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Extended Material and Methods

Reconstruction, verification and annotation of the M@ signal transduction map
For reconstruction of the map, the NCBI MEDLINE archive was queried for
"macrophage”, "signaling” and "infection". The obtained literature was browsed for
pathways and proteins described to be important for macrophage activation and the
subsequent immune response (e.g. pathogen recognition and cytokine production). This
information was then graphically reconstructed using CellDesigner [v4.3 and v4.4; (1)].
Furthermore, previously published models for macrophage signaling pathways were
searched in the databases BioModels [r27; (2)] and Panther Pathways [r9.0; (3)]. The
following models were fully or partially re-used: BioModels MODEL1203220000,
MODEL2463683119; Panther P00048, P00052, P00054, P0O0035, P00036, P00046,
P05918. In addition, the following pathways were downloaded in May 2014 from
www.macrophages.com and partially integrated: "Interleukin-4 -10 & -13 Pathways",
"Macrophage Activation Extended", "NF-kappa-B Signaling”, "Non-TLR Pathogen
Detection”, "p53 Signaling Pathway", "Toll Like Receptor & Kinase Pathways", "VEGF
and TGFB Pathways". The map furthermore contains excerpts of maps previously
published by Oda et al. (4), Oda and Kitano (5), and by Raza et al. (6, 7).

Next, all reactions in the curated map were verified by searching experimental evidence
for their relevance in mouse or human cells. The acquired publications were used to
annotate the reactions in the map using CellDesigner's MIRIAM [minimum information
requested in the annotation of models, (8)] support. In addition, genes were annotated
with Ensembl IDs [r75 et sqqg.; (9, 10)], miRNAs with miRBase IDs [r20 et sqq.; (11)],
proteins with UniProt IDs [r2014_7 et sqq.; (12)], complexes with BioGrid IDs [r3.2.110

et sqq.; (13)], and simple molecules and ions with ChEBI IDs [r118 et sqq.; (14)]. If



information could be neither annotated nor graphically presented, text notes were
added. Due to the fact that most of the experimental evidence in immunology is obtained
in, with, or starts from murine cells and models, most molecular annotations refer to the

species mouse.

Quality control of the curated map

To validate the map’s quality, a random sample of 25 reactions with modifiers (~3 % of
all reactions) was selected from the final version. Two postdoctoral researchers each
with 5 y of experience in molecular immunology independently graded the
correspondence between each depicted reaction and its referenced literature, paying
attention to errors and unsupported details. The degree of correspondence was

classified into one of six groups and summary statistics were calculated.

Expansion of the curated map with selected database knowledge
The signaling map was transformed into a Graph Modelling language [GML; (15)]
representation by an algorithm implemented in the programming language Python [v2.7;

(16)] (available from https://github.com/marteber/miRNexpander). This automated

process included the following conceptual steps: (i) molecule representatives (i.e. genes,
MRNAs, proteins including activation states and post-translational modifications,
complexes, simple molecules including pathogen-derived molecules, ions, and miRNAS)
were extracted from the original map file, identifiers were assigned based on their
molecular identities, and identical molecules were united in a single entity; (ii) reactions
were extracted from the map file, and were categorized into stimulatory, neutral, and

inhibitory; (iii) molecules were connected according to their participation in reactions, in


https://github.com/marteber/miRNexpander

which modulators (enzymes, inhibitors etc.) were connected to the respective reaction
products; (iv) MIRIAM annotations were extracted from the map file and inserted into the
network; (v) molecules and reactions that would affect later analyses by elongating
pathway lengths were removed (i.e. genes, mRNAs, simple molecules, ions,
phenotypes, degradation, transcription, translation, and transport), and removed
pathway parts were replaced by shortened abstract reactions; (vi) monomeric complex
subunits that were not yet included in the map were supplemented in the network by
introduction of an unbound molecule interacting with the respective complex.

For expansion of the network, initially missing annotation for molecules, particularly in
the case of complex subunits, was automatically retrieved from the databases NCBI
Gene and UniProt, manually curated and finally introduced computationally into the
network. Furthermore, the databases miRTarBase [r4.5; (17)] plus miRecords [r4; (18)],
TRANSFAC [r2015.1; (19)] and RegPhos [r2.0; (20)] were queried automatically for
MIRNA:MRNA, transcription factor (TF):gene, and kinase:phosphoprotein interactions,
respectively. For selecting database knowledge that is related to molecules in the
network, the retrieved database entries were filtered. First, Uniprot IDs were extracted
from the map and translated into gene symbols and mouse genome informatics (MGI)
accessions. Second, a list of genes associated with relevant gene ontology (GO)
biological process terms was assembled by merging (i) most specific GO terms
associated with MGI accessions of genes or proteins in the CellDesigner map
(algorithmic assembly), and (ii) GO terms extracted from QuickGO (21) with key words
such as "infection" or "macrophage” (manual assembly). For the algorithmic assembly,
GO terms were fetched out of the Jax Lab Bioinformatics database (22), and the list of

GO terms was shortened by removing all terms that had lower-level neighbors in the GO



hierarchy (23); see the accompanying PDF for a list of the assembled GO terms. Third,
the merged set of GO terms was used to query the Jax Lab database to reverse-
associate them with gene symbols which were employed for filtering database entries.
After filtering, the miRNA:mRNA and kinase:phosphoprotein interactions were manually
curated by evaluating the referenced publications, whereas this step was skipped for the
filtered TF:gene interactions due to their large number. Finally, the correct and relevant
database entries were introduced into the network together with initially absent
corresponding molecules, and the generated network was written to a GML file.

The converted and expanded network (GML file) was imported into and analyzed with
Cytoscape [v3.2.1; (24)]. The molecules and reactions from the CellDesigner map were
converted into nodes and edges in the Cytoscape network, respectively. For the
graphical representation of the expanded network based on cellular compartments, the

Cytoscape plug-in Cerebral [v1.2; (25)] was used.

Integration of expression data

The databases Gene Expression Omnibus (26) and ArrayExpress (27) were queried for
expression data sets that meet the following criteria: (i) cell type: human Mds,
monocytes, or PBMCs; (ii) context: bacterial lung infection; (iii) time point: early, non-
chronic phase of infection; (iv) data: publicly available; processing and analysis
technically feasible. The data sets GSE61535 (human monocyte-derived Mds infected
with L. pneumophila strain AA100 for 1 h at MOI = 20:1 and incubated for another 8 h)
and E-MEXP-3805 (human monocyte-derived M®s infected with M. tuberculosis strain

H37Rv for 2 h at MOI 1:1, then incubated with fresh medium for another 18 h) were the



best matches. Furthermore, we used an expression data set (GSE77506) of human
monocyte-derived M®ds infected for 16 h with S. pneumoniae strain D39 (MOI = 1:10).
Only human data sets were used for the case study to improve its clinical relevance. In
addition, six data sets related to LPS stimulation under different experimental conditions
(GSE4712, GSE8621, GSE46903, GSE50542, GSE28880, and E-MEXP-3469) as well
as one related to reactive oxygen species (ROS) challenge (GSE15457) were added to
the web platform.

All data sets were pre-processed and analyzed with the statistics tool R (28) with the
package limma (29). For all unprocessed sets, data were background-corrected,
guantile-normalized and log2-transformed before feature selection with control of the
false discovery rate (30) was performed. All resulting expression-related values were

assigned to the molecules in the network based on the latter's gene symbol annotation.

Identification of perturbed subnetworks and integration of drugs

For the identification of perturbed subnetworks, the Cytoscape v3.2 plug-in
JActiveModules [v3.1, (31)] was employed. jActiveModules combines a statistical scoring
system with a search algorithm based on simulated annealing and was applied to each
of the 44 data sets separately. The number of modules to detect was set to 3, the
overlap threshold (i.e. maximal fraction of overlap between detected network regions)
was set to 0.1, the search depth (i.e. distance of module growth steps starting from
differentially regulated factors) to 1, and the maximal depth to 1 (i.e. maximal number of
iterations). The three obtained modules were merged into one subnetwork that is

representative for the corresponding data set.



For the case study on Lpn, Mth, and Spn, we relaxed the above parameter settings to
allow for some factor overlap between the scenarios. To achieve that, the module count
per scenario was increased to 10, the overlap threshold to 0.5, and the maximal depth to
3. The 10 modules were then combined, yielding one subnetwork per infection scenario.
From these three, the shared factors and reactions were extracted, and the resulting
network was termed regulatory core. The Venn diagram of the three subnetworks was
produced in R with the package VennDiagram (32).

The Cytoscape plug-in CyTargetLinker [v3.0.1; (33)] was used to attach drugs to their

target proteins based on information listed in the database DrugBank 4.2 (34).

Development and testing of the web platform

The web platform was built around the Cytoscape.js graph theory and network rendering
engine (35). It takes advantage of modern CSS- and JavaScript-based Web
technologies and integrates libraries of the open-source community. Please see the

Web page at https://vcells.net/macrophage for details.

Testing was performed with modern versions of the browsers available to us, i.e. Firefox,
Chrome, Safari, and Edge on their eligible hosts (MS Windows, MacOS and Unix). Note

that Internet Explorer is not supported even in its latest release.

Addition of GO term and Reactome associations to the Web platform
On the Web platform, GO terms (36) and Reactome pathways (37) can be selected to
highlight genes associated to them. The terms and pathways that are selectable were

chosen because they are associated to three or more genes in the respective map.
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