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Abstract

Flaviviruses are a group of important emerging and re-emerging human pathogens that cause 

worldwide epidemics with thousands of deaths annually. Flaviviruses are small, enveloped, 

positive-sense, single-stranded RNA viruses that are obligate intracellular pathogens, relying 

heavily on host cell machinery for productive replication. Proteomic approaches have become an 

increasingly powerful tool to investigate the mechanisms by which viruses interact with host 

proteins and manipulate cellular processes to promote infection. Here, we review recent advances 

in employing quantitative proteomics techniques to improve our understanding of the complex 

interplay between flaviviruses and host cells. We describe new findings on our understanding of 

how flaviviruses impact protein-protein interactions, protein-RNA interactions, protein abundance, 

and post-translational modifications to modulate viral infection.
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Introduction

Flaviviruses are a large group of medically relevant viruses that cause significant disease in 

humans and animals. These include dengue virus (DENV), Japanese encephalitis virus 

(JEV), West Nile virus (WNV), and Zika virus (ZIKV) [1,2]. Flavivirus virions contain the 

structural proteins, an envelope as well as a positive-sense, single-stranded RNA genome of 

approximately 11kb in length. The incoming flavivirus genome encodes a single open 

reading frame that is translated on the endoplasmic reticulum (ER) into a single polyprotein. 

This polyprotein is subsequently cleaved into three structural proteins (capsid, prM and 

envelope) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and 

NS5) by viral and host proteases. The structural proteins form the viral particles, while the 
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non-structural proteins are required for intracellular viral propagation and immune evasion 

[1,2].

Given their limited protein repertoire, flaviviruses rely on the host cell machinery for many 

steps in their life cycle. Identification of host proteins that are required for viral replication 

can inform the development of effective host-directed therapeutics and new innate antiviral 

mechanisms. Recent advances in mass spectrometry (MS)-based proteomics have increased 

the sensitivity and specificity and allow for the systematic identification and quantification 

of proteins in a high-throughput manner (Box 1) [3]. This technology is being widely used 

in many fields, and has been used to identify host proteins that are involved in viral 

replication including flaviviral infection (Figure 1). Here, we review how proteomic 

approaches have improved our understanding of flavivirus-host interactions, highlighting the 

mechanisms by which flaviviruses manipulate host cellular processes to promote infection.

Mapping virus-host protein-protein interactions (PPIs)

Viruses hijack host machinery to ensure efficient viral replication. This is often achieved via 

physical interactions between viral and host proteins. By employing affinity purification-

mass spectrometry (AP-MS) coupled with RNA interference (RNAi) screening, Li et al. 
generated WNV-host PPIs map and identified 26 virus-interacting host proteins that impact 

WNV infection [4••]. In particular, it was shown that WNV capsid interacts with PYM1, a 

host protein involved in the exon-junction complex (EJC) and nonsense-mediated decay 

(NMD) [5,6]. The interaction of WNV capsid diminishes the association of PYM1 with its 

canonical binding partners, the EJC proteins MAGOH and RBM8A. Further, the authors 

showed that viral RNA is targeted for degradation by NMD, and disrupting the interactions 

of PYM1 with EJC components can subvert this antiviral response [4••] (Figure 2). 

Interestingly, the role of NMD in flaviviral infection was further confirmed by the findings 

of Fontaine et al., which demonstrated that ZIKV infection is also restricted by NMD. 

Further, they showed that ZIKV capsid interacts with and downregulates the central NMD 

component, UPF1, to antagonize NMD restriction [7•] (Figure 2). Together, these papers 

suggest that NMD is an antiviral pathway that is subverted by flaviviruses via multiple 

mechanisms.

To compare flavivirus-host PPIs, Shah et al. used AP-MS to create DENV-human and ZIKV-

human PPIs network in HEK293T cells and found 28 shared human interactors [8••]. The 

authors suggest a role of flaviviral NS5 in counteracting host type I IFN response via 

interaction with the PAF1C complex, a chromatin-associated complex involved in 

transcriptional elongation [9]. Additionally, the authors generated a DENV-mosquito PPIs 

network using Aag2 mosquito cells to identify shared virus-host interactions and pathways 

between human and mosquito hosts. The authors found that ZIKV NS4A, but not DENV 

NS4A, impaired Drosophila brain development in an ANKLE2-dependent manner, 

suggesting a possible role for this interaction in ZIKV-induced microcephaly [8••].

Since ZIKV infection is associated with neurological defects during development, Scaturro 

et al. performed AP-MS to identify 386 ZIKV-interacting host proteins in neuronal cell lines 

and showed that ZIKV capsid and NS4B interact with host proteins related to neuronal 
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development [10••]. Ectopic expression of NS4B alone or infection of differentiated neural 

progenitor cells (NPCs) with ZIKV led to the downregulation of host proteins related to 

neuronal differentiation. By using MS-based phosphoproteomics, the authors identified 

cellular factors whose phosphorylation status changes upon infection including cellular 

pathways previously associated with neurological diseases, such as Akt-mTOR signaling 

pathway [10••]. These findings are supported by another study showing that ZIKV NS4A 

and NS4B suppress Akt-mTOR pathway to inhibit neurogenesis of human fetal neural stem 

cells [11]. Collectively, these studies provide mechanistic insights on how ZIKV interacts 

with host Akt-mTOR pathway to induce neurological disorders.

Identifying the interactomes of individual viral proteins

While some groups have taken a broad approach to identify a comprehensive flavivirus-host 

interactome, others have defined the interactors of an individual viral protein critical for 

infection. The non-structural proteins of flaviviruses play diverse roles in viral replication 

and assembly and in antagonizing the host immune response, including type I IFN signaling 

and RNA interference (RNAi). The flaviviral non-structural protein, NS2A, was shown to 

suppress RNAi in both mammals and mosquitoes, highlighting the conserved role of 

flaviviral non-structural proteins in counteracting the innate immunity in different hosts [12]. 

Using a DENV replicon construct encoding an affinity-tagged NS1 protein but lacking the 

structural proteins, Hafirassou et al. performed AP-MS to identify DENV NS1-interacting 

host proteins and found an interaction and requirement for the oligosaccharyltransferase 

(OST) complex upon infection [13]. Depletion of components of the OST or 

pharmacological inhibition of this complex was shown to dampen NS1 glycosylation and 

inhibit DENV infection. The glycosylation deficient mutants of NS1 exhibited reduced 

stability, highlighting the importance of NS1 glycosylation during DENV infection [13]. The 

role of the OST complex in flavivirus infection was also confirmed in two CRISPR screens 

[14,15]. Two additional independent studies combined immunoprecipitation and MS to 

identify host proteins associated with DENV NS1 in human hepatic cell lines [16,17]. One 

of these studies found a large number of ribosomal proteins that interact with DENV NS1. 

These included the ribosomal protein RPL18, which was recruited to the perinuclear region 

to promote DENV infection [17].

While flavivirus NS4B is a part of the viral replication complex, its specific role in viral 

replication is largely unknown. Chatel-Chaix et al. showed that DENV NS4B interacts with 

mitochondrial proteins and induces mitochondrial elongation by inhibiting phosphorylation 

of the mitochondrial fission factor DRP1 at Ser616 and its subsequent translocation into 

mitochondria [18]. Furthermore, mitochondria elongation was shown to associate with 

decreased IFN response and increased viral titer, suggesting that DENV suppresses the host 

type I IFN response through the interaction between NS4B and mitochondria [18]. 

Peroxisomes are also associated with antiviral signaling [19]. Coyaud et al. found that ZIKV 

proteins perturb multiple host organelles, including ER and peroxisome [20]. This is further 

supported by the finding that WNV and DENV capsids bind to the peroxisome biogenesis 

regulator Pex19 to interfere with peroxisome biogenesis [21]. Whether this impacts 

peroxisome-dependent antiviral signaling is unknown.
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Flavivirus NS5 is a multi-functional protein involved in viral RNA replication and host 

immune evasion. De Maio et al. took advantage of AP-MS technology to construct a DENV 

NS5-host PPIs map and identified a role of NS5 in the modulation of cellular splicing [22]. 

DENV NS5 has been shown to interact with spliceosome complex U5 snRNP to interfere 

with the splicing efficiency of host pre-mRNAs, including RIG-I. Interestingly, depletion of 

U5 snRNP, but not U2 snRNP components promotes DENV replication, suggesting that 

DENV manipulates specific splicing machinery to provide a favorable environment for 

infection [22]. Consistent with this finding, Poyomtip et al. used MS to identify a subset of 

splicing-related hnRNPs as major binding partners of DENV NS5 [23]. In addition to 

DENV NS5, hnRNPs were also found to associate with DENV RNA and enhance viral 

infection [24,25]. These studies suggest that DENV interacts with and manipulates host 

splicing machinery for efficient replication. The full spectrum of host genes whose 

alternative splicing is regulated by these flaviviral-host interactions and resultant outcomes 

related to viral pathogenesis remain unknown.

In addition to the non-structural proteins, several studies have utilized MS to identify the 

interactions between flavivirus structural proteins and host proteins. The cellular receptors 

required for flavivirus entry remain unclear. Studies found that domain III of DENV 

envelope interacts with human plasma proteins [26] and vimentin [27]. The transmembrane 

proteins PLVAP and GKN3 [28] as well as GRP78 [29] were shown to associate with JEV 

envelope and promote viral entry. MS was also used to identify host proteins that interact 

with flaviviral particles. For example, Annexin II and HSP70 were found to associate with 

DENV and ZIKV particles, respectively, to enhance viral infection [30,31].

Protein-protein interactions govern a wide range of cellular biological processes. As 

discussed above, MS-based proteomics is a robust tool to construct the virus-host 

interactomes and investigate the mechanisms by which viruses hijack or suppress host 

cellular pathways via protein-protein interactions.

Identifying host proteins that associate with viral RNA

By performing comprehensive identification of RNA-binding proteins by mass spectrometry 

(ChIRP-MS), Ooi et al. identified 464 host proteins that interact with DENV or ZIKV 

genomic RNA [32••]. Complementary CRISPR and haploid genetic screens with multiple 

clinical isolates of DENV and ZIKV revealed overlap between these approaches. Indeed, a 

subset of ER-associated proteins that play an important role during viral infection including 

RRBP1 and vigilin, were shown to bind to the viral genomic RNA. Furthermore, RRBP1 

and vigilin increase viral RNA stability, promote viral replication and protein translation 

[32••]. The ER is the major site for flavivirus replication. The critical roles of ER-associated 

proteins in flaviviral infection have been demonstrated by several independent studies [33–

36].

The flaviviral 3’ UTR is critical for viral translation. Liao et al. applied RNA 

chromatography and MS to identify host proteins that bind to 3’ UTRs of DENV serotypes 

1–4 [37]. The RNA binding protein Quaking (QKI) was shown to interact with DENV-4 3’ 

UTR and inhibit DENV-4 production, likely by suppressing viral translation. Interestingly, 
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there is specificity as QKI does not interact with DENV-2 3’ UTR and has no impact on 

DENV-2 replication [37]. Ward et al. used the same strategy to identify ERI3, a Golgi-

associated protein, as a binding partner of DENV-2 RNA. ERI3 interacts with the dumbbell 

structures within the DENV-2 3’ UTR and relocalizes to viral replication sites upon 

infection. Silencing of ERI3 reduced viral infection in both human cells and mosquitoes, 

indicating a conserved role of ERI3 in two hosts [38].

Subgenomic flaviviral RNA (sfRNA) is produced by the incomplete degradation of viral 

genomic RNA by the cellular 5’−3’ exoribonuclease XRN1, and has been shown to play an 

important role in counteracting the host immune response [39]. By using RNA affinity 

chromatography combined with MS, Soto-Acosta et al. identified that the fragile X mental 

retardation protein (FMRP) interacts with ZIKV sfRNA in human cells and mouse testes, 

and functions as an antiviral factor for ZIKV [40•]. Silencing of FMRP was found to 

increase viral translation and promote ZIKV infection. Expression of ZIKV sfRNA has been 

shown to upregulate endogenous FMRP targets, highlighting a role of ZIKV sfRNA in 

antagonism of FMRP function upon infection [40•]. Michalski et al. identified 28 host RNA-

binding proteins that associate with sfRNAs of both DENV and ZIKV and several sfRNA 

interactors involved in RNA decay, RNA splicing and RNA editing were shown to inhibit 

ZIKV infection. Moreover, expression of ZIKV sfRNA was found to interfere with mRNA 

decay and RNA splicing pathways [41]. In summary, the development of novel RNA-centric 

techniques, such as ChIRP-MS, facilitates the use of proteomic approaches to further our 

understanding of how host machineries are engaged by viral RNA to promote viral infection.

Detecting host protein dysregulation upon viral infection

While we have a deep understanding of the changes in the gene expression landscape during 

infection, we have a much poorer understanding of how the proteome changes. Several 

groups have employed MS to define the changes in host protein abundance during flaviviral 

infection. Dong et al. used MS to quantify differential regulation of host proteins during 

DENV infection in 293T cells and found that DDX21 levels are decreased in infected cells. 

Upon infection, DDX21 translocates from the nucleus to the cytoplasm and inhibits DENV 

replication, likely by enhancing the type I IFN response. To overcome DDX21 restriction, 

DENV utilizes the NS2B/3 protease to degrade DDX21 [42]. Rabelo et al. employed MS to 

identify host proteins that are altered upon expression of DENV NS1, and they found a role 

for DENV NS1 in regulating the expression of host proteins related to apoptosis and cellular 

stress [43].

JEV infects neurons to cause pathogenesis. Mukherjee et al. identified 13 host proteins that 

are differentially regulated in JEV-infected human neural stem cells. GRP78, a protein 

involved in ER stress and apoptosis, was shown to be upregulated upon JEV infection and 

interact with viral RNA. Depletion of GRP78 led to the suppression of JEV infection and 

caspase 3 activation, suggesting a role of ER stress in JEV-induced apoptosis [44]. By 

performing stable isotope labeling by amino acids in cell culture (SILAC)-based MS in 

293T cells, Tabata et al. identified several ESCRT proteins that are recruited to JEV 

replication sites on ER and play a role in viral particle formation [45]. These studies 

continue to highlight an important role of ER in flaviviral infection.
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Most human flaviviruses are mosquito-transmitted, and Aedes aegypti and Aedes albopictus 
are major vectors for many viruses. Xin et al. utilized MS to identify 200 host proteins that 

are dysregulated in ZIKV-infected Aedes albopictus C6/36 cells. CHCHD2 was found to be 

upregulated in ZIKV-infected mosquito C6/36 and human HeLa cells. CHCHD2 has been 

shown to promote ZIKV infection and suppress virus-induced IFN-β production in human 

HeLa cells, indicating that ZIKV may antagonize host immune response by upregulation of 

CHCHD2 [46]. Flavivirus-induced suppression of the host immune response was also shown 

in mosquitoes. For example, the capsid proteins of yellow fever virus (YFV) and ZIKV were 

found to inhibit RNAi by suppression of Dicer processing in Aedes aegypti, suggesting a co-

evolutionary arms race between virus and host [47]. Other studies demonstrated that ZIKV 

infection dysregulates host proteins involved in neuronal differentiation, IFN response, and 

energy production [48–53]. Flaviviruses can be also transmitted by ticks. In Langat virus 

(LGTV)-infected tick ISE6 cells, Grabowski et al. used MS to identify 68 host proteins that 

are upregulated upon infection. These proteins are associated with translation, amino acid 

metabolism, and protein folding/sorting/degradation pathways [54]. Further studies are 

required to understand the mechanisms by which these factors are controlled by flaviviral 

infection.

MS-based proteomic approaches can also be a valuable tool to identify host proteins that 

exhibit differential expression in virus-infected patients. Manchala et al. identified APO A-1 

as an upregulated host protein in DENV patients co-infected with multiple DENV serotypes 

[55]. This virus-induced host protein dysregulation may associate with disease severity, 

serving as a fingerprint of disease progression. For example, serum levels of OLFM4, PF4, 

A2M, CFD and TPM4 are being developed as potential biomarkers to differentiate between 

two manifestations of DENV infection--dengue fever and dengue hemorrhagic fever [56,57].

Discovering post-translational modifications of host proteins in virus-

infected cells

Post-translational modifications (PTMs) can regulate protein function, localization and 

stability. One strategy utilized by viruses to manipulate host proteins is to alter PTMs. 

Protein ubiquitylation is one of the most common PTMs that can play important roles in 

regulating protein stability and function. Following immunoprecipitation and MS analysis, 

Zhang et al. identified host proteins that are differentially ubiquitylated in DENV-infected 

cells [58•]. AUP1, a lipid droplet-localized type-III membrane protein, was shown to be 

deubiquitylated upon DENV infection. DENV-induced deubiquitylation increases AUP1 

levels and leads to its accumulation in autophagosomes. AUP1 also interacts with DENV 

NS4A and promotes viral production. Ubiquitin-modified mutant of AUP1 was shown to 

suppress the AUP1-NS4A interaction, leading to defective lipophagy and impaired viral 

production [58•]. Further studies are needed to fully elucidate the ubiquitylation changes 

induced by flaviviral infection.

Phosphorylation is another well-characterized PTM. Ye et al. performed MS-based 

phosphoproteomics and identified 604 host proteins that are differentially phosphorylated in 

JEV-infected human U251 glial cells [59]. JEV infection activates JNK1 signaling and 
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induces the phosphorylation of JNK1 substrates in human glial cells. JNK signaling is 

important as pharmacological inhibition of this pathway in mice led to decreased 

inflammatory cytokines secretion, reduced viral load and increased survival, indicating a 

critical role of JNK1 signaling in JEV-induced inflammation [59]. Using the same strategy, 

the host global phosphorylation profile was investigated for DENV [60], WNV [61] and 

ZIKV [10], showing the shared cellular pathways, whose phosphorylation status alters 

across different flaviviral infection, including RNA splicing and processing, and metabolic 

processes. These studies demonstrate how flaviviral infection perturbs host cellular 

pathways and provides initial mechanistic insights into virus-induced pathogenesis.

Concluding remarks

The interplay between viruses and their hosts is complex. To investigate such interactions, it 

is important to obtain a comprehensive view of both viral and host proteins during infection, 

and not just at the RNA level. MS-based proteomics approaches can be used to quantify 

protein abundance, interactions, and PTMs upon viral infection and provide researchers with 

opportunities to better understand the mechanisms by which viral infection alters the host 

cellular machinery.

AP-MS is a robust proteomics technique to investigate virus-host interactions. While AP-MS 

is widely used, a major challenge is that AP-MS can sometimes yield non-specific 

interactions, leading to false positives. Strategies such as tandem affinity purification-mass 

spectrometry (TAP-MS) and more sophisticated normalization algorithms are among the 

strategies employed to reduce the identification of false positives.

Many MS data sets have been generated by using transformed cell lines to analyze static 

protein-protein interactions in a non-physiological context. There is a growing interest in the 

field to increase our understanding of virus-host interactions in a more biologically relevant 

system, such as in the context of viral replication. The emergence of novel MS techniques 

such as cross-linking mass spectrometry (XL-MS) is a promising tool for identification of 

transient and dynamic virus-host interactions from different organelles and tissue samples. 

Moreover, the application of MS in proteomic studies of extracellular interactions that may 

occur between secreted viral proteins or virions and extracellular host factors will provide 

researchers the opportunity to investigate interactions that occur outside the host cell. With 

the development of new proteomics platforms, sample fractionation techniques, as well as 

bioinformatics tools, quantitative proteomics can greatly benefit both basic science and 

clinical research. This information can reveal the mechanisms by which viruses and host 

cells interact, informing the development of novel host-directed therapeutics.
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Highlights

• Mass spectrometry-based proteomics is a powerful tool to investigate 

flavivirus-host interactions.

• Affinity purification-mass spectrometry coupled with genetic screens can 

identify host proteins that physically interact with flaviviruses and impact 

viral replication.

• Proteomics techniques can elucidate mechanisms of dysregulation and post-

translational modifications of host proteins in flavivirus-infected cells.
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Box1.

Different types of proteomics approaches discussed in this review.

Affinity purification-mass spectrometry (AP-MS):

AP-MS is a powerful technique to identify binding partners of a target protein. Affinity-

tagged protein of interest is purified as bait and its associated prey proteins are analyzed 

by mass spectrometry.

Comprehensive identification of RNA-binding proteins by mass spectrometry 
(ChIRP-MS):

ChIRP-MS is novel technique to study RNA-protein interactions. RNA-protein 

complexes are crosslinked and purified by biotinylated anti-sense oligonucleotides 

against RNA of interest. The RNA-associated proteins are subsequently identified by 

mass spectrometry.

RNA affinity chromatography combined with MS:

RNA affinity chromatography combined with MS is a widely used method to identify 

RNA-binding proteins that interact with specific RNA sequences. Tagged RNA (e.g., 

biotin tag, tobramycin and streptomycin aptamer tag) is used to isolate RNA-protein 

complexes and the bound proteins are eluted for mass spectrometry analysis.

Stable isotope labeling by amino acids in cell culture (SILAC)-based MS:

SILAC is a proteomic technique for quantification of proteins from different samples 

using non-radioactive isotopic labeling. Two cell populations are labeled with normal 

amino acids (light label) or isotopic modified amino acids (heavy label), respectively. 

Heavy and light cell lysates are combined and subjected to mass spectrometry analysis. 

The ratio of peak intensities in the mass spectrum corresponds to the protein abundance.

MS-based phosphoproteomics:

MS-based phosphoproteomics is a powerful tool for identification of proteins with 

phosphorylation as a post-translational modification. The protein samples are digested 

into peptides and phosphopeptides with trypsin. Phosphopeptides are enriched via the 

affinity of phosphate groups towards metals (e.g., Fe3+, Ti4+ ions) on carrier resins. The 

enriched phosphopeptides are then quantified by mass spectrometry.

MS-based proteomics for identification of ubiquitination sites:

Protein ubiquitination sites can be identified by MS through enrichment of the diglycine 

remnant that is generated following trypsin digestion of ubiquitinated proteins. The 

resultant ubiquitin-remnant-containing peptides can be enriched by a diglycine-specific 

antibody and the ubiquitination sites are identified by mass spectrometry. It is important 

to note that this method also enriches for the peptide remnants of proteins modified by 

Nedd8 and ISG15, which cannot be distinguished by this method.
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Figure 1. 
Applications of proteomics in investigating virus-host interactions (created with 

BioRender.com)
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Figure 2. 
WNV and ZIKV antagonize host NMD-mediated restriction via protein-protein interactions. 

See text for further details. (created with BioRender.com)
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