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Summary

The presence of tumor-associated macrophages (TAMS) in melanomas is correlated with a poor
clinical prognosis. However, there is limited information on the characteristics and biological
activities of human TAMSs in melanomas. In this study, we developed an /n vitro method to
differentiate human monocytes to macrophages using modified melanoma-conditioned medium
(MCM). We demonstrate that factors from MCM-induced macrophages (MCMI-M¢) express both
M1-M¢ and M2-M¢ markers, and inhibit melanoma-specific T cell proliferation. Furthermore,
microarray analyses reveal that the majority of genes up-regulated in MCMI-M¢ are associated
with tumor invasion. The most strikingly up-regulated genes are CCL2 and MMP-9. Consistent
with this, blockade of both CCL-2 and MMPs diminish MCMI-Mé¢-induced melanoma invasion.
Finally, we demonstrate that both MCMI-M¢ and /n vivo TAMs express the pro-invasive,
melanoma-associated gene, GPMNB. Our study provides a framework for understanding the
mechanisms of crosstalk between TAMSs and melanoma cells within the tumor microenvironment.

Keywords
Melanoma; macrophages; invasion; tumor microenvironment; GPMNB

3Corresponding authors: Molecular and Cellular Oncogenesis Program, The Wistar Institute, 3601 Spruce Street, Philadelphia, PA
%9104, TEL: 215 898 3926, FAX: 215 898 0980, twang@wistar.org or kaufman@wistar.org.

These authors contributed equally to this paper.
Authorship
Contribution: T.W., designed, performed research and drafted the manuscript; Y.G, A.L-C., M.X., R.A., R.S., performed experiments;
Z.W and G.Z. conducted microarray analysis. X.X. provided melanoma tissues. M.H. helped organize the manuscript. R.E.K.
designed the research and drafted the manuscript.

No potential conflicts of interest were disclosed.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

Malignant melanoma is the deadliest form of skin cancer, with an overall survival rate of
25% at one year after diagnosis. Recent studies have indicated that tumor-associated
macrophages (TAMSs) provide an inflammatory microenvironment and play essential roles
in tumor progression and metastasis (Mantovani and Sica, 2010; Porta et al., 2007; Qian and
Pollard, 2010; Solinas et al., 2009). Major factors that contribute to tumor metastasis include
chemokines, which attract tumor cells to the metastasis site, as well as proteinases, such as
MMPs, which degrade the extracellular matrix and result in tissue remodeling, invasion and
metastasis (Kessenbrock et al., 2010).

Macrophages are the most abundant leukocytes in melanoma lesions (Brocker et al., 1988).
Accumulating evidence indicates that increased numbers of TAMs infiltrating melanomas
are associated with poor prognosis (Bernengo et al., 2000; Brocker et al., 1987; Makitie et
al., 2001; Varney et al., 2005). Furthermore, elevated expression of CD68 and CD163, two
markers of TAMs, in melanoma tissues and serum are poor prognostic markers for early
stage melanomas (Jensen et al., 2009). TAMs appear to be involved in every stage of
melanoma progression and metastasis. Macrophage-derived IFN-y plays a critical role in
melanoma transformation and melanoma cell survival in an ultraviolet-induced melanoma
mouse model (Zaidi et al., 2011). TAMs also produce TNF-a and IL-1a, which promote
melanoma angiogenesis, and targeting TAMSs by blockade of CCL-2 inhibits melanoma
angiogenesis and growth in mice (Gazzaniga et al., 2007; Torisu et al., 2000). In addition,
TAMs inhibit tumor-specific CD8+ T cell-mediated cytotoxicity in melanomas resulting in
an immunosuppressive phenotype (Kono et al., 1996). Finally, it has been shown in a
melanoma mouse model that urokinase-type plasminogen activator receptor (UPAR) and
MMP-9 produced by tumor cells and by TAMs increase tumor invasion and metastasis
(Marconi et al., 2008).

TAMs are derived from blood monocytes and differentiate within the tumor
microenvironment due to factors produced by tumor cells. Experimentally, TAMs can be
differentiated from peripheral blood monocytes by factors secreted from tumor cells and by
stroma cells (Mantovani and Sica, 2010). A major factor that differentiates monocytes to
TAMs is M-CSF. Solinas et al. reported that pancreatic cancer-conditioned media (PCM)
was able to differentiate monocytes to PCM-induced macrophages (PCMI-M¢), while
neutralization of M-CSF totally inhibited PCMI-M¢ differentiation (Solinas et al., 2010).
However, other factors, such as VEGFA, CCL2, IL-6, LIF and GM-CSF, have also been
reported to be involved in the differentiation of monocytes to macrophages (Bennicelli and
Guerry, 1993; Duluc et al., 2007; Lazar-Molnar et al., 2000; Paglia et al., 1995; Richmond et
al., 2009).

Macrophages have been classified as activated macrophages (M1-M¢) and “alternatively
activated macrophages” (M2-M¢), largely based on factors they produce. M1-M¢ are
induced by proinflammatory factors, produce a lower level of IL-10 and high levels of
IL-12, IL-6 and TNF-a, and have anti-tumor activity. Conversely, M2-M¢ produce high
levels of IL-10, TGFB, CCL1 and CCL-22 and a lower level of IL-12, and promote tumor
growth and metastasis. Most TAMs characterized to date demonstrate an M2-M¢
phenotype. However, current evidence suggests that TAMSs are a mixed population bearing
both M1 and M2 phenotypes (Umemura et al., 2008). It has also been proposed that M-CSF
and GM-CSF induce macrophages as M2 and M1 macrophages, respectively (Sierra-Filardi
etal., 2011; Svensson et al., 2011).

In order to better characterize TAMs, we developed a highly efficient /n vitro method to
differentiate macrophages using modified melanoma conditioned-media (MCM).
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Microarray analysis on these MCMI-M¢ showed that many genes associated with melanoma
cell invasion and metastasis were up-regulated, such as CCL-2 and MMP-9. MCMI-M¢
were able to increase melanoma cell invasion /n vitro. Blocking both CCL2 and MMPs
significantly inhibit MCMI-M¢ induced melanoma invasion, even though there was no
inhibitory effect by either factor alone. Finally, through microarray analysis and tissue
staining, we show that TAMSs present in human melanomas highly express the pro-invasion
gene, Glycoprotein Non-Metastatic Melanoma Protein B (GPMNB). These results provide a
valuable tool to further understand the roles of TAMs in melanoma progression and
metastasis.

Differentiation of human MCMI-M@ in vitro with MCM

To differentiate monocytes to MCMI-M¢, we concentrated 3 day MCM with a Centrifugal
Filter Device from Millipore (pore size, 10 kD), and added the MCM to RPMI medium
supplemented with 10% fetal bovine serum (FBS) at a 50% ratio of the original MCM. After
7 days of incubation, monocytes differentiated to MCMI-M¢, based on cell morphology and
the pattern of expression of macrophages/TAM markers (see below). This effect was elicited
by MCM from 2 non-metastatic melanoma lines, WM35 and WM793 (Figure S1A, and data
not shown), as well as from 2 metastatic melanoma cell lines, 1205Lu and C8161.

To test whether this approach has a broad application, we tested whether TCM from one
ovarian cancer line, Ovca42, and 2 breast cancer cell lines, T47D and MD-MB-231, also
differentiated monocytes to MCMI-Mé¢. Similar to the MCM, TCM from these other cell
lines also differentiated monocytes to macrophages (Figure S1B, and data not shown). These
data indicate that this is a reliable method to differentiate monocytes to MCMI-M¢.

Characterization of MCMI-M@ in melanomas

We characterized the MCMI-M¢ by analyzing their morphology, expression of surface
markers, cytokine/chemokine profile and function. After 7 days of incubation, MCMI-M¢
that were differentiated by C8161 or 1205Lu MCM (C8161-M¢ and 1205Lu-M¢) showed
elongated shapes and typical spindle-like macrophage morphology, which is similar to the
M2-M¢, whereas M1-M¢ typically show a round, fried egg-shape as previously described
(Figure 1A) (Svensson et al., 2011; Waldo et al., 2008).

We then characterized the expression of macrophage surface markers by flow cytometry
analysis. C8161-M¢ expressed the M2-M¢ markers, CD163 and CD206 (Figure 1B). In
addition, CD68 and CD115, which are expressed by both M1 and M2 macrophages, are also
expressed by C8161-M¢ (Figure 1C). Furthermore, C8161-M¢ also expressed other M2-M¢
markers, such as CXCR4, CD16 and CD36 (Figure S1C). Neither C8161-M¢ nor 1205Lu-
M¢ expressed the dendritic cell marker CD1a (Figure 1D, and data not shown), indicating
that C8161-M¢ and 1205Lu-M¢ are macrophage and not dendritic cell lineage.

To further characterize MCMI-M¢ based on factors they produce, we analyzed the
production of cytokines/chemokines previously implicated to be expressed in M1-M¢ and
M2-M¢ (llkovitch and Lopez, 2008), (Payne and Cornelius, 2002). Both 1205Lu-M¢ and
C8161-M¢ secreted high levels of the M2-M¢ cytokines, IL-10 and CCL1, as well as the
M1-M¢ cytokines, IL-6 and TNF-a.. No production of IL-12 (p40) was detected in 1205Lu-
M¢ or C8161-M¢ (Figure 1E, and data not shown). Of note, 1205Lu-M¢ and C8161-M¢
produced more cytokines/chemokines than M2-M¢, and there are significant differences in
cytokines/chemokines produced by 1205Lu-M¢ and C8161-Mé¢, further suggesting that
MCMI-M¢ may be heterogenous and bear both M1 and M2 phenotypes.
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One of the major activities of TAMs is their ability to suppress anti-tumor immunity
(Biswas and Mantovani, 2010). For example, it has been shown that macrophages were able
to inhibit T cell proliferation due to expression of indoleamine 2, 3-dioxygenase (Munn et
al., 1999).. To determine the potential ability of MCMI-M¢ to inhibit T cell proliferation, we
co-cultured 1205Lu-M¢ with 2 different anti-melanoma reactive T cell clones: a CD4 T cell
clone, 35Th1, and a CD8 T cell clone, CTL793, each established as described earlier from
peripheral blood lymphocytes of melanoma patients (Somasundaram et al., 2002). C8161-
M¢ significantly inhibited T cell proliferation to anti-CD3 stimulation both in CD4 and in
CD8 T cell clones in a dose-dependent manner (Figure 1F). These data suggest that MCMI-
M¢ are able to inhibit T-cell proliferation.

Differentiation of MCMI-M@ in melanomas is not dependent on M-CSF

The differentiation of monocytes to PCMI-M¢ has been reported to be dependent on M-CSF
(Solinas et al., 2010). To investigate whether MCMI-M¢ differentiation is also dependent on
M-CSF, we incubated monocytes in the presence of C8161 MCM or 1205Lu MCM in the
presence of anti-human M-CSF (10 pg/ml) or an isotype control antibody for 7 days. We
observed a slightly decreased expression of CD68 in both C8161-M¢ and in 1205Lu-M¢
(Figure 2A). These data indicate that the differentiation of MCMI-M¢ is not only dependent
on M-CSF, but that other factors may also play roles in MCMI-M¢ differentiation.

Melanoma cells produce factors in addition to M-CSF that are related to macrophage
differentiation, including CCL2, GM-CSF, VEGFA, LIF and IL-6. It is possible that
melanomas at different stages of development may produce very different TAMs based on
their unique cytokine patterns. Therefore, we characterized cytokine/chemokine production
in melanoma cell lines derived from melanomas at different stages: 3 radial growth phase
melanoma lines (RGP): Shcl-2, WM35 and WM3211, 3 vertical growth phase melanoma
lines (VGP): WM98, WM793, WM164, and 3 metastatic melanoma cell lines, 1205Lu,
451Lu and C8161. All melanoma cell lines produced M-CSF, CCL2 and VEGFA, but at
different levels. Seven of the 9 cell lines produced LIF and IL-6, and only 3 of the 9 cell
lines produced GM-CSF, which is a major M1¢ differentiation factor. Of note, there was no
pattern of cytokine production specific for different stages of melanomas (Figure 2B) and,
therefore the production of the different types of macrophage is not likely correlated with
melanoma progression.

Gene profiling of MCMI-M@ in melanomas

To further characterize novel factors expressed in MCMI-M¢, we performed microarray
analyses to characterize the molecular gene signature of C8161-M¢ by comparing them with
the normal monocyte gene profile. A total of 1,912 genes were differentially regulated
(1,019 up-regulated and 893 down-regulated) in a total of 47,000 probes in C8161-M¢
(Excel S1, 2).

Next, we compared the gene expression profiles using microarray data that are publically
available in the GEO database (GSE). We found that 16.4% and 16% of up-regulated genes
in C8161-M¢ overlapped with genes expressed in GSE for M1-M¢ and M2-Mé¢,
respectively (Figure S2A), while 17.9 and 7% of down-regulated genes overlapped between
M1-M¢ and M2-M¢, respectively (Figure S2B). Therefore, MCMI-M¢ have a gene
expression profile that is not characteristic of either M1-M¢ or M2-Mé¢.

An invasive signature in melanoma MCMI-M@

We performed pathway analysis of significantly up-regulated genes that were revealed by
the gene expression profiling. Twenty-six pathways were found to be significant under a
family-wise error rate level of 0.05 (Figure 3A). Among those pathways, 7 are linked to cell
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metabolism, such as glutathione metabolism. Strikingly, nearly all other pathways have been
implicated to play roles in tumor invasion and metastasis, such as cytokine/cytokine receptor
interactions, chemokine signaling pathways, cell adhesion molecules, the Jak-Stat signaling
pathway, ECM receptor interactions, regulation of the actin cytoskeleton and focal adhesion
molecules (Figure 3A, Excel S3).

A detailed analysis of the top 100 up-regulated genes revealed that most have been
implicated in the promotion of tumor progression and metastasis, including 13 genes
encoding chemokines and chemokine receptors (Table S2). A total of 20 chemokines are up-
regulated in MCMI-M¢ (Figure 3B), and of note, CCL2 is the highest up-regulated gene.
Real-time PCR analysis confirmed that the expression of CCL2, CXCLS5 and CCLS8 is up-
regulated in MCM (Figure 3C). Furthermore, these chemokines were found to be more
highly expressed in both C8161-M¢ and in 1205Lu-M¢ (Figure 3D).

Other up-regulated genes in MCMI-M¢ encoded proteases, including MMP-9, 7, 1, 12 and
14, secreted phosphoprotein 1 (SPP1, osteopontin), cathepsin L1 (CTSL1) and urokinase
(uPA) (Figure 3E). In addition, a less studied molecule, GPMNB, which promotes tumor
metastasis, is strongly up-regulated in MCMI-M¢ compared to monocytes (Figure 3E). The
up-regulation of MMP-9 and MMP-7 mRNA expression was verified by real-time PCR
(Figure 3F). In order to confirm that MMP-9 was produced by MCMI-M¢ rather than the
melanoma cell lines, we incubated 1205Lu-M¢ and C8161-M¢ with fresh 10% FBS
RPMI1640 medium for an additional two days, and this macrophage conditioned media
supernatant was harvested for western blot analysis. As shown in Figure 3G (lower panel),
1205Lu-M¢ and C8161-M¢ produced high level of MMP-9. In addition, we found the
activated form of MMP-9 in supernatants from 1205Lu-M¢ and C8161-M¢ by gelatin
zymography (upper panel, Figure 3G). In summary, these data indicate that MCMI-M¢
show an invasive signature.

Blockade of both MMPs and CCL2 significantly inhibit 1205Lu-M@ induced melanoma

invasion

Since CCL2, MMP9 and MMP-7 are among the most up-regulated factors in supernatants of
MCMI-M¢, and are critical for melanoma invasion, we investigated the role of CCL2 and
MMPs in the supernatants of 1205Lu-M¢ on melanoma invasion. We used a Matrigel
Transwell assay, and compared invasion of melanoma cells attracted to the supernatant of
1205Lu-M¢ alone or the supernatant with an anti-CCL2 monoclonal antibody and a pan-
MMPs inhibitor GM6001 (Figure 4). The supernatant alone significantly increased
melanoma cell invasion compared to control media. Surprisingly, instead of inhibiting
1205Lu-M¢ induced invasion, treatment with either anti-CCL2 (10 ug/ml) or GM6001 (10
UM) did not have a significant effect on 1205Lu-M¢ supernatant induced melanoma
invasion, while combined treatment with both significantly inhibited 1205Lu-MCM-induced
invasion. These data indicate that the combination of the anti-CCL2 antibody and the MMPs
inhibitor can achieve significant inhibition of MCMI-M¢ induced melanoma invasion in
Matrigel.

MCMI-M@ have an invasive signature similar to TAMs

Expression of chemokines and proteinases in melanomas and macrophages has been well
documented. Our studies have revealed a potentially important additional gene, GPMNB,
which has not been reported to be expressed in TAMs. GPMNB is one of the top 5ranked
up-regulated genes in MCMI-M¢ (Table S2). Real-time PCR analysis revealed an 80-fold
and 49-fold increased expression of GPMNB in 1205Lu-M¢ and in C8161-M¢ compared to
monocytes, respectively (Figure 5A). Western blot analysis confirmed that GPMNB is
expressed in M1-M¢ and in M2-Mé¢, as well as in 1205Lu-M¢ and in C8161-M¢ (Figure
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5B). To further characterize the expression of GPMNB in TAMs from melanoma lesions,
we performed immunohistochemical staining with an anti-GPMNB antibody. Most
GPMNB-positive cells were inflammatory cells (Figure 5C), and few were melanoma cells
(Figure S3A). We further performed double staining of GPMNB with the most commonly
used TAMs markers, CD68 and CD163, to confirm whether GPMNB is expressed in TAMs.
As shown in Figure 5D, GPMNB was expressed in most CD68-positive cells, but there was
not a complete overlap with CD68 staining. Presumably, some melanoma cells were also
CD68-positive, as reported previously (Facchetti et al., 1991). As expected, most GPMNB-
positive cells were CD163-positive (Figure 5E). These data identify GPMNB as a novel
marker for TAMSs. Since GPMNB has been implicated in the promotion of breast cancer
metastasis, we evaluated whether GPMNB is expressed in TAMs in breast cancer tissues.
Immunohistochemistry staining confirmed that GPMNB is expressed in breast cancer
lesions with most GPMNB-positive cells having a macrophage morphology (Figure 5F), and
few cancer cells stained positive (Figure S3B). Furthermore, most GPMNB-positive cells
were CD68 and CD163 positive (Figure 5G). Collectively, the /n vivo expression of
GPMNB further supports the invasive signature we have developed for MCMI-Mé¢.

Discussion

Using conditioned media from tumor cells is an established method to differentiate primary
human monocytes to TAMs. However, there are limitations with the currently used methods.
Solinas et al. (Solinas et al., 2010) reported that culture media from only 2 of 16 tumor cell
lines (after 1 day of culture) were able to differentiate monocytes to macrophages. By using
3 day MCM, we are able to consistently differentiate monocytes. Under these conditions,
more cytokines, including M-CSF, are produced compared with the 1-day culture media
(data not shown). Also, filtration of the culture media appears to retain the growth factors
needed for TAMs differentiation, while filtering out cell culture metabolites that are acidic
and other small molecular weight toxic metabolites that may affect monocyte/macrophage
survival (Tsunawaki and Nathan, 1986).

MCMI-M¢ produced by this method are similar to TAMSs found in cancer tissues by gene
profiling in vitroand in vivo (Figures 3 and 5), and by functional studies (Figures 1F, 4). In
addition to having an invasive phenotype, we have identified several genes expressed in
both types of macrophages that may be important in TAM function. In particular, several
MCMI-M¢ up-regulated genes were identified, including DFNAD5, that have not been
previously reported to be expressed in the monocyte/macrophage lineage (Table S2), and
which were also found in melanoma tissue TAMs (data not shown). Finally, we
demonstrated that 3 day conditioned media from breast and ovarian cancer cells can also
successfully differentiate monocytes to macrophages (Figure S1B and data not shown).

The prevailing M1-M¢ and M2-M¢ differentiation model probably does not fully reflect the
complexity of macrophages in the tumor microenvironment. Recent studies have also
demonstrated that TAMs are a heterogeneous population and share both phenotypes of M1-
M¢ and M2-M¢ (Mosser and Edwards, 2008); (Umemura et al., 2008). In our model, we
also found that TAMs in melanomas expressed both M1 and M2 markers, and secrete
multiple cytokines and chemokines associated with both M1-M¢ and M2-M¢. MCMI-M¢
also produced M1-M¢ cytokines/chemokines, such as IL-1a, IL-6 and TNF-a (Figure 1E,
Table S2). Our functional studies demonstrated that MCMI-M¢ are immunosuppressive and
promote melanoma invasion, a definition of M2-M¢. Supporting this, GPMNB, a pro-
invasion gene, is expressed in M1-M¢, M2-M¢ and MCMI-Mé¢. Collectively, our data
support the concept of melanoma TAMSs heterogeneity with both M1 and M2 phenotypes
(Biswas et al., 2008).
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Previous studies have shown that melanoma cells express factors related to TAMs
differentiation, but it is not known if the phenotype of TAMs is different in melanomas of
different stages. Here, we show that there is no significant difference in the production of M-
CSF, LIF, IL-6, VEGF, CCL2 or GM-CSF between cell lines from different stages of
melanomas, consistent with the action of TAMSs, which appear to be involved in every step
of melanoma progression. Furthermore, multiple factors appear to be involved in TAM
development, consistent with our data that neutralization of M-CSF alone has a minimal
effect on TAMs differentiation in melanomas (Figure 2B). MCM from a panel of melanoma
cell lines representing different stages of melanoma progression were able to differentiate
monocytes similarly. While most melanoma cell lines do not express GM-CSF, some cell
lines express both GM-CSF and M-CSF (Figure 2B), perhaps partially explaining the
heterogeneity of the phenotype in MCMI-Mé¢.

Metastasis is a very complex process, in part due to the influence of many components of
the tumor microenvironment with the malignant cells. The tumor microenvironment is
vastly different both in types and in quantities of its components, leading to dramatically
different clinical outcomes for different tumors. Our findings suggest that there is
heterogeneity in MCMI-M¢, and the differences in secreted products of tumors contribute to
this heterogeneity. Despite this, we found many gene pathways that are associated with an
invasive phenotype to be up-regulated in MCMI-M¢, especially those involving chemokines
and MMPs. We also found that dual blockade of MMPs and CCL2 is required to block
melanoma cell invasion promoted by MCMI-M¢. These data may help explain why
inhibition of MMPs alone has little efficacy on the clinical outcome of cancer patients in
several clinical trials. A possible explanation is that MMPs and CCL2 have a positive
feedback effect on each other. For example, CCL2 has been shown to induce MMP2 and
MMP9 production in macrophages (Robinson et al., 2002), while CCL2-induced melanoma
invasion is dependent on MMP expression. Therefore, CCL2 may indirectly contribute to
pancreatic cancer dissemination by favoring the leukocyte-mediated digestion of the
extracellular matrix (Monti et al., 2003). Conversely, MMPs process and release multiple
chemokines (Dean et al., 2008). Blocking one of them might not be sufficient to block this
positive feedback. MMPs and CCL2 are two major drivers for TAMs induced melanoma
invasion and provide a rationale to targeting both for melanoma therapy.

Previous work by Solinas et al. (2009) indicated that PCMI-M¢ also has an invasive
signature. For example, SEPP1, osteoactivin and GPMNB are among highest up-regulated
genes in PCMI-M¢, which are also significantly up-regulated in MCMI-M¢. We see several
differences in the phenotype of macrophages produced from PCMI compared to MCM. For
example, there is a 240-fold increase in MMP-9 expression in MCMI-Mé, which was
increased 9-fold in that other study. Other genes, up-regulated in PCMI-Mé¢, such as
MMP-2, were not identified in our array list. Furthermore, unlike MCMI-M¢, fewer
chemokines and cytokines were up-regulated in their report. This may be because the
conditioned media is different between cancer types or is due to differences in the methods
used to produce the different conditioned media. The efficacy in macrophage induction with
our conditioned media from different tumor types suggests that this may explain the
differences noted in the 2 studies.

It has been reported that GPMNB is expressed by endothelial cells, osteoclasts, osteoblasts
and macrophages (Ripoll et al., 2007; Rose and Siegel, 2010; Selim et al., 2003; Sheng et
al., 2008), and by a variety of cancers, including gastrointestinal cancers, glioblastomas and
breast cancers (Kuan et al., 2011; Metz et al., 2007). In melanomas, GPMNB is expressed
by melanocytes and by melanoma cell lines (Tse et al., 2006; Weterman et al., 1995) and by
uveal melanoma tissues (Williams et al., 2010). Moreover, over-expression of GPMNB
increases tumor cell invasion in vitro and promotes their metastasis in vivo (Onaga et al.,

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 8

2003; Rich et al., 2003), potentially by up-regulating the expression of MMP-9 and MMP-3
(Ogawa et al., 2005), which promotes tumor metastasis (Rose and Siegel, 2010). Targeting
GPMNB significantly inhibits GPMNB-positive melanoma cell growth /n vivo (Tomihari et
al., 2010). Even though this molecule has been proposed to be important in melanomas,
there is no report of its expression in melanoma lesions /in vivo. Based on the high level of
up-regulated expression of GPMNB in our microarray analysis, we stained melanoma
tissues for GPMNB and observed that the majority of GPMNB-positive cells are
macrophages, and only a few melanoma cells express GPMNB. Similar results were also
observed in breast cancer tissues (Figure 5C, 5F). This is consistent with the report (Rose et
al., 2010) that 70% of GPMNB-positive cells are located in the stroma, and only 10% of
GPMNB-positive cells are breast cancer cells. The inhibitory effect of treatment with an
anti-GPMNB antibody on melanoma tumor growth /n vivo may be explained by the fact that
it targets both TAMs in the tumor stroma and tumor cells. Furthermore, Solinas et al. (2010)
also found in their microarray analysis that GPMNB is expressed in PCMI-M¢ (Solinas et
al., 2010). Our data support the invasive signature of TAMs induced from MCMI-M¢.
Future work is underway to dissect the function and gene regulation of this molecule in
TAMs.

Materials and Methods

Differentiation of human monocytes to macrophages

In conformance with institutional policies regarding human experimentation, enriched
monocytes were obtained from healthy volunteers by leukapheresis followed by
countercurrent elutriation (AIDS Research Human Immunology Core at the University of
Pennsylvania). Monocyte purity was >94% as confirmed by FACS analysis (Becton
Dickinson). To produce the modified MCM, C8161 and 1205Lu melanoma cells were
seeded in 10 cm plates at 50% confluence and were then cultured in melanoma media
supplemented with 2% FBS for 3 days. MCM was harvested and concentrated 40-fold using
Centricon concentrators (Millipore). Concentrated media were added to complete RPMI
1640 medium (R10 medium, RPMI, 10% FBS, 10 mM HEPES, 100 uM 2-mercaptoethanol,
100 IU penicillin G and 100 ug/ml streptomycin) at a 1:80 ratio to make the modified MCM.

For MCMI-M¢ differentiation, 2x108 monocytes were seeded in tissue-culture treated 6-
well plates (BD-Falcon) and were incubated in the presence of MCM derived from 1205Lu
or C8161 melanoma cells for 7 days at 37°C in a humidified atmosphere of 5% CO,. 50% of
media was changed in each plate on day 3. The supernatants were harvested for the
detection of cytokines and chemokines.

To generate M1-M¢, M2-M¢ and dendritic cells (DCs), monocytes were incubated for 7
days in the presence of GM-CSF (10 ng/mL), M-CSF (10 ng/mL) or GM-CSF plus I1L-4 (10
ng/mL, R&D Systems) in R10 medium for 7 days, respectively. 50% of media was changed
in each plate on day 3. For the M-CSF blocking experiment, monocytes were incubated in
the presence of C8161 MCM and 1205Lu MCM with anti-human M-CSF (R&D Systems,
10 pg/ml) for 7 days.

Flow cytometric analysis

The following fluorescence conjugated antibodies were used for cell surface staining: anti-1g
mouse isotype control, anti-CD14, anti-CD68, anti-CD163, anti-CD11b, anti-CD115 and
anti-CD11d (all from Biolegend). Cells were acquired using a FACSCalibur and data were
analyzed by FlowJo software.
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Multiplex Cell Signaling Bead-Based Luminex Assays

The production of M-CSF, CCL2, IL-6, LIF, VEGFA and GM-CSF from MCM, and of
TNF-a, IL-12, IL-10, CCL1, CCL2, CXCL5 and CCL8 from 1205Lu- MCMI-M¢ (1205Lu-
M¢) and C8161- MCMI-M¢ (C8161-M¢), was measured using the customized MILLIPLEX
MAP Cytokine Kit according to the manufacturer's protocol (Millipore). Median
fluorescence intensity (MFI) was calculated from duplicates of each sample. Samples were
analyzed using the Bio-Plex suspension array system (Bio-Rad Laboratories).

Microarray data generation and analysis

Total RNAs were extracted using the TRizol reagent (Invitrogen) from monocytes
(duplicate) and from C8161-M¢ (triplicate). cDNASs were generated, fragmented,
biotinylated and hybridized to the Illumina HumanHT-12V4 expression Beadchip Arrays
(IMlumina). The detailed microarray data analysis procedure is noted in Supplementary
Materials and Methods.

Inhibition of T-cell proliferation in co-culture assays

The ability of MCMI-M¢ to inhibit anti-CD3 induced T-cell proliferation was determined
using a co-culture assay as described before (Somasundaram et al., 2002). Briefly, inhibition
of proliferation of anti-melanoma reactive CTL793, and 35Th1 (5 x 10%) were determined
by co-culturing T cells in the presence or absence of 1205Lu-M¢ at various ratios. The
proliferation of T cells was determined using a standard 3H-TdR incorporation assay and the
% inhibition of T cell proliferation was determined as described before (Somasundaram et
al., 2002).

Real-time RT-PCR

For RT reactions, 1 ug DNA-free RNA was used with oligo(dT) primers and Superscript
reverse transcriptase. Transcripts of the housekeeping gene GAPDH in the same incubations
were used for normalization. Oligonucleotides specific for CCL2, CCL8, CXCL5, CCL7,
MMP7, MMP-9, GPMNB and GAPDH are listed in Table S1. The primers were designed
according to the Roche software for quantitative real-time PCR (Roche).

Immunoblotting of MMP-9 and GPMNB

M2-M¢, 1205Lu-M¢ and C8161-M¢ were harvested and incubated in the presence of R10
medium for 2 additional days. Conditioned media were harvested and subjected to 10%
SDS-PAGE electrophoresis. After the protein transfer, PDVF membranes were blocked and
incubated with anti-MMP-9 or anti-GPMNB antibodies. The signals were visualized with
enhanced chemiluminescence reagents (Amersham Biosciences).

Gelatin zymography

The same samples mentioned above were subjected to electrophoresis with 109% Novex®
Zymogram Gels (Invitrogen). After renaturing and developing the gels according to the
manufacturer’s instructions, they were stained with Collide Blue Stain Reagent (Invitrogen).

Invasion assay

The invasion assay was conducted with 24-well Transwell inserts (8 pm pore size; Corning).
For the MCMI-M¢ induced invasion assay, 4x10° 1205Lu melanoma cells in 2% FBS
RPMI1640 medium were added in the upper chamber pre-coated with 50 pl Matrigel (1:3
dilution, BD Biosciences). Media from 1205Lu-M¢ were added to the lower chamber, and
R10 medium was used as a control. After overnight incubation, cells that had invaded were
fixed and stained with Diff-Quick staining kit (ThermoFisher). The stained cells in 4
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randomly chosen fields were counted for each insert (200x). For the blocking assay, either
anti-CCL2 (20 pg/ml, R&D Systems) or the MMPs inhibitor, GM6001 (10 pM, EMD
Biosciences), or both combined were added to the Transwell.

Human tumor samples, immunohistochemistry and immunofluorescence

Formalin-fixed, paraffin-embedded human melanoma tumors and human breast cancer
tumors were obtained from the University of Pennsylvania and from Nanjing Medical
University, under an approved Institutional Review Board protocol. See the detailed staining
protocol in Supplementary Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

The phenotype and biological significance of macrophages in melanoma progression
remain poorly characterized, especially in humans. In this study, we develop a novel
method to consistently differentiate human monocytes to macrophages using melanoma-
conditioned media. These macrophages share many characteristics with tumor-associated
macrophages. Importantly, by using these induced macrophages, we demonstrate that
combinations of blocking both CCL2 and matrix metalloproteases are able to inhibit
macrophage-induced melanoma invasion. Finally, we identify GPMNB as a novel marker
for TAMSs. These findings provide new insights into the roles of TAMs in melanoma
progression and metastasis, and the potential for targeting TAMSs as novel therapeutic
strategies for melanoma progression.
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Figure 1. Differentiation of monocytesto MCMI-M¢

Monocytes from healthy donors were cultured in the presence of GM-CSF (10 ng/ml), M-
CSF (10 ng/ml), 1205Lu-MCM or C8161-MCM for 7 days. (A) Morphological analysis of
M1-M¢, M2-M¢, 1205Lu-M¢ and C8161-M¢ using a Nikon inverted microscope. Scale bar
=50 um. (B) & (C) Expression of M2-M¢ and macrophage surface markers in C8161-M¢.
FACS analysis was performed for cell surface expression of the M2-M¢ markers (CD163,
CD206) in C8161-M¢ (B), macrophage markers (CD68 and CD115) (C). Gray shadow fills
= isotype matched control; black lines = primary antibodies. (D) FACS analysis of CD1a
expression in M2-M¢, M1-M¢, DCs and C8161-M¢. Each experiment is representative of at
least 6 independent experiments from 6 different healthy donors. (E) Conditioned medium
from M1-M¢, M2-M¢, 1205Lu-M¢ and C8161-M¢ were harvested. Production of M2-M¢
cytokine and chemokines IL-10, CCL2, and M1-M¢ cytokines IL-6 and TNFa were
measured by Luminex analysis. (F) MCMI-M¢ inhibit the proliferation of anti-CD3-induced
proliferation of human anti-melanoma specific T cells. Anti-melanoma specific T cell clones
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were co-cultured with increased numbers of 1205Lu-M¢ in the presence of anti-CD3 (1 pg/
m) for seven days, 3H-TdR was added 16 h before the cells were harvested.
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Figure 2. Differentiation of melanoma MCMI-M ¢ isindependent of M-CSF

(A) Monocytes were incubated in the presence of 1205Lu-MCM with or without anti-M-
CSF (10 pg/ml) for 7 days. Expression of CD68 was analyzed by flow cytometric analysis.
(B) Melanoma cells from RGP (Shcl-2, WM35, WM3211), VGP (WM98, WM164,
WM793) and metastatic (451Lu, 1205Lu, C8161) melanomas were seeded in 6-well plates,
and incubated for 3 days. Culture media were harvested and the production of M-CSF,
CCL-2, IL-6, LIF, VEGF and GM-CSF was measured using Luminex analysis.
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Figure 3. Gene profiling revealsan invasive signaturein MCMI-M ¢

(A) Gene Set Enrichment Analysis over 186 KEGG pathways. With Bonferroni correction,
26 pathways were identified to be significantly expressed under a family-wise error rate
(FWER) level of 0.05. (B) Heatmap of chemokines in C8161-M¢ compared to monocytes.
(C) Real-time PCR was used to verify top up-regulated chemokines related to the invasive
phenotype, CCL2, CCL8 and CXCL5. Data are representative of 3 independent experiments
with 3 healthy donors. (D) Luminex analysis was used to verify the expression of
chemokines and cytokines related to the invasive phenotype. (E) Heatmap of the invasive
signature in C8161-M¢. (F) Real-time PCR was used to verify the top up-regulated genes
(MMP9 and MMP7) identified by the microarray analysis. Data are representative of 3
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independent experiments with 3 healthy donors. (G) MCMI-M¢ were differentiated as
described for Figure 1. Cells were harvested and washed with serum-free medium. 1205Lu-
M¢ and C8161-M¢ were then cultured in the presence of RPMI-10 medium for another 48
hr. Conditioned media were harvested and subjected to gelatin substrate zymography. The
electrophoretic positions of the 92-kDa pro-MMP-9 zymogen, and the 82-KDa activated
forms of MMP-9 are indicated (upper panel). Western blot was used to detect expression of
MMP-9 (lower panel).
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Figure 4. Synergistic effect of blockade CCL2 and MMPson MCMI-M ¢ induced melanoma
Invasion

1205Lu melanoma cells were seeded into matrigel precoated Transwells and were incubated
for 18 hr. Conditioned medium from 1205Lu-M¢ or control medium were added to the
bottom chamber. Migrated cells were stained (using a Diff-Quick staining kit) and
photographed. (A) Control medium. (B) 1205Lu-M¢ supernatant. Blockade of MMP or
CCL-2 alone marginally increased melanoma cell invasion (C&D). Blockade of both MMPs
and CCL-2 resulted in the significant inhibition of melanoma invasion (E). Data are
representative of 3 independent experiments. (F) Summary of all data. *** P<0.01.
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Figure5. The pro-invasive gene, GPMNB, isinduced in MCMI-M ¢
(A) Real-time PCR revealed that the expression of GPMNB is up-regulated in C8161-M¢
and 1205Lu-M¢ compared to monocytes. (B) Expression of GPMNB in monocytes, M1-
M¢, M2-M¢, C8161-M¢ and 1205Lu-M¢ detected by Western Blot. (C)
Immunohistochemistry analysis revealed GPMNB is expressed in inflammatory cells, but
not in tumor cells of primary melanoma lesions. (D) & (E) Immunofluorescence analysis
revealed GPMNB is expressed in infiltrated TAMSs, but not in primary melanoma lesions.
Scale bar = 50 um. (F) Immunohistochemistry analysis of GPMNB in breast cancer tissues.
(G) Co-staining of CD68 and CD163 in breast caner tissues. Data are representative of 8
primary melanoma and breast cancer tissues for C & F, and 3 for D, E & G.
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