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Abstract

As obligate intracellular parasites, all viruses must co-opt cellular machinery to facilitate their

own replication. Viruses often co-opt these cellular pathways and processes through physical
interactions between viral and host proteins. In addition to facilitating fundamental aspects of virus
replication cycles, these virus-host protein interactions can also disrupt physiological functions

of host proteins, causing disease that can be advantageous to the virus or simply a coincidence.
Consequently, unraveling virus-host protein interactions can serve as a window into molecular
mechanisms of virus replication and pathogenesis. Identifying virus-host protein interactions using
unbiased systems biology approaches provides an avenue for hypothesis generation. This review
highlights common systems biology approaches for identification of virus-host protein interactions
and the mechanistic insights revealed by these methods. We also review conceptual innovations
using comparative and integrative systems biology that can leverage global virus-host protein
interaction data sets to more rapidly move from hypothesis generation to mechanism.

Keywords
systems biology; proteomics; protein interactions

INTRODUCTION

Viruses are basic parasites of host machinery. Even the largest DNA viruses rely on

host translation and energy metabolism machinery. Smaller viruses, which must be more
economical with their genomic space, make use of even more host machinery at multiple
steps in the general virus replication cycle. Thus, viruses can co-opt host proteins for entry
(surface receptors, trafficking factors), genome replication and translation (polymerases,
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translation factors), and egress (assembly, trafficking factors). Because of this fundamental
molecular reliance of viruses on their hosts, all viruses interact with their hosts in the most
intimate of ways, through virus-host protein interactions.

Major advances in molecular biology, biochemistry, cell biology, and analytical methods
have enabled the systematic and comprehensive discovery of virus-host protein interactions
at an unprecedented scale. Broadly speaking, our ability in the field to identify such virus-
host protein interactions far exceeds our capacity to understand their consequences. Many of
the tools to transform protein interaction data sets into mechanistic insights exist. However,
integrating them requires coordinated design and execution.

In this review, we discuss the state of the field of systems biology of virus-host protein
interactions. We first discuss how different systems biology technologies are used to
identify virus-host protein interactions, including the advantages and disadvantages of these
approaches, and newer technologies that could have large impacts on this field. We then
discuss conceptual innovations that have been applied to the systems-level study of virus-
host protein interactions. This includes comparative and integrative approaches that can help
the field move from systems to function and disease more rapidly. We focus on key studies
spanning several different viruses to illustrate these specific points.

Several high-throughput techniques exist for identifying virus-host protein interactions.
In this section, we review the fundamentals of each technique, the advantages and
disadvantages of the techniques, and new technologies that could further transform

the identification of virus-host protein interactions. We also highlight virus-host protein
interaction studies that use these approaches, with a focus on seminal studies in the field.

Yeast Two-Hybrid

Yeast two-hybrid (Y2H) screening is a more than 30-year-old technology that revolutionized
the study of protein interactions by creating a genetics-based functional readout of

this phenomenon in yeast, a high-throughput model organism (1). The premise of this
technology relies on separating two functional domains of the Gal4 transcription activator
(DNA binding and transcription activation) and fusing them to complementary DNA
(cDNA) libraries of bait protein and prey, respectively. A successful bait-prey protein
interaction will drive the expression of a reporter gene by bringing together the Gal4
functional domains at the upstream activating sequence (UAS) promoter. The reporter gene
can be carefully chosen to confer survival in minimal media so that a direct protein
interaction can be read out through selection strategies (Figure 1a). While Y2H was
originally developed for soluble protein domains through nuclear activity, modifications
have enabled membrane Y2H (2, 3) and a pooled high-throughput sequencing readout (4, 5).

Y2H allows for identification of direct interactions between bait and prey in a genetically
tractable model organism, which has advantages and disadvantages. As a high-throughput
technology, it is valuable for comprehensive efforts to map virus-host protein interactions
for large DNA viruses, such as Epstein-Barr virus (6). Because Y2H relies on heterologous
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expression of cDNA libraries in yeast, it opens up the study of many virus-host protein
interactions, even if tractable cell culture models and/or high-quality proteomes are not
readily available, as is the case for many viruses that infect arthropods (7, 8). Identification
of direct one-to-one interactions is biochemically advantageous because it is more likely that
the interaction can be dissected in vitro if the interaction is direct. However, this also means
that the existence of protein complexes, or disruption of these complexes, remains out of
reach with Y2H technology.

Classic Affinity Purification and Mass Spectrometry

Mass spectrometry (MS) can be used for global identification of hundreds or even thousands
of proteins from a single sample. Protein samples are digested into smaller peptide
fragments by well-defined proteases. These peptide fragments are then ionized and analyzed
for their unique spectra of mass-to-charge ratio. These spectra are then reverse searched
against a theoretical database of spectra to identify proteins in the sample (9). When paired
with affinity purification (AP) of a target protein of interest (bait), this approach enables
discovery of protein interactions (prey), including complexes and interactions that may not
be direct (Figure 1b). Efficient purification of the bait is essential for AP-MS because
proteins cannot be amplified in vitro. High-quality antibodies are useful but not always
available. Moreover, using a bait-specific antibody creates challenges when comparing
protein interactions across several baits, due to differences in antibody performance.
Consequently, affinity tag approaches have gained popularity. These affinity tag approaches
can be used in the context of infection if an infectious clone can be made (10-13) or with
ectopic expression of individual viral proteins as bait.

Generating infectious viral clones with affinity tags can reveal interactions that occur during
the context of infection. One elegant application of this approach by lleana Cristea and
colleagues (14) revealed novel mechanisms by which human cytomegalovirus (HCMV), a
large DNA virus, regulates its complex gene expression program through virus-host protein
interactions. The authors used an HCMV infectious pUL83 mutant with two different
affinity tags to identify pUL83-host protein interactions during infection. Ultimately, host
protein IFI16 was shown to regulate immediate early gene expression through a protein
interaction with pUL83 by recruiting IF116 to immediate early promoters. Thus, the natural
antiviral gene expression program is repurposed by HCMV to promote virus replication
(15). It should be noted that inserting affinity tags into infectious clones can be challenging,
especially for small RNA viruses that often eliminate these insertions during error-prone
replication. While affinity-tagged infectious clones have been generated for some RNA
viruses (10, 12, 13, 15A, 19, 79), these methods are more commonly used for large DNA
viruses that can tolerate these insertions more readily (14, 15B, 15C, 15D, 15E, 33).

In contrast to AP-MS approaches in the context of infection, ectopic expression approaches
have the advantage of rapidly generating protein interaction data across many different
conditions or viral proteins. Three comprehensive studies of virus-host protein interaction
mapping using ectopic expression and AP-MS, all published in 2012, revealed mechanistic
insight into how viruses hijack host processes (16-18). Together, they mark the beginning
of this era. In a study on human immunodeficiency virus (HIV)-host protein interactions,
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Stephanie Jager and colleagues (17) produced the first comprehensive virus-host protein
interaction network for a single virus. In a partnering publication and concurrent with

a complementary study focused on Vif-host protein interactions identified during HIV
infection, the proteomic data were leveraged to identify CBF as a critical complex member
to reconstitute the Vif-APOBEC3G complex in vitro (19, 20). In another study focused on
the immune-modulating functions of viral proteins, Andreas Pichlmair and colleagues (18)
identified immune-related virus-host interactions across a diverse set of DNA and RNA virus
families. An antiviral activity was identified for the host protein hnRNPU. Additionally, the
WNK kinase family was found to interact with vaccinia virus K7 protein, which inhibited
the antiviral activity of WNK proteins. Finally, Orit Rosenblatt-Rosen and colleagues (16)
systematically identified virus-host protein interactions for oncogenic viruses to reveal
common pathways targeted by these viruses and improve cancer gene identification.

Proximity Labeling Proteomics

While traditional AP-MS approaches have been used with great success to uncover
virus-host protein interactions, several recent advances in in situ proximity labeling can
improve the search for one-to-many virus-host protein interactions. Traditional AP-MS
techniques must be thorough enough to capture sufficient bait while being biochemically
gentle to prevent breakdown of bait-prey interactions. This can pose a challenge for
detecting transient interactions, or those that occur in biochemically challenging cellular
compartments, such as within membranes. The development of proximity labeling—based
proteomics circumvents these challenges. Rather than identify prey proteins via purification
of multi-protein complexes in vitro, complexes are labeled in situ in live cells or organisms
and prey are purified by AP of the label. Labeling proteins in situ has the added advantage of
avoiding biologically irrelevant interactions that may occur when subcellular compartments
are mixed after lysis in an in vitro approach.

Proximity-based proteomic approaches are broadly split into two main methods, both

of which rely on biotin labeling and the high-affinity interaction between biotin and
streptavidin for purification (Figure 1c). In the first, a promiscuous mutant of the Escherichia
colfbiotin ligase BirA was engineered to directly biotinylate substrates (21, 22). The major
drawback of initial iterations of first-generation BiolD systems was a long labeling time
(>12 h), which prevented the capture of dynamic processes such as the early stages of

viral infection. Pioneering work by Alice Ting’s group (23) has led to a faster labeling
method, using an engineered ascorbate peroxidase enzyme (APEX). In the presence of
hydrogen peroxide, APEX quickly converts biotin-phenol into a biotin-phenoxyl radical

that spontaneously associates with tyrosine residues before long-scale diffusion can occur,
allowing labeling within an ~20-nm radius within minutes, rather than hours (21). Since
their initial introduction, both BiolD and APEX approaches have been continuously refined
by Alice Ting and Kyle Roux to reduce labeling time (BiolD2, TurbolD, APEX2) and
decrease tag size (miniTurbo), which can introduce sterics that affect bait function and
interaction with prey (23-25). An increasing number of virus-host protein interaction studies
are being published using proximity labeling as this technology matures (26-34).
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Scoring Protein Interaction Data

The sensitivity of MS-based proteomics inevitably creates a trade-off between signal and
noise. Fortunately, thoughtful experimental design and rigorous proteomic scoring can
overcome many of these issues.

General approaches.—Common proteomic background can be identified in the
Contaminant Repository for Affinity Purification (CRAPome) database (35). This database
compiles proteomic data for many common protein purification systems, including affinity
tags (e.g., FLAG, Strep) and proximity labeling (e.g., BiolD). Simple thresholds can be
assigned to remove promiscuous background.

Systematic approaches.—For ectopic expression, systematic comparison of prey across
many viral baits can reveal highly specific protein interactions. Proteomic scoring algorithms
that emphasize specificity of the prey across different baits, such as Mass spectrometry
interaction STatistics (MiST), capture these highly specific protein interactions. In the
development of MiST, specificity of the interaction was empirically shown to be a

major predictor of biologically relevant virus-host interactions by comparing the predicted
high-scoring interactions to gold standard interactions previously validated for HIV (17).
Intuitively, this emphasis on specificity also makes sense for small RNA viruses such as
HIV. Their genetic economy means that it is unlikely that multiple proteins will evolve
overlapping functions. Thus, we expect the true protein interaction landscape of each viral
bait to be fairly unique. In contrast, large DNA viruses employing MiST scoring have a
decreased emphasis on specificity (36). Their larger genome size means that some functions
may overlap.

Quantitative approaches.—Proteomic studies focused on protein interactions for a
single viral protein or host factor during infection result in a more limited data set. While
specificity cannot be leveraged in the same way as in systematic approaches, quantitative
data acquisition and specialized scoring systems can still help remove proteomic background
and identify proteins of interest. Significance Analysis of INTeraction (SAINT) (37) uses
label-free quantification of proteins (spectral counts with SAINT or fragment intensity with
SAINTQq) (38) to assign each interaction to a probability distribution that is used to estimate
the likelihood of a true interaction. SAINT is especially beneficial for smaller data sets
because it uses all available data for each bait-prey pair to infer likelihood of true and

false interactions. Protein interactions that are significantly altered over the course of an
infection can also be identified through quantification and statistical analysis of peptide/
fragment abundance under different conditions. Several groups have started using SAINT
to score virus-host AP-MS data (34, 39-42) and quantitative targeted proteomics to identify
significant changes in these virus-host protein interactions (43, 44).

Opportunities for Discoveries on a Larger Scale

Defining the comprehensive landscape of protein interactions for a virus requires
systematically repeating this process for each viral protein. For viruses with small genomes,
this can be done realistically through ectopic expression or the creation of infectious clones
if the virus is genetically tractable. While heroic efforts have resulted in comprehensive
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virus-host protein interaction networks for large DNA viruses using systematic AP-MS
approaches (36, 45), the enormous scale of these projects limits their number. Consequently,
scalable methods to identify protein interactions would be incredibly valuable.

One recent advancement in MS-based identification of protein interactions without the need
for AP uses thermal proximity coaggregation (TPCA) (46). A melt curve can be generated
for protein complexes by using MS to identify proteins present in soluble and aggregated
fractions across a temperature gradient. Proteins that interact have similar melt curves, and
protein complexes can be inferred in this manner. A major advantage of TPCA is that
protein interactions can be resolved independent of bait protein purification, thus enabling
proteome-wide analysis of protein complexes in a single experiment. It also can resolve how
multiple proteins interact together as a complex, which would require double purification

or other biochemical approaches to resolve by traditional AP-MS. However, the interactions
are inferred indirectly and must be validated to some degree. A recent study by Joshua
Justice and colleagues (47) involved TPCA analysis on herpes simplex virus (HSV)-infected
cells. The authors were able to uncover previously validated and novel host-host and virus-
host protein interactions. They resolved the temporal dynamics of multi-protein complexes,
including those involved in viral DNA sensing. TPCA promises to be a rich area in the study
of virus-host protein interactions.

Protein-protein interaction sequencing (PROPER-seq) is another method that relies on
barcoding and high-throughput sequencing to recover protein-protein interactions en masse
(48). Briefly, PROPER-seq involves the conversion of the transcriptome of the host cells
into libraries of protein-messenger RNA barcode fusions. The libraries are then reverse
transcribed and mixed in vitro, and the DNA barcodes of interacting proteins are ligated

and recovered by high-throughput sequencing. This approach can be extended for profiling
virus-host protein interactions by generating barcoded libraries from infected cells and could
be a powerful tool. However, characterization of protein interactions in vitro [e.g., without
post-translational modifications (PTMSs)] is a major limitation of this approach that should
be considered carefully.

COMPARATIVE APPROACHES

Here we review how identifying virus-host protein interactions in multiple systems biology
studies can be leveraged to improve data quality, identify how host networks are hijacked,
and provide evolutionary insights.

Meta-analysis

As more comprehensive data sets become available, it is valuable to compare these studies
to determine the extent to which interactions depend on screening technique, cell line, virus
strain, or scoring approach. Two previously published studies on Zika virus (ZIKV)-host
protein interactions (49, 51) and a newly generated ZIKV-host protein interaction data

set were compared by Jianxiong Zeng and colleagues (50). Notably, each study included

in the analysis used AP-MS with a different cell type for proteomic analysis and the

authors found that most interactions were cell-type specific. However, differences in scoring
approaches likely also contribute to the variation, given that virus-host protein interactions
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in different cell types but with identical scoring produced more overlap (17, 49). Looking
forward, a concerted effort to compare diverse data sets for the same virus will be valuable
in improving scoring algorithms and fully understanding caveats to specific experimental
approaches.

Virus-Induced Changes in Host Protein Interaction Networks

Cross-Virus

While we have primarily considered the viral protein the bait, studies focused on host baits
in the context of infection can open opportunities for interesting comparative approaches
in which the host protein interaction network is altered upon infection or influenced by
specific virus mutants (43, 44). These differential protein interaction networks, in which
protein interactions are lost or gained during infection (Figure 2a), can reveal mechanisms
of replication. One such study focused on cyclic GMP-AMP (cGAMP) synthase (CGAS),
a cytoplasmic DNA sensor and a critical member of the innate immune response for DNA
and RNA viruses. Krystal Lum and colleagues (43) used quantitative AP-MS to establish
the cGAS protein interaction network, including protein interactions that are lost or gained
following HSV infection. This led to the identification of OASL as a negative regulator

of cGAS activation, thus delineating fundamental cellular regulatory mechanisms important
for many viruses. Future work mapping differential protein interaction networks may also
help delineate mechanisms of disease, if protein interactions that are lost or gained during
infection disrupt the physiological functions of those pathways.

and -Host Comparisons

Substantial evolutionary insight can be revealed by comparing virus-host protein interactions
across multiple virus and/or host species (Figure 2b). For example, virus- and host-specific
protein interactions can influence host susceptibility (52), host restriction (53, 54), evasion
of host restriction factors (55), and vector competence (56, 57). However, conserved
interactions can reveal essential mechanisms of replication for a family of viruses (58)

or for a virus with broad host range (40). Using systems biology approaches to perform
comprehensive and systematic comparisons of virus-host protein interaction networks across
virus and host species has the potential to reveal evolutionary insights on a larger scale.

For example, in a recent comparative study, David Gordon and colleagues (59) identified
virus-host protein interactions across multiple coronaviruses. These protein interactions
were dissected to identify conserved molecular mechanisms of replication, virus-specific
dysregulation of the immune response, and potential pan-coronavirus therapeutic targets.

Comparative approaches are especially valuable for viruses that involve host switching for
transmission. For example, arthropod-borne viruses typically alternate between a vertebrate
and an arthropod host. Because many of the molecular mechanisms of replication are
conserved in the vertebrate and arthropod hosts, arthropod-borne viruses must maintain
some essential virus-host protein interactions in both hosts. We recently performed
comparative mapping of virus-host protein interactions for two flaviviruses, dengue virus
and ZIKV, which are transmitted to humans by Aedes mosquitoes (49). By identifying
flavivirus-human and flavivirus- Aedes protein interactions, we identified host- and virus-
specific interactions, and interactions conserved across both viruses and both host types. One
such conserved interaction, the SEC61 translocon, is critical for flavivirus transmembrane
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protein biogenesis and could be targeted pharmacologically to inhibit replication in human
and Aedes cells (49). Such conserved virus-host protein interactions likely constrain virus
evolution due to the need to maintain protein interactions with host protein homologs
in two highly divergent host species. Consequently, targeting such conserved protein
interactions therapeutically may limit viral escape and represents a potential Achilles’ heel
for arthropod-borne viruses.

INTEGRATIVE APPROACHES

Integration of systems-level virus-host protein interaction data with complementary
approaches is essential to determine how these protein interactions affect virus replication,
cell signaling pathways, and viral pathogenesis. Here we review how gene perturbation
screens, complementary proteomic approaches, computational predictions of protein
structure and interactions, high-throughput model organisms, and patient disease databases
can be used to define molecular mechanisms of virus replication and pathogenesis (Figure
3). We also highlight how recent technological advancements and coordinated collaborative
efforts have the potential to make this discovery process more efficient.

Gene Perturbation Screens

One of the first questions that arises once a set of virus-host protein interactions is
identified is what effect these host factors have on virus replication. Phenotypic gene
perturbation screens are the natural next step to answer this question, through either host
factor depletion or overexpression (60). While host factor depletion and overexpression are
both useful approaches, we focus our discussion on the more common depletion studies.
Knockdown [RNA interference or clustered regularly interspaced short palindromic repeats
(CRISPR) inference] or knockout (haploid gene trap or CRISPR) strategies can be used

for host factor depletion, each with their own advantages and disadvantages. Knockout
may result in stronger phenotypes compared to knockdown. However, knockout precludes
the study of essential host genes. Over the past 15 years, numerous genome-wide gene
perturbation screens have been performed for virus replication phenotypes using knockdown
and knockout technologies. These can and have been integrated into virus-host protein
interaction networks to relate virus replication phenotypes to molecular mechanisms. For
example, in the first comprehensive study of HIV-host protein interactions, Jager and
colleagues (17) found significant enrichment in previously identified HIV host dependency
factors derived from four recent genome-wide gene perturbation screens.

As gene perturbation screening capabilities become more widespread, there is value in
performing a follow-up gene perturbation screen focused on host factors involved in virus-
host protein interactions. These secondary screens have the potential to capture phenotypes
that may not have emerged in genome-wide screens, as was the case for virus-host

protein interaction studies on influenza A virus (61) and ZIKV (51). Focused follow-up
gene perturbation screens also allow for testing additional parameters, such as identifying
replication phenotypes across different cell types (59) and viruses (62). More limited
screening of hundreds of host factors (instead of thousands) can be used for additional
training of virus-host protein interaction scoring algorithms, especially when gold standard
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protein interactions (see the section titled Scoring Protein Interaction Data) are limited.
This type of integrative innovation was pioneered by Holly Ramage and colleagues (63) for
hepatitis C virus (HCV).

Complementary Proteomic Approaches

Additional proteomic data can also be layered on top of virus-host protein interaction data to
further dissect molecular mechanisms. These include proteome-wide changes in PTMs and
in protein abundance and subcellular localization over the course of infection.[** AU: Edit
OK 7**]

Post-translational modifications.—PTMs of the viral or host proteome can alter
protein function important for virus replication and/or the host response (64-67). PTMs
such as protein phosphorylation, ubiquitylation, and acetylation can be measured on a
proteome-wide scale using specialized enrichment techniques for each PTM (68-71). On
their own, PTM proteomic profiling studies have provided insight into mechanisms of

virus replication (72—74). However, a few recent studies have combined comprehensive
virus-host protein interaction mapping with PTM profiling (51, 75). In a recent study,
Alexey Stukalov and colleagues (75) combined systematic AP-MS and PTM profiling of
proteome phosphorylation, ubiquitylation, and acetylation to identify molecular mechanisms
by which severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) co-opts cellular
pathways. The authors used a network diffusion model to integrate the complementary
proteomic data to connect physical interactions with downstream pathway regulation based
on massive changes in PTMs. This type of analysis measures the distance (number of
proteins) between protein interactions and downstream regulatory events, and compares

this distance to a randomized data set. A significantly shorter distance in the experimental
data set compared to the randomized control indicated that these protein interactions are
mechanistically important for downstream effects, which the authors use to guide drug
repurposing efforts. Ultimately, these types of integrative approaches will allow researchers
to go more rapidly from protein interaction to function, beyond virus replication phenotypes.

Spatio-temporal proteomics.—Protein abundance and subcellular localization are key
governing factors of protein function and interaction with other substrates. Virus infection
can induce the expression or target degradation of proteins (76, 77). Viruses alter subcellular
protein location and reorganize organelle structure to facilitate virus replication (78-80).
Therefore, characterizing temporally and spatially resolved changes in protein abundance
and connecting them back to virus-host protein interactions can provide key insights into the
fundamental mechanisms of replication.

Several elegant studies have related temporal changes in host protein abundance to virus-
host protein interactions. One such study by Katie Nightingale and colleagues (81) focused
on HCMYV, which induces the degradation of many host proteins in an effort to evade

host innate immunity. The authors monitored protein abundance over time following
HCMYV infection and determined proteins that were actively degraded by the lysosome and
proteasome using specific inhibitors of these pathways. Using block deletion mutants and
AP-MS, the authors were able to identify HCMV protein UL 145 to interact with HTLF in
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complex with the Cullin 4E3 ligase and target HTLF for degradation, thereby promoting
HCMYV replication.

Quantitative temporal proteomics can be coupled with biochemical subcellular fractionation
approaches to determine how protein subcellular localization is altered by virus infection.
Each protein has a unique distribution profile across various fractions that is later used

to assign its spatial location. The detailed workflow along with the advantages and the
limitations of various subcellular fractionation techniques have been reviewed in detail
recently (82-84). In a first-of-its-kind study, Pierre Jean Beltran and colleagues (85)
demonstrated how HCMYV remodels the architecture of the human proteome over 5 days. In
the future, combining this approach with TPCA during infection (47) has the potential to
link protein localization and protein interaction data on a large scale.

Protein Structure and Interaction Predictions

Breaking a virus-host protein interaction through protein modification is ultimately one

of the most convincing and elegant approaches to demonstrating its importance. Protein
truncations and alanine scanning are often used to accomplish this task. Such unbiased
approaches have identified viral protein mutants that affect virus replication, antagonism

of the host immune response, and pathogenesis through the disruption of the virus-host
protein interaction (50, 58, 86—88). Structural information can be helpful to drill down to
molecular-level resolution of virus-host protein interactions (89), especially if working with
a large virus-host protein interaction data set. However, structures are often not available for
the viral protein, host protein, or both. Computational modeling is becoming increasingly
established in predicting protein structures and interactions, and holds great promise for the
systems-level study of virus-host protein interactions (15, 90).

The major structural prediction tools rely on template-based and ab initio predictions.
Template-based approaches rely on proteins with known structures, and related structures
are predicted based on suitable homology (91). However, successful ab initio prediction

of structures with no minimal similarity to known structures opens many opportunities in
protein structure prediction (92). Many prediction tools use a hybrid of template-based and
ab initio approaches (93-95). Recent successes incorporating artificial intelligence (Al) have
re-energized the field. DeepMind’s Al-driven AlphaFold2 demonstrated outstanding results
in the fourteenth Critical Assessment of Structure Prediction (96), a major biennial protein
structure prediction conference (97). Structures of protein complexes can also be predicted
using AlphaFold-Multimer (98). RoseTTAFold is a similar Al-driven folding algorithm
inspired by AlphaFold2 (99). While AlphaFold2 outperforms RoseTTAFold predictions, this
increased performance comes with a higher computational cost compared to RoseT TAFold.
Whether one uses AlphaFold2 or RoseTTAFold, such structural predictions could be
especially valuable for several applications. Structures could be used to predict conservation
of the protein interaction across nonmodel host or viral species, and aid in the prediction of
viral emergence. These predictions could also be used to refine mutagenesis analysis in a
rational manner. It is important to highlight that tools such as AlphaFold-Multimer assume

a direct interaction and would interface well with Y2H data sets. However, interactions
identified by AP-MS and proximity labeling proteomics may not be direct.
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Computational methods can also be used to predict virus-host protein interactions and
often rely on structural information to make such predictions. P-HIPSTer (Pathogen-Host
Interactome Prediction using STructurE similaRity) is one notable example of this type

of computational prediction with experimental validation and cross-comparison with
existing experimental data sets (100, 101). There was considerable and often significant
overlap between P-HIPSTer predictions and published experimental data sets, although this
approach may be better suited for comparison to Y2H data sets because of the direct
nature of the interaction. Future iterations of P-HIPSTer that incorporate AlphaFold2 or
RoseTTAFold structural predictions could vastly improve virus-host protein interaction
predictions.

High-Throughput Modeling of Viral Disease

Molecular-level virus-host protein interactions can cause disease on a macroscopic scale.
However, convincingly connecting these two length scales using an infection model of
disease requires a permissive animal model capable of generating disease (often a small
rodent for viruses that cause human disease) and careful dissection of the virus-host
protein interaction with virus and/or host genetics. Jianxiong Zeng and colleagues (50)
used systematic AP-MS to identify a critical interaction for ZIKV, which disrupts brain
development in utero. Dicerl was found to interact with ZIKV capsid and was essential for
ZIKV replication in neural stem cells. Mutations in ZIKV that disrupted the capsid-Dicerl
interaction resulted in less neuropathogenesis in a Dicerl-dependent manner in a fetal
mouse model. While this study is an incredibly elegant example of how ZIKV disrupts
brain development, this approach will not be able to efficiently connect virus-host protein
interactions to viral pathogenesis at a systems level.

A concerted use of high-throughput animal models will be valuable in making connections
to virus-host protein interactions on a larger scale. Model organisms such as Caenorhabditis
elegans (nematodes), Drosophila melanogaster (flies), and Danio rerio (zebrafish) have

been essential for uncovering fundamental biology related to human disease. These model
organisms are known for their low cost, fast reproductive cycles, and facile genetics, making
high-throughput screens possible. While infection of high-throughput model organisms has
been used to study viral disease (102-104), reductionist approaches involving transgenic
expression of single viral proteins can be used to unravel how viral proteins cause disease.
Several targeted studies have leveraged transgenic viral protein expression in atypical model
organisms to study viral pathogenesis. For example, transgenic zebrafish expressing hepatitis
B virus and HCV proteins produced virus-related liver pathologies including the formation
of hepatocarcinomas (105-107). Transgenic expression of specific HCMV proteins in flies
and zebrafish also disrupted development (108, 109), which is notable given the ability

of HCMV to cause congenital birth defects. A study of transgenic flies expressing SARS-
CoV-2 protein ORF3a in the central nervous system resulted in phenotypes that could help
explain long-term coronavirus disease symptoms such as fatigue, headache, and cognitive
impairments (110, 111). Thus, while viral pathogenesis is often complex, some aspects of
these complex diseases can be studied using reductionist systems. Systematically connecting
these pathologies to specific virus-host protein interactions is critical.
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Integrating comprehensive virus-host protein interaction studies with transgenic animal
models can bridge this divide more rapidly. For example, in collaboration with Nichole
Link and colleagues (49, 112), we used transgenic flies expressing ZIKV NS4A and fly host
genetics to demonstrate how NS4A inhibits brain development in an ANKLE2-dependent
manner. Given that we also found NS4A to physically interact with ANKLE?2 in a large-
scale AP-MS study, our work demonstrates how these two approaches can be combined to
unravel pathogenic mechanisms with molecular resolution. In another study, Ki-Jun Yoon
and colleagues (113) established that transgenic expression of ZIKV NS2A induces defects
in cortical neurogenesis. The authors ultimately used AP-MS to identify protein interactions
between NS2A and host adherens junctions proteins that are likely responsible for this
phenotype. This study is notable because the systematic study of each ZIKV protein in
transgenic fetal mice has the advantage of recapitulating human brain development more
completely. However, mice do not have the same throughput, making host genetic rescues
and systematic transgenic studies for teratogenic large DNA viruses such as HCMV more
challenging. Coordinated efforts to systematically identify virus-host protein interactions
simultaneously with host phenotypes in high-throughput animal models will be critical to
efficiently move from systems to pathogenesis.

Leveraging Similarities with Genetic Disease

The intersection of viral and genetic diseases can also be used to elucidate disease
mechanisms underlying both etiologies. For example, the intersection of cancer mutations
and virus-host protein interactions for oncogenic viruses can identify new oncogenes. In one
of the seminal systems biology studies of virus-host protein interactions, Orit Rosenblatt-
Rosen and colleagues (16) explored the hypothesis that genomic variation dysregulates

cell division to cause cancer via similar mechanisms as virus-host protein interactions for
oncogenic viruses. The authors found significant overlap between host proteins involved in
virus-host interactions and those implicated in tumorigenesis in animal models of cancer.

This intersection between viral and genetic disease can also inform on synergies between
these similar diseases with distinct etiologies. A recent study by Manon Eckhardt and
colleagues (114) focused on virus-host protein interactions for human papillomaviruses
(HPVs), associated with cervical and head and neck cancers. The authors integrated the
protein interaction data with comprehensive cancer sequencing data from The Cancer
Genome Atlas, a comprehensive effort to sequence cancer genomes and characterize tumors
at the molecular level (115, 116). This integrative approach identified gene mutations that
predisposed individuals to cervical or head and neck cancer following HPV infection.
Similarly, our work on ZIKV inhibition of brain development through a virus-host protein
interaction (49, 112) was facilitated by the existence of pathogenic gene variants resulting
in similar hereditary disease in humans (117, 118) and could relate to host genetic
susceptibility to viral microcephaly. For teratogenic viruses such as ZIKV and HCMV,
integrating virus-host protein interaction data with rare disease databases, such as the
Undiagnosed Diseases Network and Online Mendelian Inheritance in Man (OMIM), will
facilitate uncovering disease mechanisms more rapidly.
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CONCLUDING REMARKS

Systems biology approaches to identify virus-host protein interactions have uncovered a
wealth of information with which to generate hypotheses regarding molecular mechanisms

of

virus replication and disease. Given the sheer volume of protein interaction data that can

now be generated in a short period of time, comparative and integrative systems biology

ap

proaches offer an avenue to test these hypotheses more rapidly. In the future, efforts to

increase the throughput of hypothesis testing will propel the field forward.
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Three Types of Tools
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Figure 1.
Common technologies for identifying virus-host protein interactions. (&) Yeast two-hybrid

('Y2H) is a genetics-based method to identify direct protein interactions through use of
selection markers or high-throughput sequencing. The Gal4 binding domain (BD) and
activating domain (AD) are fused to the bait and prey, respectively. Successful bait-prey
association results in upstream activating sequence (UAS) promoter activation by Gal4
BD and Gal4 AD. (b) Affinity purification-mass spectrometry (AP-MS) and (¢) proximity
labeling-mass spectrometry can identify direct and indirect protein interactions. AP-MS
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is performed on cellular lysates so multiple subcellular compartments may mix together.
Proximity labeling is performed in situ before lysis and preserves some information about
subcellular localization. The resulting data from each approach can be visualized as a
network of bait and prey, where each prey (colored circles) that interacts with the bait (gray
oval) is connected by a line. The prey part of multi-protein complexes can be shown with
lines connecting the prey circles.
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Comparative approaches
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Figure2.
Comparative mapping of virus-host protein interactions. (g8) We can identify protein

interactions lost or gained during infection and critical to replication or pathogenesis by
comparing changes in a host protein interaction network over the course of infection or
with different virus mutants. Interactions lost following infection are shown as dashed lines
and transparent circles. Interactions gained following infection are shown with thick lines
and can be host and/or viral proteins. (6) Comparing virus-host protein interactions across
different viruses and hosts can reveal highly conserved mechanisms of replication, or virus-
or host-specific mechanisms. Interactions shared across two viruses or hosts are shown as
split circles with different colors, corresponding to the different virus or host species.
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Figure 3.
Integrative approaches. Complementary techniques can be used to go from systems-level

virus-host protein interaction data to molecular mechanisms of replication and disease.
Effects on virus replication can be assessed in a high-throughput manner using gene
perturbation screens. Similarly, effects on cellular pathways and regulatory mechanisms
can be assessed on a systems level using complementary proteomic approaches. Structural
biology can be used to dissect virus-host protein interactions and disrupt these interactions.
Animal models and similarities to human disease can be used to understand viral disease
mechanisms. While protein structure and disease mechanisms are typically studied in a
targeted manner, advances in computational biology, novel uses of high-throughput animal
models, and increasing availability of genome sequencing for human disease can improve
the transformation of virus-host protein interaction data into mechanistic insights.
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