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            Abstract
Cytokines are signaling molecules secreted and sensed by immune and other cell types, enabling dynamic intercellular communication. Although a vast amount of data on these interactions exists, this information is not compiled, integrated or easily searchable. Here we report immuneXpresso, a text-mining engine that structures and standardizes knowledge of immune intercellular communication. We applied immuneXpresso to PubMed to identify relationships between 340 cell types and 140 cytokines across thousands of diseases. The method is able to distinguish between incoming and outgoing interactions, and it includes the effect of the interaction and the cellular function involved. These factors are assigned a confidence score and linked to the disease. By leveraging the breadth of this network, we predicted and experimentally verified previously unappreciated cellâ€“cytokine interactions. We also built a global immune-centric view of diseases and used it to predict cytokineâ€“disease associations. This standardized knowledgebase (http://www.immunexpresso.org) opens up new directions for interpretation of immune data and model-driven systems immunology.
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                    Figure 1: immuneXpresso assembles a system-level directional intercellular interaction network.[image: ]


Figure 2: System-level characteristic of intercellular information flow in the literature-derived network.[image: ]


Figure 3: Immune intercellular network knowledge is biased and far from saturated.[image: ]


Figure 4: Prediction and validation of cellâ€“cytokine interactions.[image: ]


Figure 5: Global interaction profile analysis across diseases.[image: ]


Figure 6: iX informs less well-studied diseases.[image: ]
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Integrated supplementary information

Supplementary Figure 1 System level characteristics of inter-cellular information flow in the literature-derived network.
(a) Sankey plots showing bi-partite information flow between CD4+ T-cell subsets and a variety of cytokines. (b) A sorted histogram illustrating the number of unique cell-types secreting each of the 114 cytokines (outgoing interactions). A second y-axis displays the information as a cumulative sum (blue line). 50% of outgoing edges are attributed to only 17 (15%) cytokines (grey area). Cytokine family classification appears as coloring of individual members along x-axis. (c) Scatter plot highlighting the strong correlation in cytokine degrees between incoming and outgoing directions of the manually curated reference book interaction network (n=104 cytokines, r=0.69 pval<0.001, Pearson's).


Supplementary Figure 2 Power-law distribution.
Cytokine degree distribution analysis of (a) incoming and (b) outgoing interactions (n=144 and n=114 cytokines; bootstrap goodness-of-fit test, non-power law pval=0.73 and pval=0.47 respectively).


Supplementary Figure 3 Cytokine family leaders.
Heatmaps showing connectivity knowledge accumulation of cytokines and chemokines as a function of time and family membership. Families tend to have one dominant family member, suggesting a "rich get richer" phenomena.


Supplementary Figure 4 Weak relation between cytokine connectivity degrees and historical knowledge accumulation.
The correlation of the cytokine degree and the date of first publication was repeatedly computed across cytokines, threshold by minimal degree. A scatter plot showing this correlation when scaled back from the entire network to only few highly dominant hubs (cytokine degree cutoff is shown along x-axis). The entire network (n=145 cytokines) demonstrates low correlation, r=-0.27 and -0.26, Pearson's for (a) incoming and (b) outgoing interactions respectively, driven by a few highly dominant hubs.


Supplementary Figure 5 L34 receptor expression on terminally differentiated CD8+ T cells.
Copy number profile based on the proteomics data from ImmProt (n=4 or n=3 independent donors). A protein was considered expressed in a cell type if more than 50% of replicates showed detectable non-zero values. Box-plot elements: center line, median; box limits, first to third quartile (Q1 to Q3); whiskers, from Q1â€“1.5 Ã— IQR to Q3+1.5 Ã— IQR; data points.


Supplementary Figure 6 Pan-disease control profile sampling.
Sorted boxplots showing results of repeated paper sampling (200 iterations, each randomly selecting 200 abstracts), and calculating the proportion of hits for each cell (left) and cytokine (right). The entire corpus of 521,625 disease-HPC and 438,012 disease-cytokine co-occurrence papers is used, without limiting to any condition, to define pan-disease control immune profile. Cell subset and cytokine family classification appears as coloring of individual members across y-axis. Top 50% of the results are shown, with highest cited entities emphasized (grey area, median>=0.05). Box-plot elements: center line, median; box limits, first to third quartile (Q1 to Q3); whiskers, from Q1â€“1.5 Ã— IQR to Q3+1.5 Ã— IQR; points, outliers.


Supplementary Figure 7 Literature-based evaluation of novel cytokine-disease association predictions.
Evaluation of the predicted cytokine-disease associations within the entire, non-sampled iX knowledgebase. The amounts of total predicted associations (red), those verified as already reported in the literature (green) and the other, potentially novel candidates (blue) are shown separately for associations with different prediction strength (x-axis, scaled to 1).


Supplementary Figure 8 Typed dependency analysis for cell recognition.
Illustration of cell phrase expansion from the "cell" seed match by (a) inclusion of the seed and the dependents it governs or (b) by inclusion of the seed word's governor and all the other dependents of that governor.
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