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ABSTRACT
Objective. To use literature mining to 
catalogue Behçet’s associated genes, 
and advanced computational methods 
to improve the understanding of the 
pathways and signalling mechanisms 
that lead to the typical clinical char-
acteristics of Behçet’s patients. To ex-
tend this technique to identify potential 
treatment targets for further experi-
mental validation. 
Methods. Text mining methods com-
bined with gene enrichment tools, path-
way analysis and causal analysis algo-
rithms.
Results. This approach identified 247 
human genes associated with Behçet’s 
disease and the resulting disease map, 
comprising 644 nodes and 19220 
edges, captured important details of 
the relationships between these genes 
and their associated pathways, as de-
scribed in diverse data repositories. 
Pathway analysis has identified how 
Behçet’s associated genes are likely 
to participate in innate and adaptive 
immune responses. Causal analysis 
algorithms have identified a number 
of potential therapeutic strategies for 
further investigation.
Conclusion. Computational methods 
have captured pertinent features of 
the prominent disease characteristics 
presented in Behçet’s disease and have 
highlighted NOD2, ICOS and IL18  
signalling as potential therapeutic 
strategies. 

Introduction
Behçet’s disease (BD) (Disease On-
tology DOID:13241) is a rare chronic 
relapsing inflammatory disorder of 
unknown aetiology characterised by 
recurrent oral and genital ulcerations 
with systemic manifestations, the most 
serious of which are ophthalmic, neu-
rological, gastrointestinal and vascular 
in nature. BD is heterogeneous and 
lacks pathognomonic symptoms, labo-

ratory or histological findings, and di-
agnosis relies on clinical criteria, such 
as, those of the International Study 
Group for Behçet’s Disease (1). Gen-
erally, less complex mucocutaneous 
disease can be managed with topical 
steroids and non-steroidal agents, pro-
gressing to oral steroids and immuno-
suppressive drugs such as azathioprine, 
calcineurin inhibitors (cyclosporin and 
tacrolimus) or mycophenolate mofetil, 
in the minority of individuals who fail 
to respond to topical treatments, or 
whose disease progresses to involve 
other organs (2). More recently apre-
milast, an oral phosphodiesterase-4 in-
hibitor, has been shown to be effective 
treating oral ulcers in the short term, 
although whether this is sustained in 
the long term and the impact on other 
disease manifestations remains unclear 
(3). Anti-TNF agents are effective, but 
tend to be reserved for those with se-
vere disease, or manifestations that 
are refractory to the above therapies. 
Interferon alpha, rituximab, alemtu-
zumab and cyclophosphamide are fur-
ther therapeutic options for refractory 
disease (2). The pathogenesis of BD is 
likely to be multifactorial, with infec-
tious agents and aberrations in B and 
T cell function being implicated on a 
background of genetic predisposing 
factors (4, 5).
In recent years there has been an “om-
ics” revolution within medicine, fol-
lowing major advances in genetic 
sequencing techniques. Various com-
putational approaches have proved 
critical to analyse the huge volume of 
data generated; to identify the genes, 
pathways and biological processes in-
volved in the pathogenesis of several 
diseases, and subsequently prioritise 
possible drug targets (6). However, in a 
rare and heterogeneous condition, such 
as BD, the utility of such an approach 
is limited, particularly as transcriptom-
ics data is influenced not only by the 
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disease process itself, but also the im-
munosuppressive medications used to 
treat the disease.
That said, the available literature de-
tailing observations on BD provides a 
huge wealth of experimental and clini-
cal information, though the diversity of 
the condition and treatment approaches 
make systematically analysing the data 
in a gene-by-gene manner both diffi-
cult and time consuming. An alterna-
tive approach is to use a combination 
of literature mining techniques, where 
in essence, the available published lit-
erature (from a number of sources) is 
viewed as the equivalent of the experi-
mental genomics or transcriptomics 
data. The resulting BD dataset is then 
analysed using various computational 
methodologies to identify the most 
likely regulation nodes that dictate 
gene activity, biological processes and 
disease pathways pertinent to BD (7).
This paper presents the data generated 
using such a literature data mining ap-
proach applied to BD. The most likely 
disease pathways are presented, and 
used as a hypothesis generating tool 
to identify areas of interest for further 
evaluation and potential novel thera-
peutic strategies.

Methods
Genes associated with BD were iden-
tified using three distinct text mining 
approaches. Previous experience has 
shown that reliance on one text mining 
strategy may fail to identify a significant 
numbers of associations reported in the 
scientific literature and that respective 
conclusions may not accurately reflect 
the complete knowledge base (8). The 
first search method retrieved gene iden-
tifiers from the NCBI (National Center 
for Biotechnology Information) Gene 
database (http://www.ncbi.nlm.nih.
gov/gene/). The Gene database details 
gene-centric links to defined database 
fields, including literature, that include 
disease terms, and can be accessed via 
a simple text search interface that incor-
porates a number of easily implemented 
filters to restrict results. Behçet’s-asso-
ciated genes were identified by search-
ing all fields for the term “Behçet*” and 
restricted to entries with the attributes 
“Human”, “Current” (indicates annota-

tion status) and “RefSeq” (a non-redun-
dant sequence identifier).
A second approach used the Elsevier 
Text Mining Solution (https://www.
elsevier.com/solutions/professional-
services/text-mining) to identify hu-
man genes associated with BD. This is 
a licensed application and implements 
natural language processing (NLP) of 
full-text, unstructured literature (i.e. 
searches of abstract and discussion 
sections in addition to title, keywords 
etc.) to identify specific relationships 
including gene-disease relationships. 
This system is particularly powerful as 
search terms are expanded to include 
synonyms and abbreviations to identify 
co-occurring terms. Behçet’s associated 
genes were identified using the terms 
“Behçet”, “Genes”, “Proteins” and 
“RNA” and restricted to MEDLINE 
and PubMed Central publications. An 
important feature of this approach is 
that sentences are extracted and co-oc-
curring terms are highlighted which al-
lows rapid evaluation and prioritisation 
of the results.
The third method utilised a Disease 
Maps approach (7, 9). A large network 
of human disease-associated genes that 
co-occur with Medical Subject Head-
ings (MeSH) in Medline abstracts, 
more often than would be expected by 
chance, was constructed. The network 
was further extended to incorporate 
biological pathways and ontologies 
significantly enriched for the disease-
associated genes such that the final 
entity comprised an extensive network 
of gene-to-disease terms-to-pathways. 
It has been reported that the emergent 
properties of such networks help iden-
tify novel disease relationships that 
would not be readily captured through 
conventional literature mining ap-
proaches (7, 9). A BD sub-network was 
then extracted from the global (i.e. the 
network that includes all gene-disease 
associations) human disease network.
Gene identifiers unique to only one of 
the search methods were manually vali-
dated to remove spurious associations, 
such as incorrect synonym extensions, 
to establish a high confidence dataset. 
The high confidence list of unique gene 
identifiers associated with BD com-
piled from the three search strategies 

was then used to complete gene enrich-
ment analysis using the Enrichr appli-
cation (10) and pathway analysis using 
Qiagen’s Ingenuity Pathway®Analysis 
suite. The Enrichr web application 
(http://amp.pharm.mssm.edu/Enrichr) 
accepts a list of gene identifiers as input 
and computes gene enrichment scores 
for a comprehensive collection of gene-
set libraries. Qiagen Ingenuity Pathway 
Analysis (IPA®) is a licensed web ap-
plication used to further understand 
the most likely functional attributes of 
large ‘omics’ datasets. Both methods 
provide insights into the most likely 
collective biological functions of sub-
mitted gene lists by using statistical en-
richment algorithms and prior biologi-
cal knowledge derived from gene-set li-
braries (e.g. information extracted from 
peer reviewed studies, or the major 
biomedical repositories of pathway and 
molecular interaction data). The Inge-
nuity Upstream Regulator Analysis was 
also used to predict upstream regulators 
that may regulate gene expression of 
the Behçet’s associated gene list. This 
algorithm is based on expected causal 
effects between known upstream regu-
lators (i.e. findings derived from scien-
tific literature and integrated within the 
Ingenuity® Knowledge Base) and lists 
of gene ‘targets’ (11).

Results
The three distinct text mining ap-
proaches (an NCBI Gene database 
search, the Elsevier Text Mining Solu-
tion and a Disease Map approach) iden-
tified 247 unique gene associations with 
BD (supplementary 1). The NCBI Gene 
search identified 176 gene associations, 
Elsevier text mining 96 and the Disease 
Map 92 gene identifiers. Commonal-
ity across the methods was assessed 
using a simple Venn analysis (Fig. 1). 
Only 29 gene identifiers were identi-
fied by all three of the methods and 93 
identified by 2 or more of the methods. 
The distribution of the findings is not 
unexpected and merely reflects the indi-
vidual strengths of each method; that is, 
the extensive NCBI curation effort, the 
implementation of Natural Language 
Processing by Elsevier, and statistically 
significant enrichment of co-occurring 
MeSH terms in Disease Map. 
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Systematic gene-by-gene disease asso-
ciations of the 247 unique gene iden-
tifiers retrieved from the Online Men-
delian Inheritance in Man® (OMIM: 
http://omim.org/) highlighted a number 
of interesting functional associations 
relevant to a Behçet’s phenotype. For 
example, several mutations in the NC-
STN gene are causative of chronic skin 
disease characterised by recurrent scar-
ring folliculitis (see http://omim.org/
entry/605254). However, while a sim-
ple gene-by-gene search is of value, 
such an approach does not facilitate 
further insight as to how disease-asso-
ciated genes are likely to interact, nor 
does it enable the emergent properties 
within a BD signalling network to be 
identified.
To better understand the functional sig-
nificance of a genes list we must first 
associate the genes with their respec-
tive biological annotations, and then 
statistically determine if there is signif-
icant enrichment of known pathways 
and processes beyond what would be 
encountered in a random collection 
of gene identifiers, of similar size. We 
then infer that highly enriched (and 
statistically significant) features are in-
dicative of the most likely underlying 
biological processes and that these are 
important starting points to investigate 
the most likely hierarchy and direc-
tionality of signalling events between 
the individual genes. Note that poorly 
connected (i.e. those genes that demon-

strate no common ontology with other 
BD associated genes) are not reported 
as significant in such analyses.
The BD Disease Map was generated 
and then evaluated for credibility (i.e. 
did it capture the majority of reported 
BD disease features). This network 
was too large to easily visualise or 
manipulate in its entirety (comprising 
644 nodes connected by 19220 edges) 
and was interactively investigated as a 
series of filtered sub-networks; one of 
which focussed on enrichment of Be-
hçet’s associated genes and eye disease 
terms (Fig. 2A). As anticipated uveitis 
and vasculitis were both identified as 
integral to this BD sub-network and 
incorporated a number of cytokines 
(including IL12B, IL17A and IL23A), 
HLA genes, TNF and TLR4, all of 
which have been previously reported as 
having significant roles in BD (12, 13). 
Also of note was inclusion of NOD2 as 
a highly connected node, with connect-
ing edges to several genes and disease 
conditions, including sarcoidosis and 
ankylosing spondylitis. Mutations in 
this gene are reported to be causative in 
an autosomal dominant form of uveitis 
characteristic of Blau syndrome (14) 
and have been reported to be highly 
expressed in BAL cells retrieved from 
BD patients (15). However, several 
human studies evaluating three com-
mon NOD2 mutations as susceptibil-
ity genes for BD, found no significant 
association with BD and proposed that 

one of the mutations may be protective 
of BD (16, 17). 
A second sub-network focussed on 
cell-types significantly associated with 
the MeSH disease term “Behçets” (Fig. 
2B). This sub-network identified Th1, 
Th17, T-lymphocytes and neutrophils 
as important components of BD patho-
genesis and provided details of Be-
hçet’s associated genes and their inter-
actions within a Behçet’s framework. 
In this sub-network several genes have 
edges connecting to multiple cell types 
and indicate important intra-cellular 
signalling events, for example, the 
ICOS gene node has edges to each of 
the T-cell nodes and has been associat-
ed with cytokine production in Th1 and 
Th17 cell types (18). The prominence 
of cytokine signalling and the imbal-
ance in T-cell subsets in BD suggests 
that blockade of this co-stimulatory 
pathway may prove a tractable thera-
peutic target in the treatment of uveitis 
(19). These observations along with 
additional evaluation of sub-networks 
indicated that the disease map had cap-
tured many of the key features associ-
ated with BD and that the map could 
be used to explore additional, putative 
disease pathways.
To investigate how the 247 Behçet’s 
associated genes identified may inter-
act within a cellular signalling network 
and to identify potential therapeutic 
intervention strategies, gene-set enrich-
ment and pathway analysis approaches 
were used. When the list of Behçet’s 
associated genes was assessed relative 
to the Human Phenotype Ontology da-
tabase (http://www.human-phenotype-
ontology.org/) (20), using the Enrichr 
web application, the ranked results re-
ported that the Behçet’s literature de-
fined list was significantly enriched for 
gene identifiers associated with several 
disease ontology terms, including ar-
thralgia and vasculitis, that are frequent 
manifestations of BD (Table I). In each 
instance the standardised Z-score was 
close to or greater than two standard 
deviations below the mean and associ-
ated with highly significant adjusted p-
values. Such scores are highly unlikely 
to be observed in a random or noisy (i.e. 
non-specific) gene list and strongly in-
dicate that a number of the listed genes 

Fig. 1. Venn Diagram 
analysis comparing gene 
identifiers associated with 
Behçet’s disease reported by 
NCBI, Elsevier and Disease 
Map text mining approach-
es. Numerical values indi-
cate the number of unique 
gene identifiers included in 
each of the respective com-
partments. 
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share common biological characteris-
tics. The Enrichr application also lists 
the respective gene identifiers associ-
ated with each of the reported ontology 
terms for further detailed analysis (not 
shown). Observing common features of 
BD in the top ranks of the enrichment 
result again provided confidence that 
the Behçet’s literature defined gene list 
captures many significant components 

of the underlying disease signalling 
mechanisms. Enrichr also completes 
enrichment analysis against many prior 
knowledge gene-set libraries and re-
ports a comprehensive, system wide 
profiling that facilitates a deeper under-
standing of the most likely functional 
attributes ‘encoded’ within a query 
gene list. For example, it reported, via 
the Human gene Atlas (http://biogps.

org/), that the 247 Behçet’s associated 
gene list was significantly enriched (as-
sociated p-values of <0.001) for genes 
associated with CD55+ Natural Killer 
(NK) cells, CD33 Myeloid cells and 
CD14+ monocytes (not shown). While 
enrichment of WikiPathways 2015 
(http://www.wikipathways.org/) repor-
ted significant enrichment (p-values 
<0.0001) of the human allograft rejec-

Fig. 2. A: A sub-network of the Behçet’s disease network. Red nodes represent disease terms, yellow nodes represent cell types, blue represents gene nodes 
and orange nodes represent cellular processes. Edges represent publications with a statistically significant co-occurence of the two connected terms. 
B: A sub-network detailing gene and immune cell interactions within a Behçet’s disease framework. The sub-network helps better understand both gene-
gene and gene-cell interactions and facilitates hypothesis generation in relation to gene and cell functional roles in Behçet’s disease. The sub-network also 
indicates that neutrophil activation is a key contributor to the disease phenotype.
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tion pathway, human toll-like receptor 
signalling, the human cytokine and in-
flammatory response, folate metabo-
lism and vitamin B12 metabolism (not 
shown). Combining these observations 
into a systems view of the data both 
highlights the most probable function-
ally cooperating genes, underlying the 
respective biological processes, and fa-
cilitates identification of putative rela-
tionships between the different signal-
ling pathways.
Using Qiagen Ingenuity Pathway Anal-
ysis, the Behçet’s associated gene list 
was further evaluated to identify the 
most likely biological processes associ-
ated with the Behçet’s literature defined 
gene collection. One section of the 
analysis reported is that of the enriched 
Canonical Pathways (Fig. 3). Each 
hand curated interaction pathway and 
its associated statistics are represent-
ed as a series ranked horizontal bars. 
These results are statistically highly 
significant and are much greater than 
would be observed in a typical tran-
scriptomics study (personal observa-
tion) and indicate that the BD gene list 
is highly enriched for genes that have 
been observed to cooperate in impor-
tant biological processes. The ranked 
results indicate significant enrichment 
of genes known to play functional roles 

in cross-talk between innate and adap-
tive immune cells, interactions between 
dendritic cells and NK cells, interac-
tions between macrophages, fibroblasts 
and endothelial cells, each of which 
may co-occur with alterations in T-cell 
signalling and differentiation, cytokine 
signalling and TREM1 signalling. 
Each pathway was systematically fur-
ther mined to understand how the asso-
ciated genes are known to interact and 
prior knowledge evaluated within a BD 
context (not shown). Many of these in-
vestigations identified multiple densely 
connected cytokine and cytokine com-
plexes as potential signalling hubs. 
However, both the number and high de-
gree of connectivity of the underlying 
prior knowledge were too complex to 
understand in terms of either a hierar-
chical or simple directional effect, and 
suggest that complex feedback loops 
are used to regulate in-situ signalling 
events. To better understand the myriad 
of potential signalling mechanisms we 
applied the Ingenuity Upstream Regu-
lator Analysis function to represent the 
BD derived gene collection in terms 
of the most likely upstream regulators 
(i.e. those genes that have been previ-
ously reported to affect the expression 
of another gene). This reported that the 
majority of genes in the BD list could 

be regulated by complex polysaccha-
rides and a number of cytokines. These 
included IFN gamma, TNF, IL10, IL-
1Beta, IL2, IL6 and the IL12 complex 
(Table II). Again, the statistical signifi-
cance associated with the respective 
predictions is of a greater magnitude of 
confidence than that generally observed 
in a typical transcriptomics study, and 
this indicates that the gene lists are sig-
nificantly enriched for the component 
units of previously observed biological 
signalling networks. When the BD gene 
list was analysed using Ingenuity’s 
Causal Network Analysis algorithm 
(which identifies causal connections 
between diseases, genes and networks 
of upstream regulators), and the knowl-
edge space restricted to human experi-
mentally validated findings, IL18 was 
identified as the most plausible master 
upstream regulator (i.e. the regulator 
that best explains connectivity between 
the observed upstream regulators re-
ported in Table II). A further variation 
on the predictive upstream function is to 
identify drug biologics and small mol-
ecules that may regulate a given gene 
list (not shown). This approach identi-
fied alefacept (an anti-CD2 molecule), 
etanercept (an anti-TNF-α), infliximab 
(an anti-TNF-α) and fontolizumab (an 
anti-IFN gamma) as biologics most 
likely to interact with many of genes in 
the Behçet’s associated gene list. 

Discussion
BD is a complex auto-inflammatory 
syndrome with diverse clinical mani-
festations. Management of BD re-
mains challenging for many reasons; 
difficulties making an initial diagno-
sis and evaluating disease activity; 
heterogeneity in disease severity and 
organ manifestations, and variability 
in disease response to treatment, both 
between patients, and even different 
manifestations within an individual.
A huge body of scientific literature on 
BD exists. However, even with strin-
gent filtering, PubMed returns more 
than 1000 published papers, detailing 
a multitude of observations describing 
gene focussed studies through to sev-
eral genome wide association studies, 
which have identified several suscep-
tibility loci, that include IL10, IL23R-

Table I. Summary of enriched disease terms identified in the merged Behçet’s disease gene 
list. The summary statistics were generated via tables derived from the Human Phenotype 
Ontology database using the Enrichr web application. The Adjusted p-value column reports 
the significance associated with the Fisher’s Exact Test applied of two gene sets. The Z-score 
is a correction of the Fisher’s Exact Test standardised using background scores derived from 
random datasets, and the Combined Score is a product of the previous two values. 

Term Adjusted p-value Z-score Combined Score

Arthralgia (HP:0002829) 4E-14 -2.20 67.68
Gangrene (HP:0100758) 1.07E-10 -2.19 50.17
Pulmonary infiltrates (HP:0002113) 2.03E-10 -2.10 46.90
Pulmonary embolism (HP:0002204) 7.05E-10 -2.22 46.68
Abnormality of the pleura (HP:0002103) 2.03E-10 -1.98 44.23
Thrombophlebitis (HP:0004418) 2.03E-10 -1.98 44.19
Haemoptysis (HP:0002105) 8.94E-10 -2.08 43.28
Vasculitis (HP:0002633) 2.03E-10 -1.93 43.05
Abnormality of the pericardium (HP:0001697) 7.81E-10 -1.99 41.66
Arterial thrombosis (HP:0004420) 8.95E-10 -1.93 40.29
Myositis (HP:0100614) 2.03E-10 -1.80 40.20
Anorexia (HP:0002039) 1.84E-07 -2.18 33.82
Splenomegaly (HP:0001744) 1.84E-07 -2.15 33.36
Orchitis (HP:0100796) 8.67E-10 -1.53 31.92
Migraine (HP:0002076) 2.25E-07 -2.06 31.59
Skin ulcer (HP:0200042) 1.89E-07 -2.04 31.54
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IL12RB2 and STAT4 (21-25). One ap-
proach is to investigate each of these 
associations in a gene-by-gene manner 
or even extend this to a pathway under-
standing. However, given the genetic 
complexity and diverse disease mani-
festations this may prove to be of lim-
ited effect as it will most likely fail to 

effectively integrate and contextualise 
such a large volume of information into 
a ‘global’ decision making knowledge-
base. We propose that applying text 
mining techniques in combination with 
gene-enrichment and pathway analysis 
tools will more readily facilitate inte-
gration of this huge compendium into a 

manageable Behçet’s focussed frame-
work. Such disease network reposito-
ries should enable clinicians to better 
understand the most likely molecular 
interactions underlying disease charac-
teristics and will also be amenable to 
causal analysis tools to elucidate the 
regulatory mechanism driving disease 

Fig. 3. Graphical summary of the Qiagen Ingenuity Canonical Pathways reported as significantly enriched when the merged list of Behçet’s disease associ-
ated gene identifiers are assessed. The magnitude of each bar indicates the statistical significance of enrichment between two gene-sets as determined by 
the Benjamin-Hochberg Multiple Testing Correction p-value. Ingenuity Canonical pathways can also be ordered by the ratio value, which is the number of 
molecules in a given pathway that meet the specified cut-off criteria, divided by total number of molecules that make up that pathway (indicated by the orange 
trace line). The high scores and high ratios associated with the enrichment profile indicates significant perturbation of the immune system in Behçet’s disease 
and that the disease effect includes effects on T-cell differentiation and cytokine signalling between several types of immune cells. 
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signalling networks and ideally, ulti-
mately support the selection of novel 
therapeutic strategies. 
To implement such a strategy gene 
identifiers associated with the disease 
term Behçets were retrieved using three 
independent literature mining tools. 
One of these defined an interactive BD 
Map comprising 644 nodes connected 
by 19220 edges. This data structure 
provided a rich resource detailing 
how the Behçets-associated genes are 
known to interact and that these genes 
were significantly enriched both for 
many disease mesh terms characteris-
tic of Behçets disease, and for biologi-
cal pathways and cell types reported 
to contribute to inflammatory disease 
conditions. It is important to appreciate 
that the identified genes represent dis-
ease associations extracted from Pub-
Med and that there is no direct quanti-
fication of the validity of the reported 
associations and furthermore, that a 
gene may be associated with contradic-
tory findings. However, the strength of 
the method is that we are evaluating a 
gene collective that is reported to de-
termine the BD phenotype, and that the 
relevant underlying biology connecting 
the gene-set will be significantly en-
riched. It has been our experience that 
the majority of spurious reports will be 
omitted from the network as they will 
be poorly connected and therefore sta-
tistically insignificant relative to the 
main body of the dataset. 

The Behçets disease network identified 
NOD2 as an important hub gene in a sub-
network focussing on eye disease. The 
edges associated with the NOD2 node 
detail pivotal roles in innate immunity 
and autoinflammation (27), bacterial 
sensing (14), the regulation of innate im-
munity (28), and synergistic effects with 
the TLRs to induce pro-inflammatory 
cytokine responses (15). This suggests 
that a deeper understanding of NOD2 
signalling events may prove an impor-
tant focus of future therapeutic interven-
tion. Of interest is that genetic studies of 
NOD2 have not validated this gene as a 
susceptibility locus for BD (17, 25) and 
that a common Crohn’s associated mu-
tation may be protective in a Caucasian 
population (16). Such observations indi-
cate that NOD2 is more likely to direct 
a disease effect via synergistic interac-
tions with other gene products, such as 
the TLRs and TNFAIP3 (15, 29). The 
ICOS node also appeared as an impor-
tant hub in several sub-network analy-
ses and the associated edges provided 
details of important roles in Th1 and 
Th17 cytokine production (18), and au-
toimmune disease (30). Furthermore, it 
has been reported that ICOS expression 
is a potential marker of disease activity 
(19) and has been demonstrated to be 
amenable to immunomodulation treat-
ment in animal models of autoimmune 
disease (31). 
The Behçets disease map was also used 
to investigate relationships between 

Behçet’s associated genes and immune 
cell types. This analysis indicates a 
complex interplay between neutrophils 
and T-lymphocytes, and details sev-
eral putative signalling mechanisms 
that inter-connect the innate and adap-
tive immune mechanisms. Of particu-
lar interest, it has been reported that 
a unique subset of CXCL8/GM-CSF-
producing T cells, that differ from both 
Th1 and Th2 T cells, appear to promote 
neutrophil-rich pathologies of chronic 
autoinflammatory disease (32, 33). We 
propose that a detailed exploration of 
how these inflammatory signalling 
mechanisms inter-regulate in a disease 
scenario is likely to facilitate novel 
therapeutic intervention strategies. 
To generate a super resource that max-
imised the volume of Behçet’s associ-
ated observations from the published 
corpus we integrated findings using 
three independent text mining strate-
gies. The combined methods identified 
247 Behçet’s associated genes, and this 
compendium was used to further elu-
cidate the most likely signalling path-
ways and regulatory mechanisms that 
operate within a Behçet’s phenotype. 
Gene-set enrichment analysis indicated 
that this more comprehensive BD gene 
compendium captured many of the per-
tinent characteristics of BD, and the ten 
most significant ontology terms report-
ed identified arthralgia and vasculitis as 
prominent terms, both of which are con-
sidered key features of BD (1, 34). Both 
the prominence and statistical signifi-
cance of these terms added to our confi-
dence that the BD gene list was highly 
enriched (relative to that observed in a 
random gene-set of equivalent size) for 
genes that determine clinical manifesta-
tions of BD. Again, we anticipate that 
‘spurious’ gene-disease associations are 
unlikely to be enriched with the same 
ontological terms and will not contrib-
ute to the statistically significant terms. 
These ontology-associated terms are 
themselves amenable to a further itera-
tion of focussed analysis. For example, 
overlaying known drug interactions 
of the gene identifiers that defined 
the arthralgia hit (i.e. IL1RN, IL23R, 
PTPN22, NOD2, MEFV, C4A, PST-
PIP1, STAT4, CTLA4, NLRP3, IL12B, 
CCR6, ICOS, JAK2, IL12RB2, IL10, 

Table II. The IPA Upstream Regulator Analysis tool annotates a gene as an upstream regu-
lator if it has been reported to affect the expression of another gene, and uses a computa-
tional algorithm to predict if these upstream regulators are likely to regulate large numbers 
of genes in a gene list. The predicted top ten regulators of the merged list of Behçet’s-
associated gene network are shown. The comparative highly significant statistics indicate 
that the regulators are likely to ‘cross-talk’ to define disease features and that it is unlikely 
that there is one prominent driver. The prediction was generated using data derived from 
human experimental data.

Upstream regulator Target molecules p-value of over lap

lipopolysaccharide 142 8,93E-101
IFNG 121 7,47E-90
TNF 121 2,07E-77
IL10 71 4,51E-73
IL1B 93 2,74E-72
IL2 78 1,90E-71
IL6 69 3,21E-64
poly rI:rC-RNA 69 3,44E-63
TGFB1 107 1,16E-60
IL4 52 3,51E-59
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MMP2, HLA-B, MIF, TNFRSF1A, 
IL6, IL2RA, IRF5, TLR4, PTPN2 
AND HLA-DRB1) indicate a putative 
therapeutic role for the TLR4 inhibitor 
Resatorvid (35) (not shown). 
A notable ontology term that is ab-
sent is uveitis. Further investigation 
of the Human Phenotype Ontology 
(HPO) database confirmed that the 
uveitis disease ontology is currently 
under-populated (see http://www.hu-
man-phenotype-ontology.org/hpoweb/
showterm?id=HP:0000554) and would 
not generate a statistically significant 
hit. It should be noted that HPO cura-
tors welcome input from those with ex-
pert domain knowledge to help improve 
the human phenotype ontologies.
Gene-set enrichment also identified 
several immune cell types and putative 
co-factors as likely mediators of a BD 
phenotype. This included high scoring 
hits for CD55+ NK cells, CD33 my-
eloid and CD14+ monocytes. Further 
literature mining readily identified sup-
porting literature detailing a possible 
role for monocytes in the orchestration 
of bacterial-induced innate immune re-
sponses (36), and a dysfunctional regu-
lation of the chemokine CXCL10 (37). 
Zinc deficiency has been reported in pa-
tients presenting with recurrent apthous 
stomatitis (RAS) (38) and folate sup-
plementation has been proposed as a 
treatment of RAS (39). Combining 
these divergent observations encapsu-
lates many BD characteristics, which 
when combined should help direct fu-
ture therapeutic intervention strategies.
As one would anticipate with an auto-
inflammatory condition, Canonical 
Pathway analysis identified significant 
effects on T-cell, B-cell, dendritic and 
macrophage cell types. As with other 
enrichment methods the underlying 
genes can be retrieved and investigated 
for gene-gene interactions, upstream 
regulator predictions and for potential 
cross-talk events between pathways 
(not shown). Of note was several path-
ways attributed to macrophage signal-
ling, including; “Role of Macrophages, 
Fibroblasts and Endothelial Cells in 
Rheumatoid Arthritis”, “Differential 
Regulation of Cytokine Production in 
Macrophages and T Helper Cells by 
IL17A and IL17F and IL12 Signalling 

and Production in Macrophages” (not 
shown). It is of interest that neither the 
macrophage nor monocyte cell types 
were identified in our BD Disease Net-
work. A follow-up of analysis indicat-
ed that a hit for the Mesh term ‘mac-
rophages’ did not pass a threshold for 
statistical significance and was there-
fore not included in the resulting Dis-
ease Network. However, our BD Net-
work did identify the MCP-1 (CCL2) 
gene as a highly connected gene node 
and the MCP-1 gene node was readily 
identified as a highly connected hub in 
several sub-networks (not shown). This 
cytokine is chemotactic for monocytes 
and has been implicated in the patho-
genesis of diseases characterised by 
monocytic infiltrates (40) and associ-
ated with clinical severity in Behçet’s 
disease (41). Combined these indicated 
an important role for macrophage cell 
types in the BD phenotype. This emer-
gent property of the network is of par-
ticular interest as therapeutic agents 
targeting MCP-1 may offer alternative 
therapeutic strategies in treatment of 
BD.
Predicting the most likely Upstream 
Regulators of the BD gene list identi-
fied a number of polysaccharides and 
cytokines as the most likely ‘drivers’ of 
the BD gene collection. The former is 
supportive of the belief that infectious 
agents are important in the develop-
ment of BD (42), however, it may also 
be indicative of cellular damage due 
to over-active immune response. The 
predicted cytokine regulators include 
IL12. This is of particular interest in a 
BD context as macrophages are report-
ed to produce IL12 when they encoun-
ter a pathogen (43). A major effect of 
IL12 signalling on macrophages is the 
induction of interferon gamma which 
favours the differentiation of T helper 1 
cells that regulate the adaptive immune 
response. Aberrations in both B and 
T cell function is a well characterised 
feature of BD so further understanding 
of how signalling between these cy-
tokines is perturbed in a BD phenotype 
may help direct future therapeutic in-
tervention strategies. Further pathway 
analysis of the predicted cytokine up-
stream regulators generated a highly 
interconnected module suggestive of 

complex feedback loops (not shown). 
The high degree of complexity indi-
cates that targeting any one cytokine 
is unlikely to have long-lasting thera-
peutic benefits and that a pan-cytokine 
inhibitor may prove to be a more valid 
treatment strategy. 
The large number of connections, with-
in the Behçet’s associated genes, com-
plicated both our understanding of po-
tential disease signalling mechanisms 
and weakened our ability to generate 
therapeutic hypotheses. To address 
both issues we restricted the available 
knowledge space to include only hu-
man experimentally validated findings. 
Ingenuity’s Causal Network Analysis 
algorithm then identified IL18 as the 
most plausible master upstream regu-
lator. This finding is of interest as it 
provides a model of the dataset that 
connects a substantial number of the 
Behçet’s associated genes using only 
human experimental data, and provides 
a readily testable hypothesis. Interest-
ingly, several publications report IL18 
gene polymorphisms associations with 
BD in human cohorts (44, 45). Fur-
thermore, serum levels of IL18 were 
observed to be significantly higher in 
patient subgroups relative to healthy 
controls and found to be correlated 
with the disease activity score (46, 47). 
In addition, Th1 cells expressing both 
TXK and IL18 (along with other Th1-
associated cytokines) may be causative 
in the development of both skin and 
intestinal lesions in Behçet’s patients 
(48, 49). These combined observations 
suggest that IL18 is an important me-
diator of the Th1 cytokine response and 
deserves further scrutiny as a potential 
therapeutic target.
BD is classified as a rare disease (OR-
PHA117, http://www.orpha.net/), how-
ever, despite a minor contribution to 
overall global disease the volume of 
associated literature is too large to di-
gest in a practical manner. We have 
illustrated that combining text mining 
methodologies enable comprehensive 
integration of a large volume of gene-
disease associated information that is 
amenable to pathway enrichment anal-
ysis. We have also exemplified how 
computational methods may be used 
to better understand both the connec-
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tivity and the directionality of signal-
ling events that are most likely relating 
the diverse manifestations of BD. We 
propose that such methods will iden-
tify key regulatory nodes  and that this 
knowledge will contribute to the for-
mulation of novel treatment strategies.
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