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ABSTRACT

INTRODUCTION

Infectious diseases caused by viral agents kill millions of people every year. The improvement of prevention and treatment of viral infections and their
associated diseases remains one of the main
public health challenges. Towards this goal, deciphering virus–host molecular interactions opens
new perspectives to understand the biology of infection and for the design of new antiviral strategies.
Indeed, modelling of an infection network between
viral and cellular proteins will provide a conceptual
and analytic framework to efficiently formulate new
biological hypothesis at the proteome scale and to
rationalize drug discovery. Therefore, we present the
first release of VirHostNet (Virus–Host Network), a
public knowledge base specialized in the management and analysis of integrated virus–virus, virus–
host and host–host interaction networks coupled to
their functional annotations. VirHostNet integrates
an extensive and original literature-curated dataset
of virus–virus and virus–host interactions (2671 nonredundant interactions) representing more than 180
distinct viral species and one of the largest human
interactome (10 672 proteins and 68 252 nonredundant interactions) reconstructed from publicly
available data. The VirHostNet Web interface provides appropriate tools that allow efficient query
and visualization of this infected cellular network.
Public access to the VirHostNet knowledge-based
system is available at http://pbildb1.univ-lyon1.fr/
virhostnet.

Eukaryotic cells express a large panel of proteins that coordinately participate to the cellular machinery through a
highly connected and regulated network of protein–protein
interactions (1). Physical architecture of model organisms
and human cellular protein networks exhibits a strong
robustness against random failures, and strikingly a high
sensitivity to targeted attacks on highly connected and
central proteins, also called ‘hubs’ (2,3). Cellular protein
network is not static and its robustness may change
dynamically according to various factors like tissue and
cell-line origins, signals received by cellular environment
or more speciﬁcally during viral infections (4). Replication
and pathogenesis of viruses depend on a complex interplay
between viral and host cellular proteins both acting
through a complex network of protein–protein interactions. In order to evade the cell innate immune response
and/or to favour their own replication and transmission,
viruses have developed strategies to hijack central functions of the cell (5–7). Viruses also use intra-viral, i.e.
virus–virus, protein–protein interactions for virion assembly or viral egress from the cell. Accumulation of functional perturbations associated with such virus–virus and
virus–host protein–protein interactions may lead to severe
and complex diseases, like the development of cancers (8,9).
From a systems biology perspective, a deeper understanding of infectious diseases may rely on an exhaustive characterization of all potential interactions occurring between
proteins encoded by viruses and those expressed in infected
cells (10). Thus, integration of all protein–protein interactions into an infected cellular network, or ‘infectome’, is a
great challenge that may provide a powerful framework
for virtual modelling and analysis of viral infection.
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The ﬁrst draft of the human cellular network, also referred to the human interactome, has been explored at the
proteome-wide level by the mean of high-throughput
experiments such as yeast-two hybrid screens (11,12) or
tap-tag procedure (13). The overall quality and completeness of this human cellular network has been signiﬁcantly
improved thanks to systematic approaches based on
text-mining and literature-curated interactions extracted
from low-throughput experiments. Many generalized
and specialized databases are involved in the integration
of these protein–protein interactions, such as BIND
(14), MINT (15), INTACT (16), HPRD (17), DIP (18),
BIOGRID (19), REACTOME (20), GENERIF (21) and
NETWORKIN (22). However, the low redundancy of
interactions found between these databases has raised the
need to unify such data resources for human and model
organisms (23). Concerning virus–virus and virus–host
protein–protein interactions, few high-throughput experiments have been achieved, except some yeast-two hybrid
screens completed for Herpes viruses (EBV, KSH, VZV,
HSV-1) (24–26) and SARS (27). Although some generalist databases like BIND, MINT, INTACT and HIVGENERIF provide access to virus–virus and virus–host
protein–protein interactions, no systematic approach has
been reported to exhaustively mine and curate all interactions that have accumulated in scientiﬁc publications.
In this context, we have developed VirHostNet (Virus–
Host Network), a public knowledge-based system specialized in the management, analysis and integration of
virus–virus, virus–host and host–host interactions as well

as their functional annotations in the cell. Based on an
extensive scientiﬁc literature expertise, VirHostNet provides a high-conﬁdence resource of manually curated
interactions deﬁned for a wide range of viral species.
The content of this high-conﬁdence dataset has been illustrated by the analysis of cellular functions and pathways
enriched in proteins targeted by one or many viruses. An
integrated cellular network has also been reconstructed
from public data and combined with viral data to provide
the ﬁrst draft of the infected cellular network. In addition,
an original Web interface has been developed, which provides multi-criteria query and visualization tools for infection network navigation. The utility of the visualisator has
been exempliﬁed by network representation of the mTOR
pathway and its interplay with viruses.

INFECTION NETWORK INTEGRATION
A bioinformatics pipeline was developed to fully integrate
virus–virus, virus–host and host–host protein–protein
interactions gathered from a wide range of public databases, with those mined from scientiﬁc literature and
curated by VirHostNet experts (Figure 1). In addition to
the management of this large protein interaction resource,
VirHostNet integrates contextual information concerning
interacting proteins, like structural and functional annotations of proteins: Gene Ontology term (28), KEGG pathway (29), INTERPRO domain (30). All these data were
integrated into a knowledge-based system implemented by

protein-protein interactions

proteins

Interactions

References

1-Bind
2-Mint
3-Intact
4-HPRD
5-Dip
6-BioGRID
7-Reactome
8-Generif
9-Networkin

Virus-virus

BLAST

Virus

NCBI

IPI cross
reference

Host

e!

Virus-Host

Host-Host

Functional annotation

Litterature/Database Curated Interactions
Pubmed

expert curation

VirHostNet

1-GO
2-KEGG
3-Interpro

Figure 1. Flow chart of the VirHostNet knowledge-based system integration process. Virus–virus, virus–host and host–host protein–protein
interactions were integrated from 10 external public databases. BLAST and IPI cross-reference databases were used to link protein interactor
identiﬁcation numbers to NCBI (viruses) and ENSEMBL protein accession numbers (e!) (host) databases respectively. Virus–Virus and Virus–
Host protein–protein interactions were also extracted from literature (Literature Curated Interactions) and curated from databases (Database
Curated Interactions). Functional annotations of cellular proteins were extracted from Gene Ontology, KEGG and INTERPRO databases.
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using PostgreSQL DataBase Management System (release
8.2.6).
Public Database integration
The low level of redundancy observed among available
databases involved in molecular interactions management
has emphasized the need to integrate these heterogeneous
data sources (23). Virus–virus, virus–host and host–host
protein–protein interactions and meta-data related to
experimental procedures or publications were extracted
from 10 databases (BIND, MINT, INTACT, HPRD,
DIP, BIOGRID, REACTOME, GENERIF, HIVGENERIF, NETWORKIN) (Figure 1). Due to the heterogeneity of protein sequence identiﬁcation found across
these databases (i.e. gene identiﬁcation number, gene
name, protein accession number, protein name), NCBI
and ENSEMBL protein sequence databases were chosen
to unify virus and host proteins respectively (see
Supplementary Table 1A). Towards this end, the IPI database system (31) was chosen to cross-reference all the
human protein sequences to ENSEMBL protein accession
numbers. In addition, viral protein sequences deﬁned at
EMBL and UNIPROT were mapped on NCBI protein
sequences by using BLAST Alignment software (32).
Protein cross-referencing led to the deﬁnition of nonredundant protein–protein interactions that were in
many cases deﬁned in diﬀerent databases, publications
or supported by distinct experimental procedures (see
Supplementary Table 1B). Thus, all information associated with non-redundant interactions, like database
origin, experimental procedure description in PSI-MI 2.5
standard format (33) or PUBMED identiﬁcation (PMID)
number, were retrieved in VirHostNet to provide the most
documented interactions. This compilation of interaction
meta-data will facilitate data quality ﬁltering based on the
number of databases, methods or PMIDs used (34,35).

From 2294 PMIDs for which at least one protein–protein
interaction was deﬁned, database curation led to the validation of 2261 redundant interactions found in 789 papers,
corresponding to 1374 conﬁrmed non-redundant protein–
protein interactions (Supplementary Table 2). Strikingly,
our experts conﬁrmed 20% of BIND and GENERIF
(HIV) against 90–95% for MINT and INTACT data.
One reason is that all protein–protein interactions deﬁned
by functional associations and/or genetic interactions
between proteins were discarded from BIND and
HIV-GENERIF.
Infection network content
To our knowledge, VirHostNet provides the largest
and the most conﬁdent infected cellular network. This
network is composed of 2671 virus–virus and virus–host
non-redundant protein–protein interactions concerning
180 distinct viral species. The curated protein–protein
interactions were mainly deﬁned by low-throughput
and high-throughput yeast two-hybrid screens (40%),
co–immunoprecipitation (24%) and pull-down (21%)
(Figure 2A). Even if only 65% of interactions rely on a
single experimental procedure, a total of 944 protein–
protein interactions (35%) were deﬁned by at least two
independent methods, in good agreement with other
high-conﬁdence databases (36) (Figure 2B). All these
interactions were deﬁned in 36 distinct viral families,
underlying the broad taxonomical diversity provided by
A
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PMIDs. Based on 1174 selected PMIDs, literature curation led to the annotation of 2186 redundant interactions in 723 papers (Supplementary Table 2). This eﬀort
signiﬁcantly complemented data from public databases
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virus–virus and virus–host protein–protein interactions
from public databases were also carefully inspected.
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Figure 2. Virus–virus and virus–host protein–protein interaction methods summary. (A) Distribution of protein–protein interactions according
to experimental procedures (yeast-two hybrid, co-immunoprecipitation,
pull-down and others). (B) Distribution of protein–protein interactions
identiﬁed by one, two or more distinct methods.
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Figure 3. VirHostNet protein–protein interaction content. (A) In each Baltimore group (dsDNA, ssDNA, dsRNA, ssRNA , ssRNA+, retro
transcribed), for each viral family, the number of virus–host protein–protein interactions (ppi) and the associated number of viral (v) and host
cellular protein (h) interactors, the number of virus–virus protein–protein interactions (ppi) and the associated number of viral (v) interactors are
given. (B) Distribution of virus–virus interactions according to viral Baltimore groups. (C) Distribution of virus–host interactions according to viral
Baltimore groups.

VirHostNet (Figure 3A). In addition, the distribution
of interactions observed among viral Baltimore groups
should allow large-scale comparative study of virus–virus
(Figure 3B) and virus–host networks (Figure 3C).

INFECTION NETWORK ANALYSIS
In the infection network, the virus–host interactions
occurred between 407 viral proteins and 1012 human proteins, suggesting the strong tendency of viruses to interact
with a large number of cellular proteins. In order to characterize cellular functions targeted by the viral machinery,
we performed functional enrichment analysis of host proteins interacting with viruses, by using Gene Ontology and
KEGG databases and the same methodology described by
Zheng and Wang (37) (Supplementary Tables 3 and 4,
respectively). The results showed that viruses interact signiﬁcantly with a large panel of cellular functions (e.g. cell
cycle, apoptosis, cell communication, protein transport)

and with canonical signalling pathways (e.g. Jak-Stat,
Toll-like Receptor, MAPK, TGF-b, mTOR). The majority of these functions and pathways have already been
described to participate in either viral infectious cycle,
cellular anti-viral mechanisms or viral associated diseases
(38). Interestingly, analysis of KEGG pathways revealed
cellular mechanisms poorly documented in the case of
viral infections. One example is focal adhesion, a pathway
involved in cell contact with the extracellular matrix
and in many other cellular processes including invasion,
motility, proliferation and apoptosis (39). Indeed, on 202
protein members of the focal adhesion pathway, more
than 25% (59) were found signiﬁcantly targeted (exact
Fisher test, Benjamini-Hochberg multiple correction test
P-value < 0.05) by at least one viral protein in 36 distinct
viral taxons. This may suggest the central role of focal
adhesion during viral infections and its potential impact
on viral induced cancer development that might be associated for instance to the loss of cellular adhesion.
Although cellular functions of proteins are far from
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being completely known and/or annotated in public databases, based on the ‘guilty by association’ concept the
human protein–protein network may serve as a template
to complete our understanding on cellular functions perturbed during viral infection. In order to include virus–
virus and virus–host interactions in their cellular context,
a human–human protein interaction network containing
roughly 70 000 non-redundant protein–protein interactions and 10 000 proteins was built from public databases
(details on interaction methods distribution are given in
Supplementary Figure 1). Thus, based on roughly 40 000
unique proteins annotated in ENSEMBL, 25% (10 000/
40 000) are connected within the human protein network.
Analysis of the infection network revealed that surprisingly 88% (881/1012) of targeted human proteins interact
with at least one cellular protein. Thus, targeted proteins
tend to physically interact in the cell and may probably
participate in cross-linked functions and pathways. Based
on protein neighbourhood or sub-networks, the human
protein–protein interaction network may help to elucidate
new protein regulators or modular functions associated to
viral or cellular anti-viral strategies.

VIRHOSTNET WEB INTERFACE
A user friendly and powerful Web interface based on
PHP, JAVA and AJAX technologies was developed.
This interface is intended to facilitate: (i) protein and contextual based queries (ii) protein–protein interaction quality ﬁltering and display; (iii) protein–protein interaction
network query (viral and host neighbours, virus–virus,
virus–host, host–host sub-networks); and (iv) protein network graphical visualization. Description and examples of
the database features are available in the Wiki page of the
VirHostNet Web site (http://pbildb1.univ-lyon1.fr/virhost
net/wiki).
VirHostNet query interface
Once logged-in, VirHostNet users can directly query the
knowledge base by using a wide range of information
concerning viral (e.g. NCBI protein name or accession
number) or human proteins (e.g. ENSEMBL gene or protein accession number, NCBI gene name, REFSEQ protein accession number and UNIPROT primary and
secondary accession numbers) (Figure 4A). AJAX technology was incorporated to control protein name and
accession number availability in VirHostNet. Another
important feature of the interface is batch query. It
allows in-depth analysis of interaction proﬁles with cellular and/or viral proteins from a list of proteins deﬁned for
instance in high-throughput studies (microarray, yeasttwo hybrid). A list of genes or proteins of interest can
also be assessed by the mean of contextual information,
such as taxonomical information, Gene Ontology terms,
KEGG pathways and INTERPRO protein domains.
These properties oﬀer a unique access to protein–protein
interaction networks: (i) associated to a speciﬁc virus
taxon or (ii) underlying canonical sub-cellular localization,
cellular functions and pathways.

To access protein–protein interactions from a list of
proteins (Figure 4B), users have: (i) to select all or a
subset of proteins of interest; (ii) to deﬁne the kind of
interactions to retrieve (virus–virus, virus–host and host–
host) and their database origin and (iii) to select the mode
of navigation to perform, either protein neighbours or
protein subgraph (Figure 4C). Neighbours are viral
or cellular proteins interacting directly with a protein of
interest. A subgraph (or subnetwork) is a graph made of
all interactions between a set of proteins. The resulting
host–host, virus–host and/or virus–virus protein–protein
interactions are then given into a tabulated format in
three independent tabbed panels (Figure 4D). For each
protein–protein interaction, users have a privileged
access to interaction meta-data (Figure 4E) and a colour
code highlights interactions that have been checked by
VirHostNet experts.
VirHostNet network visualisator
Beside table representation of protein–protein interactions,
a more dynamic and interactive network visualization tool
was speciﬁcally developed for graph representation of
infection networks. This new network visualisator was
fully implemented in Jung 2.0 (http://jung.sourceforge.net)
as a Java Web applet. It eﬃciently takes into account
viruses and host nodes dichotomy for both graph rendering (colour of nodes) and navigation (host and viral
neighbours). The visualisator provides also sliders to dynamically ﬁlter graphs based on the number of PMIDs and
experimental procedures used to identify interactions.
Additional features are also provided to draw protein
node size according to the number of viral or host interacting partners (i.e. their degree into the virus–virus, virus–
host, host–host networks) or to highlight targeted proteins.
As a case study, we built a protein sub-network view of the
mTOR KEGG signalling pathway that has been found
signiﬁcatively enriched in targeted proteins (Supplementary Table 4). Indeed, the modulation of PI3K-AktmTOR signal transduction pathway by viruses has been
shown to play a crucial role in inhibition of apoptosis,
cell survival, cell transformation, viral replication and
viral assembly (40,41). To identify and compare how
viruses interplay with this network, virus–host protein
interactions annotated by VirHostNet were added. This
mTOR-infection network is composed of 42 cellular interacting proteins (blue nodes), 10 viral proteins (coloured
nodes according to viral taxonomy), 84 host–host (blue
edges) and 14 virus–host (red edges) physical protein–
protein interactions (Figure 5). Protein network visualization showed that cellular proteins of this pathway are
highly inter-connected in contrast to the classical representation given by the KEGG pathway, underlying the
extreme complexity and regulation of this pathway. Moreover, graph visualization allows identifying viral proteins
targeting multiple cellular proteins (e.g. NS5A protein
interacting with AKT1, PDPK1 and PIK3CB) and reciprocally cellular proteins interacting with multiple viral
proteins (e.g. HIF1A interacting with LANA of Human
Herpes Virus 8 type P and X protein of Hepatitis B Virus).
Hence, the VirHostNet interface allows users to visualize
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Figure 4. The VirHostNet Query interface. (A) Menu of the VirHostNet interface. Users are allowed to search for protein–protein interactions
according to gene, protein, biological function (GO), pathway (KEGG), protein domain (INTERPRO) or PMID information. For example, in the
‘Pathway’ query interface of the ‘Query’ menu, users can enter ‘mTOR’, then select the right pathway deﬁned in KEGG database and ask for
proteins annotated in this pathway (see result in Figure 4B). (B) List of the 49 proteins belonging to the mTOR pathway. The ‘?’ link at the end of
each protein line allows users to access functional annotations of the protein in external databases. (C) Protein–protein interactions research panel.
Users can select one or more proteins from the list of proteins (by default, all proteins are selected). Then, from the preferences panel, they have to
choose the kind of interaction to retrieve (virus–virus, virus–host or host–host) or the database origin. Finally, they have to choose an operation
(‘neighbours’ or ‘sub-graph’). The ‘neighbours’ button allows users to retrieve all direct protein–protein interactions from a single protein or a list of
selected proteins. The ‘sub-graph’ button allows users to retrieve only protein–protein interactions occurring between selected proteins (see result in
Figure 4D). (D) List of the 89 protein–protein interactions occurring between proteins of the mTOR pathway. For the interacting proteins, NCBI
taxonomy name, ENSEMBL gene acc (host)—NCBI protein acc (viruses) and oﬃcial gene name (host)—product name (viruses) are given. The ‘?’
link at the end of each interaction line allows users to access interaction annotations (Figure 4E). In the protein–protein interactions research panel,
in addition to ‘neighbours’ and ‘sub-graph’ buttons, the ‘visualize’ button allows from a list of interactions the graphical visualization of the resulting
network (see result in Figure 5). (E) More detailed information concerning protein–protein interactions are available. PMID, PSI-MI method
accession number and database origin of the selected interaction are given.

protein interaction networks associated to any kind of GO
term, KEGG pathway, list of proteins or keywords and to
analyse how they interplay with viruses.

CONCLUSION AND PERSPECTIVES
VirHostNet provides now a public access to the largest
known resource of integrated virus–virus, virus–host and
host–host protein interaction networks. Literature- and
database-curated interactions have led to the deﬁnition
of an original and high-conﬁdence protein–protein interactions dataset. We have brieﬂy illustrated the need of this
high-conﬁdence dataset for the characterization of cellular
functions targeted by viruses. This resource may also be
crucial for network-based analysis of molecular mechanisms involved during viral infections, such as cellular network properties disturbed after the connection of viral
proteins. VirHostNet will also provide a backbone for

automatic screening of speciﬁc protein domains or peptides motifs associated to virus–host interactions and
hence may help to delineate at the proteome-wide scale
footprints in both viral and host proteins sequences.
VirHostNet will allow systematic prediction of virus–
host protein–protein interologs based on sequence homology criteria between closely related viral proteins. The
knowledge-based system is also intended to integrate
virus–host protein–protein interactions data derived by
our team from high-throughput yeast-two hybrids experiments (Orthomyxovirus, Paramyxovirus, Flavivirus . . .).
Thus, the availability of virus–virus and virus–host networks for a broad range of viruses will encourage comparative analysis and will be very helpful for the
identiﬁcation of molecular interactions associated to
viral pathogenesis or virulence. As virus–host and virus–
virus protein–protein interactions curation is one of the
central features of the VirHostNet knowledge base,
one of our missions is to keep these data up to date
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Figure 5. VirHostNet Visualisator. Graph representation of the mTOR-infection network is drawn (right of the applet). Only interacting proteins of
the mTOR pathway are represented (cellular proteins = blue nodes; host–host protein–protein interactions = blue edges). Viral interacting proteins
are also added to deﬁne the infection network (viral proteins = coloured nodes according to viral taxonomy; virus–host protein–protein interactions = red edges). Cellular proteins of the network targeted by at least one viral protein (red stroke) are highlighted. The width of the edges is
roughly proportional to the number of PMIDs used to describe the interaction. The width of the nodes is roughly proportional to the cellular degree,
i.e. the number of cellular partners in the whole network. The taxonomical classiﬁcation of viral proteins interacting with the mTOR network is given
(left panel of the applet). The menu of the applet (top of the applet) allows users to deﬁne nodes and edges preferences (width, colour, labelling),
interaction ﬁltering (according to the number of methods, number of PMIDs or both), network navigation (expand viral or host neighbours) and
graph layout. To obtain this ﬁgure, from the list of the 89 selected protein–protein interactions obtained in Figure 4E, users have to click on
‘visualize’ button. Then from the applet, in picking mode, they have to select all proteins and ask for viral proteins neighbours (in expand menu).

continuously from data published in scientiﬁc journals.
The update of public databases will occur at least once
or twice a year in order to keep the data as current as
possible. In the next future, integration of other host species, such as mammals or insects, is envisaged. This will
facilitate comparison of interaction proﬁles among diﬀerent hosts and thus may help to elucidate the molecular
basis underlying the ability of some viruses to overcome
the inter-species barrier. Eﬀorts will be made to facilitate
data exchange with other generalist databases (MINT,
INTACT) and to add Web2.0 capabilities to the Web
interface (save, comparison and analysis of user customized networks). Altogether, VirHostNet provides an entry
gate for proteome wide analysis of the virus–host system
and will greatly help scientists willing to take advantage of
functional genomic and systems biology to decipher viral
infection, evolution and pathogenesis mechanisms and/or
to rationalize anti-viral drug design.
DATABASE ACCESS AND FEEDBACK
Public access to the VirHostNet knowledge base is available at http://pbildb1.univ-lyon1.fr/virhostnet. Access can

be made either anonymously (by default) or by creating
a personal account (register in the account menu). On
simple request, this personal account allows users to
participate to the literature-curation eﬀort. Literaturecurated and Database-curated protein–protein interactions ﬂat ﬁles are available in a tabulated format on
request. Contact V.N. (navratil@univ-lyon-1.fr) for
more information.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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