoneal macrophages.
Therefore, we demonstrate that there is definitely an
important contribution of macrophage cell death in tumor
hosts to the compensatory myelopoiesis that occurs in the
bone marrows of mice bearing advanced tumors.
Regarding their cellular differentiation, TAMs express
even lower levels of the myeloid differentiation markers
F4/80, CD11b, CD115 and CD68 than peripheral macro-
phages from tumor hosts, so they can be considered less
differentiated cells than peripheral macrophages. Interest-
ingly, Grl is upregulated in TAMs to higher levels than
those seen in peritoneal macrophages of tumor hosts.
Inducible nitric oxide synthase (iNOS), arginase and
MMP-9 are three enzymes critically involved in the pro-
tumor activities of myeloid cells such as TAMs and
MDSC. Our studies reveal that peritoneal macrophages and
TAMs display opposite expression patterns and enzymatic
activities of these markers, but neither peritoneal nor
tumor-associated macrophage subpopulations correspond
to the classical phenotypical and functional definition of
suppressor MDSC, which simultaneously overexpress
CD11b and Grl and upregulate iNOS and arginase [58].

Macrophage functions are differently altered in TAMs
and in peripheral macrophages

Phagocytosis is one of the most important functions of
macrophages as cells of the innate immune system, both in
homeostasis and in inflammation. We investigated whether
the presence of the tumor alters this function in macro-
phages from tumor hosts. Our results indicate that perito-
neal and tumor-associated macrophages from tumor bearers
have a similar degree of impaired ability to phagocytose
zymosan particles compared with peritoneal macrophages
from normal mice but that in the presence of an extrinsic
inhibitor of phagocytosis, TAMs show significantly higher
phagocytic capacity than peritoneal macrophages [58].
Macrophages are also professional antigen-presenting
cells that contribute to T lymphocyte activation and pro-
liferation. We assessed peritoneal macrophages from tumor
hosts and TAMs in their ability to modulate cytokine-
induced T cell proliferation. Our studies demonstrate that
the presence of the tumor induces macrophages to inhibit
cytokine-induced T cell proliferation in general, with
TAMs displaying a much stronger T cell proliferation
inhibitory capability than macrophages from the periphery.
Overall, our results confirm that the tumor microenvi-
ronment is the location that mostly alters macrophage
activities, due to the intimate contact of macrophages with
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tumor cells and other cells and factors. We found that these
local modifications in the tumor niche are more profound
than the changes acquired by macrophages residing in non-
tumor, peripheral locations, to which lower tumor factor
gradients reach. The complex mixture of cellular compo-
nents, tumor-derived factors and cytokines/chemokines
within the tumor microenvironment may induce TAMs to
express a different subset of molecules that are not
expressed by macrophages in the periphery of tumor
bearers. This could lead to altered macrophage functions
that may in turn promote metastatic traits in tumor cells
and facilitate tumor progression.

Remarkably, neither peripheral nor tumor local macro-
phage subpopulations express a definite polarization pro-
gram; instead, both types of macrophages display mixed
features of classical and alternative polarization programs.
One possible explanation to these facts in particular case of
the tumor microenvironment could be that populations of
pure M1 and M2 macrophages could coexist in different
niches of the tumor microenvironment and that isolation
procedures may result in the disruption of the original
tissue architectures, giving the impression of mixtures of
M1 and M2 transcriptional programs in TAMs. An alter-
native explanation may be that individual macrophages
could be actively switching programs and simultaneously
expressing features of M1 and M2 activation programs, so
that in a given niche, macrophages expressing both M1 and
M2 programs could exist. In any case, our studies clearly
demonstrate that mixtures of pro-inflammatory and
immunosuppressive traits are identified in peripheral and
also tumor-associated macrophages from tumor hosts,
although it is difficult to conclude at this point of our
studies whether these are mixed populations of classically
and alternatively activated macrophages or whether these
are macrophages that simultaneously express both activa-
tion programs.

TAMs are found in the proximity of suppressor
T lymphocytes in the tumor microenvironment

Another mechanism by which TAMs mediate immuno-
suppressive effects is by promoting the local accumulation
of suppressive regulatory CD4" T cells (Tregs) in the
tumor microenvironment [64]. Tumor-associated regula-
tory T cells efficiently inhibit CD4" T cell-dependent
immune responses and suppress the proliferation and IFNy
production of antigen-experienced CD8™ T cells.

Our results demonstrate that increased numbers of
TAMs and CD3" cells in the tumor microenvironment
correlate with tumor progression. Both TAMs and CD3"
cells co-localized in the tumor stroma of 3-week and
increasingly in 4-week tumors. Additionally, peritumoral

presence of macrophages and CD3" cells was noticed in
4-week tumors. These results clearly indicate that TAMs
and CD3" cells accumulate and co-localize in higher
numbers preferentially in advanced tumors.

The high levels of TGFp, IL-6 and IL-23 existing in D1-
DMBA-3 tumors (mostly contributed by TAMs) have been
related to induction of Tregs and Th17 cells, two cell types
associated with tumor progression [65-67]. Interestingly,
IL-17 also produced by “altered” tumor-infiltrating Tregs
in colorectal tumors is associated with a more aggressive
tumor behavior [68]. Detection of Tregs, IL-17-producing
CD3" cells and TAMs co-localizing within the mammary
tumor microenvironment suggests the possibility of a cross
talk between all these immunosuppressive cell types in
advanced tumors.

Blood monocytes, precursors of tissue macrophages,
are also altered in tumor-bearing mice, yet they

do not exhibit a unique polarization pattern

as the macrophages they later become

The results of our work showed that tumor-bearing mice
exhibit different degrees of phenotypic alteration and
functional impairment in two distinctive macrophage sub-
populations located at different distances from the tumor,
within the tumor or peripheral to it. Our results strongly
indicate that the proximity to the tumor microenvironment
results in the highest degree of macrophage alteration but
that tissue macrophages residing far from the tumor are
also affected to a significant degree that still impairs their
phenotype and function. However, little was known about
whether similar defects exist in macrophage precursor
stages as blood monocytes.

We addressed the experimental challenge of comparing
blood monocytes from tumor hosts and normal animals to
investigate whether they were significantly different cell
types. We thus examined blood monocytes isolated from
the same mammary tumor-bearing mice from which we
studied macrophage populations and investigated whether
these monocytes are already altered in their polarization
profiles before becoming tissue macrophages. We also
sought to analyze whether they correspond to inflammatory
or resident monocyte subtypes similar to the MI1/M2
macrophage polarized states.

Phenotypic characterization of monocytes found in mice
bearing infections has allowed the identification of two
discrete monocyte subsets. These two populations have
been described as being CD115 Ly6C"CX3CR1"°CCR2™"
CD62L" inflammatory monocytes and CD115 Ly6C'"
CX3CRI™MCCR2™CD62L ™ resident monocytes. Inflamma-
tory monocytes are selectively recruited to inflamed tissues
and lymph nodes and are the main producers of TNF-o and
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IL-1. However, the resident monocytes have a longer half-
life and exhibit a constitutive long-range crawling on the
luminal side of the endothelium within most blood vessels
[69-74]. Although extensive data have been collected
describing the functions of monocytes during inflammation
as a result of infection, sufficient evidence is lacking
regarding the characteristics of monocytes in the context of
tumor burden.

As expected from an increased myelopoiesis in tumor
bearers, we found augmented numbers of circulating blood
monocytes in tumor-bearing mice, when we compared
them to normal age- and sex-matched controls. Tumor-
derived factors condition not only tumor microenvironment
and peripheral immune niches, but also the bone marrow,
leading to abnormal myelopoiesis and subsequent modifi-
cation of circulating myeloid cells. Surprisingly, we found
that monocytes from tumor-bearing mice express reduced
levels of the same myeloid differentiation markers that
were downregulated in the two studied subpopulations of
macrophages from tumor bearers (CD11b, F4/80, CD68
and CDI115). Moreover, downregulation of MHC II,
CD62L and the pro-angiogenic marker Tie-2 [75] was
observed in these cells, whereas Gr-1 and Ly6C were
upregulated. Gene microarray analysis performed by us for
the first time in blood monocytes from tumor hosts indi-
cated that these cells express the transcript for C3 com-
plement (and CSR protein), and a mixture of pro-
inflammatory and anti-inflammatory cytokines and che-
mokines. Interestingly, CCR2 and CX3CR1, which are
crucial in monocyte definition as inflammatory or resident,
respectively, were both upregulated. Finally, monocytes
from tumor bearers produce low levels of nitric oxide and
lack arginase activity when compared to their normal
counterparts [76]. Thus, these monocytes cannot be con-
sidered MDSC either, since typical MDSC upregulate
nitric oxide and arginase.

Taken together, our studies suggest that blood mono-
cytes from tumor-bearing mice are significantly altered but
elude the rigid classification of pro-inflammatory or anti-
inflammatory phenotypes and rather exhibit a mixture of
these two opposite activation profiles, as the macrophages
they later become.

Conclusions and future directions

Defining macrophage subsets by membrane protein
and functional phenotype during an inflammatory
episode might be akin to defining chameleons by the
color pattern they display as they move across an
artist’s paint palette [31].

@ Springer

Macrophages are extremely malleable cells that con-
stantly modify their phenotype to adapt to the tissue
microenvironments where they live. This plasticity seems
to be associated with the macrophage capacity to turn on
and off different gene transcriptional programs and thus
express various sets of proteins and functions. The initial
concept of macrophage polarization viewed these cells as
entities that could express definite groups of genes and
proteins that allow them to behave as either pro-inflam-
matory or immunosuppressive cells. It was believed that
macrophages either could be inert inactive (Mo) cells that
could participate in housekeeping phagocytic functions, or
could become activated as pro-inflammatory (M1, classi-
cally activated) or suppressor (M2, alternatively activated)
cells. Evidence is now accumulating, showing that in vivo
macrophages do not necessarily exhibit these dichotomous
behaviors or clear-cut gene expression patterns as they
show in vitro, where the concept of macrophage polariza-
tion was first described.

We have been interested in studying the interplay that
exists between a developing tumor and the innate immune
system of a tumor host, particularly focusing on the role of
macrophages, central inflammatory cells in our bodies that
are also innate immune cells with significant roles in cancer
development and in tumor prognosis. A body of informa-
tion has been collected on the mechanisms by which
macrophages promote tumor development, but much less is
known about the initial steps by which tumors modify
macrophages.

Macrophages in the tumor microenvironment have been
described by many authors as straightforward M2 immu-
nosuppressive cells contributing to tumor invasion, angio-
genesis, extracellular matrix remodeling and metastasis.
However, there is also evidence that M2-like macrophages
are found in physiologic, healthy and non-inflamed
homeostatic tissues. We compared the effects that the
presence of a syngeneic mammary tumor has on the phe-
notype and functions of three different myeloid cell types
in tumor-bearing mice: macrophages in intimate contact
with the tumor microenvironment (TAMs), macrophages
far from the tumor, in the periphery (peritoneal macro-
phages) and macrophages’ precursors, the systemic circu-
lating blood monocytes. We could not find evidences of
definite M1 or M2 activation programs in any of these three
cell populations isolated from mice bearing advanced
tumors. Instead, macrophages from the tumor, the periph-
ery and blood monocytes all clearly exhibited different and
unique mixtures of pro-inflammatory and anti-inflamma-
tory phenotypes and functions, probably as a result of the
variety of stimuli they received in the different microen-
vironments from which they were all isolated.
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Our work represents the first comprehensive compara-
tive analysis of the differences between three myeloid cell
subpopulations exposed to different conditions and envi-
ronments in tumor hosts. Definitely, it is the tumor
microenvironment, with the proximity to tumor cells and
the factors they produce, in addition to other immune and
non-immune cells and factors present in the tumor stroma,
the location that more robustly modifies macrophages and
induces a strong immunosuppression in the host. We
demonstrated that different tumor models exhibit diverse
TAM phenotypes and activation patterns, due to their
exposure to different microconditions within each tumor,
as other authors have shown as well [77]. We have also
confirmed that there is a measurable systemic immune
impact in tumor hosts, since peritoneal macrophages and
blood monocytes from these mice exhibit immune
impairment, decreased degrees of cellular differentiation
and altered functions as compared with their normal
counterpart populations (Fig. 1).

Our results enable us to conclude that there is not only
local immunosuppression in the tumor microenvironment of
cancer patients, contributing to tumor development and
disease progression, but that also a certain degree of systemic
immune deficiency exists in tumor hosts, judging from the
alterations that these peripheral myeloid cells also show. The
dysfunction and apoptosis of these local and peripheral
macrophages and monocytes in the tumor-bearing host
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create an immune imbalance that contributes to the pro-
gression of the disease as well.

Reversal of existing immune dysfunction and normali-
zation of macrophage and monocyte homeostasis in
patients with cancer needs to be a part of future cancer
immunotherapy. Therapeutic strategies are being designed
to repair the immune imbalance and recover the original
functions of tumor macrophages. Much effort is currently
devoted to reversing macrophage adverse traits in tumor
hosts and to “re-educating” them back to non-tumor-pro-
moting cells. Tumor microenvironment could be targeted
and modified so that it is unfavorable for tumor cells to
grow. Deleting TAMs, re-educating them in antitumor
responses and blocking their recruitment into tumors are
some of the strategies proposed to reverse the deleterious
effects of these cells in cancer development. However, the
permanent success of such strategies may be questionable
given that the same factors and conditions that initially
modified macrophages still remain, and new waves of
TAMs can be negatively educated again. In addition, since
TAMs reside within tissues, accessing them is limited.
Blood monocytes could be better targeted and manipulated
by less invasive means but again their “re-education” may
be subject to the same limitations as for the TAMs.

Tumor-derived factors and their indirect targets, such as
transcription factors, cytokines and chemokines, are ulti-
mately the causes of macrophage changes both in the

Mammary tumor microenvironment
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Fig. 1 Alterations in macrophages and monocytes from advanced tumor-bearing mice: evidence of local and systemic immune impairment
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periphery and in the tumor microenvironment of tumor
hosts and may be better targets to control in cancer. Tar-
geting identifiable tumor factors (TGFP, PGE,, etc.) or
their downstream indirect targets, such as transcription
factors (NFxB, STAT3), cytokines (IL-23, IL-10) and
chemokines (CCL2), may well result in more permanent
therapeutic responses than re-educating resilient TAMs or
monocytes to help them promote tumor rejection.

Apparently, the rule is no rule at all: Different tumors
seem to contain different populations of TAMs and other
immune cells with mixed profiles of molecules and func-
tions. Detailed characterization of the cellular and molec-
ular composition of a tumor microenvironment should be
carried out, as part of the initial therapeutic assessment of a
tumor, in order to better decide the strategy to follow, i.e.,
deleting, reprogramming or targeting cells or molecules for
therapeutic benefit.
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