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Supplementary Text S1 

 

M2 macrophage sub-categories 

Here, we include the results from a deeper analysis on the M2 category of attractors. From the results 

obtained from the Boolean model of macrophage polarization, which captures the formation of M1, M2 and 

NLC phenotypes in the presence of a combination of extracellular signals, we aimed to detect the M2 sub-

categories, named M2a, M2b, M2c and M2d by applying clustering algorithms on the M2 category of 

attractors. The full description of M2 sub-categories can be found in (Palma et al 2018, Martinez et al 2014, 

Gordon 2010) and the references therein. Our analysis shows the presence of 4 main clusters of attractors 

in the M2 category (Figure S1). For a better understanding of the expression levels of each component, we 

then averaged across the attractors in each cluster. The barplots of these averaged expression profiles are 

represented in Figure S2 (a)-(d). Next, we referred to the Palma et al model (Palma et al 2018), where a 

description of 3 out of 4 M2 sub-categories are given (M2a, M2b and M2c), as follows: 

● M2a: all of PPARγ, STAT6, JMJD3 and IL-10 are active; 

● M2b: ERK and IL-10 are active; 

● M2c: STAT3 and IL-10 are active. 

 

By comparing the averaged expressions given by the model and the criteria for M2a, M2b and M2c, we can 

associate M2a to either clusters 1, 2, 3, M2b to cluster 4, but M2c does not fit to any of these clusters. We 

believe that additional constraints must be applied in the simulations in order to observe clearly the M2 

sub-categories. 
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Figure S1: M2 subcategories 
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(c) 

 
(d) 

Figure S2: Averaged expressions of M2 subcategories. 
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Supplementary Text S2 

 

Expression profiles of Monocyte and M1, M2 and NLC macrophages 

 

 
Figure S3: Principal Component Analysis for 5 samples of monocytes, 3 samples of M1, M2 and 19 samples of NLC. 

 

Figure S4 (a) – (c) represent the expression levels of cytokines, transcription factors and receptors of the 

regulatory network of macrophage polarization, represented in Figure 1, for monocytes, and M1, M2 and 

NLC macrophages obtained from 5 monocyte, 3 M1 and M2 (Martinez et al 2006, Solinas et al 2010), and 

19 NLC samples (Boissard et al 2017). 

 

 
(a) 
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(b) 

 
(c) 

Figure S4: Gene expression profiles for monocyte, M1, M2 and NLC for (a) cytokines secreted, (b) transcription factors and 

(c) receptors. 

 

TF activity is not simply dependent on the expression of the mRNA corresponding to the TF protein. First 

the mRNA needs to be translated to a protein, a highly regulated process; second the functioning of TFs 

often relies on post-translational modifications such as phosphorylation which cannot be captured by the 

translated protein levels. For this reason, we resorted to 2 separate methods that infer TF activity from 

expression data. Dorothea is a TF-regulon interaction database giving each interaction a confidence level. 

Here, levels of confidence of interactions from A to E were taken into account. The VIPER algorithm was 

used to estimate TF activities based on Dorothea interactions and our expression data (Holland et al, 

Garcia-Alonso et al 2019). ISMARA is a web-based tool to identify the key TFs and miRNAs driving 
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expression/chromatin changes and to predict activities of the regulators across the samples, their genome-

wide targets, enriched gene categories among the targets, and direct interactions between the regulators 

(Balwierz et al 2014). For both methods, the comparison between TF activities across the phonotypes (M1, 

M2 and NLC) is performed using the rank method. The complete analysis of TF estimation from both 

packages, as well as TF activity comparison between phenotypes can be accessed in supplementary tables 

listed List of Supplementary Tables. 

Using Dorothea package, we estimated the transcription factor (TF) activity of each phenotype. The results 

of TF activities for the TF nodes in the regulatory network of Figure 1 are shown in Figure S5. 

We were able to use the TF activity estimates to check whether our proposed added TFs in the model 

(HIF1a and IRF5) could be shown to be comparatively more active in NLCs from Dorothea (rank method). 

The TF activity analysis shows that among the 10 added nodes, the two TFs HIF1A and IRF5 are more 

active in NLC than in M1 and M2 (see the TF activity heatmap in the Figure S5 below), supporting their 

potential role in NLC polarization.  

It also supports the TFs chosen to be included in each phenotype’s signature:  

- M1 signature: NFKB, STAT1 and STAT5 are more active in M1 compared to M2 and NLC 

- M2 signature: STAT6 and PPARG are more active in M2 compared to M1 and NLC. STAT3 does 

not follow the same pattern, and this discrepancy shows the limits of using TF activity level as a 

way to determine “marker” proteins or key regulators. 

- NLC signature: HIF1A is more active in NLC compared to M1 and M2. 

We doubt that the most active TFs in each phenotype can be directly considered as TF markers that will 

define the phenotypes’ signatures. However, we believe that differential activity analysis among the different 

phenotypes (see heatmap below (Figure S5) and the Supplementary Tables S2b-d) can help us confirm the 

appropriateness of the TF markers chosen for the signatures, as well as some added nodes (HIF1a and 

IRF5). 

 
Figure S5: Transcription factor activity for the TF nodes of regulatory network of macrophage polarization. 

 

Figure S6 shows the gene expression level, and the corresponding TF activity estimated with Dorothea and 

ISMARA for the TF nodes of the macrophage polarization network of Figure 1. We observe that gene expression 

levels do not directly correlate with TF activity, reinforcing the importance of including this analysis in our 

model.  
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Figure S7 shows a comparison between gene expression profiles of the monocyte, M1, M2 and NLC samples used 

in this work. 

 
Figure S6: Comparison between gene expression and TF activity estimated with Dorothea/VIPER and ISMARA packages 

for 19 NLC microRNA samples. It can be seen that the two packages give significantly different results on TF activity, and 

also considerable difference with gene expression analysis. All distributions (gene expression, TF activities) were independently 

normalized between 0 and 1 from the results obtained for the NLC phenotype only by subtracting the minimum value min(x) 

and dividing by distribution range max(x) - min(x). Even if a direct comparison between ISMARA and Dorothea/VIPER TF 

activity estimated values is not permitted, a lack of correlation is clearly observable. 

 
Figure S7: Heatmap of gene expression of 5 monocyte samples, 3 M1 and M2 samples and 19 NLC samples. 
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Supplementary Text S3 

 

List of Supplementary Tables 

 

The supplementary tables used in this work can be accessed in the Supplementary Material, in which we 

show the results obtained from calculating the transcription factor activity with Dorothea/VIPER (Holland 

et al, Garcia-Alonso et al 2019) and ISMARA (Balwierz et al 2014) packages. Additionally, we searched for 

the TFs whose activities are higher in M1 vs M2 and NLC, M2 vs M1 and NLC vs M1 and M2, sorting 

them by descending differential activity. This procedure could be done directly based on TF estimated 

activities only on Dorothea results. On the other hand, ISMARA activity estimations could not be compared 

across phenotypes (different samples), therefore in this case, we compared the TFs according to their ranks 

in each phenotype, also sorted by descending differential rankings.  

 

The tables in Supplementary Material are as follows: 

 

● Table S2a: dorothea_results.tsv 

● Table S2b: Differential activity (Dorothea, M1 > M2 and NLC) 

● Table S2c: Differential activity (Dorothea, M2 > M1 and NLC) 

● Table S2d: Differential activity (Dorothea, NLC > M1 and M2) 

● Table S3a: ismara_results.tsv 

● Table S3b: Differential activity ranking (ISMARA, M1 > M2 and NLC) 

● Table S3c: Differential activity ranking (ISMARA, M2 > M1 and NLC) 

● Table S3d: Differential activity ranking (ISMARA, NLC > M1 and M2) 

 

Table S2a displays TF names and TF activities in M1, M2 and NLC as estimated by Dorothea (rank 

method). For comparison purposes, i.e. in order to have only positive values, we have also added columns 

displaying scaled activities corresponding to the activities shifted by the minimum activity found among 

M1, M2 and NLC (i.e. activity → activity - Min(actM1, actM2, actNLC)). 

 

Tables S2b-d display the same data as in table S2a, but filtered for TFs whose activity is higher in M1 vs. 

M2 and NLC (Table S2b), higher in M2 vs. M1 and NLC (Table S2c) or higher in NLC vs. M1 and M2 

(Table S2d). An additional column displays the difference between scaled activities between the indicated 

phenotypes, as a way to measure the TF’s differential activity across these phenotypes. Finally, the TFs 

lists were sorted from the highest differential activity to the lowest. 

 

Similarly, Table S3a displays TF names and TF activities as estimated in M1, M2 and NLC by ISMARA. 

As mentioned above, we did not consider ISMARA estimations to be comparable across 

samples/phenotypes, so in this case, we have added columns displaying the ranking of activities values in 

each phenotype (the lowest the rank the minimum the activity and the highest rank the highest the activity; 

and if some activity values are equal, their ranking position is calculated using the average). 

 

Tables S3b-d display the same data as in Table S3a but filtered for TFs whose activity ranking is higher in 

M1 vs. M2 and NLC (Table S3b), higher in M2 vs. M1 and NLC (Table S3c) or higher in NLC vs. M1 and 

M2 (Table S2d). An additional column displays the difference between the activities rankings between the 

indicated phenotypes, as a measure to evaluate the TF's differential activity ranking across these 

phenotypes. The TFs lists were sorted from the highest differential ranking to the lowest.  
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Supplementary Table S1a 

 

Macrophage regulatory network extension: added nodes 

 

Node Type Inference based on Implications Reference 

IL13 Signal Literature Binds to IL4 (direct interaction) 

IL4 – IL13 form a dimer 

Mueller et al, 2002 

Foey, 2014 

HMGB1 Signal Literature Released by CLL cells can stimulate NLC 

differentiation through activation of the receptor for 

advanced glycation end-product (RAGE)- toll like 

receptor 9 (TLR9) pathway. 

Hao et al, 2012 

ten Hacken et al, 

2016 

Jia et al, 2014 

Choi et al, 2014 

M-CSF Signal Literature Promotes cancer cell proliferation, invasion and 

formation of metastases 

Li et al, 2020 

Ries et al, 2014 

M-CSFR Receptor Literature Promotes cancer cell proliferation, invasion and 

formation of metastases 

Receptor for M-CSF 

Required for NLC survival 

Li et al, 2020 

Ries et al, 2014 

RAGE Receptor Literature Establishes HMGB1 - NLC interaction  

Chosen as key marker for NLC 

ten Hacken et al, 

2016 

Jia et al, 2014 

TNFa Cytokine Literature + 

confirmed by gene 

expression profile 

Pro-inflammatory cytokine 

Induces cell death of certain tumour cell lines 

Activates NF-kB and IL-1b 

 

Chosen as key marker for M1 

Kratochvill et al, 

2015 

Gkikas et al, 2018 

TGFb Growth 

factor 

Literature TAMs release growth factors such as TGF-β, EGF, 

which can promote angiogenesis in many tumours, 

immuno-suppression; 

Promotes tumour-associated macrophage 

polarization; 

Chosen as key marker for NLC 

Hao et al, 2012 

Li et al, 2020 

Guttman et al, 

2016 

HIF1a TF Literature + 

confirmed by TF 

estimation 

TAMs are found to accumulate in hypoxic regions of 

tumours, controlled by HIF1/2 

HIF1A has been shown to be closely associated with 

cancer development 

and progression 

Regulates CXCL12 

Chosen as key marker for NLC 

Hao et al, 2012 

Gao et al, 2014 

Schioppa et al, 

2003 

Solinas et al, 2009 

 

EGF Growth 

factor 

Literature TAMs release growth factors such as TGF-β, EGF 

which can promote angiogenesis in many tumours 

Up-regulates the activity of STAT3 

Chosen as key marker for NLC 

Hao et al, 2012 

Li et al, 2020 

Guttman et al, 

2016 

IRF5 TF Literature + 

confirmed by TF 

estimation 

Down-regulates quantity of IL10 by repression 

Activates M1-polarization 

Up-regulates quantity of TNFa by expression 

Martinez et al, 

2014 

Murray et al, 2014 

Signor 
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Supplementary Table S1b 

 

The main similarities and differences from macrophage regulatory network extension 
 

 

Palma et al model Model extension, Marku et al 

Macrophage polarization states 

● Classically activated macrophages M1 

● Alternatively activated macrophages M2 

● M2a, M2b, M2c 

● Classically activated macrophages M1 

● Alternatively activated macrophages M2 

● Tumour Associated Macrophages in Chronic 

Lymphocytic Leukaemia (Nurse Like Cells, 

NLC) 

Regulatory network 

30 nodes 

● 7 extracellular signals (inputs) 

● 27 intracellular components (cytokines, TFs) 

● Inference: literature 

40 nodes 

● 10 extracellular signals (inputs) 

● 30 intracellular components (cytokines, TFs) 

● Added components (Table S2):  

Signals: HMGB1, M-CSF, IL13 

Receptors: M-CSFR, RAGE 

Intracellular: TGFb, TNFa, IRF5, HIF1a, EGF 

● Inference: literature, interaction databases 

Boolean model 

● Synchronous updating scheme  

● Boolean rules inference based on literature 

● Synchronous updating scheme 

● Boolean rules inference based on literature 

Attractors space, categorization across phenotypes 

● 1040 fixed point attractors 

● 78% do not fall in any category (not 

included in further analysis) 

● The remaining (228 attractors) categorize 

according to the frequency: M2a, M2c, M1, 

M2b 

● 1384 fixed point attractors 

● 214 attractors (inputs excluded) 

● Categorization in M1, M2, NLC 

1. Supervised (based on literature, TF 

estimation, gene expression profile); 

2. Unsupervised (based on similarity 

estimation across attractors) 

● Attractor frequency across phenotypes: M2, 

M1, NLC 
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Supplementary Table S1c 

 

Boolean rules for the added nodes in the macrophage polarization network 

 

Boolean rule Description 
IFNgR IFNG | IFNAB & !(SOCS1) IFNg binds to its receptor. SOCS1 is key inhibitor or IFNgR (Palma et al 

2018, Satou et al 2012) 

IL4Ra IL4 & IL13 IL4/IL13 dimer binds to IL4R receptor (Van Dyken et al 2013) 

MCSFR MCSF MCSF bind to its receptor (Duluk et al 2007) 

RAGE HMGB1 HMGB1 binds to its receptor (ten Hacken et al 2016) 

PPARg IL4RA | MCSF | ERK & !(STAT6) PPARg is activated in response to IL4/IL13 and ERK. MCSFR activates IRF4 

through PPARg (Palma et al 2018, Gordon et al 2010, Nemenoff et al 2008, 

Kim et al 2018, Ivashkiv 2013, Lawrence et al 2011) 

STAT6 IL4RA | MCSFR STAT6 is activated by IL4 receptor and M-CSFR (Palma et al 2018, Gordon 

2003, Lawrence et al 2011, Ivashkiv 2013, Chen et al 2018) 

JMJD3 IL4RA | MCSFR JMJD3 is activated by IL4 receptor and MCSFR (Palma et al 2018, Ivashkiv 

2013) 

STAT3 (IL10R | EGF | STAT3) & !(FCGR | 

PPARG) 

STAT3 is activated in response to IL10 and EGF, and inhibited by PPARg 

and FCgR (Zhong et al 1994, Palma et al 2018, Henson et al 2006, Ivashkiv 

2013, Jin 2020) 

STAT1 IFNGR | STAT1 & !(STAT6) IFNgR activates JAK/STAT1 pathway, while STAT6 inhibits STAT1 (Palma 

et al 2018, Ohmori et al 1997) 

NFkB (STAT1 | TNFA | TLR4 | IL1R) & 

!(STAT6 | FCGR | PPARG | KLF4) 

NFkB is activated by IL1/LPS signalling pathways and inhibited by M2-

related pathways (Palma et al 2018, Fang et al 2018, Liu et al 2017, Lawrence 

et al 2011) 

SOCS1 STAT6 | STAT1 SOCS1 is activated by STAT6 and STAT1 (Palma et al 2018, Penrose et al 

2020, Satou et al 2012) 

IL1b NFKB | TNFA IL1b is activated by NFkB and TNFa (Palma et al 2018, Lawrence et al 2011, 

Álvarez et al 2013) 

IL10s (PPARG | STAT3) & !(IRF5 | TNFA) PPARg and STAT3 downstream genes lead to IL-10 production while pro-

inflammatory cytokines inhibit its expression (Palma et al 2018, Gordon 2003, 

Lawrence et al 2011, Foey 2014, Gordon et al 2010, Krausgruber et al 2011, 

Donnelly et al 1995, Jin 2020) 

TNFa IRF5 & !(IL10s) IRF5 activates TNFa secretion while IL-10 inhibits cytokine production of 

TNFa (Hoepel et al 2019, Fiorentino et al 1991, Clarke et al 1998)  

TGFb STAT3 & (!TNFA) STAT3 activates TGFb through JAK/STAT3 pathway, while TNFa inhibits 

TGFb (Jin 2020, Szondy et al 2017) 

HIF1a (STAT3 | IL10s) & (!STAT1) STAT3 and IL10 activate HIF1a expression through positive regulation of 

angiogenesis. STAT1 represses HIF1 transcription (Jin 2020, Wu et al 2010, 

Hiroi et al 2009) 

EGF ERK | STAT3 ERK mediates downstream regulation of EGF. JAK/STATe pathways 

regulates pro-tumoral genes (Li et al 2008, Jin 2020) 

IRF5 STAT5 & !(IRF4) STAT5 activates IRF5 while IRF4 inhibits IRF5 expression (Martinez et al 

2014, Thompson et al 2018, Ni et al 2016) 
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