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SUMMARY

Macrophages undergoing M1- versus M2-type polarization differ significantly in their cell 

metabolism and cellular functions. Here, global quantitative time-course proteomics and 

phosphoproteomics paired with transcriptomics provide a comprehensive characterization of 

temporal changes in cell metabolism, cellular functions, and signaling pathways that occur during 

the induction phase of M1- versus M2-type polarization. Significant differences in, especially, 

metabolic pathways are observed, including changes in glucose metabolism, glycosaminoglycan 

metabolism, and retinoic acid signaling. Kinase-enrichment analysis shows activation patterns 

of specific kinases that are distinct in M1- versus M2-type polarization. M2-type polarization 

inhibitor drug screens identify drugs that selectively block M2- but not M1-type polarization, 

including mitogen-activated protein kinase kinase (MEK) and histone deacetylase (HDAC) 
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inhibitors. These datasets provide a comprehensive resource to identify specific signaling and 

metabolic pathways that are critical for macrophage polarization. In a proof-of-principle approach, 

we use these datasets to show that MEK signaling is required for M2-type polarization by 

promoting peroxisome proliferator-activated receptor-γ (PPARγ)-induced retinoic acid signaling.

In brief

He et al. provide a detailed characterization of dynamic temporal changes in cell signaling and 

metabolism during macrophage polarization by using quantitative time-course proteomics and 

phosphoproteomics and identify pharmacologic inhibitors of M2-type macrophage polarization. 

These data uncover a critical role of MEK/ERK signaling for PPARγ/retinoic acid-induced M2-

type macrophage polarization.

Graphical Abstract

INTRODUCTION

Specific cues from the tissue microenvironment can result in macrophage activation 

and polarization into functionally distinct subpopulations, a process associated with 

extensive epigenetic modifications, transcriptional reprogramming, and metabolic changes 

(Covarrubias et al., 2016; Martinez and Gordon, 2014; Sica and Mantovani, 2012; Viola 

et al., 2019; Xue et al., 2014). Activated macrophages can be found along a gradient of 

polarization states, with polar opposites having partly antagonistic functions (Mantovani 
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et al., 2013; Martinez and Gordon, 2014; Pelegrin and Surprenant, 2009; Xue et al., 

2014). Macrophages activated by interferon-γ (IFN-γ) or lipopolysaccharides (LPS) are 

referred to as M1-type macrophages, whereas interleukin-4 (IL-4) leads to M2-type 

macrophages (Martinez and Gordon, 2014; Murray et al., 2014). M1-type macrophages 

are anti-angiogenic and promote chronic inflammatory conditions but inhibit tumor growth. 

M2-type macrophages can promote pathologic angiogenesis, organ fibrosis, tumor growth, 

or allergic and parasitic diseases (Hughes et al., 2015; Lavin et al., 2017; Mantovani et 

al., 2013; Mantovani and Sica, 2010; Pyonteck et al., 2013; Rodell et al., 2018; Sica 

and Mantovani, 2012; Zilionis et al., 2019). Even fully polarized macrophages can be 

reprogrammed when transferred into a new microenvironment, suggesting that they can 

be “reeducated” into their polar opposites to influence their effects in specific disease 

conditions (Gosselin et al., 2014; Hagemann et al., 2008; Hobson-Gutierrez and Carmona-

Fontaine, 2018; Lavin et al., 2014). Thus, therapeutic strategies to shift the balance from 

M2- to M1-type macrophages may inhibit pathologic angiogenesis, fibrosis, or tumor 

growth (Wynn and Vannella, 2016). For example, M2-type macrophages are increased 

in neovascular age-related macular degeneration (NV-AMD), and they promote choroidal 

neovascularization (CNV) and fibrosis in a laser-induced model of NV-AMD, whereas 

ablating macrophages in this model strongly inhibits angiogenesis and fibrosis (He and 

Marneros, 2013, 2014; Lad et al., 2015; Marneros, 2013; Strittmatter et al., 2016; Yang et 

al., 2016; Zandi et al., 2015).

M1-type polarization has been linked to metabolic reprogramming toward glycolysis, the 

pentose phosphate pathway, and fatty acid synthesis, whereas M2-type polarization shows 

a preferential metabolic switch to oxidative phosphorylation and fatty acid oxidation (Viola 

et al., 2019). However, a comprehensive understanding of the dynamic temporal changes 

in metabolic pathways and associated kinase activation patterns that occur during the 

induction phase of M1- versus M2-type polarization is lacking. This is, in part, explained by 

the lack of comparative, global quantitative time-course proteomic and phosphoproteomic 

analyses of the changes that occur during the induction phase of M1- versus M2-type 

macrophage polarization. Previous phosphoproteomic studies were limited in scale and 

temporal resolution and only assessed LPS-induced, but not IL-4-induced, macrophage 

polarization and mainly examined only the very early phase of M1-type polarization 

(Daniels et al., 2020; Sharma et al., 2010; Sjoelund et al., 2014; Weintz et al., 2010). 

Similarly, prior proteomic studies of fully polarized macrophages have been limited in depth 

and scale (Court et al., 2017; Meijer et al., 2015; Wiktorowicz et al., 2019). Thus, a detailed 

global quantitative characterization of the dynamic changes in metabolic and signaling 

pathways that are linked to the induction of M1- versus M2-type macrophage polarization is 

currently lacking.

Here, global quantitative time-course proteomics and phosphoproteomics during the first 24 

h of M1- versus M2-type macrophage polarization, combined with transcriptomics, provide 

a detailed picture of changes in cellular functions and metabolic pathways that occur with 

each polarization process. In addition, quantitative proteomics provided a comprehensive 

characterization of the protein landscape of fully polarized macrophages. Kinase enrichment 

analysis (KEA) of the time-course phosphoproteomic data identified multiple kinases whose 

temporal activation differs significantly during M1- versus M2-type polarization. The KEA 
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data suggest that specific kinase inhibitors may selectively block M2-type polarization 

without inhibiting M1-type polarization. Indeed, we identified, in M2-type polarization-

inhibitor drug screens, multiple kinase inhibitors that block kinases found to be differentially 

activated during M2-type polarization in the KEA and that selectively inhibit M2- but not 

M1-type polarization. For example, we found that a spike in mitogen-activated protein 

kinase kinase (MEK) signaling occurs during the induction of M2-type polarization and that 

MEK inhibitors selectively blocked M2-, but not M1-type, polarization. A similar effect 

was observed with various histone deacetylase (HDAC) inhibitors. The identified MEK and 

HDAC inhibitors also potently blocked M2-type macrophage polarization and angiogenesis 

in mouse models of NV-AMD and wound healing. Our datasets provide a comprehensive 

resource to explore the relevance of specific metabolic pathways and signaling axes 

for macrophage polarization. In a proof-of-principle approach, we use these datasets to 

show that IL-4-induced MEK/ERK signaling is critical for the induction of peroxisome 

proliferator-activated receptor-γ (PPARγ) expression that subsequently promotes M2-type 

polarization via activation of retinoic acid (RA) signaling.

RESULTS

Global quantitative proteomics of fully polarized M1- versus M2-type macrophages

Macrophages derived from the human monocytic cell line THP-1 are a well-established 

system to assess macrophage polarization mechanisms. Treatment of THP-1 cells with 

phorbol myristate acetate (PMA) for 24 h results in differentiation into macrophages (M0) 

that polarize with subsequent treatment with IL-4 into M2-type macrophages, whereas 

treatment with IFN-γ/LPS leads to M1-type macrophages (Figure S1A), which allows us to 

examine the opposite polar ends of this spectrum with uniform cell populations. We aimed 

to identify mechanisms that drive these opposite polarization states in these macrophages 

and subsequently validate key findings also in primary macrophages. We chose 4 days of 

treatment with IL-4 or IFN-γ/LPS as a duration to achieve full polarization because we 

observed, at that time point, established polarization markers were present at high levels 

and at a further increase compared with earlier time points. For example, protein levels of 

the prototypical M2-type marker TGM2 progressively increased during the first 24 h and 

showed a further increase at 4 days when compared with 24 h (Figure S1B). Thus, we 

defined the first 24 h of treatment with IL-4 or IFN-γ/LPS as the phase of polarization 

induction, and 4 days of treatment as a time point when full polarization is achieved.

First, by using multiplexed mass spectrometry (Kreuzer et al., 2019; McAlister et al., 2014; 

Ting et al., 2011), we performed quantitative proteomics of fully polarized THP-1-derived 

M1- and M2-type macrophages to define the global landscape of cellular markers that 

characterize these polarized macrophages (Figures S1C–S1E). This approach led to the 

quantification of ~7,900 proteins (Figures S1F; Table S1). Among the most upregulated 

proteins identified were well-established M2-type markers (e.g., MRC1, TGM2, FABP4, 

CCL24, and CCL26) in IL-4-treated groups and M1-type markers in IFN-γ/LPS-treated 

cells (e.g., IDO1, FAM26F, CXCL9, and CXCL10) (Figure S1C). Thus, findings in 

these THP-1-derived macrophages likely closely resemble molecular changes that occur 

in polarized primary macrophages as well, which upregulate the expression of these markers 
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with either M1- or M2-type polarization (Martinez et al., 2013; Murray et al., 2014). This 

global proteomics approach also identified additional proteins to be highly upregulated with 

either polarization state that have previously not been linked to M1- or M2-type macrophage 

polarization (Figures S1D and S1E; Table S1). Based on these data, as well as published 

findings (Martinez et al., 2006, 2013; Murray et al., 2014), we chose MRC1 and TGM2 as 

key selective M2-type markers to monitor the effects of pharmacological interventions on 

M2-type polarization in human macrophages (Arg1 serves as a prototypical M2-type marker 

in mouse macrophages).

Time-course global quantitative proteomics during the induction phase of M1- versus 
M2-type macrophage polarization

Next, we performed a quantitative time-course analysis of both proteomic and 

phosphoproteomic changes that occur during the first 24 h of IL-4- versus IFNγ/LPS-

induced polarization of macrophages in order to identify mechanisms that drive M1- versus 

M2-type polarization (Figure S2 shows an overview of the different experimental groups 

and OMICs approaches used in this study). Proteomic and phosphoproteomic data were 

obtained by multiplexed mass spectrometry from THP-1-derived macrophages that were 

treated with IL-4 or IFN-γ/LPS for 10 min, 30 min, 1 h, 2 h, 4 h, 8 h, or 24 h (Table 

S2). This approach provided quantitative time-course data on more than 9,400 proteins 

and more than 38,000 phosphopeptides. These datasets are validated by the observation of 

temporal changes in specific phosphorylation events that are known to be associated with 

M1- (e.g., STAT1 [Y701]) or M2-type (e.g., STAT6 [Y641]) macrophage polarization, which 

we confirmed by western blotting (Figures S1B and S1G). Moreover, we also confirmed 

some of the key proteomic/phosphoproteomic data subsequently in western blots, using not 

only THP-1-derived macrophages but also primary mouse and/or human macrophages to 

establish the physiological relevance of our findings. The time-course proteomics data also 

showed a progressive increase of well-established polarization markers during the first 24 h, 

validating that time period as the induction phase of polarization (Figure S1H).

Gene set enrichment analysis (GSEA) and functional pathway analysis of the proteomics 

datasets show which pathways are distinctly activated or downregulated during the 

different temporal phases of M1- versus M2-type polarization. Among the most significant 

KEGG pathways that were predominantly upregulated during the early and mid-phases 

of M1-type polarization were nucleotide-binding oligomerization domain (NOD)-like 

receptor signaling, chemokine signaling, Toll-like receptor (TLR) signaling, cytosolic 

DNA sensing pathway, retinoic acid-inducible gene 1 (RIG-I)-like receptor signaling, 

antigen processing and presentation, tryptophan metabolism, cytokine/cytokine receptor 

interaction, and adipocytokine signaling (Figure 1A). An upregulation predominantly 

during the early phase of M1-type polarization was linked to KEGG terms glycolysis/

gluconeogenesis, pentose phosphate pathway, endocytosis, mTOR signaling, and ubiquitin-

mediated proteolysis (Figure 1A). Activation of KEGG pathways during the early stage of 

M2-type polarization included oxidative phosphorylation and insulin signaling (Figures 1A 

and 1B). Upregulation of pathways during the mid- to late phases of M2-type polarization 

included PPAR signaling, arginine and proline metabolism, oxidative phosphorylation, 
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ECM/receptor interaction, lysosome, VEGF signaling, galactose metabolism, and pentose 

phosphate pathway (Figure 1A).

Similarly, Gene Ontology (GO) pathway analyses showed particularly striking differences 

in cell metabolism between M1- and M2-type macrophage polarization processes (Figures 

S3 and S4). A strong upregulation of GO terms with M2- but not M1-type polarization 

also included terms associated with RA signaling, PPAR signaling, and glycosaminoglycan 

metabolism (Figures S3 and S4). The association of increased RA signaling with M2- 

but not M1-type polarization is reflected by a high increase in the retinal dehydrogenase 

ALDH1A2, a rate-limiting enzyme in the generation of RA, at 24 h after IL-4 treatment, 

whereas no upregulation was observed in IFN-γ/LPS-treated macrophages (Figure S1H). 

Notably, we observed a relative upregulation of GO terms associated with histone 

deacetylase activity particularly during the mid-phase of IL-4-induced M2-type polarization 

compared with the same time points in IFN-γ/LPS-treated macrophages (Figure S3F).

Collectively, these proteomics data provide a comprehensive resource to link a specific 

temporal activation pattern of distinct metabolic and cellular signaling pathways to the 

induction of M1- versus M2-type macrophage polarization.

Time-course global quantitative phosphoproteomics identify distinct kinase activation 
patterns during the induction phase of M1- versus M2-type macrophage polarization

To determine which signaling mechanisms lead to the distinct activation of these metabolic 

and cellular pathways and regulate the induction of M1- versus M2-type polarization, 

we performed a time-course analysis of the phosphoproteomic changes that occur during 

the first 24 h of IL-4- versus IFN-γ/LPS-induced polarization of macrophages. Kinase 

enrichment analyses (KEAs) of these data showed that induction of M2-type polarization 

is associated with temporal activation patterns of specific kinases that are largely distinct 

from those activated during M1-type polarization (Figure 2A; Table S2). For example, we 

found that strong JAK2 activation occurs during M1- but not M2-type polarization (Figure 

2A), providing validation of the data because JAK2 activation is known to occur during IFN-

γ-induced macrophage polarization (Martinez and Gordon, 2014). Activation of the mTOR 

pathway occurred early during M1- but not M2-type polarization, consistent with the KEEG 

pathway analysis findings of the proteomics dataset (Figures 1A and 2A). AKT2 activation 

occurred preferentially with M1-type polarization (Figure 2A), which is also supported by 

previous findings (Vergadi et al., 2017). Additional signaling pathways whose activation was 

mainly associated with M1-type polarization but whose role for M1-type polarization has 

not been well established so far included signaling via PRKCH, RET, PRKCQ, PRKG1 (and 

isoform 2), TAK1, RPS6KA1, JNK1, PRKD1, MAPKAPK2, and MERTK (Figure 2A).

The KEA showed clearly distinct temporal activation patterns of specific mitogen-activated 

protein (MAP) kinases with M1- versus M2-type polarization, also supported by the KEGG 

pathway analysis findings of the proteomic datasets (Figures 1A and 2A). For example, 

MEK1 showed an activation peak at 4–8 h in IL-4-treated macrophages undergoing M2-type 

polarization, whereas MEK1 activity was strongly downregulated at 24 h once M2-type 

polarization had progressed. In contrast, MEK1 activity peaked at 24 h in IFN-γ/LPS-treated 

M1-type macrophages, which we also confirmed by western blotting (Figures 2A, 2B, 
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and S1B). Thus, a brief increase in MEK1/ERK signaling during the induction phase of 

IL-4-induced polarization may promote M2-type polarization. A distinct temporal activation 

pattern between M1- and M2-type polarization was also observed for multiple other 

kinases, including p38α and its downstream target MAPKAPK2, JNK1, PRKD1, AMPKA1, 

AMPKA2, FYN, CAMK1, PDK1, PDK2, LYN, and JNK3 (Figure 2A). Overall, the KEA 

provides a comprehensive resource to characterize the contributions of specific signaling 

pathways for M1- versus M2-type macrophage polarization.

MEK/ERK signaling promotes M2-type macrophage polarization

We observed the temporal spike in ERK1 activation at 2–8 h with IL-4 treatment not 

only in THP-1-derived (Figure S1B) but also in primary human macrophages (Figures 

2C). Blocking MEK/ERK signaling with the selective MEK inhibitor trametinib effectively 

inhibited IL-4-induced M2-type polarization of both THP-1-derived and primary human 

macrophages (Figures 2C–2E). Thus, the temporal spike in MEK/ERK activity is required 

for macrophages to undergo IL-4-induced M2-type polarization.

Because inhibition of MEK signaling blocks M2-type polarization, increased activation 

of this pathway may stimulate M2-type polarization. To test this hypothesis, we treated 

macrophages with the highly selective B-Raf inhibitor GDC-0879 (Hoeflich et al., 2009), 

because B-Raf inhibition with GDC-0879 in the presence of activated Ras induces B-

Raf binding to c-Raf, leading to c-Raf hyperactivation and thereby elevated MEK/ERK 

signaling (Hatzivassiliou et al., 2010; Heidorn et al., 2010; Sieber et al., 2018). First, we 

confirmed that GDC-0879 indeed promotes paradoxical MEK/ERK signaling in IL-4-treated 

macrophages by quantitative phosphoproteomics (Figure 2F; Table S1). The increase in 

MEK/ERK signaling activity with GDC-0879 treatment in macrophages undergoing IL-4-

induced polarization was associated with a strong increase in M2-type marker expression not 

only in polarized THP-1-derived macrophages (Figures 2D and 2G) but also in murine bone-

marrow-derived macrophages (BMDMs) (Figure 2G) and primary human macrophages 

(Figures 2H). Even at early stages of IL-4-induced macrophage polarization, we found 

increased protein levels of M2-type markers with GDC-0879 treatment but a decrease 

in those markers with trametinib treatment (Figure 2E). In contrast, trametinib did not 

decrease M1-type markers in IFN-γ/LPS-treated cells, and GDC-0879 even increased 

M2-type markers in IFN-γ/LPS-treated cells (Figure 2E). That GDC-0879 promotes 

M2-type polarization through paradoxical activation of MEK/ERK signaling via c-Raf 

is supported by the observation that M2-type polarization is inhibited also by pan-Raf 

inhibitors that block both B-Raf and c-Raf and, therefore, prevent paradoxical activation 

of MEK/ERK via c-Raf (Figures 2G, 3A, and 3B). Thus, our data show that IL-4-induced 

MEK/ERK signaling activity is a critical regulator of M2-type macrophage polarization. 

These findings serve as proof-of-principle validation that the KEA data provide a framework 

to systematically interrogate the functions of different kinases and signaling pathways for 

M1- versus M2-type macrophage polarization.

Chemical screens identify pharmacologic blockers of M2-type macrophage polarization

Based on the KEA findings, we hypothesized that pharmacologic targeting of specific 

signaling pathways or downstream transcriptional regulators that are linked to M2-type 
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polarization may allow for selective inhibition of M2-type polarization without inhibiting 

M1-type polarization. To determine which of the signaling events identified in the KEA 

are not only associated with but also required for IL-4-induced M2-type polarization and 

could, thus, be targeted pharmacologically to block M2-type polarization, we conducted 

small-molecule screens for inhibitors of M2-type polarization that included a large number 

of kinase inhibitors. For those screens, we used human macrophages derived from a 

clonal cell population of THP-1 cells that stably express the promoter of the prototypical 

M2-type marker MRC1 driving luciferase (He and Marneros, 2014). Our proteomic data 

of fully polarized macrophages showed that MRC1 is a suitable selection marker for M2-

type polarization because it is upregulated with IL-4 treatment but downregulated with 

IFN-γ/LPS treatment in these macrophages (Figure S1A). We used these macrophages for 

these screens instead of primary macrophages to ensure uniform cell populations with 

little cell heterogeneity and a stable readout of luciferase activity. However, key hits 

of these screens were subsequently confirmed in primary macrophages to establish the 

physiological relevance of the findings. We identified specific classes of small molecules 

as potent inhibitors of IL-4-induced M2-type macrophage polarization that target the same 

kinase or cellular protein, suggesting that these are class-specific inhibitory effects and not 

off-target observations of a particular small molecule (Figures 3A and S5A; Table S3). 

Among the most potent inhibitors of IL-4-induced macrophage polarization in these screens 

were multiple highly selective MEK inhibitors (e.g., trametinib, selumetinib, MEK162, 

pimasertib, or PD0325901) as well as pan-Raf inhibitors (e.g., AZ628 or TAK632), which 

showed a dose-dependent inhibition of M2-type polarization at concentrations that did not 

impair cell viability (Figures 3A, 3B, S5A, and S5B). These findings are consistent with 

the KEA data that linked a spike in MEK activation to M2-type polarization and our data 

showing that trametinib effectively blocks M2-type macrophage polarization.

In addition, various HDAC inhibitors (such as panobinostat, trichostatin A, dacinostat, 

pracinostat, or givinostat) also strongly blocked M2-type polarization of THP-1-derived 

macrophages (Figures 3A–3C, 3D, and S5C) and primary mouse (Figures 3E and S5D) and 

primary human macrophages (Figure 2H) at concentrations that did not affect cell viability. 

This finding is supported by the GSEA of our time-course proteomics data, which showed 

a relatively greater increase in HDAC activity with M2- than with M1-type polarization 

(Figure S3F). Multiple, additional drugs were identified in this screen to potently block 

M2-type macrophage polarization, including heat shock protein 90 (HSP90) inhibitors, 

bromodomain and extra-terminal domain (BET) domain inhibitors, the immunoproteasome 

inhibitor ONX-0914, and dihydroartemisinin (Figures 3A and S5A).

Particularly those inhibitors that can either shift macrophage populations from a M2- 

to a M1-type or that can selectively block M2-type polarization without affecting M1-

type polarization would have therapeutic relevance for diseases promoted by M2-type 

macrophages. Thus, we tested whether the identified M2-type polarization inhibitors 

showed selective effects in inhibiting M2- but not M1-type polarization. For that purpose, 

we assessed the effects of those inhibitors on the expression of well-established M2-

type markers (MRC1 and CD209) or M1-type markers (iNOS, CXCL9, and CCR7) 

in both THP-1-derived macrophages and murine BMDMs (normalized to a macrophage 

differentiation marker [CD68]); these markers were chosen based on our proteomic datasets 
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and published work (Martinez and Gordon, 2014; Martinez et al., 2013; Murray et al., 

2014). We also confirmed these findings by western blotting in polarized THP-1-derived 

macrophages and in primary human macrophages (M2 markers: MRC1 and TGM2; M1 

marker: phospho-STAT1 [Y701], induced with M1-type polarization [Figure S1G]), as 

well as in polarized murine BMDMs (M2-marker: Arg1; M1 marker: phospho-STAT1 

[Y701]). We found that MEK inhibitors potently blocked M2- but not M1-type macrophage 

polarization, and they even induced expression of some key M1-type markers (Figures 

3C and 3F). This selectivity of preferentially inhibiting M2- but not M1-type polarization 

was also observed for multiple HDAC inhibitors (Figures 3C and 3D). For example, 

panobinostat strongly inhibited IL-4-induced expression of M2-type markers MRC1 or 

CD209, but markedly increased expression of M1-type markers iNOS or CXCL9 (Figure 

3C). Panobinostat treatment also resulted in an almost complete loss of Arg1 protein in IL-4-

treated mouse BMDMs (Figure 3E) and of MRC1 or TGM2 in IL-4-treated THP-1-derived 

human macrophages (Figure 3D) or primary human macrophages (Figure 2H), whereas 

STAT1 (Y701) phosphorylation was not blocked in IFN-γ/LPS-treated macrophages. 

Similar results were observed with other HDAC inhibitors as well (Figures 3C and 3D). 

HSP90 inhibitors, the immunoproteasome inhibitor ONX-0914, and dihydroartemisinin also 

inhibited expression of M2-type markers (but not expression of the M1-type markers CCR7 

or iNOS) (Figure 3C). In contrast, BET bromodomain inhibitors or IκB kinase (IKK) 

inhibitors blocked expression of M1- as well as M2-type polarization markers (Figure 3C).

Increased PPARγ and RA signaling and a switch to oxidative phosphorylation during 
M2-type macrophage polarization

To determine how MEK and HDAC inhibitors block M2-type macrophage polarization, 

we assessed transcriptional programs associated with M1- versus M2-type macrophage 

polarization in both THP-1-derived macrophages and primary human macrophages by 

RNA sequencing (RNA-seq) and H3K27Ac chromatin immunoprecipitation sequencing 

(ChIP-seq) in the presence or absence of trametinib or panobinostat (polarized with either 

IFN-γ/LPS or IL-4 for 24 h) (Table S4). This allowed us not only to determine which gene 

programs are associated with M1- versus M2-type polarization but also to identify the subset 

of genes whose inhibition by trametinib or panobinostat correlates with blockade of M2-type 

polarization.

Several key pathways associated with M1- versus M2-type polarization that were identified 

in the GSEA of the proteomics data were also identified in the GSEA of the RNA-seq 

data (Figures 4A, 4B, S6, and S7; Table S5). We also observed similarities in key 

transcriptional programs associated with M1- or M2-type polarization when comparing 

THP-1 derived macrophages with primary human macrophages (Figures 4A and S8). 

Resembling the results from the proteomic analyses, among the most significantly enriched 

functional annotations based on the RNA-seq data of IL-4-treated THP-1-derived or primary 

human macrophages were oxidative phosphorylation, PPAR signaling, retinol metabolism, 

carboxylic acid biosynthetic process (a term that includes synthesis of fatty acids, RA, 

glycosaminoglycans, amino acids and leukotrienes), or protein kinase B (AKT) signaling (a 

pathway known to regulate M2-type polarization) (Covarrubias et al., 2016; Vergadi et al., 

2017) (Figures 4A–4C). Both THP-1-derived and primary human macrophages that were 
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polarized with IFN-γ/LPS to the M1-type also showed activation of similar pathways as 

observed in the proteomic data of M1-type macrophages (Figures S8).

Among the highest upregulated transcripts in M2-type macrophages were those from genes 

that regulate oxidative phosphorylation or are involved in PPARγ or RA signaling (e.g., 

ALDH1A2, DHRS9, CYP26B1, PPARG, FABP4, and ANGPTL4) (Figures 4B and 4C). 

In particular, ALDH1A2 was highly upregulated in response to IL-4 (Figure 4C). Thus, 

both transcriptomic and proteomic datasets show that IL-4-induced M2-type macrophage 

polarization is associated with a switch to oxidative phosphorylation and changes in cell 

metabolism that included increased PPARγ and RA signaling.

Next, we assessed genes associated with IL-4-induced M2-type polarization whose 

expression is inhibited by trametinib and/or panobinostat. The expression of a subset 

of those IL-4-induced genes inhibited by these small molecules is required for M2-type 

polarization because their inhibition by trametinib and panobinostat was linked to a 

block in M2-type polarization. Panobinostat strongly inhibited IL-4-induced transcriptional 

programs associated with retinol metabolism, PPAR signaling, oxidative phosphorylation, 

carboxylic acid biosynthesis, and MAPK/ERK signaling (Figures 4D and S9–S11; 

Table S5). Trametinib inhibited similar M2-type polarization-associated cellular pathways 

in THP-1-derived and primary human macrophages, including MAP kinase signaling, 

phosphatidylinositol 3-kinase (PI3K)/AKT signaling, focal adhesion, and extracellular 

matrix-receptor interactions as well as retinol metabolism (Figures S9–S11). Notably, 

trametinib also inhibited genes of the histone deacetylase complex or genes that regulate 

histone binding in both THP-1-derived and primary human macrophages (Figures S9A, 

S9B, and S11). The highly significant inhibition of ERK signaling by panobinostat in IL-4-

treated macrophages was associated with downregulation of the downstream target MYC 

and of expression of proangiogenic growth factors (e.g., IL-1β and platelet-derived growth 

factor subunit B [PDGFB]) or adhesion molecules (e.g., ICAM1) (Figure S10A). Similarly, 

inhibition of MAP kinase signaling by trametinib was associated with downregulation of 

downstream targets MYC and AP-1 transcription factors FOS and JUN and proangiogenic 

growth factors (e.g., IL-1β and FGF2) (Figure S11). These findings likely explain, in part, 

the overlap of effects of panobinostat and trametinib on transcriptional programs that are 

associated with IL-4-induced M2-type polarization. Genes inhibited by both panobinostat 

and trametinib >2-fold in IL-4-treated THP-1-derived macrophages included MYC, MMP1, 

MRC1, the adhesion molecules ICAM1 and VCAM1, and key genes of PPARγ/RA 

signaling, including PPARγ, ALDH1A2, RDH10, DHRS9, and ANGPTL4 (Figure 4E). 

GSEA and pathway analyses of IL-4-induced genes that are inhibited by both trametinib and 

panobinostat showed among the highest-ranking terms carboxylic acid biosynthetic process, 

ERK signaling, retinol metabolic process, PPAR signaling, and oxidative phosphorylation 

(Figures 4F and S11).

The inhibition of PPAR signaling and retinol metabolism by both trametinib and 

panobinostat was associated with a strong reduction in transcript levels of PPARγ and 

key enzymes of RA signaling that are normally induced by IL-4 (ALDH1A2, RDH10, 

and DHRS9) (Figures 4E, 4G, S9C, and S9D). The inhibition of IL-4-induced ALDH1A2 

expression by trametinib is also supported by our proteomic data at the same time point (24 
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h of IL-4 treatment): trametinib inhibited the strong increase in ALDH1A2 induced by IL-4, 

whereas GDC-0879 showed an increase in ALDH1A2 (Figure 2E). Analysis of enhancer 

regions by H3K27Ac ChIP-seq showed that IL-4 strongly increased ALDH1A2 enhancer 

occupancy, which was markedly reduced by both trametinib and panobinostat (Figure S9E). 

Similar reductions in enhancer marks by trametinib or panobinostat were also observed for 

PPARγ, MRC1, and TGM2 (Figure S9E). Collectively, these data demonstrate that, in the 

presence of IL-4, increased MEK activity promotes PPARγ expression, which is associated 

with increased RA signaling, oxidative phosphorylation, and M2-type polarization, and 

all of that can be blocked by trametinib or panobinostat. This suggests a critical role 

for MEK/ERK activity in promoting the PPARγ/RA signaling axis to drive M2-type 

macrophage polarization.

MEK/ERK links IL-4 signaling with PPARγ-induced RA signaling during M2-type 
polarization

Which upstream signaling events regulate PPARγ/RA-induced M2-type polarization is not 

well understood. Moreover, a comprehensive understanding of the successive signaling 

events and temporal interactions that occur between different signaling pathways to drive 

M2-type polarization is currently lacking. Thus, we analyzed the time-course proteomics 

and phosphoproteomics data to establish a model for the sequence of temporal signaling 

events that are induced by IL-4 and lead to activation of signaling via MEK, PPARγ, 

and RA and which result in M2-type polarization. We found that IL-4 treatment leads to 

phosphorylation of the IL-4Rα and to activating phosphorylation events of STAT6 (Y641) 

and JAK1 (S574) within 10–30 min after adding IL-4 (Figures 5A and 5B). Thereafter, 

a steady decrease in total IL-4Rα, phosphorylated IL-4Rα (S387; T476; T487), JAK1 

(S574), and STAT6 (Y641) is observed. JAK1 activates IRS2 with a peak at ~30 min by 

increasing tyrosine phosphorylation (Y823) and decreasing serine phosphorylation (S365, 

S388, S391, and S679) (Figure S12A), consistent with data showing that IL-4-induced 

tyrosine phosphorylation of IRS2 increases its activity and serine phosphorylation inhibits 

its activity (Warren et al., 2016). IRS2 (Y823) and total IRS2 protein levels decrease 

subsequently, and there is a concomitant relative increase in serine phosphorylation (Figure 

S12A). IL-4Rα/JAK1-induced activation of IRS2 serves as a signaling node that leads to 

activation of PI3K/AKT as well as Ras/Raf signaling, which occur in a parallel pathway to 

IL-4Rα/STAT6 signaling (Covarrubias et al., 2015, 2016; Heller et al., 2008; Warren et al., 

2016). Our pathway analyses of the transcriptomic studies and previous reports show that 

PI3K/AKT signaling promotes M2-type polarization (Figure 4A) (Vergadi et al., 2017), and 

we found that IL-4 induces activation of the p85α subunit of PI3K (Y467 and Y580) and 

AKT1 (S124, S126, and S129) with a peak at ~30 min to 1 h of IL-4 treatment (Figures 

5B and S12B). The adaptor protein GRB2 links IRS2 to the Ras/Raf signaling cascade, 

and activating phosphorylating events in BRAF (e.g., at S446) occurred at ~1 h of IL-4 

treatment, whereas inactivating phosphorylation events (e.g., T440) were downregulated at 

that time (Figure S12C). Following this BRAF activation, a steady increase of downstream 

MEK-mediated activating ERK phosphorylation events (ERK2 [T185; Y187]) occurred 

at 2–8 h of IL-4 treatment (Figure 5B). Thus, we observed a sustained ERK activation 

pattern with IL-4 treatment and not a short-lived immediate response. Notably, p38α 

He et al. Page 11

Cell Rep. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Y128) activation occurred at a similar time point during the induction phase of M2-type 

polarization as ERK activation did (Figure S12D).

ERK signaling can stabilize the AP-1 transcription factor family member FOS, and our 

motif analyses of enhancers based on H3K27Ac ChIP-seq data in IL-4-treated THP-1-

derived and primary human macrophages showed that IL-4 treatment induced an enrichment 

of AP-1 transcription factor binding at enhancers (Figure S12E) (Chen et al., 1996; Fontana 

et al., 2015a, 2015b). Phosphorylation of MYC at S62 (which is induced by ERK2 and 

promotes transcription) increased at 2–8 h (Figure 5B). This observation, together with our 

finding that IL-4 induces MYC expression, an effect that was inhibited by both trametinib 

and panobinostat (Figure 4E), suggest a co-regulatory role of MYC for IL-4-induced 

transcription of M2-type polarization genes. Thus, IL-4-induced activation of STAT6, MYC, 

and AP-1 transcription factors is associated with the early phase of M2-type macrophage 

polarization.

PPARγ protein levels peak at ~8 h of IL-4 treatment and are markedly reduced at 24 h 

(Figure S12F). Together with our findings that IL-4 induces PPARγ expression and that 

trametinib inhibits PPARγ expression, this demonstrates that MEK signaling is a critical 

inducer of PPARγ expression, which leads to a peak of PPARγ protein levels at ~8 h, 

following the peak of ERK signaling activity (2–8 h). PPARγ activity can be switched 

off through S112 phosphorylation by ERK, which leads to degradation of PPARγ (Hu 

et al., 1996). Indeed, we observe that PPARγ (S112) phosphorylation peaks at 24 h of 

IL-4 treatment when PPARγ protein levels are also reduced (Figures 5B and S12F). This 

suggests that IL-4-induced MEK/ERK signaling promotes PPARγ activity during the early 

induction phase of M2-type polarization by increasing its protein levels (at ~8 h), and once 

M2-type polarization has progressed, PPARγ activity is switched off by ERK-mediated 

S112 phosphorylation, which leads to its degradation.

PPARγ induces M2-type polarization by promoting a metabolic switch to oxidative 

phosphorylation and by induction of RA signaling via increasing expression of rate-limiting 

enzymes of RA signaling, including ALDH1A2 (Gyöngyösi et al., 2013; Szatmari et al., 

2006; Zhu et al., 2013). Indeed, we observed that PPARγ targets involved in RA signaling 

or lipid metabolism (including RDH10, ALDH1A2, FABP4, and lipoprotein lipase [LPL]) 

and M2-type polarization markers induced by RA signaling (e.g., TGM2) all peaked after 

8 h (24-h time point) (Figure 5C, 5D, and S12G). In addition to its role of inducing fatty 

acid oxidation, IL-4-induced PPARγ also promotes lipolysis by inducing expression of 

LPL (Odegaard et al., 2007), which we found to be highly upregulated at 24 h after IL-4 

treatment (Figure 5C).

IL-4-induced and MEK/ERK-mediated PPARγ and RA signaling are required for M2-type 
macrophage polarization

We found that MEK/ERK-induced PPARγ and RA signaling not only is associated 

with M2-type polarization but also is required for that polarization process. The 

PPARγ antagonist GW9662 dose-dependently inhibited MRC1 expression in macrophages 

at concentrations that do not affect cell viability (Figure 6A). Our proteomic and 

transcriptomic data show that inhibition of M2-type polarization by panobinostat or 

He et al. Page 12

Cell Rep. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trametinib is linked to inhibiting the expression of PPARγ and its downstream target 

ALDH1A2. We confirmed by western blotting that panobinostat and trametinib completely 

blocked the IL-4-mediated strong increase in ALDH1A2 protein levels (Figure 6B). 

Moreover, GW9662 reduced IL-4-induced ALDH1A2 protein levels, whereas the PPARγ 
agonist rosiglitazone increased ALDH1A2 protein levels (Figure 6B). ALDH1A2 protein 

levels correlated to protein levels of the RA-dependent downstream target and M2-type 

marker TGM2 (Figure 6B). We confirmed in both primary mouse and human macrophages 

that GW9662 reduced protein levels of the M2-type markers Arg1 (mouse) and TGM2 

(human), whereas the PPARγ agonist rosiglitazone increased their protein levels (Figures 

6C and 6D). Activation of RA signaling directly with either the retinoic acid receptor (RAR) 

agonist AM580 or all-trans-RA (ATRA) also strongly increased Arg1 or TGM2 protein 

levels in mouse and human macrophages, respectively (Figures 6B–6D).

Our proteomic and phosphoproteomic data showed that the increase in ERK 

phosphorylation at 2–8 h of IL-4 treatment was associated with an increase in PPARγ 
protein levels, which then both decreased at 24 h (Figures 5B and S12F). We confirmed 

these findings also in primary human macrophages by western blotting (Figures 6E and 

6F). To provide further evidence that ERK signaling activity is a critical determinant 

of PPARγ protein levels during IL-4-induced M2-type polarization, we treated primary 

human macrophages with IL-4 in the presence or absence of GDC-0879 (to activate ERK 

signaling) or trametinib (to inhibit ERK signaling). GDC-0879 increased ERK activation 

and concomitantly led to increased protein levels of PPARγ, MRC1, and TGM2, whereas 

trametinib had the opposite effects (Figures 6E and 6F). The increase in ERK1 (T202/Y204) 

phosphorylation and in PPARγ observed with IL-4 treatment at 8 h was further increased 

with GDC-0879 but completely blocked with trametinib. At 24 h of IL-4 treatment, PPARγ 
levels again decreased but remained increased with GDC-0879 treatment (Figures 6E and 

6F). Thus, M2-type macrophage polarization is dependent on IL-4-induced and MEK/ERK-

mediated PPARγ and RA signaling.

Trametinib and panobinostat block M2-type macrophage polarization in vivo and inhibit 
inflammatory angiogenesis and fibrosis

The inhibition of M2-type polarization of macrophages by trametinib or panobinostat 

also resulted in reduced expression of the proangiogenic growth factor VEGF-A in these 

macrophages (Figure 7A). Thus, we tested whether trametinib and panobinostat also inhibit 

M2-type polarization and aberrant angiogenesis in vivo. We have shown that laser-induced 

CNV is an animal model for wound healing and NV-AMD, in which Arg1+ M2-type 

macrophages strongly accumulate within the first 48–72 h at the site of the laser-induced 

injury and promote CNV (He and Marneros, 2013, 2014; Marneros, 2013; Strittmatter et 

al., 2016). Here, we find that both panobinostat and trametinib potently inhibited M2-type 

macrophage polarization in these CNV lesions without blocking macrophage infiltration 

(Arg1−F4/80+), which was associated with strong inhibition of CNV (Figures 7B and 7C). 

Similarly, panobinostat and trametinib diminished Arg1 expression in wound macrophages 

after skin wounding (Figures 7D and 7E).
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DISCUSSION

Our datasets provide a comprehensive resource to define which temporal changes in cell 

signaling and metabolism occur during specific phases of the macrophage-polarization 

process and have critical roles for M1- versus M2-type polarization. They allow an in-depth, 

direct comparison of IFN-γ/LPS- versus IL-4-induced quantitative changes of the proteome 

and phosphoproteome at a temporal resolution and scale that has not been available thus 

far. Moreover, our quantitative proteomics of fully polarized M1- and M2-type macrophages 

resulted in the quantification of many more proteins than in previous proteomic studies of 

polarized macrophages (Court et al., 2017; Meijer et al., 2015; Wiktorowicz et al., 2019).

Macrophage polarization has been linked to metabolic reprogramming. M1-type 

macrophages rely mainly on glycolysis and synthesize fatty acids from acetyl-coenzyme 

A (acetyl-CoA), whereas IL-4-induced PPARγ is required for M2-type macrophage 

polarization and stimulates oxidative phosphorylation (Bouhlel et al., 2007; Chawla, 2010; 

Lavin et al., 2017; Nelson et al., 2018; Odegaard et al., 2007). Notably, our findings not 

only validated previously known distinct changes in cell metabolism that occur with M1- 

versus M2-type polarization but also defined the precise temporal activation pattern for these 

metabolic pathways during M1- versus M2-type polarization. Moreover, we also detected 

metabolic changes that were previously not well recognized, such as the upregulation of 

glycosaminoglycan metabolism with M2-type polarization. Our data show that IL-4-induced 

M2-type polarization is associated with increases in key genes and proteins involved in 

PPARγ and RA signaling, oxidative phosphorylation, and carbohydrate, glycosaminoglycan, 

and lipid metabolism at specific phases of the polarization process.

These datasets can be used to identify critical signaling and metabolic pathways required for 

macrophage polarization. As such, we examined the role of IL-4-induced MEK signaling for 

M2-type macrophage polarization. Although it has previously been reported that PPARγ-

induced RA signaling promotes M2-type polarization, our finding that MEK signaling is a 

critical regulator of this PPARγ/RA axis was not previously established. The demonstration 

that pharmacologic blockade of MEK signaling can inhibit the PPARγ/RA axis and thereby 

block M2-type polarization, whereas pharmacologic activation of MEK signaling has the 

opposite effect, shows the therapeutic relevance of these findings and demonstrates the 

value of combing information from the proteomic/phosphoproteomic datasets with those 

from chemical screens. The integration of these data provided a model for the temporal 

sequence of signaling events that are required for M2-type polarization and that can be 

regulated by small molecules. Based on our data, we propose a model in which IL-4 induces 

JAK1/STAT6 activation and, via parallel pathways, PI3K/AKT and MEK/ERK signaling, 

which cooperatively lead to the activation of transcription that is regulated, at least in 

part, by the activities of STAT6, HDACs, AP-1, and MYC. This early phase of M2-type 

polarization results in increased PPARγ, which then functions in a second subsequent 

phase via activation of RA signaling to further promote M2-type polarization (Figure 5D). 

We show that this MEK/PPARγ/RA signaling axis can be targeted by small molecules to 

block M2-type polarization, thereby providing therapeutic opportunities for conditions that 

are exacerbated by M2-type macrophages. For example, MEK inhibitors potently inhibited 
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expression of M2-type polarization markers not only in vitro but also in vivo in assays of 

wound healing and NV-AMD.

The increase in PPARγ with IL-4 treatment preceded the increase in rate-limiting enzymes 

required for RA signaling (e.g., ALDH1A2), consistent with data showing that ALDH1A2 

expression is upregulated by IL-4 through the cooperative actions of PPARγ and STAT6 

and promotes M2-type macrophage polarization (Chiba et al., 2016; Daniel et al., 2018; 

Gyöngyösi et al., 2013; Ho et al., 2016; Huang et al., 1999; Lee et al., 2016; Nelson et al., 

2018; Szatmari et al., 2006; Vellozo et al., 2017; Zhu et al., 2013). We show that stimulation 

of PPARγ activity with an agonist in IL-4-treated macrophages increases ALDH1A2 levels 

and M2-type polarization, whereas a PPARγ inhibitor had the opposite effect. IL-4-induced 

MEK/ERK signaling is required for the increase in PPARγ expression and PPARγ-induced 

RA signaling that promotes M2-type polarization. Moreover, panobinostat had a similar 

effect as trametinib, implicating HDAC activity as a key regulator of PPARγ-induced M2-

type polarization.

IL-4 induces MYC expression that promotes expression of PPARγ and a subset of M2-genes 

(Pello et al., 2012). We also observed an upregulation of MYC expression by IL-4 and 

an induction of activating phosphorylating events of MYC by ERK at the time when 

ERK activity peaked. Moreover, trametinib and panobinostat both inhibited IL-4-induced 

expression not only of PPARγ but also of MYC. In addition, AP-1 transcription factors 

can be activated by MEK/ERK signaling and have been shown to promote macrophage 

polarization (Fontana et al., 2015a, 2015b), which is supported by our enhancer analysis 

data as well. This suggests that functional cooperation between STAT6, AP-1, MYC, and 

HDACs induces genes that promote M2-type polarization, including PPARγ, during the 

early phase of M2-type polarization and that MEK/ERK signaling promotes that process 

by activating AP-1 and MYC. ERK-induced phosphorylation of PPARγ at S112 inhibits 

its transcriptional activity and leads to its degradation (Burns and Vanden Heuvel, 2007; 

Hu et al., 1996). Consistent with a phase-dependent activating versus inhibitory function 

of MEK/ERK signaling for PPARγ activity and M2-type polarization, we find that the 

MEK/ERK-induced increased PPARγ activity in the early phase of M2-type polarization 

is subsequently switched off in the second phase (at 24 h) by ERK-induced PPARγ 
(S112) phosphorylation, which leads to its degradation at a time when M2-type polarization 

has progressed. In fully polarized M2-type macrophages, MEK/ERK signaling activity is 

diminished. Thus, MEK/ERK activity controls PPARγ levels that determine induction of 

IL-4-dependent M2-type polarization.

Whether and how MEK/ERK signaling affects macrophage polarization has previously been 

unclear. Differences in the reported effects of MEK inhibitors on M2-type macrophage 

polarization in earlier studies may, in part, be explained by differences in the time points 

when MEK/ERK phosphorylation was examined (Heller et al., 2008; Long et al., 2017). 

We show in human macrophages that IL-4 leads to an increase in ERK phosphorylation 

between 2–8 h but not at 10–30 min, explaining why a previous study that assessed 

ERK phosphorylation only at 10–30 min after adding IL-4 did not observe an increase 

in ERK phosphorylation (Heller et al., 2008). The duration of ERK activation can be either 

transient and short-lived or sustained, lasting several hours (Muta et al., 2019). Sustained 
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ERK signaling can occur because of activated receptors that are translocated upon ligand 

stimulation to long-lived signaling endosomes, where they avoid degradation (Bergeron 

et al., 2016; Valdez et al., 2007; Villaseñor et al., 2015). Notably, ligand-induced IL-4 

receptor dimers become enriched in cortical endosomes after IL-4 treatment to stimulate 

downstream signaling (Kurgonaite et al., 2015), which may explain our observation that 

M2-type polarization of macrophages is associated with sustained ERK activation between 

2 and 8 h after IL-4 treatment. Collectively, our data show that IL-4-induced sustained 

MEK/ERK signaling is required for M2-type macrophage polarization.

The contributions of HDACs for macrophage polarization are not well understood. 

Panobinostat was a particularly potent inhibitor of M2-type marker expression and could 

block Arg1 expression in activated macrophages also in vivo, which was associated with 

an inhibition of CNV. Panobinostat inhibited expression of genes induced by MEK/ERK 

signaling (e.g., MYC) as well as of PPARγ and ALDH1A2, suggesting that HDAC 

inhibition acts upstream of RA signaling in blocking M2-type polarization. This is also 

supported by the observation that panobinostat and trametinib showed a significant overlap 

of inhibited genes and pathways associated with M2-type polarization. This overlap may, in 

part, be explained by our finding that panobinostat inhibited expression of genes linked to 

MEK/ERK signaling, as well as by our observation that trametinib inhibited expression of 

genes associated with histone deacetylase activity. Notably, pan-HDAC inhibitor treatment 

only affects expression of a subset of genes in a cell-type-dependent manner and only a 

subset of HDAC-bound genomic locations are targeted by HDAC inhibitors (Hanigan et 

al., 2018; Peart et al., 2005; Richon et al., 2000; Van Lint et al., 1996). Consistent with 

such a context-dependent, selective effect of HDAC inhibitors on transcriptional programs, 

panobinostat inhibited M2-type marker gene expression but increased expression of various 

M1-type markers. Varying findings regarding the roles of HDAC inhibitors on macrophage 

polarization may be explained not only by different activities of various HDAC inhibitors on 

specific HDACs, different origins of macrophages, or different in vivo assays used but also 

by different HDAC concentrations used in these experimental assays (Lohman et al., 2016). 

This may explain why some previous studies also implicated some HDAC inhibitors as 

potential inducers of M2-type macrophage polarization (Mohammadi et al., 2018). However, 

our observation that multiple, different HDAC inhibitors could block M2-type marker 

expression in macrophages and that panobinostat could prevent M2-type polarization of 

macrophages also in vivo demonstrates their therapeutic potential as M2-type polarization 

inhibitors.

Among the diseases for which M2-type macrophage polarization inhibitors may offer 

therapeutic benefits would be conditions in which increased M2-type macrophages are 

associated with pathologic angiogenesis, such as in NV-AMD (Yang et al., 2016; Zandi 

et al., 2015). Our previous observation that CNV-infiltrating macrophages/microglia in the 

laser-induced NV-AMD model predominantly express M2-type markers and that ablation of 

CNV macrophages/microglia prevented CNV formation suggests that the potent inhibition 

of CNV and M2-type polarization with panobinostat and trametinib is, at least to a 

significant extent, due to the block of M2-type polarization (He and Marneros, 2013; 

Marneros, 2013). However, MEK and HDAC inhibitors can also inhibit angiogenesis via 

direct effects on endothelial cells (Bullard et al., 2003; Deroanne et al., 2002; Zhu et al., 
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2002). Thus, it is likely that they inhibit CNV not only by blocking M2-type macrophage 

polarization but also to some extent through direct effects on endothelial cells. This dual 

inhibitory activity of MEK and HDAC inhibitors on both M2-type macrophage polarization 

and endothelial cells makes these drugs particularly promising as therapeutic options in 

diseases with pathologic angiogenesis.

In summary, our data provide a comprehensive resource to define signaling mechanisms 

and changes in cell metabolism that regulate macrophage polarization. We used these 

data to show that a MEK/PPARγ/RA signaling axis is required for IL-4-induced M2-type 

macrophage polarization, which can be effectively blocked by pharmacologic inhibitors 

of MEK, PPARγ, or HDACs. Thus, these small-molecule inhibitors are likely to have 

therapeutic relevance for conditions exacerbated by M2-type macrophages.

Limitations of study

A limitation of studying macrophage polarization in vitro is that this approach only 

partially captures the tissue microenvironment context in which many different factors affect 

macrophage polarization. However, it is likely that the identified signaling mechanisms that 

promote polarization in vitro are also critical for polarization mechanisms that occur in vivo. 

This is supported by our observation that trametinib and panobinostat inhibited M2-type 

macrophage polarization not only in vitro but also in skin wounds and laser-induced CNV 

lesions.

Our proteomic studies and chemical screens used a well-characterized human macrophage 

cell line (THP-1 cells). This allowed us to conduct these experiments with a sufficiently 

large number of cells that had less heterogeneity than primary macrophages. In contrast, 

RNA-seq experiments were conducted in both THP-1-derived and primary human 

macrophages and showed a significant overlap in activation of specific cellular pathways 

that occur with either M1- or M2-type polarization between both macrophage populations. 

Thus, it is likely that many of the findings from the proteomics and chemical screen 

experiments in THP-1-derived macrophages also apply to primary human macrophages. 

However, differences exist between these cells and, therefore, findings in THP-1-derived 

macrophages cannot be directly extrapolated to cellular changes that occur in primary 

macrophages. This highlights the importance of functional validation experiments to 

assess whether a particular pathway activation or drug effect observed in THP-1-derived 

macrophages also occurs in primary human macrophages, as has been demonstrated for key 

findings in this study.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to the lead contact, Alexander G. Marneros (amarneros@mgh.harvard.edu).

Materials availability—Materials described in this study are commercially available. The 

MRC1-promoter luciferase THP-1 macrophage cell line is available from the lead contact.
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Data and code availability

• All RNA-Seq and ChiP-Seq sequencing data were deposited on the National 

Cancer for Biotechnology Information Gene Expression Omnibus (GEO): 

GSE154347. All proteomics data were deposited into the MassIVE repository 

(MSV000084672). Accession numbers are also listed in the key resources table. 

All other data reported in this paper will be shared by the lead contact upon 

request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and reagents—THP-1 cells were obtained from ATCC (ATCC Cat# 

TIB-202, RRID:CVCL_0006) and cultured in RPMI1640+10% FBS+1% Anti-Anti (Life 

Technologies, 15240) on plastic cell culture dishes (Nunclon Delta, Thermo Fisher). 

BMDMs were isolated from both femurs and tibias of 8-week-old C57BL/6J mice. Briefly, 

mice were euthanized and immersed in 70% ethanol for 2 minutes. After removing 

attached tissues from femurs and tibias, bones were immersed in 70% ethanol for 30 s 

and subsequently bone marrow was flushed out by injecting DMEM+10% FBS into bones 

using 10 mL syringes with 27G needles. The bone marrow suspension was spun down. 

Pellets were resuspended in 25 mL of DMEM + 10% FBS+1% Anti-Anti+ murine 10 ng/ml 

M-CSF. Cells were cultured in 140 mm Petri dishes for 7 days. One day before use, attached 

macrophages were washed with PBS for 3 times and split into 12 well cell culture dishes for 

the following experiments. One day after splitting, BMDMs were treated with mouse IL-4 

(20 ng/ml) or IFNγ (20 ng/ml) + LPS (10 ng/ml) for either 24 hr or 4 days. Cryopreserved 

human PBMCs (100 million cells/vial) were purchased from iXCells Biotechnologies 

(10HU-003CR100M). PBMCs were suspended in cell culture medium (Xvivo10 [Lonza, 

04–380Q, with gentamicin and phenol red], 1.8% human serum [AB plasma, Sigma, 

H4522], 100 ng/ml human M-CSF [Invitrogen, 14–8789-80]). Medium was changed on day 

1 and day 3 and cells floating in media were span down and re-seeded to cell culture dishes. 

On day 6, PBMCs were treated with human IL-4 (20ng/ml) or human IFNγ (20ng/ml) + 

LPS (10ng/ml). For small molecule treatments, PBMC-derived macrophages were treated 

together with indicated chemicals for 24 hours or 4 days. Recombinant human IL-4 (#200–

04), human IFNγ (#300–02), murine IL-4 (#214–14) and murine M-CSF (#315–02) were 

purchased from Peprotech, (Peprotech, NJ); and LPS (L4391) and PMA (P8139) were 

purchased from Sigma.

Study approval—All animal studies were approved by the institutional animal review 

board (IACUC) of Massachusetts General Hospital.

METHOD DETAILS

Cell-based small molecule inhibitor screen—We described the generation of the 

MRC1 promoter luciferase construct and the establishment of a clonal THP-1 cell line 

stably expressing this construct previously (He and Marneros, 2014). The THP-1 MRC1 
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promoter luciferase reporter cells (1.0kb, clone #4) were seeded into 384-well plates at a 

density of 4×104 cells/well by a Wellmate machine (Matrix Technologies Corp) and treated 

with 40 nM PMA for 24 hours and followed by the treatments of IL-4 (20 ng/ml) + 2.5 

μM chemicals each for additional 3 days. The chemical libraries used were obtained from 

Selleckchem and included 143 natural products (library L1400–01 and L1400–02) and 1836 

bioactive compounds (library L1700–1 to 21). Luciferase activity was determined using the 

Steady-Glo Luciferase Assay System (Promega, E2520) as per manufacturer’s protocol. All 

treatments in this library screen were performed in duplicate.

Verification of candidate chemicals using a luciferase reporter assay in THP-1 
cells—THP-1 MRC1 promoter luciferase reporter cells (1.0k, clone #4) were seeded into 

384 well plates, 4×104 cells/well in 30 μL RPMI1640+10% FBS+1% Anti-Anti with PMA 

(40 nM) by a Wellmate machine. 24 hours later, 50 μL RPMI1640+10% FBS+1% Anti-

Anti with human IL-4 (20ng/ml) were added to primed cells. Candidate compounds were 

transferred to 384 well plates by pin plates. 4 days later, 10 μL Steady Glo was added. 

Plates were read with a luminescence plate reader. These experiments were performed in 

quadruplicate. To test for dose-dependent effects, chemicals were used at concentrations 

between 0 and 22,500nM (concentrations indicated in graphs). Results were normalized 

to the control carrier (DMSO). Chemicals were obtained from Selleckchem or Cayman 

Chemical.

Cytotoxicity assay—Concentration-dependent chemical cytotoxicity on THP-1-derived 

macrophages was measured with a CellTiter-Glo luminescent cell viability assay (CTG 

assay, Promega, G7573). Briefly, chemical-treated cells were split into two groups, one for 

the luciferase reporter assay and another for the cytotoxicity assay. Four days later, 5 μL 

1:1 diluted CTG were added to the cells in 384 well plates by a Wellmate machine. All 

treatments in this assay were in quadruplicate.

Semiquantitative RT-PCR—Concentrations of chemicals that inhibited MRC1-driven 

luciferase activity without affecting cell viability were determine in dose-dependent 

luciferase assays. These concentrations were used in experiments to determine the effects 

of these chemicals on polarization of THP-1-derived macrophages or BMDMs (Table S3). 

THP-1 cells were primed with 40nM PMA for 24 hours. Cells were treated with candidate 

chemicals + human IL-4 (20 ng/ml) or IFNγ (20 ng/ml) + LPS (10 ng/ml) for 4 days before 

harvest. BMDMs from 10 C57BL/6J mice were pooled and split once before use. One 

day after splitting, BMDMs were pretreated with candidate chemicals plus mouse IL-4 (20 

ng/ml) or IFNγ (20 ng/ml) + LPS (10 ng/ml) for 4 days.

RNA was isolated from cells with Trizol reagent (Life Technologies). For gene expression 

studies, cDNA was obtained using 0.5 μg RNA and the Transcriptor First strand synthesis 

kit utilizing hexamer primers (Roche). Semiquantitative RT-PCR was performed using a 

LightCycler 480 system with the LightCycler 480 SYBR Green I master mix according 

to standard procedures (45 amplification cycles) (Roche Applied Science, Indianapolis, 

IN). Primers for CD68 or 36b4 were used as a normalization control. Concentrations were 

determined using a standard dilution curve. Experiments for all samples were performed in 
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triplicate with n = 3 wells/experimental group. An unpaired two-tailed Student’s t test was 

used for statistical analyses. P values < 0.05 were considered to be statistically significant.

Western blotting—Cells were harvested and proteins were extracted using NP-40 

lysis buffer (Life Technologies, FNN0021) + 1mM PMSF and protease inhibitor 

cocktail (cOmplete, Roche). 20–30 μg protein was loaded onto NuPage 4%–12% Bis-

Tris gradient gels (Life Technologies) and transferred to nitrocellulose membranes (GE 

Lifesciences). Primary antibodies used were against MRC1 (Sigma, HPA004114, 1:300; 

RRID: AB_1846270), CD68 (SCBT, SC-9139, 1:1000; RRID: AB_2275738), F4/80 

(SCBT, SC-25830, 1:200, RRID: AB_2246477), Arg-1 (SCBT, SC-18354, 1:1000, RRID: 

AB_2227469), TGM2 (Cell Signaling, #3557, 1:1000; RRID: AB_2202883), phospho-Stat1 

(Y701) (Cell Signaling, #9167, 1:1000; RRID: AB_561284), phospho-ERK1 (Thr202/

Tyr204, Cell Signaling, #9101, 1:1500, RRID: AB_331646), ERK1/2 (Cell Signaling, 

#4695, 1:1500, RRID: AB_390779), β-actin (Lab Vision, Rb-9421-P1, 1:1000; RRID: 

AB_720056; and A5316 from Sigma, RRID: AB_476743), PPARγ (Cell Signaling 

Technology Cat# 2443, RRID: AB_823598), phospho-STAT6 (Y641) (Cell Signaling 

Technology Cat# 56554, RRID: AB_2799514), ALDH1A2 (Santa Cruz Biotechnology, 

sc-393204), and β-tubulin (Cell Signaling Technology Cat# 2128, RRID: AB_823664). 

HRP-conjugated secondary antibodies were purchased from GE Healthcare (ECL rabbit or 

mouse whole molecule, NA934 and NA931). Chemiluminescence signal was determined 

with the SuperSignal WestPico chemiluminescent substrate or the ECL western blotting 

substrate (Pierce).

Proteomics and phosphoproteomics samples—For proteomics of fully polarized 

THP-1-derived macrophages, THP-1 cells (2.5×106 cells/treatment) were treated with PMA 

(50nM) for 24 hours in 60 mm cell culture dishes. After PMA treatment, cells were 

incubated for 4 additional days with either (1) fresh medium (RPMI1640+10% FBS+1% 

Anti-Anti), (2) fresh medium + IL-4 (20 ng/ml) or (3) fresh medium + IFNγ (20 ng/ml) 

and LPS (10 ng/ml). Cells were then washed with cold PBS three times, scraped down and 

flash frozen in liquid nitrogen for proteomic experiments. Additional experimental groups 

included cells treated with IL-4 and (+)-JQ1 (0.093 μM). All experiments were performed in 

duplicate (n = 2/experimental group).

For time-course experiments, THP-1 cells (3×106 cells in 60 mm dish per time point for 

proteomics and 3.5×108 cells in 9×150 mm dishes per time point for phosphoproteomics) 

were treated with PMA for 24 hours to induce differentiation of THP-1 cells into M0 

macrophages. Thereafter, these cells were harvested at 0 minutes (baseline comparison), and 

at 10 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours and 24 hours after initiation of 

treatment with either IL-4 (20 ng/ml) or IFNγ (20 ng/ml) and LPS (10 ng/ml). As controls, 

we utilized THP-1 cells (3×106 cells in 60 mm dish per time point) that were treated for 

24 hours with PMA and harvested at the same time points as the treatment groups. We 

performed a multiplexed quantitative proteomics and phosphoproteomics approach based on 

the use of tandem mass tag reagents according to experimental protocols previously reported 

(Edwards and Haas, 2016).
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To test the effects of trametinib or GDC-0879, THP-1 cells were first primed with PMA 

for 24 hours, then THP-1 cells were subjected to GDC-0879 (2.5 μM) or DMSO (control) 

pre-treatments for 1 hour and subsequently either IL-4 (20 ng/ml) or IFNγ (20 ng/ml)/ LPS 

(10 ng/ml) was added for M1 or M2 polarization as above for 24 hours. After this, cells 

were harvested for proteomics and phosphoproteomics profiling. These treatments were 

performed in duplicate (except for M1 cells treated with GDC-0879 for one sample).

Proteomics and phosphoproteomics methods—Proteome profiling was done by 

using a multiplexed quantitative proteomics approach based on the use of tandem mass tag 

(TMT) reagents (McAlister et al., 2012, 2014; Thompson et al., 2003; Ting et al., 2011). 

Cells were lysed by addition of 500 μL lysis buffer (75mM NaCl, 50mM HEPES pH 

8.5, 10mM Sodium pyrophosphate, 10mM Sodium Fluoride, 10mM B-Glycerophosphate, 

10mM Sodium Orthovanadate, Roche complete mini EDTA free protease inhibitors, 3% 

SDS, 10mM PMSF) (Edwards and Haas, 2016). The disulfide bonds were reduced by 

adding dithiothreitol (DTT) to a final concentration of 5 mM and incubation at 56°C for 

30 min followed by adding iodoacetamide to adjust a final concentration of 15 mM and 

an incubation in the dark at room temperature for 20 min. The reaction was stopped by 

adding DTT to a final concentration of 5 mM and an incubation in the dark at room 

temperature for 15 minutes. Protein was isolated by adding one part of trichloroacetic acid 

to 4 parts of protein solution and incubation for 10 min on ice. The precipitated protein was 

pelleted by centrifugation (15,000 g, 10 min, 5°C) and washed twice with prechilled acetone 

(−20°C, 300 μL, 15,000 g, 10 min, 5°C). The remaining protein pellets were resuspended 

in 500μL 1 M urea, 50 mM HEPES (pH 8.5) and digested overnight at room temperature 

with 1 μg/μL endoproteinase Lys-C (Wako) followed by digestion with sequencing-grade 

trypsin (Promega) at a final concentration of 1 ng/μL 6 h at 37°C. The digestion was 

quenched with 1% trifluoroacetic acid (TFA), and peptides were desalted using Sep-Pak C18 

solid-phase extraction (SPE) cartridges (Waters). The peptide concentration of each sample 

was determined using a BCA assay (Thermo Scientific).

For labeling with TMT10 or 11-plexed reagents (Thermo Scientific), 50 μg of peptides 

were dried and resuspended in 50 μL of 200 mM HEPES (pH 8.5), 30% acetonitrile 

(ACN). Labeling was performed by adding 150 μg TMT reagent in anhydrous ACN and 

incubating at room temperature for 1 h. The reaction was stopped by the addition of 

5% (w/v) hydroxylamine in 200 mM HEPES (pH 8.5) to a final concentration of 0.5% 

hydroxylamine and incubation at room temperature for 15 min. Samples were acidified 

with 1% TFA, and samples were combined. The pooled samples were desalted using 

Oasis HLB cartridges (Waters) (Kreuzer et al., 2019). The combined multiplexed samples 

underwent a prefractionation on an HPLC under basic pH (basic pH reversed-phase liquid 

chromatography, bRPLC), as previously described, and fractions were dried (Edwards and 

Haas, 2016). A total of two TMT sets were analyzed, with twelve fractions assayed for 

each set. To enable a quantitative comparison of all analyzed samples, we used a common 

“bridge” sample in both TMT sets comprising all studied samples (Lapek et al., 2017). The 

proteome mapping experiments were done using an Orbitrap Fusion or an Orbitrap Fusion 

Lumos mass spectrometer. Peptides were resuspended in 5% ACN/5% formic acid and 

subjected to LC-MS2/MS3 analysis on an Orbitrap Lumos mass spectrometer. Peptides were 
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separated on an in-house pulled, in-house packed microcapillary column (inner diameter, 

100 μm; outer diameter, 360 μm). Columns were packed to a final length of 30 cm with 

GP-C18 (1.8 μm, 120 Å, Sepax Technologies). Peptides were eluted with a linear gradient 

of increasing ACN in 0.125% formic acid over 165 minutes at a flow rate of 300 nl/minute 

while the column was heated to 60°C. The Orbitrap Fusion was operated in data-dependent 

mode, with a survey scan performed over an m/z range of 500–1,200 in the Orbitrap with 

a resolution of 6×104, automatic gain control (AGC) of 5 × 105, and a maximum injection 

time of 100 ms. The most abundant ions detected in the survey scan were subjected to 

MS2 and MS3 experiments to be acquired in a 5 s experimental cycle. For MS2 analysis, 

doubly charged ions were selected from an m/z range of 600–1200, and triply and quadruply 

charged ions from an m/z range of 500–1200. The ion intensity threshold was set to 5×104 

and the isolation window to 0.5 m/z. Peptides were isolated using the quadrupole and 

fragmented using CID at 30% normalized collision energy at the rapid scan rate using an 

AGC target of 1 × 104 and a maximum ion injection time of 35 ms. MS3 analysis was 

performed using synchronous precursor selection (SPS) (Ting et al., 2011; McAlister et al., 

2014). Up to 10 MS2 fragment ions precursors were simultaneously isolated and further 

fragmented for MS3 analysis with an isolation window of 2.5 m/z and HCD fragmentation 

at 55% normalized collision energy. MS3 spectra were acquired at a resolution of 6×104 

with an AGC target of 1 × 105 and a maximum ion injection time of 100 ms. A complete set 

of method parameters are listed in the RAW files provided through the MassIVE repository 

(MSV000084672).

Sample preparation for phosphoproteome mapping was done as described previously 

(Kreuzer et al., 2019; Lyons et al., 2018). Peptides from the Lys-C/trypsin digest were 

enriched for phosphopeptides using a 4: 1 ratio of titanium dioxide beads to peptide (w/w). 

Peptides were resuspended in 2 M lactic acid in 50% ACN and added to 1.8 mg of 

titanium dioxide beads. The mixture was shaken gently for 1 hour. Beads were collected 

by centrifugation and washed 3 times with 2 M lactic acid in 50% ACN and 3 times with 

50% ACN / 0.1% TFA. Phospshopeptides were eluted with 2 × 200 μL of 50 mM KH2PO4, 

pH 10, and acidified with 1% TFA. Eluted phosphopeptides were desalted, lyophilized, 

and labeled with TMT reagents as described above. The combined sample was enriched 

for phosphotyrosine-containing peptides using phosphotyrosine antibody-conjugated beads 

(Cell Signaling Technology) following the protocol provided by the manufacturer. Unbound 

peptides (phosphoserine and phosphothreonine peptides) were desalted, lyophilized, and 

fractionated by bRPLC. A total of 96 fractions were collected, and fractions were combined 

into 24 fractions. Bound peptides (phosphotyrosine peptides) were eluted and desalted. All 

25 fractions were re-suspended in 5% ACN / 5% formic acid and analyzed on an Orbitrap 

Fusion or an Orbitrap Lumos mass spectrometer using LC-MS2/MS3 for identification and 

quantification of the phosphopeptides. Analyses were done using both HCD fragmentation 

with Orbitrap fragment ion detection and CID fragmentation with ion trap fragment ion 

detection (Kreuzer et al., 2019; Lyons et al., 2018). The following key settings were used 

for the mass spectrometry methods: MS1 m/z, 500–1500; MS1 resolution, 6×105; MS1 

AGC, 1×106; MS1 maximum ion injection, 100 ms; data acquisition cycle time, 5 s; MS2 

precursor m/z selection range, 500–1500; MS2 ion intensity threshold, 3×106; MS2 isolation 

width, 0.5 m/z; MS2 AGC target, 2×104 (Fusion), 4×104 (Lumos); HCD-MS2 resolution, 
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1.5×104; HCD-MS2 collision energy, 40%; CID-MS2 collision energy, 30%; number of 

MS2 fragment ions collected for MS3, 3; MS3 isolation width, 2.5 m/z (Fusion), 2 m/z 

(Lumos); MS3 collision energy, 55%; MS3 resolution, 6×104 (Fusion), 5×104 (Lumos); 

MS3 AGC target, 1×105 (Fusion), 3×105 (Lumos). If multiple TMT sets were required to 

analyze all samples from an experiment two bridge channels pooled from all samples were 

used to connect the data from the individual TMT sets (Lapek et al., 2017).

Data were processed using an in-house developed software suite (Huttlin et al., 2010). MS2 

data were annotated using the Sequest algorithm (Eng et al., 1994) to search the Uniprot 

database of human protein sequences (02/2014) including known contaminants such as 

trypsin, and a target-decoy database strategy was applied to measure false-discovery rates 

of peptide and protein identifications (Elias and Gygi, 2007). Searches were performed 

with a 50 ppm precursor mass tolerance; 10-plex TMT tags on lysine residues and 

peptide n-termini (+229.162932 Da) and carbamidomethylation of cysteines (+57.02146 

Da) were set as static modifications and oxidation of methionine (+15.99492 Da) as a 

variable modification for proteome data searches and additionally phosphorylation of serine, 

threonine, and tyrosine (+79.966331 Da) as variable modification for phosphoproteome 

data searches. Based on the target-decoy database search strategy (Elias and Gygi, 2007) 

and employing linear discriminant analysis and posterior error histogram sorting, peptide 

and protein assignments were filtered to false discovery rate (FDR) of < 1% (Huttlin et 

al., 2010). Peptides that matched to more than one protein were assigned to that protein 

containing the largest number of matched redundant peptide sequences following the law 

of parsimony (Huttlin et al., 2010). The Ascore algorithm was used to evaluate the correct 

assignment of phosphorylation within the peptide sequence (Beausoleil et al., 2006). TMT 

reporter ion intensities were extracted from the MS3 spectra selecting the most intense 

ion within a 0.003 m/z window centered at the predicted m/z value for each reporter ion 

and spectra were used for quantification if the average signal-to-noise ratio per channel 

was 40 and 20 for proteomics and phosphoproteomics experiments, respectively, and the 

isolation specificity (Ting et al., 2011) for the precursor ion was ≥ 0.75. Protein intensities 

were calculated by summing the TMT reporter ions for all peptides assigned to a protein. 

Intensities were first normalized by the average intensity across all samples relative to the 

median average across all proteins (Lapek et al., 2017). In a second normalization step 

protein intensities measured for each sample were normalized by the average of the median 

protein intensities measured across the samples (Lapek et al., 2017).

Five proteomics experiments are described in the paper:

i. Quantitative proteomics of fully polarized macrophages after 4 days of treatment 

with IL4 or IFNγ/LPS to determine global proteome landscape of fully polarized 

THP-1-derived M1-type versus M2-type macrophages. In addition, the effects of 

the BET bromodomain inhibitor (+)-JQ1 on IL4-induced M2-type polarization 

was included (IL4 + JQ1).

Proteome mapping on Orbitrap Fusion (one TMT set)

RAW files: Marneros_4DayTreatment_proteome_fraction01 to …fraction12

8 samples
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Labeling: PMA.1 (126), PMA.2 (127n), IL4.1 (127c), IL4.2 (128n), IL4+JQ1.1 

(128c), IL4+JQ1.2 (129n), IFNgamma+LPS.1 (129c), IFNgamma+LPS.2 (130n)

ii. Time-course quantitative proteomics during the first 24 hours after induction 

of macrophage polarization in THP-1-derived macrophages to identify protein 

changes associated with M1-type (IFNγ/LPS-induced) versus M2-type (IL-4-

induced) polarization:

Proteome mapping on Orbitrap Fusion (three TMT sets: set01, set02, set03)

RAW files:

Marneros_time course_proteome_TMTset01_fraction01 to …fraction12

Marneros_time course_proteome_TMTset02_fraction01 to …fraction12

Marneros_time course_proteome_TMTset03_fraction01 to …fraction12

22 samples

Labeling:

set01; bridge 1 (126), PMA 0min (127n), PMA 10min (127c), PMA 30min 

(128n), PMA 1h (128c), PMA 2h (129n), PMA 4h (129c), PMA 8h (130n), PMA 

24h (130c), bridge 2 (131n)

set02; bridge 1 (126), IL4 10min (127n), IL4 30min (127c), IL4 1h (128n), 

IL4 2h (128c), IL4 4h (129n), IL4 8h (129c), IL4 24h (130n), IFNgamma+LPS 

10min (130c), bridge 2 (131n)

set03; bridge 1 (126), IFNgamma+LPS 30min (127n), IFNgamma+LPS 

1h (127c), IFNgamma+LPS 2h (128n), IFNgamma+LPS 4h (128c), 

IFNgamma+LPS 8h (129n), IFNgamma+LPS 24h (129c), bridge 2 (131n)

iii. Time-course quantitative phosphoproteomics during the first 24 hours after 

induction of macrophage polarization in THP-1-derived macrophages to identify 

phosphorylation events associated with M1-type (IFNγ/LPS-induced) versus 

M2-type (IL-4-induced) polarization (same time points as in group 2):

Phosphoproteome mapping on Orbitrap Fusion (three TMT sets: set01, set02, 

set03)

RAW files:

Marneros_time course_phospho_TMTset01_fraction01 to …fraction06, …

fraction08 to …fraction24, …pY

Marneros_time course_phospho_TMTset02_fraction01 to …fraction12, …

fraction16 to …fraction24, …pY

Marneros_time course_phospho_TMTset03_fraction01 to …fraction24, …pY

The following RAW files gave no phosphopeptide quantifications (they 

are not included in the group of provided RAW files): set01_fraction07, 

set02_fraction13, set02_fraction14, set02_fraction15.
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22 samples

Labeling: as in (ii)

iv. Quantitative proteomics to assess the effects of the B-Raf inhibitor GDC-0879 

or of the MEK inhibitor trametinib on IL-4-induced M2-type polarization and 

IFNγ/LPS-induced M1-type polarization on THP-1-derived macrophages after 

24 hours of treatment:

Proteome mapping on Orbitrap Fusion (one TMT set)

RAW files: Marneros_BRAF_inhibitor_proteine_fraction01 to …fraction12

11 samples

Labeling: IL4 1 (131c), IL4 2 (127n), IL4+GDC 1 (131n), IL4+GDC 

2 (128n), IL4+TRAM 1 (130c), IL4+TRAM 2 (129n), IFNgamma+LPS 

1 (130n), IFNgamma+LPS 2 (127c), IFNgamma+LPS+TRAM 1 (126), 

IFNgamma+LPS+TRAM 2(129c), IFNgamma+LPS+GDC (128c)

v. Quantitative phosphoproteomics to assess the effects of the B-Raf inhibitor 

GDC-0879 on IL-4-induced M2-type polarization and IFNgamma/LPS-induced 

M1-type polarization on THP-1-derived macrophages after 24 hours of 

treatment:

Phosphoproteome mapping on Orbitrap Fusion Lumos (one TMT set)

RAW files: Marneros_BRAF_inhibitor_phospho_fraction01 to …fraction24, …

pY

7 samples

Labeling: IL4 1 (131c), IL4 2 (127n), IL4+GDC 1 (130n), IL4+GDC 2 (128n), 

IFNgamma+LPS 1 (128c), IFNgamma+LPS 2 (127c), IFNgamma+LPS+GDC 

(130c).

RNA-Seq experiments—THP-1 cells were primed with PMA (100 nM) for 24 hours and 

then panobinostat (0.0034 μM), trametinib (0.011 μM) or DMSO (vehicle) were added one 

hour prior to starting treatment with either BSA (control), IL-4 (20 ng/ml) or IFNγ (20 

ng/ml)/LPS (10 ng/ml) for 24 hours. PBMCs were cultured as shown in the section of “Cell 

lines and reagents.” On day 6, PBMCs were treated with either BSA (control), IL-4 (20 

ng/ml) or IFNγ (20 ng/ml)/LPS (10 ng/ml) in the presence of either panobinostat (0.0034 

μM), trametinib (0.011 μM) or DMSO (vehicle) for 24 hours. All treatments were performed 

as replicates (n = 2/group) for both THP-1-derived and PBMC-derived macrophages. 2×106 

cells per sample from 12 well dishes were harvested to extract RNA using mRNeasy Mini 

Kit (QIAGEN, No. 217004). We used 0.4 μg total RNA for RNA-Seq library preparation 

with the TruSeq RNA Library Prep Kit V2 (Illumina, RS-122–2001). Concentrations of 

RNA-Seq libraries were determined by a Bioanalyzer. RNA-Seq libraries were sequenced 

using a NextSeq 500/550 High Output V2.5 75 cycles kit from Illumina on a NextSeq 550 

sequencer.
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ChIP-Seq experiments—THP-1 cells and PBMCs were treated as described for the 

RNA-Seq experiments. We used 4×106 THP-1-derived macrophages and 8×106 PBMC-

derived macrophages per sample from 6 well dishes for H3K27ac ChIP-Seq (n = 2/group). 

During cell harvesting, cell culture medium was removed and cells were treated with 

PBS+1% PFA (Amresco, M134) at RT for 15 minutes and then quenched with 0.125 

M glycine at RT for 5 minutes. After washing 6 times with cold PBS, the nuclei were 

extracted by incubating cells in RLB buffer (50 mM HEPES pH7.9, 140 mM NaCl, 2 mM 

EDTA, 2 mM EGTA, 1% Triton X-100, and cOmplete ULTRA Protease Inhibitor Cocktail, 

Sigma 582988001) on ice for 1 hour. After washing with MNase buffer (50 mM HEPES 

pH 7.9, 140 mM NaCl, 1% Triton X-100, 1 mM CaCl2, 1 mM DTT), chromatins were 

digested with 66 units MNase (New England Biolabs, M0247S) at 37°C for 10 minutes 

and the reactions were stopped using EGTA (5 μM) on ice for 5 minutes. Chromatins were 

sonicated with a Branson Microtip Sonifier 450 (4×15 s at output 4.5 and duty cycle 60%). 

The sizes of the chromatins after these treatments were ~150–500 bp in length. For ChIP, 

we incubated the chromatins with 20 μl Dynabead protein G (Thermo Fisher Scientific, 

10004D) and 1.5 μg anti-H3K27ac antibodies (Abcam Cat# ab4729, RRID:AB_2118291) 

in IP dilution buffer (20 mM Tris HCl pH8.0, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA) 

at 4°C overnight. IPed chromatins were sequentially washed with IP dilution buffer+0.1% 

Triton, ChIP wash I (20 mM Tris HCl pH8.0, 150 mM NaCl, 0.5% Triton, 2 mM EDTA, 

2 mM EGTA), ChIP wash II (20 mM Tris HCl pH8.0, 500 mM NaCl, 1% Triton, 2 mM 

EDTA, 2 mM EGTA), ChIP wash III (20 mM Tris HCl pH8.0, 250 mM LiCl, 1% Triton, 

2 mM EDTA, 2 mM EGTA) and TE buffer. Chromatins were eluted using elution buffer 

(20 mM Tris HCl pH8.0, 5 mM EDTA, 5 mM EGTA, 1% SDS) at 65°C for 2 × 15 

minutes. Chromatins were digested using RNase ONE Ribonuclease (Promega, PAM4261, 

1:10 dilution) at 37°C for 1 hour and Pronase (Roche, 10165921001, 1.5 μg/μl) at 42°C 

for 2 hours and 65°C for 6 hours. Digested chromatins were purified using QIAGEN PCR 

purification kits. ChIP-Seq libraries were prepared using a standard protocol, including 

End-Repair, dA-Tailing, Single-Index Adaptor Ligation and final PCR Amplification (17 

cycles) using Phusion DNA polymerase. ChIP-Seq libraries were purified from 2% agarose 

gels. Concentrations of ChIP-Seq libraries were determined using a Bioanalyzer. ChIP-Seq 

libraries were sequenced using a NextSeq 500/550 High Output V2.5 75 cycles kit from 

Illumina on a Nextseq 550 platform and all data were deposited to GEO. For normalization 

controls, 1% of the chromatin that was used for ChIP was used to make input libraries.

Experimental laser-induced CNV model and skin wound healing model—
Experimental induction of CNV lesions and analysis was performed as previously described 

(He and Marneros, 2013; Strittmatter et al., 2016). Briefly, eyes of age- and gender-matched 

mice were exposed to laser photocoagulation for induction of experimental CNV after 

eyes had been dilated with 1% tropicamide. Laser photocoagulation was performed using 

a 532-nm laser (Visulas 532S; Carl Zeiss Meditec, Dublin, Ireland). Lesions were induced 

using a power of 120mW, a spot size of 100 μm, and a duration of 100ms. At the same time, 

four 6mm full thickness skin punch biopsies were induced on the back of the mice for skin 

wound healing analysis.
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Eight-week-old male C57BL/6J mice (n = 10 mice per group) were treated with (1) 

trametinib at 1mg/kg daily per intraperitoneal injection, (2) with panobinostat at 20mg/kg 

daily per intraperitoneal injection, or with (3) DMSO (vehicle controls) on days 0, 1, 2, and 

3 after laser injury. Eyes were harvested and fixed in 4% PFA 3 days after laser treatment. 

The size of CNV lesions was measured in choroidal flat mounts from these mice. The eyes 

were enucleated and fixed in 4% paraformaldehyde. The RPE/choroid tissue (posterior eye) 

was used for immunolabeling with anti-CD31 antibodies to detect blood vessels (rat anti-

mouse CD31, BD Biosciences Cat# 550274, RRID:AB_393571; Alexa Fluor-488 secondary 

anti-rat antibody), SMA antibodies to detect myofibroblasts (mouse monoclonal SMA-Cy3 

conjugate (clone 1A4), C6198, Sigma; RRID:AB_476856) and anti-Arg1 antibodies (goat 

anti-mouse arginase-1; sc-18354, Santa Cruz, 1:100; RRID:AB_2227469). In a subset of 

eyes co-labeling for F4/80 (rat anti-mouse F4/80 conjugated with Alexa647, BioLegend 

Cat# 123121, RRID:AB_893492), and Arg1 was performed. Choroidal flat mounts were 

analyzed by epifluorescence microscopy using a Zeiss microscope (Carl Zeiss Microscopy, 

Jena, Germany). Images were obtained with a 10x objective. CNV lesions were measured 

using Zeiss AxioVision software version 4.8.2. Average CNV size was determined for each 

mouse, and differences between treatment groups were assessed by a Student’s t test. For 

semiquantitative RT-PCR experiments 14 laser spots were induced in each eye and RPE/

choroids were used for RNA isolation. An unpaired two-tailed Student’s t test was used for 

statistical analyses. P values < 0.05 were considered to be statistically significant.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics analysis of proteomic and phosphoproteomic data—To control 

for slight differences in the input protein amount and the efficiency of sample preparation, 

the protein levels in each sample were normalized to a median level of 1. Then, the relative 

level of each protein was divided by its mean level across all samples and these ratios 

(relative protein levels) displayed on a log2 scale. Proteins were clustered using hierarchical 

clustering with cosine distance as a similarity measure.

To identify biological functions with differential regulation across samples, we performed 

gene set enrichment analysis similar to Franks et al. (2017). We selected the subset 

of proteins associated with each GO term and used ANOVA analysis to compute the 

probability (p value) that these proteins are not changing across the samples (macrophage 

treatments). Thus, low p values correspond to biological functions changing across the 

macrophages treated with PMA, INFγ/LPS and IL-4. The p values were corrected for 

multiple hypotheses testing, and all reported results have a false discovery rate (FDR) 

< 1%. To quantify the magnitude of change, for each GO term we computed the mean 

of the relative levels of its associated proteins. The kinase enrichment analysis was 

performed analogously, except that instead of defining protein groups by GO terms, protein 

groups were defined based on a curated database of protein phospho-sites known to be 

phosphorylated by a particular kinase (Krug et al., 2019). Then, the activity of the kinase 

is displayed as the mean relative levels of the phosphosites that it phosphorylates. For 

increased specificity, each kinase was associated with specific phospho-sites rather than with 

a target protein, and the phospho-sites supporting the kinase activities reported in Figure 2A 

are shown in Table S2.
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In a second set of analyses, to explore protein functions differentially activated during 

macrophage polarization, GSEA was applied on all proteins ranked according to their 

normalized intensity values (http://www.gsea-msigdb.org/gsea/login.jsp; version 4.0.2) 

(Subramanian et al., 2005). Two databases of gene functional sets, namely Gene Ontology 

(GO, c5.all.v7.1.symbols.gmt) and Kyoto Encyclopedia of Genes and Genomes (KEGG, 

c2.cp.kegg.v7.1.symbols.gmt), were selected from the Molecular Signature Database 

(MSigDB) (Liberzon et al., 2015). According to a permutation test, the biological functions 

with sufficiently low p value and FDR were identified when comparing M1 (INFγ/

LPS+PMA) or M2 (IL-4+PMA) with M0 (PMA) at N min (10min, 30min, 1h, 2h, 4h, 8h, 

24h, 4d). After identification of significant GO terms or KEGG pathways at each time point, 

to quantify the magnitude of functional change across time points, all significant pathways 

obtained from different time points (10min-4d) were combined into a single heatmap with 

hierarchical clustering. KEGG pathways with p value < 0.05 in at least one time point were 

considered significantly changed during macrophage polarization treated with INFγ/LPS 

or IL-4. Then, these significant pathways differentially expressed between INFγ/LPS and 

IL-4 treatments were visualized using R package pheatmap (version 1.0.12) based on their 

normalized enrichment scores (NES). Analysis of proteome data treated with GDC-0879 

and Trametinib was performed analogously.

Correlation analyses matrices (Figure 5) were obtained with Graphpad Prism 9.2.0.

Western blot band quantifications were performed with GelQuantNET (http://

biochemlabsolutions.com/GelQuantNET.html).

RNA-Seq bioinformatics analysis—Analyses of RNA-Seq data were conducted by 

using the framework of nf-core/rnaseq (https://github.com/nf-core/rnaseq) (Ewels et al., 

2020). Based on parameters of the workflow version 1.3 used for RNA-Seq analysis, a 

total of 24 samples of THP-1-derived macrophages and 12 samples of primary human 

macrophages (PBMC-derived) with an average of 15.9 million raw reads in FastQ format 

were processed. In the nfcore/rnaseq pipeline, FastQC (Andrews, 2010) and TrimGalore 

(Krueger, 2015) were used to perform the removal of adaptor contamination and the 

trimming of low quality regions. MultiQC (Ewels et al., 2016) was adopted for sequence 

quality assessment. Over 98.5% of raw reads were identified as high-quality sequences for 

subsequent analyses. The retained reads were aligned against the iGenome Ensembl human 

reference genome GRCh37 (https://support.illumina.com/sequencing/sequencing_software/

igenome.html) using STAR (Dobin et al., 2013). The average length of total reads aligned to 

the human genome is 14.47 million (91.4%), while the unaligned sequences were discarded. 

Next, the aligned reads were used to determine the count of reads for each gene by using 

the feature Counts (Liao et al., 2014). Additionally, the FPKM metrics for genes and 

transcripts as well as the transcript features were determined by StringTie (Pertea et al., 

2015). Finally, the FPKM values of two replicates from the same experimental condition 

were combined into a single value for all genes. This analytical pipeline is available 

on the Nextflow platform (Di Tommaso et al., 2017). After determining gene expression 

values by the FPKM metric, comparisons of gene expression changes between control 

groups (DMSO condition) and experimental groups (panobinostat or trametinib conditions) 

were conducted to identify differentially expressed genes. In addition, an analysis was 
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performed to assess M2-type polarization-associated genes whose expression was inhibited 

by trametinib and/or panobinostat. Expression changes for genes with a log2 ratio of 

DMSO_M2 over DMSO_M0 larger than one (log2 [DMSO_M2/DMSO_M0] > 1) were 

regarded as significantly upregulated in the M2-type group. To identify genes whose 

expression was inhibited by trametinib and/or panobinostat > 2-fold compared to DMSO 

groups, the log2 ratio of DMSO_M2 over Trametinib_M2 or Panobinostat_M2 > 1 were 

assessed.

Functional enrichment analysis: To explore gene functions significantly involved in 

macrophage polarization, gene set enrichment analysis (GSEA) was applied on all 

genes ranked by their FPKM values in the RNA-Seq data (http://www.gsea-msigdb.org/

gsea/login.jsp; version 4.0.2) (Subramanian et al., 2005). Two databases of gene sets, 

namely Gene Ontology (GO, c5.all.v7.1.symbols.gmt) and Kyoto Encyclopedia of Genes 

and Genomes (KEGG, c2.cp.kegg.v7.1.symbols.gmt), were selected from the Molecular 

Signature Database (MSigDB) (Liberzon et al., 2015). In the MSigDB collection, the Array 

Annotations database (Human_ENSEMBL_Gene_ID_MSigDB.v7.0.chip) was employed 

to map Ensembl IDs to Gene Symbols for all genes. According to a permutation test, 

the biological functions with low p value and FDR were identified. To investigate 

biological functions enriched in a set of differentially expressed genes (DEGs) among 

the different experimental conditions, GO/KEGG enrichment analysis was performed by 

using Clusterprofile (Yu et al., 2012) (http://www.bioconductor.org/packages/release/bioc/

html/clusterProfiler.html). GO/KEGG enrichment analysis with the p value < 0.05 was 

performed on these selected genes.

Principal component analysis (PCA) used transcripts that have 10 or more reads in at least 

2 samples. The data for these genes were log2 transformed, normalized to mean zero across 

the conditions, and the vector for each condition (treatment) converted to z-scores. The right 

singular vectors of these matrices were computed as principal components of the data.

ChIP-Seq bioinformatics analysis, detection of enhancers and motif analyses
—The nf-core/chipseq (https://github.com/nf-core/chipseq) is a bioinformatics pipeline 

specialized for ChIP-Seq data analysis. The pipeline is built upon Nextflow, which is a 

workflow management platform for arranging multiple tasks across various computational 

infrastructures in a portable manner. According to parameters of the version 1.0.0 of 

the nf-core/chipseq workflow, samples of experimental groups from either THP-1-derived 

macrophages or primary human macrophages (PBMC-derived) with an average of 25.2 

million raw reads in FastQ format were processed. In the first stage of the ChIP-Seq 

workflow, after data preprocessing, which involves quality assessment and sequence 

alignment of raw reads to the genome, low-quality reads were eliminated using FastQC 

and TrimGalore software (Andrews, 2010; Krueger, 2015). The remaining high-quality 

reads were aligned against the iGenome Ensembl human reference genome GRCh37 by 

BWA and SAMtools (Li, 2011; Li, 2013; Li et al., 2009). Then, the obtained BAM files 

(alignment result) were converted into bigWig files for subsequent analyses. In the second 

stage of ChIP-Seq workflow, the normalized bigWig files were scaled to one million mapped 

reads through BEDTools (Quinlan and Hall, 2010) and bedGraphToBigWig (Kent et al., 

2010). To identify detailed sequences captured by ChIP-Seq, we then used a peak calling 
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method to explore areas of a genome that have been enriched with aligned reads, indicating 

the potential regulatory elements, such as enhancers, superenhancers, and transcription 

factor binding sites. MACS2 (Zhang et al., 2008) is a model-based method dedicated to 

identification of read-rich areas (peak calling) from ChIP-Seq data. In order to identify 

the peaks specifically occurring in an experimental condition, input control samples from 

both PBMC-derived and THP-1-derived macrophage experimental groups were included 

in the analysis for the detection of significant peaks in the various experimental groups. 

In comparison to the control samples, peaks with a q-value (minimum FDR) < 0.05 were 

defined as significant regions. Finally, HOMER (Heinz et al., 2010) was employed to link 

the selected peaks to genes and IGV (Robinson et al., 2017) or DNANexus software was 

used to visualize the distribution of peaks with their intensity values throughout the whole 

genome.

ROSE (rank ordering of superenhancers) (Lovén et al., 2013; Whyte et al., 2013) is a 

tool dedicated to finding enhancers and their downstream genes in ChIP-Seq BAM files 

and GFF files. A genome-wide occupancy analysis for the different macrophage states 

(M0_PMA, M1_INFγ/LPS and M2_IL4) with the various treatment conditions (DMSO, 

panobinostat or trametinib) was conducted utilizing the ChIP-Seq data. Genes located within 

the downstream regions (50kb) of the enhancers were annotated as the proximal related 

transcriptionally active genes, based on the definition of ROSE (Lovén et al., 2013).

To identify sequence motifs enriched in enhancers in macrophages, based on the enriched 

regions defined by MACS2 (Zhang et al., 2008), HOMER software (version 4.11.1) with the 

motif size ranging from 8 to 13 bps was adopted to scan across the entire genomic sequence. 

Without specifying a background sequence set in HOMER, the genomic regions with the 

same GC content were selected randomly as the background sequence set, which can be 

used to identify the over-represented motifs in enhancers.

Supplementary Material

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

• Time-course quantitative proteomics/phosphoproteomics of polarizing 

macrophages

• Distinct changes in cell metabolism and signaling in M1- and M2-type 

macrophages

• Chemical screens identify pharmacologic M2-type macrophage polarization 

inhibitors

• MEK induces PPARγ that promotes M2-type polarization by activating RA 

signaling
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Figure 1. Time-course global quantitative proteomics identify dynamic temporal changes in 
cellular and metabolic pathways during M1- versus M2-type macrophage polarization
(A) Heatmap shows KEGG pathways upregulated in at least one time point, based on the 

time-course proteomics data of macrophages undergoing M1- (treated with IFN-γ/LPS) 

or M2-type polarization (treated with IL-4). Color coding indicates −log10 p values when 

comparing the M1 or M2 group at the indicated time point with the M0 group (after 24 h 

PMA treatment only) at the same corresponding time point. *p < 0.05. Select pathways with 

distinct activation pattern during M1- versus M2-type polarization are indicated in bold.
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(B) Insulin signaling pathway protein changes and KEGG enrichment plot shown in 

macrophages after 4 h of treatment with IL-4 (compared with M0 macrophages). Heatmap 

shows Z scores.

See also Figures S1–S4; Tables S1 and S2.
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Figure 2. Time-course global quantitative phosphoproteomics identify distinct kinase activation 
patterns during the induction phase of M1- versus M2-type macrophage polarization
(A) Heatmap based on KEA of time-course phosphoproteomics data. The activities of 

kinases are displayed as the mean relative levels of the phosphosites that they phosphorylate 

(log2 ratios relative to its mean activity). Kinases with a false discovery rate (FDR) < 1% are 

shown.

(B) Visualization of the KEA data for MEK1. Red lines show individual target phosphosites 

of MEK1, and black lines show averaged values.
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(C) ERK1 (T202/Y204) phosphorylation peaks between 2 and 8 h (*) after IL-4 treatment 

in primary human macrophages, which is blocked by trametinib. This inhibition of ERK1 

(T202/Y204) phosphorylation by trametinib is associated with inhibition of induction of 

MRC1 protein by IL-4.

(D) Western blotting with cell lysates (THP-1-derived macrophages after 24 h of treatment 

with IL-4 or IFN-γ/LPS) used in the phosphoproteomics and proteomics experiments in (E) 

and (F) confirm that GDC-0879 increases ERK (T202/Y204) phosphorylation and TGM2 in 

IL-4 treated cells, whereas trametinib blocks ERK activation and reduces TGM2.

(E) M1- or M2-type marker protein levels based on quantitative proteomics of THP-1-

derived macrophages after 24 h of treatment with either IL-4 or IFN-γ/LPS in the presence 

or absence of trametinib or GDC-0879. The data for each protein are shown as log2 ratios 

relative to its mean level.

(F) Quantitative phosphoproteomics of THP-1-derived macrophages treated for 24 h with 

IL-4 (performed in duplicate); cell lysates were also used in the proteomics experiments in 

(E). GDC-0879 induces phosphorylation events associated with activation of the MEK/ERK 

pathway and downstream targets. The y axis shows mass spectrometry (MS) intensity values 

(arbitrary unit). KEA heatmap shows an increase in signaling activities of MEK1 and its 

downstream targets ERK1/ERK2 and RSK2 with GDC-0879 treatment. The activities of 

each kinase are shown as log2 ratios relative to its mean activity.

(G) Top: the MEK inhibitor trametinib and the pan-Raf inhibitor TAK-632 potently reduce 

IL-4-induced MRC1 levels in THP-1-derived macrophages, whereas GDC-0879 increases 

MRC1. Bottom: trametinib inhibits IL-4-induced Arg1, whereas GDC-0879 increases Arg1 

in murine BMDMs. Cytokine treatment for 4 days.

(H) Western blotting shows effects of chemicals on MRC1 and phospho-STAT1(Y701) 

levels in primary human macrophages treated for 24 h with the chemicals in the presence of 

either IL-4 or IFN-γ/LPS.

Western blot values indicate normalization to β-actin or β-tubulin loading control and 

DMSO control sample (no IL-4) in (C) and (D) or IL-4 DMSO control sample (IL-4 with 

DMSO vehicle but no inhibitors) in (G) and (H). Phospho-STAT1 (Y701) normalized to 

IFN-γ/LPS control (H). See also Figures S1 and S2; Tables S1 and S2.
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Figure 3. Chemical screens identify pharmacologic blockers of M2-type macrophage polarization
(A) Scatterplot shows results of small-molecule chemical screen performed in duplicate 

(plates 1 and 2) with MRC1 promoter-driven luciferase activity as a readout. Axes show log2 

FC (fold change) of luciferase activity. Select HDAC inhibitors, pan-Raf inhibitors, MEK 

inhibitors, proteasome/immunoproteasome inhibitors, or HSP90 inhibitors are highlighted in 

the plots.

(B) Luciferase assays show a dose-dependent inhibition of MRC1 promoter-driven 

luciferase activity by the MEK inhibitor trametinib, the pan-Raf inhibitor AZ628, the HDAC 
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inhibitor panobinostat, and the HSP90 inhibitor NMS-E973 at concentrations that do not 

affect cell viability (CTG). Concentrations of chemicals used indicated in nM on the x axis; 

values indicated on the y axis normalized to the control carrier (DMSO). Red: luciferase 

activity; green: cell viability assay (CTG). Graphs represent data as means ± SD. N = 

4/group.

(C) Inhibitors of IL-4-induced MRC1 expression in the chemical screens were tested for 

their effects on expression of M2-type markers MRC1 and CD209 and M1-type markers 

CXCL9, CCR7, and iNOS in THP-1-derived macrophages that were treated with either 

IL-4 or IFN-γ/LPS for 4 days in the presence or absence of these inhibitors. Values were 

normalized to CD68 expression levels and the IL-4-treated or IFN-γ/LPS-treated control 

group. Expression fold changes based on semiquantitative RT-PCR shown in y axes. Graphs 

represent data as means ± SEM. N = 3/group (each in triplicate).

(D) HDAC inhibitors attenuate M2-type polarization of IL-4-treated THP-1-derived 

macrophages with diminished MRC1 and TGM2 without affecting phospho-STAT1 (Y701) 

levels in IFN-γ/LPS-treated macrophages. Cytokine treatment for 4 days.

(E) Effects of inhibitors on Arg1 and phospho-STAT1 (Y701) protein levels in mouse 

BMDMs treated with IL-4. Panobinostat and the JAK½ inhibitor S-ruxolitinib potently 

block Arg1 expression, and MEK inhibitors (trametinib, PD0325901) reduce Arg1 protein. 

GW9662 has only a moderate inhibitory effect at the concentration tested. The Src inhibitor 

KX2–391 and the B-Raf inhibitor GDC-0879 increased Arg1 protein. Cytokine treatment 

was for 24 h.

(F) Semiquantitative RT-PCR shows that four different MEK inhibitors strongly reduce 

MRC1 expression in IL-4-treated THP-1-derived macrophages, whereas they increase 

expression of CXCL9 in IFN-γ/LPS-treated macrophages (normalized to CD68 and to IL-4 

or IFN-γ/LPS value). Cytokine treatment for 4 days. Expression fold changes shown in y 

axes. Graphs represent data as means ± SEM. N = 3/group (each in triplicate). p values are 

shown (t test).

Western blot values indicate normalization to β-actin loading control and DMSO control 

sample with no inhibitors (D) or IL-4 DMSO control sample (IL-4 with DMSO vehicle but 

no inhibitors) (E). See also Figure S5; Table S3.
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Figure 4. HDAC and MEK activities promote PPARγ/RA signaling to drive M2-type 
macrophage polarization
(A) GO enrichment analysis of highly upregulated genes (lg FC > 2) found in RNA-seq 

data after 24 h of treatment with IL-4 in THP-1-derived macrophages or in primary human 

macrophages. In both macrophage groups, RA signaling is significantly associated with 

M2-type polarization (underlined).

(B) GSEA enrichment plots show a high correlation of oxidative phosphorylation and PPAR 

signaling with M2-type polarization both in the RNA-seq as well as in the proteomics 

datasets (both at 24 h of treatment with IL-4 [M2] versus vehicle-treated control [M0]).
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(C) Heatmaps show upregulated genes associated with oxidative phosphorylation, retinol 

metabolism, or PPAR signaling in M2-type macrophages (lg FC is shown), including 

ALDH1A2, PPARG, FABP4, and ANGPTL4 (arrows). GSEA-KEGG pathway analysis 

in THP-1-derived M2-type macrophages shows that among the most significant terms 

associated with M2-type polarization are oxidative phosphorylation and retinol metabolism. 

GSEA enrichment plot shown for retinal metabolism comparing M2-type macrophages with 

macrophages not treated with IL-4 (M0).

(D) Top-ranking GSEA KEGG terms in THP-1-derived and primary human macrophages 

show that panobinostat inhibits IL-4-induced transcriptional programs associated with 

retinol metabolism, PPAR signaling, and oxidative phosphorylation.

(E) Left: Venn diagram shows overlap of IL-4-induced genes in THP-1-derived macrophages 

inhibited by trametinib and panobinostat greater 2-fold (lg FC > 1). Among those genes are 

key regulators of PPARγ and RA signaling. Right: heatmap shows effects of trametinib or 

panobinostat on expression of some of these genes (lg FC, normalized to DMSO). N.D. = 

not detected.

(F) KEGG and GO pathway analyses of M2-type genes inhibited by both trametinib as 

well as panobinostat identify key pathways associated with M2-type polarization, including 

PPAR signaling, retinol metabolism, ERK signaling, and carboxylic acid biosynthetic 

process (same pathways identified in both analyses underlined in same color).

(G) Extent of inhibition of expression of PPAR signaling genes inhibited by panobinostat or 

trametinib (lg FC). MMP1, ANGPTL4, and PPARG are among those genes with the greatest 

inhibition.

GeneRatio shows percentage of differentially expressed genes (DEGs) in the given GO term. 

“Count” shows number of DEGs in the given term. Unless otherwise indicated, data refers to 

THP-1-derived macrophages. lg = log2. See also Figures S2 and S6–S11; Tables S2, S3, S4, 

and S5.
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Figure 5. MEK signaling links IL-4 signaling with PPARγ and RA signaling during M2-type 
polarization
Quantitative time-course proteomics and phosphoproteomics show temporal activation 

events after initiating treatment with either IL-4 or IFN-γ/LPS in THP-1-derived 

macrophages.

(A) Left: temporal dynamics of levels of IL-4Rα protein and phosphorylated IL-4Rα (S387, 

T476, and T487) in response to IL-4. Right: correlation matrix for IL-4-treated groups.

(B) Left: graph shows temporally distinct and successive peaks (arrows) of activating 

phosphorylating events for JAK1 and STAT6 at 10 min after the addition of IL-4, for AKT1 
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at 1 h, for ERK2 at 4–8 h (and diminished activity at 24 h), and for MYC at ~4 h, whereas 

PPARγ (S112) peaks at 24 h. Right: correlation matrix for IL-4-treated groups shows 

that JAK1 and STAT6 activations strongly correlate temporally (high r value), whereas the 

delayed activation of ERK2, MYC, or the S112 phosphorylation of PPARγ is reflected in a 

low r value or an adverse correlation in the comparison with JAK1 or STAT6.

(C) Left: a strong increase in downstream targets of PPARγ is observed at 24 h, including 

FABP4, LPL, and rate-limiting enzymes of RA signaling (RDH10 and ALDH1A2). TGM2 

and CD209 are markedly increased at 24 h. Right: correlation matrix for all treatment groups 

shows a high correlation for all these proteins.

(D) Proposed model of temporal sequence of activation events during IL-4-induced M2-

type macrophage polarization based on time-course proteomic and phosphoproteomic 

data and functional studies. Inhibitors of pan-Raf, MEK, HDACs, and PPARγ inhibit 

M2-type polarization. BRAF-inhibitor-mediated activation of MEK/ERK signaling, PPARγ 
agonist treatment, or direct stimulation of RA signaling with the RAR agonist AM580 

or with ATRA promotes M2-type polarization. “P” indicates phosphorylation. Time when 

phosphorylation peaks is shown. TF: transcription factor.

For correlation matrices: Pearson correlation coefficients (r) shown in heatmap with p values 

in parenthesis. See also Figures S2 and S12; Table S2.
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Figure 6. IL-4-induced and MEK/ERK-mediated PPARγ and RA signaling are required for 
M2-type macrophage polarization
(A) GW9662 reduces IL-4-induced MRC1 promoter-driven luciferase activity in a dose-

dependent manner at concentrations that do not affect cell viability in THP-1-derived 

macrophages. Concentrations of chemicals used indicated in nM on the x axis; light units on 

y axis are normalized to the control carrier (DMSO). Red: luciferase activity; green: CTG. 

Graphs represent data as means ± SD. N = 4/group.

(B) THP-1-derived macrophages treated with IL-4 at the indicated time points (in hours). 

Western blotting for ALDH1A2, TGM2, and as a loading control β-actin or β-tubulin. High 

ALDH1A2 protein levels are detected at 24 h, but they are completely blocked by trametinib 

and panobinostat (upper band is the specific ALDH1A2 band; lower band is an unspecific 

background band). GW9662 reduces and rosiglitazone increases ALDH1A2. Panobinostat, 

trametinib, and GW9662 inhibit TGM2 levels (peaking at 24 h), whereas rosiglitazone, 

ATRA, or AM580 increase TGM2.
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(C) GW9662 reduces M2-type polarization in primary mouse macrophages with reduction 

of Tgm2 and Arg1, whereas rosiglitazone, AM580, and ATRA strongly promote M2-type 

polarization. AM580 and ATRA even induce Arg1 and Tgm2 in macrophages treated with 

IFN-γ/LPS. 4 days of chemokine treatment.

(D) IL-4-induced TGM2 is reduced with GW9662 but increased with rosiglitazone, AM580, 

or ATRA. Primary human macrophages after 4 days of treatment with IL-4.

(E) Primary human macrophages treated with IL-4 at the indicated time points (in hours) in 

the presence or absence of GDC-0879. IL-4 increases ERK1 (T202/Y204) phosphorylation 

at 2–8 h with a concomitant increase in PPARγ, which then both decline at 24 h. GDC-0879 

increases ERK1(T202/Y204) phosphorylation and PPARγ levels, which leads to an increase 

in MRC1 and TGM2.

(F) Primary human macrophages treated with IL-4 for either 8 h or for 24 h in the presence 

or absence of trametinib or GDC-0879 (DMSO as controls). The increase in ERK1 (T202/

Y204) phosphorylation and PPARγ with GDC-0879 is associated with increased MRC1 and 

TGM2, whereas the block of ERK1 (T202/Y204) phosphorylation and the low levels of 

PPARγ with trametinib treatment lead to reduced MRC1 and TGM2.

Western blots with β-actin or β-tubulin loading control. Western blot values indicate 

normalization to loading control and IL-4 DMSO control sample at 24 h (B), IL-4 DMSO 

control sample (C) and (D), IL-4 DMSO control sample at 0 h (for MRC1 at 24 h) (E), or 

DMSO control sample with no IL-4 (F).
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Figure 7. Panobinostat and trametinib block M2-type macrophage polarization in vivo and 
inhibit CNV
(A) MEK inhibitors and HDAC inhibitors attenuate VEGF-A expression in IL-4-treated 

THP-1-derived macrophages. Normalized to housekeeping gene 36B4 (semiquantitative 

RT-PCR). Cytokine treatment for 4 days. N = 3/group (each in triplicate).

(B) Semiquantitative RT-PCR of choroid/RPE lysates of mice treated with either 

panobinostat, trametinib, or DMSO (control) for 3 days after laser-induced CNV induction. 

Graphs show Arg1 (M2), COX2 (M1), and CXCL9 (M1) expression normalized to CD68. N 

= 8–10 mice/group (each in triplicate).

He et al. Page 50

Cell Rep. Author manuscript; available in PMC 2022 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Confocal microscopy images of CNV lesions 3 days after laser-induced injury and 

treatment with either DMSO, trametinib, or panobinostat. Arg1+ macrophages (white; 

yellow arrows), SMA+ cells (red), and CD31+ neovessels (green) in DMSO-treated mice, 

but no Arg1 or CD31 and only reduced SMA staining is observed in trametinib or 

panobinostat treated mice (top row). Panobinostat or trametinib treatment does not prevent 

macrophage infiltration (F4/80+ cells [white]; bottom row). Scale bars, 100 μm.

(D) In skin wounds infiltrating F4/80+ (white) macrophages are strongly Arg1+ (green). 

Panobinostat-treated mice show infiltration of F4/80+ macrophages, which do not stain for 

Arg1. Scale bars, 20 μm.

(E) Semiquantitative RT-PCR shows inhibition of Arg1 expression in skin wounds after 

trametinib or panobinostat treatment (normalized to 36b4). N = 8–10 mice/group (each in 

triplicate).

Graphs represent data as means ± SEM. p values are shown (t test). See also Table S3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-MRC1 Sigma Aldrich HPA004114, RRID: AB_1846270

Rabbit anti-CD68 antibody Santa Cruz Biotechnology SC-9139, RRID:AB_2275738

Rabbit anti-F4/80 Santa Cruz Biotechnology SC-25830, RRID:AB_2246477

Goat anti-Arg-1 Santa Cruz Biotechnology SC-18354, RRID:AB_2227469

Rabbit anti-TGM2 Cell Signaling Technologies #3557, RRID:AB_2202883

Rabbit anti-phospho-Stat1 
(Y701) Cell Signaling Technologies #9167, RRID:AB_561284

Rabbit anti-phospho-ERK1, 
Thr202/Tyr204 Cell Signaling Technologies #9101, RRID:AB_331646

Rabbit anti-ERK1/2 Cell Signaling Technologies #4695, RRID:AB_390779

Rabbit anti-β-actin Lab Vision Rb-9421-P1, RRID:AB_720056

Mouse anti-β-actin Sigma Aldrich A5316, RRID:AB_476743

Rabbit anti-PPARγ Cell Signaling Technologies # 2443, RRID:AB_823598

Rabbit anti-phospho-STAT6 
(Y641) Cell Signaling Technologies # 56554, RRID:AB_2799514

Rabbit anti-β-tubulin Cell Signaling Technologies #2128, RRID:AB_823664

Mouse anti-ALDH1A2 Santa Cruz Biotechnology sc-393204

Rabbit IgG HRP Linked 
Whole Ab antibody GE Healthcare GENA934, RRID:AB_2722659

Sheep Anti-Mouse IgG 
- Horseradish Peroxidase 
antibody

GE Healthcare NA931, RRID:AB_772210

Rabbit anti-H3K27ac Abcam ab4729, RRID:AB_2118291

Rat anti-CD31 BD Biosciences # 550274, RRID:AB_393571

Mouse anti-SMA-Cy3 
conjugate (clone 1A4) Sigma Aldrich C6198, RRID:AB_476856

Rat anti-F4/80 (conjugated 
with Alexa647) BioLegend # 123121, RRID:AB_893492

Chemicals, peptides, and recombinant proteins

PMA Sigma Aldrich P8139

Murine M-CSF Peprotech #315–02

Murine IL-4 Peprotech #214–14

LPS Sigma Aldrich L4391

Human M-CSF Invitrogen 14–8789-80

Human IL-4 Peprotech #200–04

Human IFNγ Peprotech #300–02

MNase New England Biolabs M0247S

small molecule chemicals Selleckchem or Cayman 
Chemicals N/A

Critical commercial assays

CellTiter-Glo luminescent cell 
viability assay (CTG) Promega G7573
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REAGENT or RESOURCE SOURCE IDENTIFIER

Steady-Glo Luciferase Assay 
System Promega E2520

mRNeasy Mini Kit QIAGEN No. 217004

TruSeq RNA Library Prep Kit 
V2 Illumina RS-122–2001

Deposited data

Proteomics MassIVE repository MSV000084672

RNA-Seq and ChIP-Seq GEO GSE154347

Experimental models: cell lines and primary cells

THP-1 cell line ATCC Cat# TIB-202, RRID:CVCL_0006

mouse BMDMs (primary 
cells) JAX Labs C57BL/6J mice

human PBMCs (primary cells) iXCells Biotechnologies 10HU-003CR100M

THP-1 cell line with MRC1 
promoter-driven luciferase, 
1.0k, clone#4

He and Marneros, 2014 N/A

Experimental models: mice

C57BL/6J mice JAX labs JAX:000664

Oligonucleotides

semiquantitative RT-PCR 
primers Life Technologies N/A

Software and algorithms

GelQuantNET, western blot 
band quantifications Biochemlabsolutions http://biochemlabsolutions.com/GelQuantNET.html

In-house developed software 
suite Huttlin et al., 2010 N/A

Sequest algorithm Eng et al., 1994 N/A

Ascore algorithm Beausoleil et al., 2006 N/A

GSEA UCSD and Broad Institute
http://www.gsea-msigdb.org/gsea/
login.jsp;jsessionid=CF17CD01EADE3916721F5DA4F6FEFFAA; 
version 4.0.2)

nf-core/rnaseq Ewels et al., 2020 https://github.com/nf-core/rnaseq

nf-core/chipseq Ewels et al., 2020 https://github.com/nf-core/chipseq

Other

Chemical Libraries, 143 
natural products Selleckchem Library L1400–01 and -02

Chemical Libraries, 1836 
bioactive compounds Selleckchem Library L1700–01 and -02

Xvivo10 medium Lonza 04–380Q

Human serum AB plasma Sigma H4522
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