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Although macrophages were originally recognized as major
immune effector cells, it is now appreciated that they also
play manyimportant roles in the maintenance of tissue
homeostasis, and are involved in a variety of pathological
conditionsincluding cancer.Several studies have demonstrated
the contributions of tumor-associated macrophages (TAMs)
to tumor initiation, progression and metastasis. However, the
detailed mechanisms underlying how TAMs differ molecularly
from their normal counterparts and how the conversion to
TAMs occurs have only just begun to be understood. TAMs
have been proposed to exhibit phenotypes of ‘alternatively
activated’ macrophages, though there has been limited
evidence directly linking the phenotypes of TAMs to the
alternative activation of macrophages. This review will focus
on IL-4, the prototypic cytokine that induces the alternative
activation of macrophages, and review current knowledge
regarding the contributions of IL-4 to the phenotypes of TAMs
and its effects on tumorigenesis.

Diversity and Plasticity of Macrophages

Macrophages are differentiated cells of the mononuclear phago-
cyte system, which is composed of tissue macrophages, dendritic
cells, circulating blood monocytes and the committed myeloid
progenitor cells in the bone marrow.! Both macrophages and
their precursor blood monocytes are renowned for their pheno-
typic and functional heterogeneity, and can change their physiol-
ogy in response to microenvironmental cues.

Much effort has been made to identify and characterize sub-
sets of blood monocytes. Based on the surface expression of
CD14 and CDI16, human blood monocytes were categorized
into at least two major subsets: CD14"8"CD16" cells, which
are often termed ‘classical’ or ‘inflammatory’ monocytes, and
CD14*CD16* cells, also known as ‘nonclassical’ or ‘resident’
monocytes. Likewise, phenotypic characterization in mice also
identified two blood monocyte subsets: Ly6C*CCR2*CX3CR1""
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and Ly6C CCR2'CX3CR1"s", which recapitulate the human
‘inflammatory’ and ‘resident’ monocytes.>* More recently, a
third ‘intermediate’ subdivision has been proposed for both
human and mouse monocytes.” These phenotypic subsets have
been shown to represent distinct functional classes.*®

Like blood monocytes, macrophages also exhibit marked
heterogeneity. However, there is currently a lack of distinct
expression patterns of surface markers that clearly define mac-
rophage subsets. The present definitions of macrophage sub-
populations are generally based on their tissue distribution,
functional characteristics or differential activation status.
Initially, macrophages were classified as ‘classically activated’
and ‘alternatively activated” macrophages. The ‘classical acti-
vation’ of macrophages, which has been delineated since early
studies in the 1960s,° depends on the products of specifically
activated T helper 1 (T ;1) lymphocytes or natural killer (NK)
cells, in particular interferon-gamma (IFNy), and other acti-
vators including tumor necrosis factor-alpha (TNFa) and
lipopolysaccharide (LPS). Classical activation results in a pop-
ulation of macrophages with enhanced microbicidal capacity
and increased secretion of pro-inflammatory cytokines to fur-
ther intensify the cell-mediated immunity.*” In contrast, the
signature cytokines of a T ,2-type immune response, namely
IL-4 and IL-13, are the major stimuli for the ‘alternative acti-
vation’ of macrophages, which induce a different phenotype
that is important for the immune response to parasites, tissue
remodeling and allergic immune reactions.* The ‘classically
activated” and ‘alternatively activated’” macrophages have been
designated as M1 and M2 macrophages respectively by analogy
to the T;1 and T2 nomenclature of helper T cells."” The M2
designation of macrophages was further subdivided into M2a,
macrophages elicited by IL-4 or IL-13; M2b, macrophages trig-
gered by immune complexes in the presence of a Toll-like recep-
tor stimulus; and M2¢, which are inactivated by glucocorticoid,
IL-10 or TGFR." Although this classification of macrophages
provides a useful working scheme, it does not fully represent the
complexity of macrophage activation, which is often fine-tuned
in response to different microenvironments. Another classifica-
tion of macrophages has been proposed in which the repertoire
of macrophage activation is instead viewed as a continuum spec-
trum, with the three fundamental functions of macrophages,
namely host defense, wound healing and immune regulation,
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Figure 1. Signaling pathways downstream of IL-4 receptors. IL-4 receptors can signal through the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) cascades, or through insulin receptor substrate (IRS)-mediated activation of the phosphatidylinositol 3-kinase (PI3K)-Akt and

occupying three zones of the spectrum, analogous to the three
primary colors in a color wheel."?

Tumor-associated macrophages (TAMs) have emerged as
a critical regulatory cell type in the tumor microenvironment,
with a potent ability to facilitate tumor initiation, progression
and metastasis."* Importantly, TAMs have been shown to
acquire the hallmark properties of ‘alternatively activated’” mac-
rophages, such as the ability to tune inflammatory and immune
responses, and to promote angiogenesis and tissue remodeling.”
However, until recently there has been limited evidence showing
that TAMs and ‘alternatively activated’” macrophages are indeed
activated by the same cytokine repertoire. Here we will focus
on IL-4, the prototypic T2 cytokine that elicits the ‘alterna-
tive activation’ of macrophages, and review current knowledge
concerning its effects on macrophages in different contexts.
We will outline the common features shared by TAMs and
IL-4-activated macrophages, and further discuss recent studies
that identified IL-4 as a major regulator of the phenotypes of
TAMSs.'" Finally we will also discuss the opposing effects of
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IL-4 on tumorigenesis that act through different cell types in the
tumor microenvironment.

IL-4 Receptor Signaling Pathways

IL-4 was initially identified as a T cell-derived factor that stimu-
lates the proliferation of B cells, and was hence first designated
as B cell growth factor (BCGF) or B cell stimulating factor
(BSF)." It is now clear that IL-4 plays pivotal roles in the T2
immune response, serving as both an initiator and effector of
T2 immune reactions.” It has broad effects on both hemato-
poietic cells, including cells of the innate and adaptive immune
system, and non-hematopoietic cells such as smooth muscle and
epithelial cells.

IL-4 is found only in mammals, and it shows a high diver-
gence of amino acid sequence among species.”’ Human and
murine IL-4 share only ~50% homology at the amino acid level,*
and do not show ligand-receptor cross-reactivity between these
two species at physiological concentrations.?? IL-4 receptors are
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Table 1. Mouse IL-4-associated macrophage gene signatures
Gene annotations and functional classifications®  Gene symbols

Endocytosis and protein transport

CD36 antigen Cd36
Folate receptor 2 (fetal) Folr2
Mannose receptor, C type 1 Mrci
Immunity and defense
Interferon gamma inducible protein 30 Ifi30
Serum amyloid A 3 Saa3
Selenoprotein P, plasma, 1 Sepp1
Chemotaxis
Chemokine (C-C motif) ligand 2 Cel2
Chemokine (C-C motif) ligand 9 Ccl9
Chemokine (C-C motif) ligand 17 Ccl17
Chemokine (C-C motif) ligand 22 Ccl22
Cell adhesion
C-type lectin domain family 10, member A Clec10a
Cadherin 1 Cdh1
Macrophage galacto§§ N—acgtyI—GaIactosamine Mgi2
specific lectin 2
Amino acid and protein modification
Arginase, liver Argl
Heat shock protein 5 Hspa5
Tissue inhibitor of metalloproteinase 1 Timp1
Carbohydrate metabolism
Chitinase 3-like 3 Chi3l3
Chitinase 3-like 4 Chi3l4
Others
Resistin like alpha Retnla
Triggering receptor expressed on myeloid cells 2 Trem2

Entrez gene Human homo-

Other names Reference
ID logs

Scarb3 12491 CD36™ 17,137
14276 FOLR2 35

MMR; MR; CD206 17533 MRCT1™ 17,35
65972 IFI30 34
20210 SAAT 33
Se-P 20363 SEPPT™ 35
MCP-1, JE 20296 CcCL13™ 138
Scya9 20308 - 34

Tarc 20295 ccL17 17,139
MDC 20299 ccL22- 17
Mgl1 17312 CLEC10A 35
Ecad 12550 CDH1 35
216864 CLEC10A 35

11846 ARGT 17,34, 35

14828 HSPA5 34
21857 TIMP1 34

Ym1 12655 - 34,35
Ym2 104183 - 35

Fizz1; RELMa 57262 - 33,35
83433 TREM2 35

‘Genes are categorized based on the Gene Ontology (GO) classes of biological processes in the Database for Annotation, Visualization and Integrated
Discovery (DAVID), NIH, and listed alphabetically. “Gene upregulation has been validated in both human and murine macrophages.

expressed in a variety of cell types. The numbers of receptors
expressed on the cell surface were reported to range from less
than 100 to more than 5,000, with the highest expression on
helper T cells, endothelial cells, mast cells and macrophages.?
There are two types of receptors that have been identified for
IL-4. The type I receptor consists of the IL-4 receptor a-chain
(IL-4Ra) and the common gamma chain (y), while the type
IT receptor is composed of IL-4Ro and the IL-13 receptor
a-chain 1 (IL-13Ral). The signal transduction pathways of IL-4
receptors have been thoroughly reviewed,”**” and are summa-
rized in Figure 1. In brief, IL-4 first binds to IL-4Ra with high
affinity (K, at subnanomolar levels), which leads to the recruit-
ment of y_or IL-13Ral to form either type I or type II ternary
ligand-receptor complexes. Dimerization of the receptor subunits
activates the receptor-associated Janus kinases (JAKs), and leads
to the phosphorylation of tyrosine residues in the cytoplasmic
domain of IL-4Ra, which then serve as docking sites to recruit
other signaling molecules including the signal transducer and
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activator of transcription-6 (STAT6), the primary STAT protein
activated in response to IL-4 stimulation. STAT6 can be fur-
ther tyrosine-phosphorylated by JAKs, then disengages from the
receptor and dimerizes through reciprocal interactions between
its SH2 domain and the phosphotyrosine residue on a second
STAT6 molecule. The dimerized STAT6 complexes translocate
to the nucleus, bind to specific DNA motifs within the promot-
ers of responsive target genes, and initiate their transcription.
Alternatively, IL-4 can signal through the recruitment of the
insulin receptor substrate (IRS) proteins to specific phospho-
tyrosine residues on IL-4Ra, where IRS can be phosphorylated
and recruit other signaling molecules including the p85 subunit
of phosphatidylinositol 3-kinase (PI3K) that leads to the acti-
vation of the downstream protein serine/threonine kinase Akt
pathways. IRS can also interact with Grb2, which is complexed
to the guanine nucleotide exchange protein Sos, and leads to the
activation of Ras and the downstream MAPK pathways.
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Table 2. Human IL-4-associated macrophage gene signatures

Entrez gene Mouse homo-

Gene annotations and functional classifications” Gene symbols Other names D Ton Reference
Endocytosis
CD36 molecule CD36 SCARB3 948 Cd36™ 37
CD209 molecule CD209 DC-SIGN 30835 Cd209a 37
CD302 molecule CD302 DCL-1 9936 Cd302 37
Macrophage scavenger receptor 1 MSR1 SR—SAC;ACRDAZ’M; 4481 Msr1 37
Mannose receptor, C type 1 MRC1 CD206 4360 Mrcl™ 37
Cell adhesion
C-type lectin domain family 4, member F CLEC4F CLECSF13 165530 Clec4f 37
C-type lectin domain family 7, member A CLEC7A 64581 Clec7a 37
Fibronectin 1 FN1 2335 Fn1 36,37
Chemotaxis
Chemokine (C-C motif) ligand 13 CCL13 MCP-4 6357 Ccl2™ 37
Chemokine (C-C motif) ligand 14 CCL14 6358 - 37
Chemokine (C-C motif) ligand 17 CcCL17 TARC 6361 Ccl17 37
Chemokine (C-C motif) ligand 18 CCL18 MIP-4 6362 - 37
Chemokine (C-C motif) ligand 22 CcCL22 MDC 6367 Ccl22™ 140
Chemokine (C-C motif) ligand 23 CCL23 MIP-3 6368 - 37
Chemokine (C-C motif) ligand 24 CCL24 eotaxin-2 6369 Ccl24 141
Chemokine (C-X-C motif) receptor 4 CXCR4 7852 Cxcr4 37
Signal transduction
Ceramide kinase CERK 64781 Cerk 37
Chimerin (chimaerin) 2 CHN2 1124 - 37
Fibrinogen-like 2 FGL2 10875 Fgl2 37
Histamine receptor H1 HRH1 3269 Hrh1 37
Insulin-like growth factor 1 IGF1 3479 Igf1 37
Lysophosphatidic acid receptor 6 LPARG6 P2RY5 10161 Lpar6 37
Purinergic receptor P2Y, G-protein coupled, 13 P2RY13 GPR86 53829 P2ry13 37
Purinergic receptor P2Y, G-protein coupled, 14 P2RY14 GPR105 9934 P2ry14 37
Transforming growth factor, beta-induced TGFBI BIGH3 7045 Tgfbi 36,37
Transforming growth factor, beta receptor Il TGFBR2 7048 Tgfbr2 37
Toll-like receptor 5 TLR5 7100 Tir5 37
lon transport
Solute carrier family 38, member 6 SLC38A6 145389 Slc38a6 37
Solute carrier family 4, sodium Bicarbonate cotransporter, SLC4AT 9497 Sicaar 37
member 7
Solute carrier organic anio;Bt1ransp0rterfamily, member SLCO2B] SIC21A9 11309 Slco2b] 37
Protein modification
Cathepsin C CTSC 1075 Ctsc 37
Heparan sulfate (glucosamine) 3-O-sulfotransferase 1 HS3ST1 9957 Hs3st1 37
Heparan sulfate (glucosamine) 3-O-sulfotransferase 2 HS3ST2 9956 Hs3st2 37
Tyrosylprotein sulfotransferase 2 TPST2 8459 Tpst2 37
Lipid, fatty acid and steroid metabolism
Arachidonate 15-lipoxygenase ALOX15 246 Alox15 37
Hexosaminidase B HEXB 3074 Hexb 37

‘Genes are categorized based on the Gene Ontology (GO) classes of biological processes in the Database for Annotation, Visualization and Integrated
Discovery (DAVID), NIH and listed alphabetically. “Gene upregulation has been validated in both human and murine macrophages.
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Table 2. Human IL-4-associated macrophage gene signatures (continued)

Leukotriene A4 hydrolase LTA4H
Lipase A, lysosomal acid, cholesterol esterase LIPA
Nucleotide metabolism
Adenosine kinase ADK
Early growth response 2 EGR2
Others
Acyl-malonyl condensing enzyme 1 AMACT
Carbonic anhydrase Il CA2
Growth arrest-specific 7 GAS7
Histamine N-methyltransferase HNMT
v-maf musculoaponeurotic fibrosarcoma oncogene MAF
homolog
Membrane-spanning 4-domains, subfamily A, member 4 MS4A4A
Membrane-spanning 4-domains, subfamily A, member 6A MS4A6A
Selenoprotein P, plasma, 1 SEPP1

4048 Lta4h 37
3988 Lipa 37
132 Adk 37
1959 Egr2 37
146861 Amacl 36
760 Car2 37
8522 Gas7 37
3176 Hnmt 37
c-MAF 4094 Maf 37
51338 Ms4a4a 37
64231 Ms4a6b 37
6414 Seppl™ 37

‘Genes are categorized based on the Gene Ontology (GO) classes of biological processes in the Database for Annotation, Visualization and Integrated
Discovery (DAVID), NIH and listed alphabetically. “Gene upregulation has been validated in both human and murine macrophages.

The IL-4 signaling pathways are subject to negative regula-
tion by several mechanisms. For example, the SH2-containing
tyrosine phosphatases (PTPs) can modulate IL-4 signaling by
dephosphorylating JAKs and STATG6,**% whereas the suppres-
sor of cytokine signaling (SOCS) family, such as SOCSI and
SOCS3, can inhibit the activity of JAKs by blocking the inter-
action of the JAK catalytic domain with their STAT protein
substrates.’>® Interestingly, SOCS3 has been shown to play
an essential role in the ‘classical activation’ of macrophages, as
knockdown of SOCS3 by small-interfering RNA prevents the
‘M’ activation of bone marrow-derived macrophages by IFNvy

and LPS.*
Effects of IL-4 on Macrophages

IL-4-associated gene signatures in macrophages. Data regarding
the gene expression programs in IL-4-stimulated macrophages
have accumulated with the advent of genomic technologies in the
past decade.”'%%7 Tables 1 and 2 summarize the major gene
signatures associated with IL-4 in mouse and human studies. In
some cases, gene homologs exist in humans and mice and are
regulated by IL-4 in both species. For example, mouse Mrcl
is homologous to human MRCI, and both are upregulated by
IL-4. In other examples, the regulation of gene expression is
confined to one species, although gene homologs exist in both.
For instance, the induction of Argl expression by IL-4 is only
observed in murine macrophages.®® In yet other cases, the IL-4-
regulated genes lack homologs in the other species. For example,
Chi3[3 and Chi3l4 (also known as YmI and Ym2 respectively)
are well-characterized markers of IL-4-activated macrophages
in mice; however, they do not have direct homologs in humans.
These issues of interspecies differences should be carefully taken
into consideration when relating information obtained from
murine models to the human situations. Among the genes listed
in Tables 1 and 2, several of them are also upregulated in TAMs.
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For example, Argl, Folr2, Retnla and Trem?2 are part of the TAM-
associated gene expression signature that Ojalvo and colleagues
identified in a mouse model of mammary adenocarcinoma.*

Endocytic activity. Endocytosis is one of the fundamental
biological processes macrophages exhibit, contributing to cell
homeostasis, antigen presentation and defense against pathogens
among others. It comprises receptor-mediated and fluid phase
pinocytosis as well as phagocytosis. IL-4 has been shown to play
important roles in regulating different aspects of endocytic activ-
ity in macrophages. One of the earliest characterized hallmarks
of IL-4-activated macrophages is the induction of macrophage
mannose receptor (MMR) expression.”” MMR was first described
as a pattern recognition receptor that mediates endocytosis of
mannose-rich glycoproteins.”’ Subsequent studies showed that
it also mediates phagocytosis of mannose and fructose-coated
pathogens.**% TL-4 enhances both fluid phase pinocytosis and
MMR-mediated endocytosis.*

In contrast, the effects of IL-4 on phagocytosis are contro-
versial. It has been shown that IL-4 enhances MMR-mediated
phagocytosis of Saccharomyces, but decreases phagocytosis of
antibody-opsonized erythrocytes via Fcy receptors or unopso-
nized small polystyrene latex microspheres.”%" A recent study
further showed that IL-4 markedly decreases phagocytosis of
Neisseria meningitides by macrophages through the inhibition of
phagosome formation.”® Thus, it appears the effects of IL-4 on
phagocytosis are dependent on the different stimuli and mecha-
nisms of phagocytosis in macrophages.

Chemotaxis. Chemokines are a superfamily of chemotactic
cytokines that direct the movement of circulating leukocytes and
play critical roles in inflammatory and immune reactions.”’ The
chemokine and chemokine receptor repertoire is differentially
expressed during macrophage differentiation and activation, and
has been thoroughly reviewed previously.® A number of chemo-
kines are upregulated in macrophages by IL-4, as listed in Tables
1 and 2. Chemokines are also involved in carcinogenesis and
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play critical roles in directing cellular interactions and tropism
in the tumor microenvironment. For example, CCL2 produced
by either tumor cells or stromal cells promotes tumor progres-
sion in part through the recruitment of TAMs and stimulation of
their pro-tumor functions (reviewed in refs. 51 and 52). TAMs
not only respond to chemokines, but are in fact one of the major
sources of chemokines in the tumor microenvironment. Several
of the IL-4-regulated chemokines in macrophages are also found
upregulated in TAMs,>*>
regulator of TAMs.
Nitric oxide. IL-4 is also an important regulator of nitric

again suggesting that IL-4 is an major

oxide (NO) metabolism in macrophages. NO has a wide range
of physiologic and pathophysiologic effects on the immune, ner-
vous, cardiovascular, endocrine and other systems.” It is a lipid-
and water-soluble radical gas that can react in water with oxygen
and its reactive intermediates to form other radicals which con-
tribute to the cytotoxic activity of macrophages.”® NO is synthe-
sized from L-arginine, oxygen and NADPH by NO synthase
(NOS). There are three isoforms of NOS (NOSI, 2 and 3) in
mammals. Macrophages primarily express NOS2, and its expres-
sion is significantly induced by the typical ‘M1’ activators such
as [FNy, TNFa and LPS.*° In contrast, IL-4 downregulates the
expression of NOS2 through a STAT6-dependent mechanism.”
The production of NO by macrophages is also determined by
the availability of the enzyme substrate, L-arginine, which can
be modulated by another arginine catabolic enzyme, arginase.
Arginase functions by degrading arginine to urea and ornithine,
which decreases the substrate pool available for NOS, and thus
reduces the production of NO.%® The expression of arginase is
induced by IL-4 in murine macrophages.”” Like IL-4-stimulated
macrophages, TAMs also exhibit defective NO production,
which in part accounts for their impaired tumoricidal activ-
ity.®® Taken together, these data suggest IL-4 is likely involved
in the attenuation of NO-dependent tumoricidal activity of
TAMs by modulating the expression of arginine-catabolizing
enzymes.

Macrophage fusion. Multinucleated giant cells have been
recognized as a histopathological hallmark of granulomatous
conditions such as tuberculosis, schistosomiasis and foreign body
reactions. They are also present in normal states and have impor-
tant physiological functions, for example, as osteoclasts that are
responsible for bone resorption.® These giant cells originate from
fusion of cells from the monocyte/macrophage lineage, a process
that IL-4 can induce in vitro.®* Depletion of IL-4 by neutral-
izing anti-IL-4 antibodies decreases the formation of granuloma
and multinucleated giant cells in response to Schistosoma mansoni
eggs or foreign bodies in mice.®*

The mechanisms of IL-4-induced macrophage fusion remain
poorly understood. Helming and Gordon proposed a multi-
stage model, in which IL-4 stimulation induces the expression
of fusogenic molecules on macrophages, which mediate aggre-
gation and membrane adhesion of adjacent macrophages, sub-
sequently leading to cell fusion.®¢ Several cell surface receptor
proteins and adhesion molecules that are induced by IL-4 have
been implicated in this process, including MMR, the scavenger
receptor CD36, dendritic cell-specific transmembrane protein
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(DC-STAMP) and E-cadherin.#¢7° It was proposed that these
molecules may act as co-receptors for membrane attachment, as
illustrated by the example of CD36,” or as chemokine recep-
tors (e.g., DC-STAMP),”! or they may trigger other yet unknown
molecules that initiate the membrane fusion events.

The evidence of macrophage fusion in tumors remains elusive
and controversial. It has been suggested that fusion of myeloid
cells with malignant cells may confer myeloid traits to the cancer/
myeloid cell hybrids and generate aggressive cancer cell clones.”?
Several studies have shown that macrophages are able to fuse
with tumor cells both in vitro and in vivo, and the resultant
hybrid cells are associated with increased metastatic potential.”>”
However, it remains to be determined whether IL-4 plays a role
in heterotypic macrophage-tumor cell fusion, and the extent to
which this may occur in vivo.

IL-4-Associated TAM Phenotypes

Although TAMs have been shown to display phenotypes of
‘alternatively activated” macrophages, until recently there
had been a lack of direct evidence that links IL-4, the princi-
pal inducer of the ‘alternative activation’ of macrophages, to
the phenotypes of TAMs. Two studies using different experi-
mental strategies showed that IL-4 can be supplied by differ-
ent cell types in the tumor microenvironment including T cells
and tumor cells, and is a key activator of the tumor-promoting
functions of TAMs, acting through different mechanisms
(summarized in Fig. 2 and below).!*"

Intratumoral CD4* T cell-derived IL-4 stimulates TAM
phenotypes. A recent study by DeNardo and colleagues
revealed the essential roles of IL-4 in enhancing the protumor
properties of TAMs via CD4* T cells."® Using the transgenic
MMTV-PyMT mouse model” of mammary adenocarcinoma
development they found that CD4* T cells can promote pul-
monary metastasis of mammary tumors. Elimination of endog-
enous CD4* T cells, by generating MMTV-PyMT mice in the
Cd4" background, dramatically reduced the incidence of lung
metastases but did not affect primary tumor development. The
authors further demonstrated that the infiltrating CD4* T cells
in the MMTV-PyMT tumors express T2 cytokines including
IL-4, IL-10 and IL-13, and are capable of inducing the ‘M2’
type activation of TAMs. Moreover, they generated MMTV-
PyMT mice either harboring a homozygous null mutation of
the IL-4 receptor gene (//4ra) or treated mice with neutralizing
anti-IL-4 antibodies, and showed that ablation of IL-4 signal-
ing by these approaches mirrors the phenotypes of Cd4-deficient
MMTV-PyMT mice, suggesting that the pro-tumor effects of
CD4* T cells are mediated in part through IL-4-induced TAM
phenotypes. Finally, they found that the activation of TAMs by
IL-4 significantly augments the induction of epidermal growth
factor (EGF) expression in TAMs by CSF-1 derived from the
malignant mammary epithelial cells, and this IL-4-enhanced
EGEF/CSE-1 paracrine loop contributes to the invasive behavior
of cancer cells in vitro and metastasis in vivo,'¢
ously.”® Together, these studies uncovered the tumor-promoting
roles of CD4* T cells, delineated the connections between CD4*

as shown previ-
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Figure 2. IL-4 as a major activator of TAM phenotypes in the tumor microenvironment. The tumor microenvironment is comprised of a variety of
different cell types and matrix components, and complex cellular interactions are likely involved in the acquisition of tumor-promoting phenotypes
by tumor-associated macrophages (TAMs). IL-4 supplied by either T cells or tumor cells can act on TAMs to augment the EGF/CSF-1 paracrine loop
between TAMs and tumor cells, and also upregulates cathepsin enzyme activity in TAMs, although the detailed molecular mechanisms remain to
be elucidated. These effects of IL-4 collectively prime TAMs with the capability to promote tumor growth and progression through different mecha-

T cells, TAMs and cancer cells, and identified IL-4 as a key
inducer of TAM phenotypes.

IL-4 induces cysteine cathepsin activity in TAMs. A comple-
mentary series of experiments linking IL-4 to the phenotypes of
TAMs came from our recent studies showing that IL-4 induces
the activity of the tumor-promoting cysteine cathepsins in
TAMs." Cysteine cathepsins are a family of proteases that have
emerged as important players in cancer in recent years.”””? There
are 11 human cysteine cathepsin proteases (B, C, H, F, K, L,
O, S, L2/V, W, X/Z) that participate in many important physi-
ological and pathological processes.*® Numerous clinical stud-
ies have shown that individual cathepsins are frequently highly
expressed and correlate with poor patient prognosis in a broad
range of human cancers.® Our group and others have identi-
fied critical roles for cathepsins in tumor growth, angiogenesis,
invasion and metastasis using both genetic and pharmacologi-
cal strategies in mouse models of cancer.*” For example, dur-
ing sequential stages of tumor development in the RIP1-Tag2
(RT2) model of pancreatic islet carcinogenesis,® we found that
expression of a subset of cathepsins (B, C, H, L, S, X/Z) pro-
gressively increased.®* Moreover, most of these cathepsins, except
cathepsin L, were provided predominantly by infiltrating TAMs
in different tumor microenvironments.” % The importance
of TAM-supplied cathepsins in tumor progression was further
demonstrated by a series of bone marrow transfer experiments,
in which RT2 mice were lethally irradiated prior to neoplastic
development, and transplanted with bone marrow cells from

mice in which individual Cathepsin genes were deleted (Crsb,
Ctse, Ctsl or Ctss). Interestingly, removal of BM-derived cathepsin
B or S, but not C or L, significantly reduced RT2 tumor growth,
angiogenesis and invasion."”

Importantly, the induction of cathepsin activity in TAMs
was observed locally within the tumors, indicating that certain
tumor microenvironmental factors are involved in triggering this
activity switch."” To identify the factors that upregulate cathepsin
activity in macrophages, we developed a cell-based assay in which
macrophages were differentiated from bone marrow cells in
conditioned media, and cathepsin activity in the bone marrow-
derived macrophages (BMDMs) was assessed by flow cytometry
using a cathepsin activity-based probe.”” We found that tumor
cell-conditioned media significantly induced cathepsin activity
in BMDMs, and further identified IL-4 as a tumor-derived fac-
tor that triggers this induction. Treatment with IL-4 results in
a significant increase in cathepsin activity, along with upregula-
tion of several ‘M2 marker genes including Ccl17, Ccl22, Argl,
Mrcl and Cd36, and downregulation of ‘M1’ genes such as 7nf,
11124 and Nos2 in BMDMs. Deletion of 7/4 in the RT2 mice
also led to a significant reduction in cathepsin-positive TAMs in
tumors. Moreover, analyses of samples from the pancreatic islets
of RT2 mice revealed that IL-4 expression parallels the increased
cathepsin activity during tumor development, and that IL-4 is
expressed in both tumor cells and T cells.”

Collectively, our work identified a paracrine network within
the tumor microenvironment (Fig. 2) where tumor cells, as well
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Figure 3. Opposing effects of IL.-4 on tumorigenesis through its impact on different cell types in the tumor microenvironment. IL-4 can exert tumor-
promoting functions by enhancing the EGF/CSF-1 paracrine loop between TAMs and tumor cells, and through induction of cathepsin enzyme activity
in TAMs. It also impedes T cell-mediated immunity against tumor cells through polarization of CD8* T cells to type 2 cytotoxic T cells (Tc2), or via
impairment of granzyme-mediated tumor-specific cytotoxicity of CD8* T cells. IL.-4 has also been shown to induce angiogenesis by stimulating the
production of soluble VCAM-1 from endothelial cells. Additionally, IL-4 protects tumor cells from apoptosis through upregulation of anti-apoptotic
proteins, and enhances cell proliferation through activation of MAPK signaling pathways. On the other hand, IL-4 also exhibits anti-tumor effects
through different mechanisms including recruitment and activation of innate immune cells, such as neutrophils, eosinophils and dendritic cells. CD8*
T cells have been found to mediate the anti-tumor activities of IL-4. In some types of cancers, IL-4 can induce apoptosis of tumor cells. IL-4 has also
been reported to inhibit angiogenesis directly through its effects on endothelial cells or indirectly through effects on tumor stromal fibroblasts.

as T cells, produce IL-4, which contributes to the transition
of normal macrophages to tumor-promoting TAMs in part by
inducing cathepsin activity that facilitates tumor growth, angio-
genesis and invasion."”

Opposing Effects of IL-4 on Tumor Growth

Although this review has mainly focused on the contributions of
IL-4 to the tumor-promoting phenotypes of TAMs, it should be
noted that both anti- and pro-tumor activities of IL-4 have been
reported. It is very likely that the effects of IL-4 are dependent on
the types of its source and target cells, the concentration and time
of expression, the availability of the signaling components and
regulatory pathways in target cells, and other interacting micro-
environmental factors; some of these aspects have been previously
reviewed.”" *2 Here we summarize the current knowledge of the
opposing anti- and pro-tumor effects which IL-4 exerts on differ-
ent target cells (Fig. 3).

Anti-tumor effects of IL-4. The first evidence showing that
IL-4 exhibits anti-tumor effects was provided by Tepper and
colleagues.”* In their original studies, they demonstrated that
tumor cells engineered to express IL-4 were rejected by the host
when inoculated into mice in a syngeneic background, while
the parental and the control transfected cells grew rapidly. They
further showed that the tumor-inhibiting effects of IL-4 are not

www.landesbioscience.com

Cell Cycle

cell-autonomous, and are eosinophil-dependent, although this
conclusion has been challenged by other reports showing that
neutrophils are instead responsible for the growth suppression
of IL-4-secreting tumors.”> In addition to eosinophils and neu-
trophils, dendritic cells can also be recruited to IL-4-expressing
tumors,” and the IL-4-activated tumor-infiltrating dendritic
cells were capable of promoting a tumor-specific cytotoxic T cell
response”” which was found to be important in the eradication
of IL-4-expressing cells during later phases.”®”” The finding that
IL-4 expression in tumor cells leads to tumor rejection was sub-
sequently demonstrated in different types of tumors including

% 100 and melanoma.”

colon cancer,’ renal cell cancer
Besides the recruitment and activation of immune cells,
the anti-tumor effects of 1L-4 were also shown to be mediated
through inhibition of angiogenesis, as reduced vasculariza-
tion was observed in the IL-4-expressing tumors.'” IL-4 was
found to exhibit anti-angiogenic effects in vitro, in part through
downregulation of vascular endothelial growth factor receptor
2 (VEGFR2) expression on endothelial cells, and decreasing
their responses to VEGF and other angiogenic factors such as
basic fibroblast growth factor (bFGF).!""'% Moreover, the anti-
angiogenic effects of IL-4 can be mediated indirectly through its
effects on tumor stromal fibroblasts.!*
In addition to these effects on stromal cells, direct anti-tumor

functions of IL-4 on tumor cells have also been reported, such as
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the induction of apoptosis in several types of cancer cells includ-
ing breast cancer, renal cell carcinoma and hepatocarcinoma.'>-1%

Pro-tumor effects of IL-4. Although these initial studies dem-
onstrated the protective effects of IL-4 against tumor growth, it
should be noted that most of these reports employed a similar
strategy, by engineering the tumor cells to secrete IL-4. There are
conflicting results, however, emerging from more recent studies
using different approaches showing instead that IL-4 can lead to
tumor-promoting activities in different cell types, such as those
we have outlined above for TAMs.'%"7

For example, IL-4 can polarize CD8* T cells to type 2 cyto-
toxic T cells (Tc2), which have impaired cytolytic activity against
tumor cells.!?"" Moreover, //4 knockout mice exhibit increased
resistance to tumor growth, and this tumor resistance was found
to be related to an enhanced granzyme-mediated tumor-specific
cytotoxicity of CD8* T cells in the //4 knockout animals.!'#!!
Likewise, an increased resistance to tumor growth was also
observed in mice deficient in Sta#6, in part through an enhanced
cytotoxic T cell activity."" 17

In other non-immune stromal cells, IL-4 also induces tumor-
promoting activities. For example, IL-4 can stimulate angiogen-
esis both in vitro and in vivo through the induction of soluble
VCAM-1 production from endothelial cells, which acts through
autocrine/paracrine mechanisms to activate the VCAM-1/a,
integrin signaling pathways and induce neovascularization."®!

In addition, IL-4 may promote tumor growth by directly act-
ing on tumor cells. Increased levels of IL-4R have been reported

in a variety of human malignancies,'?*'%

and IL-4 signaling
in tumor cells has been shown to protect cells from apoptosis
through upregulation of anti-apoptosis proteins including cFLIP,
PED, Bcl—xL and Bcl-2."%"» IL-4 also enhances tumor cell prolif-
eration through activation of MAPK signaling.”*® Moreover, both
IL-4 and IL-4R were found to be expressed in CD133* cancer
cells, and autocrine IL-4 signaling was shown to be responsible
for the marked resistance to chemotherapeutic drugs in these

stem-like cancer cells.'?!

Clinical Significance and Future Directions

While multiple lines of evidence support the importance of the

132 there are still criti-

tumor microenvironment in tumorigenesis,
cal open questions that limit our understanding of cancer and
stromal cell interactions: specifically, what are the molecular
signals produced by cancer cells that modify the tissue microen-
vironment, what cellular changes occur in the co-opted stromal
cells to promote cancer progression, and can these be targeted
therapeutically? From a therapeutic perspective, it is essential
to understand the complex interactions between different cell
types in the tumor microenvironment to develop approaches

that either selectively target these cells, or block the communi-
cation between them. Among the complex cellular components
in the tumor microenvironment, macrophages have emerged as
a major regulatory cell type, with a potent ability to facilitate
tumor initiation and progression, although little is known about
how TAMs differ at the molecular level from normal macro-
phages and how they are converted to TAMs. In this review,
we have highlighted the common phenotypes that are shared by
TAMs and IL-4-polarized macrophages, and summarized cur-
rent evidence that directly links IL-4 to the activation of TAMs.
These data identify IL-4 as a key regulatory cytokine in the
tumor microenvironment and provide a rationale for therapeu-
tically targeting IL-4. However, as pointed out above, oppos-
ing effects of IL-4 on tumorigenesis have also been reported. In
fact, recombinant IL-4 was initially used in clinical trials as an
anti-cancer therapy for renal cell carcinoma, non small-cell lung
cancer and malignant melanoma, based on eatlier reports show-
ing the anti-tumor effects of IL-4. However, these early trials
were discontinued due to lack of efficacy."*!** More recently, an
IL-4 cytotoxin was developed by fusing IL-4 to the truncated
Pseudomonas exotoxin, which was reported to be highly effec-
tive in several pre-clinical tumor models and to show promis-
ing results in completed phase I/II clinical trials (reviewed in
refs. 135 and 136).

To develop more effective combination therapies against
cancer in the future, we need to gain a deeper understanding of
the cellular interplay between cancer cells and the tumor micro-
environment. For example, it is likely that IL-4 acts in concert
with additional factors in the microenvironment to regulate the
tumor-promoting functions of TAMs. It will also be important to
assess whether multiple cytokine pathways need to be targeted in
parallel to achieve optimal inhibition of their tumor-promoting
effects. The identification and characterization of these cellular
interactions may provide novel strategies to disarm the tumor-
promoting functions of TAMs by targeting either the upstream
regulators (e.g., IL-4) or their downstream effectors (e.g., cathep-
sins, EGF signaling), and could have significant potential either
as monotherapies or to complement conventional anticancer
therapies.
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