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Viruses are completely dependent on their host cells for the

successful production of progeny viruses. At each stage of the

viral life cycle an intricate interplay between virus and host

takes place with the virus aiming to usurp the host cell for its

purposes and the host cell trying to block the intruder from

propagation. In recent years these interactions have been

studied on a global level by systems biology approaches, such

as RNA interference screens, transcriptomic or proteomic

methodologies, and exciting new insights into the pathogen–

host relationship have been revealed. In this review, we

summarize the available data, give examples for important

findings from such studies and point out current limitations and

potential future directions.
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Introduction
Human viruses intrinsically depend on cellular factors to

successfully infect and replicate inside their host. Viruses

hijack the cellular machinery, exploit it and often repro-

gram it for their own needs, both to utilize it for replica-

tion and to evade antiviral innate immune defenses.

Here, in this review, we summarize systematic

approaches that have been developed to identify these

key cellular determinants for viral infections. First of all,

the knowledge of these critical host–pathogen interac-

tions is crucial to understand the viral life cycle and

moreover, will provide the basis for the development
www.sciencedirect.com 
of therapeutic interventions. We will highlight novel

concepts that arose from the comprehensive understand-

ing of the host-viral circuitry.

A biological system, such as the evolutionary interplay

between a virus and its host, functions through the

combined regulatory mechanisms and entangled engage-

ment of various classes of molecules and states (DNA,

RNA, regulatory RNA, protein interactions, protein abun-

dance, post-translational modifications, epigenetic mod-

ifications, metabolites, etc.) in a spatial and temporal

order [1]. Systems-based ‘omics’ approaches such as

genomics, proteomics, transcriptomics, metabolomics

and other approaches are instrumental to capture pieces

of this host–pathogen map in a comprehensive and unbi-

ased survey (summarized in Table 1). Perturbation stud-

ies, RNA interference (RNAi) or cDNA overexpression,

have facilitated the establishment of systematic cell-

based loss-of-function or gain-of-function screening

platforms, respectively. These functional genomics

approaches are a powerful tool informing us about the

immediate relevance of the identified factors for viral

replication. In this review we focus on the genome-wide

siRNA screening approaches deciphering the host cellu-

lar repertoire affecting HIV and influenza A virus (IAV)

replication providing a global cellular map of the viral–
host relationship (six global RNAi screens in human cells

for IAV and five for HIV) [2,3��,4,5,6�,7,8��,9–12]. Prote-

omics data can provide global insight into host proteins

hijacked by the virus. Recent studies have comprehen-

sively documented the protein complexes directly inter-

acting with viral proteins encoded by the retrovirus HIV-1

and the herpesvirus KSHV by systematically affinity

tagging and purifying all viral proteins followed by mass

spectrometry [13��,14]. Combining the genome-wide

siRNA approaches above with this kind of proteome-

wide strategies would add another level of confidence in

selecting the relevant host factors responsible for replica-

tion that serve as immediate interconnections of viral

components with the host proteome. Studies integrating

proteomics and hit validation by RNAi are a starting point

in achieving this goal (exemplified by [15–17]).

Recent approaches surveyed key molecules playing roles

in common antiviral strategies (summarized in Table 1).

For instance, Pichlmair et al. investigated the proteome of

70 viral proteins from 30 different viruses targeting virus-

specific and pan-viral cellular processes as an immune

escape strategy suggesting certain conserved cellular

alert mechanisms [18]. Intriguingly, a pan-viral cellular
Current Opinion in Microbiology 2015, 26:79–88
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Table 1

Screening approaches to identify novel cellular factors affecting viral replication (selected publications)

Global viral screens

Influenza Genomics [2,3��,4,5,6�,7,81,82]

Proteomics and genomics [15,16]

HIV

Genomics [9,8��,83,10–12,84,85]

Phosphoproteomics

cellular reprogramming through HIV

[26�]

Proteomics [13��]

Other

viruses

Genomics HCV [86,87]

Dengue [88]

WNV [89]

Proteomics KSHV [14]

Herpesvirus [90]

Proteomics and genomics HCV [17]

Effectors of antiviral

response

Genomics

HCV, YFV, WNV, chikungunya virus, Venezuelan

equine encephalitis virus, HIV [63��]

various ds DNA, (+)ssRNA, (�)ssRNA viruses [19]

VSV, MHV-68 [91]

Genomics combined

with IFN stimulation

HCV [92]

HCV [93]

Proteomics and

genomics

Many different RNA and DNA virus ORFs [18]

Cellular

reprogramming/rewiring

through viruses

Phospho-proteomics HIV [26�]

Proteomics HPV, EBV, Ad5 and PyV [94]

Innate immune response

pathway members affecting

viral replication

Cytosolic DNA pathway Proteomics and genomics HIV [20]

Type I interferon regulation Proteomics and genomics VSV, Sendai, HSV [23]

TLR pathway Genomics Sendai [22]

Transcriptmomics, genetic

perturbations, phosphoproteomics

EMCV, NDV, VSV,

Influenza [21]

In vivo screening approach Genomics [75]
immune response strategy implying an unexpected role

for the DNA sensor cGAS in controlling RNA viruses

was uncovered by Schoggins et al. [19]. They demon-

strated a gain-of-function approach by screening a library

of interferon-stimulated genes (ISGs) on antiviral activ-

ity against 14 different viruses. To complete the picture

of the innate response sensing viral pathogens, several

studies interrogated regulators of pathways affecting

viral replication (see Table 1). Lee et al. integrated

various complementary ‘omics’ approaches to identify

new components of the innate response to cytosolic

DNA affecting retroviral infections in mouse embryonic

fibroblasts (MEFs) [20], whereas two other studies cov-

ered the TLR interactome [21,22]. To understand the

cellular complexes formed after pathogen recognition,

Li et al. systematically explored the human IFN inter-

actome responsible for regulating cellular antiviral de-

fense and IFN production [23].

These recent novel systems-biology strategies have started

to uncover the important framework that orchestrates

the cellular defense against viral pathogens, however,
Current Opinion in Microbiology 2015, 26:79–88 
important questions and answers are still outstanding.

Non-structural viral proteins indeed protect viruses against

unknown cellular proteins [24], however none of the above

mentioned studies systematically investigated how non-

structural proteins influence the results of genomics

screens, for example, by comparing global screens that

were performed with viruses mutated in one gene at a

time. Viral proteins are known to influence innate factors

by either directly leading them to proteasomal degradation

[24] or changing the activation status of the restricting

factors through post-translational modifications [25]. A

future systematic survey on the alteration of the global

cellular protein abundance/phospho-proteome/ubiquiti-

nome through viral modulators would significantly add

to the cooperative picture of viral replication. A first global

study on cellular rewiring successfully uncovered novel

cellular factors that are differentially phosphorylated upon

HIV-1 infection [26�].

Given the gigantic wealth of information collected by

various ‘omics’ studies, it becomes extremely important

to gather the data in a user-friendly format, and provide
www.sciencedirect.com
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novel analysis tools to comb the plethora of data to be able

to compare them to own lab-generated datasets. Many

global initiatives (as summarized in Table 2) have started

to develop such tools and compendia. An all-encompass-

ing tool integrating various datasets in a comprehensive

and unbiased model of viral-host interaction, a so-called

meta-analysis, will be a big challenge but promising

direction for the future.

Many of the studies mentioned above revealed impor-

tant novel insights into virus–host interactions and

opened up new research avenues. In this review we

can only highlight a few selected examples for which

we illustrate how screening approaches have led to an

advanced understanding of the complex virus–host in-

terplay (Figure 1).
Table 2

Global Initiatives and web resources for viral–host interaction researc

Name Web-resource 

Host–pathogen interactions

Systems Biology Program

for infectious diseases

http://www.niaid.nih.gov/

labsandresources/resources/

dmid/sb/Pages/default.aspx

Virus Human Interactome

Network Map

http://interactome.dfci.

harvard.edu/V_hostome

Pathogen-Portal http://www.pathogenportal.

org/portal/portal/PathPort/

Home

Virusmint http://mint.bio.uniroma2.it/

virusmint/Welcome.do

Systemsbiology-Metaanalysis http://hivsystemsbiology.org/

HIV

HIV Systems Biology http://hivsystemsbiology.org/

Specialized Centers for

HIV/AIDS-Related Structural

Biology (HARC, HIVE, PCHPI,

CHEETAH, CRNA)

http://www.nigms.nih.gov/

Research/SpecificAreas/

AIDSStructuralBiology/

Pages/

HIVspecializedcenters.aspx

HIV-1-human interaction database http://www.ncbi.nlm.nih.gov/

genome/viruses/retroviruses/

hiv-1/interactions/

Influenza

Systems-Virology Center https://www.systemsvirology

org

The Influenza Research Database (IRD) http://www.fludb.org 

Systems influenza program http://www.systemsinfluenza

org/#viralhost

Flumap http://www.influenza-x.org/

flumap

www.sciencedirect.com 
Advances in the field of influenza virus entry
based on RNAi screens
In the field of IAV entry several novel host factors have

been identified and characterized for their role in the

early steps of virus infection as a result of RNAi screens

for host factors of influenza viruses. For example, the

cytoplasmic dipeptidase prolidase has been found to be

involved in early endosomal trafficking of the virus [27].

Interestingly, also the tetraspanin CD81 which had pre-

viously been detected in influenza virions was revealed to

be required for early events in virus infection, most likely

at the level of fusion of viral and endosomal membranes

[28,29]. Exciting progress has also been made at the stage

of viral uncoating: Su and colleagues performed an

shRNA screen for host factors of IAV and focused on

one particular hit found to be required for early steps of
h

Description Reference

Data and reagents that result from the research

conducted, such as VIPR — the virus pathogen

resource (all virus families)

[95]

Host–viral interactome network of several

polyomaviruses, human papillomaviruses,

Epstein–Barr Virus and Adenovirus 5

[94]

Bioinformatics resource searching available

data and tools to analyze host-pathogen

interactions for a variety of different viruses

Resource for protein interactions between viral

and human proteins reported in the literature

[96]

 Collection of various ‘omics’ datasets related to

HIV, DENV, HCV, HPV, Influenza, VSV, WNV,

Lists of genes induced by innate responses, list

of gene knockout in mice without an abnormal

phenotype, list of druggable genes

[97]

 Collection of ‘omics’ HIV data, genes connected

to viral association studies, interactive HIV

replication cycle and a browser for HIV-protein

interactions (GPS-Prot)

[97,98]

Structural information on interactions between

HIV viral proteins and cellular factors

[98]

Literature collection of published reports of

protein interactions, and human gene

knockdowns that affect virus replication and

infectivity

[99–101]

. Data and resources on Influenza and SARS-

Coronavirus

[102]

User interface for searching and analyzing

comparative genomics data

[103]

. Collection of transcriptomics, proteomics, and

lipidomics datasets

[102]

Literature-based and manually curated map of

Influenza-host interactions

[104]
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Identifying host factors involved in virus replication König and Stertz 83
viral infection, the E3 ubiquitin ligase ITCH [6�]. They

could show that the virus gets trapped in the endosome

upon knockdown of ITCH. Moreover, ITCH was found

to be phosphorylated upon infection, thereby recruited to

the endosome where it interacts with the viral matrix

protein M1 and ubiquitinates M1. These results gave the

first insight into cellular factors involved in the uncoating

process of IAV and this was further elucidated by a recent

study by Banerjee et al. [30�]. On the basis of the results of

an siRNA screen for IAV host factors the class I HDACs

(histone deacetylases) had emerged as regulators of IAV

entry and therefore the authors followed up on HDAC6

[30�,31]. They found that the incoming virus carries

unanchored ubiquitin chains that become recognized

by an HDAC6-dependent pathway of the aggresome

machinery. This leads to the recruitment of microtubules

and associated motor proteins. Their model suggests that

the motor proteins can generate physical force to disrupt

the virions and thereby enable complete uncoating. Cur-

rently, it is unclear how the function of ITCH and the

aggresome pathway are linked but certainly these studies

have uncovered exciting new insights into the uncoating

process of IAV.

Besides the progress on cellular factors with a proviral

function in IAV entry the screening approaches have also

advanced the area of antiviral factors: One of the genome-

wide RNAi screens for IAV identified the IFITM (IFN-

inducible transmembrane) proteins with the family mem-

bers IFITM1, IFITM2, IFITM3 and IFITM5 in humans

as novel antiviral restriction factors and two other screens

confirmed this result [3��,5,15]. Brass and colleagues

observed that knockdown of IFITM3 led to increased

viral replication, whereas overexpression of the IFITMs

efficiently blocked the virus. It soon became clear that the

antiviral potential of IFITM3 was not limited to influenza

viruses, but also included members of flaviviruses, filo-

viruses, bunyaviruses, coronaviruses, reoviruses and HIV-

1 [3��,32–35]. Moreover, it was found that the IFITM

proteins localize to endosomes and/or the plasma mem-

brane and block at the stage of viral entry [32,36]. Since

then, a whole field of research on the antiviral potential,

the mechanism of viral inhibition and the in vivo role of

the IFITM proteins has opened up and flourished. We

have learnt that besides humans, other species, including

pigs, chicken and mice, encode for IFITM proteins with

powerful antiviral activity [37–40]. The mechanism of

antiviral action is not completely understood yet but it is

assumed that fusion between viral and endosomal mem-

branes is targeted by the IFITM proteins [36,41]. Current

models suggest that the IFITMs either impact the com-

position or activity of components of endosomal vesicles

to which they localize and thereby hinder fusion [42].

Alternatively, the IFITMs could affect the membrane

properties of endosomes resulting in unfavorable condi-

tions for fusion between cellular and viral membranes

[43]. In line with both models most of the viruses that are
www.sciencedirect.com 
sensitive to IFITM restriction are enveloped viruses that

fuse in late endosomal compartments. However, also the

non-enveloped reoviruses are blocked efficiently by

IFITMs, whereas arenaviruses which fuse at membranes

of acidic endosomal compartments are resistant to IFITM

restriction [3��,32,35]. This highlights that we do not yet

fully understand the antiviral mechanism of IFITM pro-

teins. Interestingly, two new studies reported the incor-

poration of IFITM proteins into HIV-1 virions and

inhibition of viral fusion as a result of IFITM packaging

[44��,45��]. It will be important to see if other viruses

incorporate IFITMs as well and if this can explain some

of the open questions on the mechanism of action.

Regarding the in vivo role of IFITMs it could be shown

that ifitm3�/� mice are more susceptible to IAV infection

than wildtype mice as evidenced by increased weight loss

and mortality [37]. Furthermore, recent findings in hu-

man patients highlighted the importance of IFITM3 in

the host defense of humans against IAV [37]. It was

observed that patients homozygous for a polymorphism

in the IFITM3 gene that results in an inactive variant of

IFITM3 had an approximately 20-fold higher incidence

of severe influenza than those with intact IFITM3. An-

other study came to a similar conclusion but a third one

could not confirm this result [46,47]. Moreover, a recent

study reported that the inactive version of IFITM3

described in the susceptible patients has potent antiviral

activity in their experimental system [48]. In conclusion,

more studies are required to resolve some of the contra-

dictions but there is promising evidence for an important

role in antiviral defense of IFITM3 in humans.

Advances in the field of early events in HIV
replication based on RNAi screens
Details of the early steps of lentiviral replication includ-

ing uncoating, nuclear import and integration have long

been incompletely understood. Recent genome-wide

RNAi studies have started to shed some light and

instigated new intriguing research concepts to this enig-

matic field of research. The first two genome-wide

siRNA screens discovered members of the nucleo-cyto-

plasmic transport machinery as important host factors,

such as the nuclear pore proteins Nup153 and Nup358

and Transportin-SR2/TNPO3 [8��,9]. The latter was

identified independently in a yeast-to-hybrid screen as

an HIV-interacting protein [49]. The precise step at

which these cellular factors act on viral replication had

been a matter of discussion in the field (reviewed in

[50]). However, their involvement in nuclear import of

the pre-integration complex (PIC) has been heavily

supported by various reports, starting with the initial

mapping to the nuclear import step [8��] up to mapping

of TNPO3 by De Iaco et al. [51]. An intriguing model of

import-coupled integration had been suggested based

on the observations, that (i) two more members of the

nucleo-cytoplasmic transport machinery, amongst them
Current Opinion in Microbiology 2015, 26:79–88
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Nup98 confirmed in two screens [8��,12], affected un-

expectedly HIV-1 integration [8��,52], and that (ii) inte-

gration of HIV is dependent on the nuclear transport

machinery even in cycling cells where post-nuclear

envelope breakdown would otherwise make the nucleus

accessible to the HIV PIC [8��]. Follow-up studies

extended the finding that correct trafficking through

the pore facilitates integration steps such that preferred

regions of the genome for integration are targeted

[53��,54]. Moreover, blocking the interaction between

cyclophilin A, a long-known cellular factor relevant for

HIV-1 infection [55], and viral capsid relieves the de-

pendence on TNPO3 and Nup358 and subsequently

alters integration targeting [54]. Interestingly, a truncat-

ed version of the cleavage and polyadenylation specific-

ity factor-6 (CPSF6) identified in a murine cDNA

expression screen as a HIV-1 restricting gene had been

shown to prevent nuclear entry [56]. On the basis of

mutational studies, a model was proposed that binding of

CPSF6 to the HIV-1 capsid mediates the dependence

for TNPO3 and Nup358 [57]. An indirect role for

TNPO3 promoting HIV-1 infection has been proposed:

TNPO3, responsible for import of cargo proteins con-

taining RS domains [58], transports CSPF6 possessing

such a domain into the nucleus [51]. In the absence of

TNPO3, CPSF6 accumulates in the cytoplasm causing a

delay in nuclear import of the viral DNA [51]. Recently,

the study by Rasaiyaah et al. went a step ahead and

described for the first time that cofactor usage is linked

to evasion of innate sensors [59��]. The suggested model

posits that host factors, such as Cyclophilin A together

with CPSF6 and Nup358, prevent premature uncoating

and improper timing of reverse transcription, thus avoid-

ing sensing of viral DNA by the DNA sensor cGAS [60].

Together with the engagement by other host factors,

such as TNPO3 and Nup153, transport of the PICs

through the nuclear pore can take place and will lead

to proper integration site selection (reviewed in [61,62]).

Recently, an overexpression screening approach to dis-

cover restriction factors of viral replication identified

Myxovirus resistance protein 2 (MxB) as an ISG inhibit-

ing HIV-1 replication [63��]. Subsequently, three reports

described MxB as a potent inhibitor of early events in

the life cycle [64–66], though the precise step of inhibi-

tion still needs to be determined (summarized in [67]).

Intriguingly, the expression of MxB, a protein accumu-

lating at the nuclear rim [68], was shown to influence the

integration site selection of the provirus, similar to

cellular import factors such as TNPO3 or Nup358

[69�]. These observations further point to the fact that

HIV PIC nuclear import and integration may be func-

tionally linked. Though much progress has been made

by identification of the above mentioned host factors,

still many questions are unanswered, such as the role of

these factors and not yet identified co-factors in the

timing and spatial model of the coupled processes of

uncoating — nuclear import — integration.
Current Opinion in Microbiology 2015, 26:79–88 
Current limitations and future directions
As evidenced by the examples described above, follow-up

studies from RNAi screen have led to exciting new

findings and opened up new areas of research, for exam-

ple, the IFITM restriction factors, or led to novel con-

cepts, for example, the coupled processes for viral nuclear

import and integration site selection. However, when

looking at the numbers of host factors identified by

various approaches, only very few hits have been con-

firmed and further characterized for their proviral or

antiviral role. In order to fully exploit the potential of

the screens many more follow-up studies are required.

It is often difficult to choose promising host factors from

hit lists that contain several hundred factors. This has

been further complicated by the observation that the

overlap in hits is surprisingly small between different

screens for the same virus [70–72]. This discrepancy can

be partially explained by differences in experimental

systems, such as virus strain, cell line or screening assay

or limitations of high-throughput screenings, such as off-

target effects, false positives and false negatives [70,73],

but a major contributing factor for variation between

screens seems to be the different filtering criteria that

are employed to rank the best genes [71]. The hit

identification process will automatically introduce a bias

into the otherwise unbiased genome-wide datasets. De-

spite the divergence in gene sets, a greater overlap was

identified in shared overrepresented functional groups,

pathways [71,72] or shared protein complexes [71]. Thus,

an analysis of multiple datasets will be more effective in

identifying intriguing new candidates and pathways

exploited by viruses. However, a re-analysis of the pri-

mary datasets from multiple screens would be most

useful. Unfortunately, for most screens the primary data

are not published and therefore not accessible for other

researchers. In order to overcome this current limitation a

public database for the deposit of primary screening

datasets would be desirable. Such a repository could also

help to make the integration of datasets from different

methodological approaches, for example, proteomic, tran-

scriptomic and RNAi data, possible. Single ‘omics’ data-

sets can only capture a part of the whole and thus, it will

be necessary to look from various angles to define the

parameters affecting virus replication.

An additional limitation of the currently available datasets

is the need to use convenient experimental systems for

high-throughput assays. First, in most screens trans-

formed cell lines that are easy to transfect have been

used and it is unclear how results from these systems can

be extrapolated to primary cells. For instance, cGAMP

responses differ in mouse versus human cells [74] and

pattern recognition receptors and other pathway mem-

bers are not expressed equally in all cells (e.g. STING and

cGAS lack expression in 293Tcells [60]), and thus primary

sentinel cells of the immune system would be more
www.sciencedirect.com



Identifying host factors involved in virus replication König and Stertz 85
appropriate to screen for antiviral effects than cell lines.

Improved methods to perturb experimental systems

based on primary cells or tissues are expected to be

developed and solve such technical problems. Moreover,

in vivo screens are already being established to address

the important question which aspects of the virus–host

interplay hold true in animal models [75].

Second, current approaches to modulate gene expression

by siRNA or shRNA come with off-target effects and

usually do not block the expression of a gene completely.

Future screening approaches using CRISPR/cas9

methodology will overcome some of the limitations

[76��,77��,78��]. CRISPR provides an elegant way of

introducing targeted loss-of-function mutations at specif-

ic sites in the genome. The advantages include high

screening sensitivity by homozygous knockouts, which

is especially important when partial knockdown retains

gene function. Moreover, whereas RNAi is limited to

transcripts, CRISPR can target different elements across

the genome, such as promoters, introns and intergenic

regions. Catalytically inactive mutants of Cas9 linked to

different functional domains can furthermore provide a

means for genome-scale gain-of-function screening

approaches using Cas9 activators, epigenetic modifiers

or GFP-tagged Cas9 proteins to visualize genomic

sequences [79,80]. Specifically, the latter could provide

a promising platform for imaging of viral sequences

embedded within the native chromatin organization

and dynamics in living human cells. Current limitations

of the technology include the inability to target genes

essential for cell survival, for example, main regulators of

the cell cycle. Moreover, also for CRISPR/cas9 off-target

effects have been described. Novel strategies to address

this problem, such as the concerted action of paired

nickases, are being pursued [79]. In sum, the CRISPR/

cas9 methodology will be complementary to RNAi and

can broaden the repertoire of perturbation modalities.

Conclusions
In recent years massive efforts have been undertaken to

shed light on virus-host interactions via unbiased high-

throughput screening approaches. Such genomics, pro-

teomics, transcriptomics and other methodologies have

already revealed exciting new insights into the intricate

interplay between viruses and their hosts but the avail-

able datasets have even more potential. Currently, the

integration of different datasets is difficult and often

restricted by the availability of primary data. Future

efforts should focus on providing a framework for pri-

mary datasets and comparative and integrated analysis to

uncover the full potential of the screens. Ultimately,

such a meta-analysis will shed light on the three-dimen-

sional map of host-pathogen interactions, and support

the development of novel antivirals, adjuvants, and

vaccines.
www.sciencedirect.com 
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