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Abstract

The DNA viruses, Kaposi’s sarcoma-associated herpesvirus (KSHV) and Epstein-Barr virus 

(EBV), are members of the gammaherpesvirus subfamily, a group of viruses whose infection is 

associated with multiple malignancies, including cancer. The primary host for these viruses is 

humans and, like all herpesviruses, infection with these pathogens is lifelong. Due to the 

persistence of gammaherpesvirus infection and the potential for cancer formation in infected 

individuals, there is a driving need to understand not only the biology of these viruses and how 

they remain undetected in host cells but also the mechanism(s) by which tumorigenesis occurs. 

One of the methods that has provided much insight into these processes is proteomics. Proteomics 

is the study of all the proteins that are encoded by a genome and allows for i) identification of 

existing and novel proteins derived from a given genome, ii) interrogation of protein-protein 

interactions within a system, and iii) discovery of druggable targets for the treatment of 

malignancies. In this chapter, we explore how proteomics has contributed to our current 

understanding of gammaherpesvirus biology and their oncogenic processes, as well as the clinical 

applications of proteomics for the detection and treatment of gammaherpesvirus-associated 

cancers.
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Introduction

Herpesviruses are DNA viruses that replicate their genomes in the nucleus of host cells. 

These viruses establish lifelong infections and have two phases of their lifecycle, including a 

lytic phase and a latent phase. The quiescent latent cycle expresses few viral proteins, while 

the lytic cycle includes the expression of most of the viral genes and results in viral 

replication. At least eight species of human herpesviruses have been characterized to date, 

and they are classified into three distinct subfamilies: α, β, and γ. The α-herpesviridae 

subfamily includes herpes simplex virus type 1 (HSV-1), herpes simplex virus type 2 

(HSV-2), and varicella-zoster virus (VZV). The β-herpesviridae subfamily includes human 

cytomegalovirus (HCMV), by which congenital infection causes the most considerable 

burden of disease, as well as human herpesvirus-6 and human herpesvirus-7 (HHV-6 and 

HHV-7). The γ-herpesviridae subfamily includes Epstein-Barr virus (EBV) and Kaposi’s 

sarcoma-associated herpesvirus (KSHV), both of which are viruses linked to tumorigenesis 

(Jha et al., 2016). EBV is the etiological agent of Burkitt’s lymphoma (BL), nasopharyngeal 

carcinoma (NPC), post-transplant lymphoma (PTL), and Hodgkin’s lymphoma. KSHV 

infection is associated with its namesake Kaposi’s sarcoma (KS) as well as primary effusion 

lymphoma (PEL) and the plasmablastic variant of multicentric Castleman’s disease (MCD).

Currently, clinically available inhibitors for herpesviruses target the viral DNA polymerase, 

a vital protein necessary for the completion of the herpesvirus lifecycle (Pagano et al., 

2018). The most common class of these inhibitors are nucleoside analogs, which resemble 

nucleosides produced by cells, but their incorporation results in termination of DNA 

replication. However, acyclic nucleoside phosphonates (ANPs) such as cidofovir can also be 

used to treat herpesvirus infections (De Clercq and Holy, 2005). Collectively, these anti-

herpesvirus drugs target the lytic lifecycle of the virus, as they become active only once the 

viral thymidine kinase (a lytic protein) has phosphorylated the compound. Presently, for 

treatment of KS and EBV-associated cancers in HIV-positive individuals, highly active 

antiretroviral therapy (HAART) is used. Although these drugs do not directly target KSHV 

or EBV, they help to improve immune function by targeting HIV (Cheung et al., 2005; 

Manners et al., 2018). Likewise, PTL can be treated by stopping the use of 

immunosuppressive agents to help restore the patient’s immune system and therefore limit 

tumor progression; however, this approach may result in graft rejection. Thus, the generation 

of novel therapeutics for gammaherpesvirus infections and their associated cancers is of 

paramount importance.

Proteomics can offer insights that genomics or traditional laboratory techniques fail to 

elucidate, such as protein-protein interactions and the presence or modulation of post-

translational modifications (PTMs). Through an understanding of i) the proteins contained 

within gammaherpesvirus particles, ii) which proteins these viruses interact with during 

infection, and iii) how these viruses modulate the protein content within the host, new 

therapeutic strategies against KSHV and EBV infections and their associated cancers can be 

developed. In this chapter, we review proteomic methodologies have been utilized in 

understanding gammaherpesvirus biology and their roles in tumorigenesis, and highlight 

proteomic studies that identified key viral proteins and their interaction networks throughout 

the viral lifecycle. Additionally, we explore in-depth the cancers associated with 
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gammaherpesvirus infection and how proteomics is beneficial to the diagnosis and treatment 

of these virally-associated cancers. Finally, we conclude by discussing the future potential of 

proteomics for cancer research and viral oncology.

Proteomics approaches discussed in this chapter

Proteomics is the characterization of all of the proteins encoded by the genome of a given 

organism, tissue, or cell type (Larance and Lamond, 2015). Since proteins are responsible 

for cellular phenotypes, it is important to characterize individual protein binding partners as 

well as their functional roles in disease progression. Proteomics uses several approaches to 

determine protein-protein interactions (PPIs), whether they are direct or indirect. In this 

section, we discuss proteomic approaches that have been applied towards further 

characterizing gammaherpesvirus PPIs, either virus-virus or virus-host, as well as some of 

the drawbacks to each of these approaches.

Mass spectrometry

The most used and accepted method of proteomics is mass spectrometry (MS). MS 

measures the mass-to-charge ratio of a given sample. This measured ratio provides peptide 

predictions of what the sample identity could be by comparing actual sample spectra against 

central databases such as SwissProt, NCBI, NIST, and predicted peptide sequences. Major 

search engines include Mascot-Matrix Science, Sequest-John Yeats, and X-Tandem-GPM. 

These search engines compare peptides against decoy libraries to calculate false discovery 

rates, and software programs such as MAXQUANT/Perseus are used for quantitative 

proteomics analysis. Accordingly, each search engine uses different methods for scoring and 

removing false positives.

LC-MS and MALDI-MS

LC-MS and MALDI-MS are the two basic types of MS. In liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), a protein sample is digested into peptides and then 

separated by reverse phase chromatography. Following chromatographic separation, an 

energy source ionizes the molecules. These ionized molecules strike a detector and further 

separate as they pass through a set of magnets based on their mass-to-charge ratio 

(Aebersold and Mann, 2016). In contrast to LC-MS/MS, the matrix-assisted laser desorption 

ionization (MALDI)-MS approach uses single positively-charged ions generated by a laser. 

Samples are spotted on a substrate with a matrix that assists ionization where a laser 

vaporizes and ionizes the sample. Ionized molecules are injected into the mass spectrometer, 

where determinations of molecular charge and mass are then made (Aebersold and Mann, 

2003). Readouts from this assay are given in the composition of the sample determined from 

the spectra. As MALDI-MS relies on single positively-charged ions, the loss of a charge can 

interfere with the identification, rendering the prediction less accurate. For a novice to the 

practice of MS, MALDI-MS may represent a better approach to attempt to answer questions 

regarding protein interactions. Even though MALDI-MS is more time consuming, the 

samples are salvageable after processing on the machine, unlike when running LC-MS. 

MALDI-MS is also ideal when working with a complex mixture containing peptides that are 
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low in abundance. However, a noteworthy caveat of both of these techniques is that accuracy 

relies on the purity of the protein isolated.

Proteomic approaches to detect protein complexes

A commonly used proteomic method to confirm the high-throughput data generated from 

MS is antibody-based immunoaffinity purification (IP) of protein complexes, also known as 

pull-down assays, followed by immunoblot analysis that detects the antibody used in the 

pull-down (Larance and Lamond, 2015) (Fig. 1). These IP/pull-down assays utilize the “bait 

and prey” system. The “bait proteins” are prepared with tags to fish for and detect the “prey 

proteins.” Here, we will highlight three antibody affinity assays commonly used to detect 

PPIs.

The first assay is affinity purification mass spectrometry (AP-MS), by which PPIs are 

detected for a protein of interest that was purified from cell lysates using antibodies to 

precipitate the specific protein and its interacting partners (Fig. 1a). These precipitated 

samples are separated by the molecular weights of proteins in the immunoprecipitate using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein band(s) 

are prepared for MS analysis to determine if an interaction occurs and, if so, at which amino 

acid location. In-gel and in-solution digestion of proteins are commonly used preparation 

strategies prior to LC-MS/MS analysis (Dunham et al., 2012; Gingras et al., 2007). 

However, limitations of AP-MS include that it does not indicate whether the PPI is direct or 

indirect, nor the abundance or stoichiometry of the protein.

Tandem affinity purification coupled with MS (TAP-MS) can be performed to circumvent 

the issue of determining whether an interaction is direct or indirect. TAP-MS is similar in 

concept to epitope tagging except that it uses sequential tags. The first tag is the IgG 

Sepharose tag that is eventually cleaved off by the tobacco etch virus (TEV) protease (Fig. 

1b). The second tag is the calmodulin-binding protein (CBP) that binds to calmodulin. 

Calcium addition elutes calmodulin off the column, leaving only the CBP, the bait protein, 

and any other protein(s) that interact with the bait protein in this pull-down assay (Gingras et 

al., 2007).

Glutathione S-transferase (GST) affinity chromatography is a commonly used research tool 

over the last several decades that enables the purification of proteins and, ultimately, the 

determination of the biological function of proteins, by use of recombinant GST-fusion 

proteins. To produce these recombinant proteins, the functional GST protein of 26 kDa can 

be tagged at either the N- or C-terminus of the recombinant protein and integrated into an 

expression vector. Purification of the GST-tagged fusion protein is achieved through the 

binding of GST to its substrate, glutathione (Dunham et al., 2012; Harper and Speicher, 

2011) (Fig. 1c). GST is similar to AP-MS and TAP-MS; however, GST requires an 

additional step to permit the binding of the protein of interest with the substrate after the 

extraction of the GST-fusion protein.

Proteomic approaches to detect direct PPIs

Another commonly used proteomic method to determine PPIs is yeast two-hybrid (Y2H). 

Unlike AP-MS, Y2H can detect direct PPIs. Y2H involves transfecting yeast cells with two 
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different plasmids, each containing a different reporter protein (such as fluorescent proteins 

or a LacZ reporter cassette) and the suspected binding protein. The first plasmid is the bait 

plasmid that contains a DNA binding domain (DBD) as well as coding sequences for protein 

X. The second plasmid is the prey plasmid that contains a transcription activation domain 

(AD) as well as coding sequences for protein Y. Upon interaction between proteins X and Y, 

the DBD and AD domains reconstruct, resulting in the transcription of the reporter gene 

(Brückner et al., 2009).

Quantitative techniques

Isotope-coded affinity tag (ICAT) is a method that labels cysteine-rich proteins for 

quantification via LC-MS/MS. The cysteine residues are recognized by the ICAT’s cysteine-

specific reactive group that is connected to an isotope-coded linker (heavy or light can be 

used for comparison) that also contains a biotin affinity tag on the end of the linker (Aslam 

et al., 2017). It is through the biotin affinity tag that these labeled proteins are isolated (Tao 

and Aebersold, 2003). ICAT is ideal for complex mixtures of proteins as it is highly 

automated, and peptides are directly sequenced using MS/MS (Gygi et al., 1999). However, 

ICAT data can be biased by its reliance on cysteine-rich proteins.

Unlike ICAT, stable isotopic labeling with amino acids in cell culture (SILAC) labels the 

whole cellular proteome, not just cysteine-rich proteins, by using non-radioactive isotopic 

labeling. Amino acid isotopes based on molecular weight are labeled as either “light” or 

“heavy,” added to cell culture media, and then inserted into new polypeptide chains within 

the cultured cells. This allows for MS-based detection of differences in protein abundance as 

well as regulation of gene expression, cell signaling, and PTMs. A limitation of using 

SILAC for proteomic experimentation is that it restricts the user to the examination of 

biological systems under a very controlled condition (Chahrour et al., 2015). Therefore, 

these labeling methods are not suitable for use with primary tissue, such as patient samples, 

but would be suitable for endogenous labeling of cell lines.

Protein arrays/chips

Protein microarrays, also known as protein chips, detect protein interactions from a small 

amount of sample and permit the investigation of multiple interactions on a single chip, 

saving both time and sample material (Aslam et al., 2017). Protein microarrays are similar in 

concept to ELISAs in that both utilize antibodies to probe against the desired protein of 

interest. There are three types of protein microarrays: functional microarrays, analytical 

microarrays, and reverse-phase microarrays. Functional protein microarrays utilize 

antibodies to detect isolated proteins. Analytical microarrays use a chip that is pre-coated 

with a capture antibody prior to the addition of the protein and fluorophore detection, similar 

to a sandwich ELISA. In reverse-phase microarrays, a whole-cell lysate can be added to the 

chip (Sutandy et al., 2013).

Three-dimensional structure-based proteomic approaches to detect PPIs

Nuclear magnetic resonance (NMR) is a technique which provides dynamics of structure, 

such as distances between atoms, the locations of atoms within a molecule, and images of 

protein structure. NMR gathers information on how atoms move by exploiting the magnetic 
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properties of specific atomic nuclei and their responses to powerful magnetic fields. NMR is 

often paired with liquid chromatography (LC) or high-performance liquid chromatography 

(HPLC) (Aslam et al., 2017). One major limitation of NMR is that the limit of detection is 

30 kDa, as the size of the magnet limits which proteins can be analyzed using this method.

In contrast, X-ray crystallography does not have the same size limitation as NMR. In X-ray 

crystallography, proteins of any size can be analyzed, and this technique can measure up to 

sub-atomic (<1.0Å) levels. X-ray crystallography is considered the “gold standard” 

technique for the determination of three-dimensional protein structure. Diffraction patterns 

from the X-rays produce the repeating unit that comprises the crystal, size, and packing 

symmetry. X-ray crystallography can be useful for a wide range of applications, including 

studying protein-nucleic acid complexes and immune complexes in viral systems. The three-

dimensional protein structure produced by X-ray crystallography can provide detailed 

information about protein-ligand interactions and enzyme mechanics, which are critical 

considerations for drug design (Khakurel et al., 2019). However, one major caveat to this 

technique is that the proteins must be highly purified and crystallized before their exposure 

to the X-rays.

Data repositories and databases

Several resources and databases are available from both predictive proteomic data and 

experimental proteomics, and encompass both known and novel protein pathways. Uniprot 

and Genecard are databases for everyday use. There are also databases for specific PTMs; 

for example, PhosphositePlus and UbiSite are both widely used for phosphorylation and 

ubiquitination, respectively. Databases such as the Biological General Repository for 

Interaction Datasets (BioGRID), the Molecular INTeraction database, and IntAct contain 

information regarding viral protein interactions in complexes, and are publicly available 

(Huttlin et al., 2015). Based on the list of provided genes and the available interactions using 

the IntAct database, users can visualize virus-protein interaction networks to gain a greater 

understanding of the biological system under investigation. Centralized data repositories 

allow for the data and results to be accessible to proteomics researchers and biologists alike, 

thus facilitating the dissemination of proteomics data.

Contributions of proteomics towards the discovery of KSHV and EBV virion 

composition

General structure of gammaherpesvirus particles

As previously mentioned, herpesviruses including KSHV and EBV are DNA viruses that 

replicate in the nucleus of host cells. The large double-stranded DNA genome of 

herpesviruses is located within a central core of the virus particle. The core containing the 

genomic information is encased by an icosahedral capsid, and the capsid is then surrounded 

by an amorphous region called the tegument (Fig. 2). The tegument contains virally-encoded 

proteins which are critical for early-stage infection as well as virus assembly and release 

from host cells (Guo et al., 2010; Lange and Damania, 2020). Finally, herpesvirus virions 

are encapsulated by a lipid envelope derived from host cell membranes, which contain 

embedded glycoproteins (Manservigi and Cassai, 1991).
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Although DNA is the genetic material of gammaherpesviruses, the proteins located within 

the virus particle are just as important for virus propagation and survival. As stated above, 

many of these virion proteins are encoded by the viral genome and are located either inside 

(tegument and capsid proteins) or on the outside (membrane-bound glycoproteins) of the 

virus particle. Vital for virus attachment, entry, replication, assembly, and egress, these 

proteins have fascinated virologists for decades. This section will describe the contributions 

proteomic approaches have made in discovering and characterizing the proteins in KSHV 

and EBV virions.

Proteomics and KSHV virion composition

KSHV ORF45 is a viral protein encoded by an immediate early gene and was shown by Zhu 

and Yuan in 2003 to be a tegument protein associated with virus particles. KSHV virions 

were purified, lysed, resolved using a NuPAGE gel, and silver-stained to visualize protein 

bands. A band corresponding to the molecular weight of ORF45 was observed, and this band 

was then extracted and analyzed via MS to determine protein identity. The results confirmed 

that the ORF45 protein is contained within KSHV virus particles (Zhu and Yuan, 2003). 

This proteomics approach was complemented by several other methods, including 

immunoblotting, which demonstrated ORF45 presence alongside known KSHV structural 

proteins, sucrose gradient purification of virus particles, which isolated ORF45 protein 

within the same fraction as the known virion protein K8.1, and electron microscopy, which 

showed ORF45 staining of KSHV virions. Further experimentation suggested that ORF45 

was a tegument protein; trypsin treatment of virus particles did not result in the degradation 

of ORF45 until the viral envelope had been compromised, and ORF45 was found in the 

tegument pellet when surface glycoproteins were liberated via detergent treatment. Thus, 

ORF45 was identified as a KSHV tegument protein and provides an example of how 

proteomics can be used to complement more targeted methods for protein identification.

A few years later, Zhu and colleagues undertook a global proteomics approach to identify a 

larger number of KSHV virion proteins. KSHV virus particles were purified, the proteins 

were separated out by SDS-PAGE, and the resulting bands were subjected to HPLC-MS 

analysis. Excitingly, analysis of the protein data revealed 24 proteins associated with KSHV 

virus particles, as well as a few cellular proteins. Identified virion proteins in this study 

included capsid proteins (ORF17.5, ORF25, ORF26, ORF62, ORF65), envelope 

glycoproteins (gB, gH, gM, gL, gN, K8.1, ORF68), tegument proteins (ORF11, ORF21, 

ORF33, ORF45, ORF52, ORF63, ORF64, ORF75), and ORF6, ORF7, and ORF27 (Zhu et 

al., 2005). Interestingly, the cellular proteins β-actin and myosin were found in the tegument 

of KSHV virus particles, although whether packaging of these proteins was selective or non-

selective was not investigated in this study. Taken together, the data obtained from these 

proteomic methodologies greatly advanced our understanding of the proteins encompassing 

the KSHV virion and set the stage for subsequent functional studies.

Around the same time, Bechtel et al. also undertook a global study of the proteins 

incorporated into KSHV virions. KSHV virus particles were purified and their associated 

proteins were separated on an SDS-PAGE gel. Subsequent bands were then analyzed using 

MALDI-MS. Results yielded 18 proteins of both viral and cellular origin associated with the 
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KSHV virions. Identified proteins included capsid proteins (ORF25, ORF26, ORF62), 

membrane-embedded glycoproteins (gB, gH), tegument proteins (ORF21, ORF33, ORF63, 

ORF75), and ORF24 (Bechtel et al., 2005b). As most of these data overlap with the findings 

of Zhu et al., these two studies together present a comprehensive description of the proteins 

that are found within KSHV virions (Fig. 2). Interestingly, Bechtel et al. also discovered 

cellular proteins such as actin and tubulin inside the KSHV virus particles, although again, 

whether packaging of these proteins was intentional or random due to high abundance 

during virion assembly was not determined.

Similar proteomic approaches were employed to determine the virion-associated proteins of 

murine gammaherpesvirus 68 (MHV68), which is a closely-related virus to KSHV and EBV 

and is often representative of gammaherpesvirus infection and pathogenesis (Virgin et al., 

1997). LC-MS/MS analysis on proteins extracted from purified MHV68 virions revealed 

capsid, tegument, and envelope proteins, many of which were homologues of other 

gammaherpesvirus virion proteins (Bortz et al., 2003). Cellular β-actin was also found inside 

MHV68 virions, suggesting a commonality across gammaherpesvirus assembly 

mechanisms. A following study also used LC-MS/MS to address the same question for 

MHV68, and these results greatly improved the existing dataset, more than doubling the 

number of proteins shown to be associated with MHV68 virions from 14 to 31 (Vidick et al., 

2013).

Proteomics and EBV virion composition

A systematic study to describe the proteins contained within mature EBV virus particles was 

undertaken by Johanssen and colleagues using a MS-based approach. EBV virions were 

purified, the proteins were separated out on a gel, and the resulting bands were analyzed via 

LC-MS/MS. The data analysis uncovered capsid, tegument, and envelope proteins of EBV, 

as well as host proteins within the virion. The EBV capsid proteins identified were BcLF1, 

BDLF1, BFRF3, BORF1, and BBRF1; tegument proteins included BPLF1, BGLF2, 

BOLF1, BVRF1, BBLF1, BGLF1, BSRF1, BGLF4, BNRF1, BLRF2, BRRF2, BDLF2, and 

BKRF4; and glycoproteins detected in the EBV envelope were gp350, gB, gH, gL, gp42, 

gp150, gM, gN, and gp78 (Johannsen et al., 2004). Some of these findings confirmed 

previous speculation or observations made by others, while many of these proteins were 

novel additions to the knowledge surrounding EBV virion protein composition. 

Additionally, cellular proteins such as tubulin and actin were found to be associated with 

EBV capsids, mirroring the cellular protein composition found in KSHV and MHV68 

virions. Overall, these data substantially contributed to our understanding of the protein 

composition of EBV virus particles (Fig. 2).

Interestingly, more recent data suggest that cytoskeletal proteins are not the only cellular 

components incorporated into gammaherpesvirus virions. EBV was shown to utilize the 

macroautophagy pathway in cells to obtain the outer membrane during virion maturation 

(Nowag et al., 2014). The autophagic protein LC3-II was detected in concentrated EBV 

virus preparations, and immunoelectron microscopy analysis revealed autophagic 

membranes present in virus envelopes via LC3 staining. Thus, these data indicate that EBV 
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hijacks the autophagy pathway for lytic viral production and incorporates proteins involved 

in autophagy, such as LC3-II, into the virus particle during membrane acquisition.

Global proteomic approaches can be used to identify not only proteins present within virus 

particles, but also proteins expressed during the lytic cycle of gammaherpesviruses. Traylen 

et al. used proteomics to globally assess the proteins that were expressed during lytic EBV 

replication in cell culture. BL cells undergoing lytic viral replication were isolated, and the 

cellular and viral proteins present were then identified and quantified using MS. This screen 

resulted in 44 lytic EBV proteins, as none of these proteins had previously been linked to 

latency (Traylen et al., 2015). Many of these identified lytic proteins were capsid, tegument, 

or envelope proteins as established by others. However, the MS analysis uncovered three 

proteins not previously demonstrated to be detectable by this method: BBRF2 (involved in 

viral egress), BFLF1 (involved in viral maturation), and BSLF1 (involved in viral 

replication). Thus, proteomic approaches can be used to detect i) viral proteins that compose 

virus particles, ii) cellular proteins that are incorporated into virus particles, and iii) viral 

proteins associated with either the latent or the lytic phase of herpesvirus lifecycles.

Proteomics and immunity

One of the hallmarks of oncogenic gammaherpesviruses is the ability to evade host immune 

recognition and downregulate the host immune response. Accordingly, these viruses encode 

multiple immunomodulatory proteins to achieve immune escape. K5, one of the immune 

evasion proteins encoded by KSHV, was first discovered through a genomic screen 

searching for viral proteins that downregulated MHC-I expression on host cells (Coscoy and 

Ganem, 2000). However, a more thorough understanding of proteins that were affected by 

K5 expression was lacking. To address this knowledge gap, comparative proteomics was 

used to assess differences in protein expression between cells expressing K5 versus cells 

lacking K5 (Bartee et al., 2006). This methodology employed SILAC, which incorporated 

“light” amino acids into the cells lacking K5 and “heavy” amino acids into the cells 

expressing K5, thus allowing identification and differentiation of sample proteins in 

combined MS analyses. Results of this approach identified MHC-I, activated leukocyte cell 

adhesion molecule (ALCAM), bone marrow stromal antigen 2 (BST-2), and syntaxin-4 as 

genes that were downregulated in cells expressing K5 compared to the control cells. This 

observed downregulation of ALCAM, BST-2, and syntaxin-4 in the presence of K5 was then 

independently verified using immunoblotting, immunofluorescence, and flow cytometry 

techniques. In sum, this study identified novel targets for the KSHV immunomodulatory 

protein K5 and demonstrated for the first time the utility of quantitative proteomics for this 

purpose.

Proteomics can also be used to evaluate immune system recognition and antibody responses 

to gammaherpesvirus infection. Zheng et al. designed protein microarrays containing 92 

KSHV and 82 EBV proteins embedded on a chip. These microarrays were then used to 

screen plasma isolated from healthy donors, EBV-negative B cell lymphoma patients, and 

KS/HIV-positive patients. Recognition of the viral proteins by IgG and IgA antibodies was 

assessed. Results showed that ORF73 and ORF38 were the most-recognized antigens by IgG 

in the KS/HIV-positive samples only, confirming the utility of ORF73 for KSHV serology 
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testing and identifying ORF38 as a novel serology marker for KSHV infection (Zheng et al., 

2011). In contrast to KSHV, which is not a ubiquitous virus, EBV-IgG reactivity was 

detected in all but one individual. EBNA1, EBNA3B/3C, and the capsid protein BFRF3 

were among the EBV antigens most recognized by IgG antibodies. Additionally, IgA 

reactivity against EBV BCRF1, EBNA1, and the early protein BRRF1 was detected in 100% 

of the samples. Altogether, this study demonstrates how proteomics can be used to design a 

specific and sensitive assay to measure humoral immunity against gammaherpesvirus 

infection and to determine the viral antigens predominantly recognized by the immune 

system.

Contributions of proteomics towards elucidating virus-host PPIs

There are several proteomic approaches used to explore virus-host interactions. Identifying 

virus-host interactions at sequential steps of the viral lifecycle may reveal virus-dependent 

signaling pathways that could be targeted by novel antiviral compounds to prevent or treat 

virus-induced diseases. In the following sections, we highlight examples of proteomic 

approaches used to uncover some of the gammaherpesvirus-host interactions.

Protein interactions associated with latency in gammaherpesviruses

Both EBV and KSHV attach to host cells via clathrin-mediated endocytosis. KSHV binds to 

cell surface heparin sulfate-like moieties (Wang et al., 2001), and enters cells via envelope 

glycoproteins, cellular integrins, the cystine-glutamate transporter (xCT), and CD98. 

Similarly, EBV binds to B cells via gp350/220, and then fuses with the host cell plasma 

membrane via gH, gL, and gB (Hutt-Fletcher, 2007). Using co-IP assays, Wang et al. 

identified neuropilin 1 (NRP1) as a novel EBV cellular entry factor that interacts with EBV 

gB. Interestingly, knockdown of NRP1 in NPC cells resulted in a significant decrease in 

EBV entry, suggesting that NRP1 is involved in EBV infection of epithelial cells in the 

nasopharynx (Wang et al., 2015). Subsequently, the same group identified Ephrin receptor 

A2 (EphA2) as an entry receptor for EBV on epithelial cells. By using co-IP, GST pull-

down, and immunofluorescence assays, the authors showed that EphA2 interacted with the 

EBV fusion machinery (gH/gL/gB), similar to NRP1 (Zhang et al., 2018).

Once KSHV makes its way to the nucleus, ORF73, also known as the latency-associated 

nuclear antigen (LANA), attaches the viral episome to the host cell chromosome, where the 

virus remains in the latent cycle until reactivated (Aneja and Yuan, 2017). Each host cell 

harbors multiple copies of this KSHV episome, which is replicated alongside cellular DNA 

during cell division, allowing for viral persistence (Cesarman et al., 2019). During latent 

infection, infectious virions are not produced; however, a few genes are transcribed during 

KSHV latency (Dittmer et al., 1998). These latency-associated transcripts, or latent genes, 

include ORF73/LANA, ORF72/v-Cyclin, ORF71/v-FLIP, Kaposins, and microRNAs 

(miRNAs), which all function to help maintain the growth and survival of the infected cell 

(Mesri et al., 2010; Purushothaman et al., 2015). In EBV, the homolog to LANA is Epstein-

Barr nuclear antigen-1 (EBNA-1).

As LANA regulates latency in immune cells, further elucidation of LANA-specific 

associations via proteomics may uncover interactions critical for the development of cancer. 
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To determine if LANA is arginine-methylated, Campbell et al. screened a library consisting 

of eight of the nine mammalian protein arginine methyltransferase (PRMT) recombinant 

viral proteins to determine if they could function as methylation transferases of LANA in 
vitro by a methylation (3H autoradiograph) assay. Using GST fusion protein mutants, the 

authors uncovered a single PRMT1 methylation site on LANA at Arg-20 and confirmed this 

finding by mutating LANA at this site (R20K) and comparing methylation levels to those of 

wild-type (WT) LANA. Results of this study showed that LANA R20K was considerably 

less methylated than WT LANA and, additionally, that PRMT1 associated with LANA in 

the cells, further suggesting that PRMT1 methylates LANA at Arg-20 (Campbell et al., 

2012).

Like LANA, the EBV homolog EBNA-1 is present in both the latent and lytic lifecycles of 

the virus. To understand some critical interacting regulators of EBNA-1, Holowaty and 

colleagues utilized TAP-tagged EBNA-1. This TAP-tagged EBNA-1, and subsequent 

confirmation with co-IP, identified USP7/HAUSP, a cellular deubiquitinating protease, as a 

stable interacting protein with EBNA-1 (Holowaty et al., 2003). Other top interacting 

proteins identified were casein kinase II subunit α (CSNK2A2), HAUSP/USP7, NAP1, 

template-activating factor-Iβ/SET, CK2, and PRMT5. This study demonstrates the 

successful use of an alternative proteomic tagging technique for the identification of cellular 

proteins bound by EBNA-1. Adding to these findings, EBNA-1 was shown to also interact 

with the cellular ribosomal proteins RPL4 and nucleolin, facilitating stability of the EBV 

genome during latency (Shen et al., 2016). Finally, Wang et al. recently demonstrated that 

EBNA-1 interacts with and inhibits the cellular protein STUB1, which helps to suppress 

EBV lytic gene expression and maintain viral genomic stability in latently-infected host 

cells (Wang et al., 2020).

Upon EBV infection of B cells, EBNA-2 and EBNA-LP help to establish the latency 

program as well as maintain the growth and survival of the host cells (Kempkes et al., 1995; 

Szymula et al., 2018). Using two-dimensional PAGE and MALDI-MS techniques, Schlee et 

al. compiled a list of cellular proteins that were modulated by EBNA-2 in B cells. Results 

included the upregulation of protein synthesis and degradation factors as well as cell growth 

factors, while proteins involved in apoptosis and cytoskeleton arrangement were 

downregulated (Schlee et al., 2004). Additionally, co-IP and MS-based assays revealed that 

truncated EBNA-LP interacts with multiple subunits of the protein phosphatase PP2A in an 

inhibitory manner (Chelouah et al., 2018; Garibal et al., 2007). Thus, by inhibiting PP2A, 

EBV exerts both anti-apoptotic and pro-oncogenic effects in infected cells.

Latent membrane protein 1 (LMP-1) is an EBV transmembrane protein important for both 

successful EBV infection as well as primary B cell activation (Kieser and Sterz, 2015; Pratt 

et al., 2012). LMP-1 is a functional homolog of cellular CD40 (Graham et al., 2010), and is 

required for EBV-mediated B cell transformation (Soni et al., 2007). To identify novel PPIs 

between LMP-1 and cellular proteins, Song et al. utilized a Y2H strategy and identified 

interferon regulatory factor 7 (IRF7) as a top interacting protein with LMP-1 (Song et al., 

2008). Co-IP confirmed IRF7 to interact with LMP-1, and the authors hypothesized that this 

interaction might function to evade host immune detection by silencing transcriptional 

activation of virus-inducible cellular genes. Using pull-down assays, Bentz et al. 
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demonstrated that LMP-1 interacts with Ubc9, a cellular factor involved in protein 

modification. Furthermore, LMP-1 was shown to increase the sumoylation (a PTM) of host 

proteins through Ubc9, which led to an increase in cellular migration and oncogenic 

potential (Bentz et al., 2011). Additionally, using a global proteomics approach, DeKroon et 

al. examined the cellular proteins that were modulated by EBV LMP-1 and LMP-2A 

expression. The authors grouped the resulting data into pathways, and the cellular areas most 

affected by LMP-1 and LMP-2A included ubiquitination, vesicle formation/trafficking 

(including extracellular vesicles, which will be discussed in a later section), and cellular 

migration (DeKroon et al., 2018). Finally, Tworkoski and Raab-Traub performed a kinase 

screen to identify cellular kinases that were activated by LMP-1. Results of the screen 

demonstrated that LMP-1 phosphorylates and activates insulin-like growth factor 1 receptor 

(IGF1R), allowing for increased cell proliferation and loss of contact inhibition, both of 

which are characteristic of transformed cells (Tworkoski and Raab-Traub, 2015). 

Collectively, these examples demonstrate how proteomic approaches can be applied to 

uncover details in gammaherpesvirus lifecycles that might otherwise go unnoticed using an 

alternative approach.

Comparable to LMP-1 of EBV, KSHV encodes the transmembrane protein K1, which is 

necessary for transforming B cells and is similar to a B cell receptor (BCR) in its 

immunoreceptor tyrosine-based activation motif (ITAM) (Wen and Damania, 2010b). 

Proteomics has enabled insights into critical interactions which allow for K1 to regulate 

KSHV persistence in host cells. Lee et al. used KSHV-infected cell lysates labeled with 

[35S] methionine-cysteine and the GST pull-down method to identify K1 binding proteins. 

Results of these assays revealed Lyn, Syk, Grb2, Vav, and PLCy2 as binding partners of 

tyrosine-phosphorylated K1 (Lee et al., 2005). Using TAP-MALDI-TOF, we found that K1 

resists cellular apoptosis by interacting with heat shock protein 90 (Hsp90), and we 

confirmed this result through reverse co-IPs, confocal microscopy, and pharmacological 

inhibition of Hsp90 in both 293 cells and B cells (Wen and Damania, 2010a). Additionally, 

in a separate study, we performed TAP-MS to identify K1 binding partners. We identified 5’ 

adenosine monophosphate-activated protein kinase (AMPK) as a K1 interacting protein and 

found that this K1-AMPK interaction enhanced cell survival during periods of stress 

(Anders et al., 2016). Using pull-downs of GST fusion proteins containing K1 followed by 

LC-MS, Choi et al. determined that K1 interacted with cellular PYCR and showed that this 

K1-PYCR interaction increased cell growth in vitro and increased tumor size in mice (Choi 

et al., 2020). Altogether, these studies helped to reveal intricate ways K1 interacts with 

cellular proteins to enable resistance to apoptosis, promote cellular growth and survival, 

increase angiogenesis, and facilitate tumor development.

KSHV expresses four proteins similar to the cellular interferon regulatory factors (IRFs) 

called viral IRFs (vIRFs), which help to antagonize the host cell antiviral response (Giffin 

and Damania, 2014). vIRF3, also called LANA-2, is encoded by ORF K10.5 and is the only 

vIRF expressed during latency (Rivas et al., 2001). Using pull-down assays, Lubyova et al. 

found that vIRF3 interacts with cellular IRF3 and IRF7. Further experimentation suggested 

that vIRF3 enhances IRF3 and IRF7 innate immune signaling, but the effects that these 

interactions might have on viral latency, as well as tumor formation, were not addressed 

(Lubyova et al., 2004). The same group subsequently performed Y2H and GST pull-down 
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assays in PEL cells and found that vIRF3 associated with the c-Myc suppressor protein 

MM-1alpha as well as the CDK4 promoter region (Lubyova et al., 2007).

In vitro pull-down of GST fusions of vIRF1 revealed both IRF1 and p300 as vIRF1 

interacting partners, and identified a location on vIRF1 involved in overcoming the cellular 

interferon response and cell death (Burysek et al., 1999a). Nakamura and colleagues found 

vIRF1 to interact with p53 by using co-IP deletion mutants, and this interaction hindered 

growth arrest (Nakamura et al., 2001). Similarly, Seo et al. identified this vIRF1–p53 

interaction by using GST pull-down assays, in vitro co-IP, and domain mapping. A 

luciferase reporter assay with vIRF1 revealed that the vIRF1–p53 interaction regulated p53 

and p21 gene transcription (Seo et al., 2001). Finally, we used MS to identify vIRF1 

interacting proteins and found that HERC5, an ISG15 ligase, interacted with vIRF1, and that 

this interaction resulted in an increase in KSHV reactivation and the number of infectious 

viral particles (Jacobs et al., 2015).

vIRF2 is another KSHV homolog of cellular IRFs. Burysek et al. made a GST fusion protein 

containing vIRF2 and performed an in vitro binding assay. Results of this assay determined 

that vIRF2 interacts with cellular IRF1, IRF2, ICSBP, the N-terminal domain of RelA (p65), 

and the C-terminal domain of p300 (Burysek et al., 1999b). A couple of years later, Burysek 

and Pitha used the GST pull-down method along with 35S-labeling to identify vIRF2 protein 

interactions and found that protein kinase R (PKR) interacted with vIRF2. Studies showed 

that vIRF2 inhibited PKR autophosphorylation and phosphorylation of downstream PKR 

substrates as measured by a kinase assay (Burýšek and Pitha, 2001).

K15 is a latent KSHV protein, and several groups have utilized proteomics to understand the 

molecular interactions of how K15 modulates host cells to aid in virus survival and 

persistence. Sharp et al. found that K15 binds the cellular protein HAX-1 by using Y2H, 

GST pull-down assays, and co-IPs of the C-terminal domain of K15 (Sharp et al., 2002). As 

the receptor function of K15 is constitutively active once phosphorylated, Abere et al. 

examined potential phosphorylated K15 (pK15) binding partners. IP-MS of pK15 identified 

phosphatidylinositol 4-phosphate 3-kinase (PI3K)-C2α as a pK15 interacting protein. The 

authors then confirmed this pK15 interaction with PI3K-C2α using reverse co-IP in 293 

cells, GST pull-down assays, and confocal microscopy. Functionally, siRNA depletion of 

PI3K-C2α was found to reduce KSHV lytic replication (Abere et al., 2018).

Protein interactions associated with reactivation from latency in gammaherpesviruses

Similar to other herpesviruses, KSHV can reactivate from latency under conditions that are 

stressful to the host or the surrounding cellular environment, such as inflammation, hypoxia, 

infection, or immunosuppression (Purushothaman et al., 2015). In culture, KSHV-infected 

cells can be chemically induced to reactive from latency by using drugs such as TPA and 

sodium butyrate (Aneja and Yuan, 2017; Miller et al., 1997). KSHV encodes a replication 

and transcription activator known as RTA or ORF50. RTA is a switch that is both necessary 

and sufficient to initiate the lytic cycle of KSHV, and K8/Kb-ZIP is an immediate-early gene 

that suppresses RTA function (Izumiya et al., 2003). By applying proteomic methods such as 

affinity chromatography and Y2H, several research groups demonstrated that K8/Kb-ZIP 

interacts with HDAC1/2 (Martínez and Tang, 2012; Tomita et al., 2004). This interaction 
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with HDAC1/2 likely keeps the chromosome condensed and inaccessible for RTA binding to 

occur.

Conserved among all herpesviruses is an mRNA transcript accumulation (MTA) protein, 

which is a viral regulatory protein that, like RTA, allows for lytic replication to occur 

(Majerciak and Zheng, 2015). In KSHV, this protein is ORF57, and the EBV homolog is 

also called MTA or EB2. By interacting with an assortment of cellular proteins, ORF57 

promotes the expression of viral genes. However, it was unclear at which stage of the viral 

lifecycle ORF57 was functionally active: pre- or post-transcription. Boyne et al. addressed 

this gap in knowledge by determining if ORF57 associates with either the pre-transcriptional 

human transcription/export (hTREX) mRNA processing complex or the post-transcriptional 

exon junction complex (EJC). Immunoaffinity assays showed that only hTREX components 

(Aly, CBP80, TAP, and UAP56) interacted with MTA and not the EJC components, 

suggesting that the hTREX, not the EJC, is recruited to intronless viral transcripts (Boyne et 

al., 2008).

In addition to MTA, EBV also encodes RTA and ZTA, which are two viral transcription 

factors essential for lytic replication (Chevallier-Greco et al., 1986). Through co-IP and LC-

MS assays, EBV ZTA was found to interact with several cellular heat shock proteins, RNA 

binding proteins, and single-stranded DNA binding proteins (Wiedmer et al., 2008). One of 

these proteins, the mitochondrial DNA binding protein mtSSB, was shown to enhance EBV 

replication. Interestingly, when a mutation known to inhibit EBV replication was introduced 

into ZTA, mtSSB was no longer able to associate with ZTA, thus demonstrating that this 

mutation reduced viral replication due to lack of mtSSB binding. Along the same lines, 

Zhou et al. employed IP- and MS-based approaches to characterize the ZTA protein 

interaction network in BL cells. Both viral and cellular proteins were shown to interact with 

ZTA, two of which were of the nuclear factor of activated T cells family (NFATC1 and 

NFATC2). By binding to these cellular NFAT proteins, EBV modulates NFAT signaling, 

potentially as a mechanism to control ZTA expression levels in infected cells (Zhou et al., 

2020).

To gain a perspective of how EBV modulates host cells on a global scale, Calderwood and 

colleagues utilized the Y2H system to create an “ORFeome” interaction data set consisting 

of both EBV-EBV and EBV-host interactions (Calderwood et al., 2007). HOMER3 was one 

of the 13 human proteins that interacted with several EBV proteins. HOMER3 interacted 

with nine EBV baits, including BFRF1 (nuclear membrane homolog of the alphaherpesvirus 

UL34), BILF1 (gp64; a G-protein coupled receptor), BLLF1 (gp350/220), BKRF2 (gL), 

BBRF3 (gM), BDLF3 (gH; formerly gp85), the replication and transcription factor BLRF1, 

the capsid binding protein BGLF2, and the tegument protein BFLF2.

Using AP-MS, we identified host proteins that interacted with the KSHV 

immunomodulatory protein vIL6. Hypoxia upregulated protein 1 (HYOU1) was shown to be 

a novel vIL6-interacting protein, and HYOU1 expression enhanced cell survival, migration, 

and signaling (Giffin et al., 2014). Similarly, but on a global scale, Davis et al. used AP-MS 

to identify over 500 interactions between KSHV and host cell proteins. Of note, ORF24 was 

shown to interact with cellular RNA polymerase II (RNA pol II). This interaction was not 
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limited to KSHV, as the ORF24 homologues in EBV, HCMV, and MHV68 all interacted 

with RNA pol II as well, suggesting a conserved function among these herpesviruses. 

Finally, the KSHV ORF24–host RNA pol II interaction was necessary for the transcription 

of late genes to occur, indicating that the completion of the KSHV life cycle depends on this 

viral interaction with the host cell (Davis et al., 2015).

Similar global proteomic techniques have been employed for studying EBV modulation of 

host cell proteins during infection. Using a global and comparative proteomics approach, 

Ersing et al. quantified thousands of cellular and EBV proteins that were modulated in BL 

cells during the lytic phase of the EBV lifecycle. Noteworthy findings included viral 

targeting of B cell receptors for degradation by an EBV early protein, and activation of 

innate immune signaling pathways in the B cells (Ersing et al., 2017). The authors then 

extended these findings for inclusion in comparative analyses with other related 

herpesviruses. Results of this comparison showed that eight cellular RNA binding proteins 

were downregulated by both EBV and HCMV, while neuroligins 1 and 4X were 

downregulated by three human herpesviruses (EBV, HCMV, and KSHV), suggesting that 

these cell adhesion proteins might play a global role in herpesvirus biology.

Contributions of proteomics towards elucidating virus-virus PPIs

To date, much has been learned about the protein interactions that occur between 

herpesviruses and host cells. In contrast, information regarding the interactions that occur 

between herpesvirus proteins, and in particular KSHV, is lacking, in part due to the 

challenges of robustly growing KSHV in culture (Uetz et al., 2004). To help elucidate the 

interactions among herpesvirus proteins, Uetz and colleagues generated protein interaction 

maps for KSHV and VZV through Y2H bait and prey arrays. For KSHV, the authors 

examined over 12,000 viral protein interactions utilizing both fragment and full-length 

proteins. Results of this screen identified 123 KSHV protein-protein interactions that were 

non-redundant, and ~30% of these interactions were novel (Uetz et al., 2006). Of note, 

ORF50/RTA, the latent-to-lytic switch, was found to interact with ORF75 by several 

methodologies.

In an effort to better understand the protein-protein interactions that involve KSHV tegument 

proteins, Rozen et al. investigated global protein-protein interactions within KSHV virus 

particles using Y2H and co-IP assays. Results of these studies showed that ORF45 interacted 

with multiple tegument proteins, including ORF11, ORF21, ORF27, ORF33, ORF63, 

ORF64, and ORF75 (Rozen et al., 2008). Next, the authors used co-IP assays to examine the 

interaction network of ORF64 and ORF52 with other KSHV tegument components. ORF64 

interacted with the most tegument proteins (ORFs 11, 21, 27, 33, 45, 52, 63, 64N, 64M, and 

75) compared to ORF53, which interacted with only ORF45 and ORF75. Thus, these data 

indicate potentially essential roles for ORF45 and ORF64 in the KSHV virion, as their 

interaction networks were the most extensive. Additionally, Rozen et al. examined potential 

ORF64 and ORF52 interactions with the glycoproteins gB, gH, gM, gL, and gN by using co-

IP and immunoblotting for the FLAG-tagged glycoproteins. ORF52 interacted with 

glycoproteins gM and gN, while ORF64 interacted with glycoproteins gB, gH, and gM, 
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further strengthening the observations that ORF64 is promiscuous when it comes to 

interactions and could, therefore, be of significant importance for viral infectivity.

Finally, Fossum and colleagues systematically tested all three herpesvirus subfamilies by 

Y2H to determine if interactions are conserved between viral protein homologs. They added 

the interactomes of HSV-1, murine CMV, and EBV to their existing dataset of KSHV and 

VZV. The results indicated that viral homolog functionality could be more conserved than 

sequence (Fossum et al., 2009). Overall, studies involving proteomics have given researchers 

a clearer picture of the viral signaling network, allowing for additional insights into viral 

infectivity and persistence.

Determination of the protein content of exosomes secreted from 

gammaherpesvirus-infected cells

Exosomes are approximately 40–150 nm in diameter and deliver cargo such as proteins and 

miRNAs to nearby cells. Exosomes are classified as a form of extracellular vesicles (EVs) 

and originate from internal membrane budding of late endosomes within the cell. These 

exosomes can then either fuse with the lysosome for content degradation, or with the 

multivesicular body (MVB) for content release at the plasma membrane (Fig. 3). 

Additionally, exosomes carry trafficking proteins, such as tetraspanins, that can be utilized 

for exosome identification and experimental isolation. In the context of viral infection, it has 

been shown that EBV-infected cells can produce exosomes containing viral miRNAs (Pegtel 

et al., 2010). These viral miRNAs can then be delivered to neighboring cells, where 

modulation of cell signaling and oncogenic pathways can occur (Fig. 3).

Latent membrane protein 1 (LMP-1) of EBV has been detected in EVs from infected cells 

(Houali et al., 2007; Meckes et al., 2010). Similarly, LMP-1 was identified in EVs harvested 

from mice bearing NPC (Flanagan et al., 2003). Additionally, it was found that LMP-1 was 

packaged into EVs via a mechanism involving the cellular protein TRAF2, and that these 

LMP-1/TRAF2 complexes were involved in oncogenic NF-κB signaling (Verweij et al., 

2015). As mentioned above, numerous studies have detected cellular and viral miRNAs in 

EVs, and it is thought these miRNAs are intentional to sidestep immune detection and to 

alter cellular functions in favor of cellular survival and, subsequently, the development of 

cancer (Chugh et al., 2013; Rainy et al., 2016; Schwab et al., 2015). Overall, 

gammaherpesviruses utilize multiple strategies to commandeer exosomes to aid in their 

continued propagation (Sadeghipour and Mathias, 2017).

To interrogate if exosome content was altered by infection with EBV or KSHV, Meckes et 

al. purified exosomes taken from i) an uninfected B cell line, ii) cells infected with EBV, iii) 

cells infected with KSHV, and iv) cells dually infected with EBV and KSHV, and compared 

exosomal components by MS data processing (Meckes et al., 2013). Additionally, the 

authors confirmed the LC-MS/MS data with immunoblotting and unique clustering pattern 

analysis. The resulting data suggested that EBV and KSHV infection influences exosome 

content, as over 360 proteins were identified in the virally-infected exosomes that were 

absent in the exosomes generated from uninfected cells.
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Implications of gammaherpesvirus modulation of exosome content

Gammaherpesviruses escape the antiviral activities of the host immune response in part by 

interfering with cellular signaling pathways designed to alert the cell to invading pathogens 

(Liu et al., 2019). A recent study suggested that gammaherpesviruses might also escape 

immune detection by using exosomes. McNamara et al. analyzed the EV delivery system in 

the context of gammaherpesvirus infection by isolating EVs from both a KSHV-positive 

PEL cell line (BCBL1) and KSHV-positive PEL patient fluid and comparing them to the 

EVs present in normal plasma. KSHV-infected EVs circumvented the innate immune 

response and did not induce activation of antiviral cellular responses, including INF-β, TLR, 

RIG-I, or the cGAS/STING pathway (McNamara et al., 2019). Additionally, KSHV-infected 

EVs were shown to activate MEK/ERK signaling, which resulted in endothelial cell 

activation, proliferation, and migration. Thus, there are several functional advantages for 

KSHV to utilize EVs, including immune evasion and the modulation of the surrounding 

cellular environment in favor of viral spread.

Additionally, Meckes et al. analyzed KHSV- and EBV-modified exosome components with 

Ingenuity Pathway Analysis (IPA) software in order to determine if the exosome alterations 

exhibited oncogenic properties. While the IPA data in this study exposed differences in 

exosome cargo based on viral influence, the data also revealed similarities in exosomal 

content-mediated alteration of signaling cascades involved in cellular survival and the 

synthesis of proteins (Meckes et al., 2013). These data from Meckes and colleagues further 

support previous studies, which altogether demonstrate that modification of exosome cargo 

by KSHV or EBV can dysregulate cellular functions and lead to tumor development (Fig. 3).

Clinical implementation of proteomics for the diagnosis and treatment of 

KSHV- and EBV-associated cancers

Cancers associated with oncogenic human herpesviruses

KSHV—As mentioned previously, KSHV infection is associated with several different 

cancers, including Kaposi’s sarcoma (KS), multicentric Castleman’s disease (MCD), and 

primary effusion lymphoma (PEL) (see Table 1). KS is a highly vascularized endothelial cell 

tumor, which results in characteristic reddish-brown lesions on the skin. KS predominantly 

manifests on the extremities (arms/hands and legs/feet) or mucosal surfaces of infected 

individuals, but can sometimes be found internally on organs such as the spleen and liver 

(Siegel et al., 1969; Valls et al., 1991). KS is more prevalent in males and is the most 

common KSHV-associated cancer (Goncalves et al., 2017b). Interestingly, it has been shown 

that KSHV prevalence is not ubiquitous across populations, in contrast to many human 

herpesviruses (Gao et al., 1996). Instead, KSHV exhibits the highest prevalence in sub-

Saharan Africa (Goncalves et al., 2017a), and KS is the most frequently occurring cancer in 

some of these countries (Dollard et al., 2010; Parkin, 2006).

While there are several different forms of MCD, the plasmablastic variant of MCD is the 

form associated with KSHV infection (KSHV-MCD) (Soulier et al., 1995). This 

lymphoproliferative cancer originates in lymph node plasmablasts and is often characterized 

by excessive inflammation, including robust production of the pro-inflammatory cytokine 
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IL-6 (Nishimoto et al., 2005; Oksenhendler et al., 2000; Yoshizaki et al., 1989). 

Interestingly, many KSHV-MCD cases co-exist with KS in the same tissue (Naresh et al., 

2008). In contrast to KS, where KSHV mainly exists in its latent (non-replicative) form in 

infected cells, KSHV-MCD exhibits a more pronounced lytic phenotype (Asahi-Ozaki et al., 

2006). These data suggest that more virus replication is occurring in KSHV-MCD compared 

to KS, which might contribute to the aggressiveness of this cancer.

PEL is a highly aggressive but rare form of non-Hodgkin lymphoma (NHL) characterized by 

KSHV-infected B cells undergoing rapid proliferation. PEL is a body cavity malignancy 

where anatomical sites surrounding the heart (pericardial), lungs (pleural), and abdomen 

(peritoneal) become filled with these B cell effusions (Nador et al., 1996). PEL normally 

presents as an effusion tumor with no solid mass, but there have been reports of solid PEL 

tumors in the literature (Carbone et al., 2005; Chadburn et al., 2004). Each PEL cell contains 

50–100 copies of the KSHV genome (Renne et al., 1996), which are passed along in the 

form of episomes to dividing daughter cells. Most patients with PEL are co-infected with 

EBV (Boulanger et al., 2005; Nador et al., 1996), but the implications of this co-infection for 

PEL disease progression and outcome are largely unknown.

It is worthwhile to mention that, although KSHV can infect anyone, symptomatic KSHV 

infection and the development of the above-mentioned cancers usually occur in the context 

of immunosuppression (Thakker and Verma, 2016). Examples of immunosuppression 

include HIV co-infection or transplant recipients receiving immunosuppressive drugs to help 

acceptance of the graft. One treatment avenue for these KSHV-associated cancers is the 

reinstatement of immunocompetence, and this will be discussed further in the next section.

EBV—Like KSHV, EBV is an oncogenic virus, and is associated with four cancers that will 

be discussed herein: post-transplant lymphoma (PTL), Burkitt’s lymphoma (BL), Hodgkin’s 

lymphoma (HL), and nasopharyngeal carcinoma (NPC) (Raab-Traub, 2007) (see Table 1). 

As its name suggests, PTL occurs in patients who have undergone bone marrow or solid 

organ transplant and have suppressed immune function, usually due to irradiation therapy 

and/or immunosuppressive drugs. PTL is a B cell lymphoma, arising in immunosuppressed 

individuals largely due to the lack of a virus-clearing cytotoxic T cell response (Green and 

Michaels, 2013; Meij et al., 2003; Smets et al., 2002). The likelihood of PTL developing 

after transplant depends on many factors, including the age of the organ recipient, whether 

the recipient was EBV-positive and/or CMV-positive at the time of transplant, and the type 

of organ received (Allen and Preiksaitis, 2009; Cockfield, 2001). Finally, children exhibit a 

higher occurrence of PTL compared to adults; children are more likely to be EBV-negative 

at the time of transplant, and primary EBV infection has been shown to be an important 

driver in the manifestation of PTL (Ho et al., 1988; Ho et al., 1985).

Burkitt’s lymphoma (BL) was originally characterized by Denis Burkitt, who observed 

unusual facial tumors in the jaws of children in Uganda (Burkitt, 1958). BL is a highly 

proliferative B cell tumor of germinal center origin. The epidemiology of this disease 

suggests an association with malaria, as BL endemic regions closely overlap those of 

malaria (Burkitt, 1971). Unlike the causative agent of malaria (P. falciparum), EBV cannot 

be spread by mosquitoes. However, recent data suggest that infection with P. falciparum 
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malaria is a risk factor for BL, due to dysregulation of activation-induced cytidine deaminase 

(AID) function in B cells and subsequent oncogenesis (Robbiani et al., 2015; Thorley-

Lawson et al., 2016; Torgbor et al., 2014). Although first described in children, BL can 

develop in both children and adults. Accordingly, BL accounts for 1–5% of all non-Hodgkin 

lymphomas in adults and is observed more frequently in males (Boerma et al., 2004; Linch, 

2012). BL can be either EBV-positive or EBV-negative, and EBV-positive BL will be further 

discussed in this section.

HL is characterized by the presence of distinct cells called Hodgkin/Reed-Sternberg (HRS) 

cells, which are B cells originating from various stages of development (Kuppers et al., 

1994). There are many different forms of HL, only some of which are associated with EBV 

infection. Studies have shown that EBV infection of HRS cells and their precursors can 

contribute to the development of HL by providing anti-apoptotic signals, thus allowing the B 

cells to proliferate and escape programmed cell death (Bechtel et al., 2005a; Chaganti et al., 

2005; Mancao et al., 2005).

NPC is an epithelial tumor of the nasopharynx that, similar to BL, displays a distinct 

geographic distribution (Raab-Traub, 2007). NPC is most prevalent in southern China, 

southeast Asia, parts of Africa, and Alaska (Mahdavifar et al., 2016). Aside from EBV 

infection, other risk factors for NPC include alcohol use, tobacco use, and HPV infection 

(Lubin et al., 2009; Mork et al., 2001). Establishing cell lines and in vivo models for NPC 

has proven difficult over the years, hindering the ability to understand this cancer and to 

develop novel treatments (Cheung et al., 1999; Tsao et al., 2017). Recently, however, several 

new tumor xenografts and cell lines were added to the NPC research pipeline, providing 

hope for further progress on elucidating NPC biology and methods to target this malignancy 

(Lin et al., 2018; Yip et al., 2019).

Current treatment methodologies

Antiretroviral therapy and immune suppression reduction—Many, but not all, of 

the cancers associated with KSHV and EBV infection arise in HIV-positive or otherwise 

immunocompromised individuals. Therefore, one of the main treatment options for some of 

these cancers, such as KS and PEL, revolves around improving immune function. For HIV-

positive patients, this is achieved through the use of highly active antiretroviral therapy 

(HAART). By lowering HIV viral load and improving T cell count and function, the HIV-

infected individual’s immune system is more prepared to fight the cancer. In most KS cases, 

treatment with HAART is sufficient, and surgical resection of the lesions as well as 

radiotherapy are rarely used (Yarchoan and Uldrick, 2018). HAART treatment alone has 

been shown to improve KS disease burden and lengthen survival time in patients (Bower et 

al., 2009; Mosam et al., 2012). Additionally, it has been suggested that HAART treatment 

can lead to better control of KSHV replication and a more robust antibody response towards 

KSHV, which could in turn improve KS disease progression (Wilkinson et al., 2002). 

Finally, HAART has been shown to reduce the risk of death by over 80% in HIV-positive 

men diagnosed with either KS or NHL (Tam et al., 2002). Unfortunately, not all HIV-

positive KS patients will respond to HAART. In instances of HAART-resistant KS, systemic 

Chappell et al. Page 19

Adv Virus Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



therapies such as pegylated liposomal doxorubicin (Northfelt et al., 1998) and pomalidomide 

(Polizzotto et al., 2016) can be used (Yarchoan and Uldrick, 2018).

The mainstay treatment for PTL is the lessening or removal of drugs that suppress the 

immune system post-transplant. This approach is more effective in pediatric patients 

compared to adults, and sometimes fails due to tumor heterogeneity/unresponsiveness, 

advanced disease stage, advanced patient age, or complications with rejection (Allen and 

Preiksaitis, 2009; Reshef et al., 2011). Interestingly, this immunosuppression reduction 

approach is most successful when the tumor is still under EBV control (Green and Michaels, 

2013).

Chemotherapy and radiotherapy—Chemotherapy has been a frontline treatment for 

cancer for decades. As more chemotherapeutic agents are developed and brought into the 

clinic, the combinations in which these drugs can be used against different malignancies 

constantly changes. Drugs such as prednisone or methotrexate can be added to 

chemotherapeutic regimens to lessen inflammation and reduce the side effects from the other 

drugs. Chemotherapy cocktails aim to be potent enough to act against the tumor at a 

concentration that is not toxic to the vital tissues of the patient. The combination therapies 

CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) and dose-adjusted 

EPOCH (cyclophosphamide, doxorubicin, vincristine, prednisone, and etoposide) are used 

as treatments for PEL, usually in combination with HAART (Goncalves et al., 2017b). 

Similar chemotherapeutic regimens are used in the treatment of BL; generally, EBV-positive 

and EBV-negative BL are treated alike, except in the context of immunotherapy or clinical 

trials (Dunleavy, 2018; Kanakry and Ambinder, 2013). For HIV-positive lymphoma patients, 

providers must carefully consider any potential drug interactions between HAART and the 

combination chemotherapy being used. The composition of the drug cocktails, as well as the 

timing of drug administration, can be modified as needed to help prevent adverse events 

from occurring (Yarchoan and Uldrick, 2018).

As a solid tumor, treatment for NPC includes surgery to remove the tumor mass if possible, 

followed by radiotherapy. Radiotherapy has been recognized as the frontline treatment for 

NPC, but has proven difficult to manage due to the proximity of the tumor to anatomical 

sites such as the brainstem, brain, salivary glands, and retinas (Holliday and Frank, 2016). 

Although efficacious, radiotherapy alone can be hindered by cytotoxic side effects, 

metastasis, or radio-resistance (Au et al., 2018; Yeo et al., 2018). For this reason, combining 

radiotherapy with chemotherapy or immunotherapy may improve patient outcomes.

Immunotherapy—Both KSHV and EBV are B cell tropic; thus, many of the cancers 

associated with these viruses are B cell lymphomas. As such, one drug that has shown 

marked results in the clinic is the monoclonal antibody rituximab. Rituximab targets the 

CD20 antigen on B cells, but this antibody can also have an effect on some CD20-negative B 

cell lymphomas, possibly by altering signaling pathways in the tumor microenvironment 

(Carbone et al., 2015). PEL cells usually do not express normal B cell markers, including 

CD20, and rituximab has been largely unusable against this lymphoma in the context of 

KSHV infection (Nador et al., 1996). In contrast, rituximab has shown extremely promising 

results against KSHV-MCD, with remission achieved in over 90% of patients in a phase II 
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trial (Bower et al., 2007). The safety profile of this drug combined with its clinical success 

resulted in rituximab being recommended as the primary treatment for KSHV-MCD, and the 

five-year progression-free survival after rituximab treatment has been estimated to be 70–

90% (Goncalves et al., 2017a; Pria et al., 2017). Additionally, rituximab can be combined 

with doxorubicin for treatment of KSHV-MCD (Yarchoan and Uldrick, 2018). Finally, 

rituximab recently showed promise for treatment of EBV-PTL. Two clinical studies 

demonstrated a complete response in 70% or more of PTL patients, and the drug was well-

tolerated (Trappe et al., 2017; Zhu et al., 2019).

Immunotherapy is still in its infancy in the oncology world, and many exciting treatment 

avenues remain in the context of gammaherpesvirus-associated cancers. One of these 

avenues is anti-PD1 therapy, which has shown incredible promise in the treatment of other 

cancers such as melanoma and metastatic non-small cell lung cancer (Hamid et al., 2013; 

Sui et al., 2018). Current efforts are underway to evaluate the safety and efficacy of anti-PD1 

therapy for KS as well as EBV-associated NPC and HL (Broussard and Damania, 2019; Cao 

et al., 2019; Carbone et al., 2018; Makowska et al., 2019).

Antiviral drugs—As both KSHV and EBV are herpesviruses, drugs targeting the 

herpesvirus lifecycle can be used in an attempt to control the underlying cause of the cancer. 

These drugs include ganciclovir and its pro-drug valganciclovir, as well as zidovudine. 

KSHV lytic genes ORF36 and ORF21 phosphorylate ganciclovir and zidovudine, 

respectively, to toxic tri-phosphorylated forms, thus disabling herpesvirus replication 

(Cannon et al., 1999; Gustafson et al., 2000). Ganciclovir and valganciclovir have been used 

for treatment of KSHV-MCD, with varying rates of success (Casper et al., 2004; Kantarci et 

al., 2016; Speicher et al., 2014; Uldrick et al., 2011). However, using valganciclovir in 

combination with zidovudine resulted in 86% of KSHV-MCD patients demonstrating a 

positive clinical response (Uldrick et al., 2011). Ganciclovir is also included in treatment for 

PTL, although no clinical studies have definitively demonstrated efficacy of ganciclovir in 

this context (Green and Michaels, 2013). It should be noted that these drugs only target the 

lytic phase of the virus lifecycle, and do not affect the latent virus reservoir. As such, 

treatment with these antiviral drugs can control but not eradicate the virus, and recurrence 

can occur.

Taken together, although different treatment options exist for KSHV- and EBV-associated 

cancers, for many patients these are not the solution. These cancers can develop resistance to 

therapy or become too aggressive for these treatments to have much effect. Despite our 

above arsenal, the prognosis for some of these cancers remains poor. Hence, new diagnostic 

and treatment options are increasingly sought after, and proteomic analyses offer a powerful 

tool for cancer therapeutic discovery.

Clinical uses of proteomics in cancer diagnosis and treatment

Proteomics in cancer diagnosis and detection—Proteomic approaches encompass a 

rapidly expanding and exciting field for cancer diagnosis and personalized treatment. Many 

cancers are detected later, often after secondary spread to distal tissues. Implementation of 

biomarker assays using blood or saliva samples that can detect cancers early while still in the 

Chappell et al. Page 21

Adv Virus Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



formative stages would greatly improve clinical outcomes for cancer patients and 

significantly ease healthcare burdens. To date, no biomarker assays have been clinically 

established for KSHV- or EBV-associated cancers, but potential candidates are in 

development. Using LC-MS and MALDI-TOF approaches, Gloghini et al. found an array of 

proteins that were specifically secreted by PEL cell lines and were also identified in PEL 

patient samples and KSHV-associated solid tumors (Gloghini et al., 2014). Examples of 

these specifically secreted proteins included catalase, which promotes B cell growth, and 

cellular nucleic acid-binding protein (CNBP), which is involved in transcription regulation. 

Thus, PEL “secretomes” are enriched with PEL-specific proteins that could potentially be 

used for diagnostic purposes. Additionally, multiple NHL studies have been undertaken to 

examine the serum and/or plasma of patients prior to lymphoma diagnosis in the hopes of 

uncovering novel protein biomarkers for this class of cancer (Vendrame and Martínez-Maza, 

2011). Increased levels of cytokines such as IL-6 and TNFα, cytokine receptors such as 

soluble CD27 and CD30, and immunoglobulins such as circulating free light chains have all 

been implicated as potential NHL biomarkers (Breen et al., 2011; Landgren et al., 2010; 

Rabkin et al., 2011). Finally, analyses of the NPC proteome, secretome, and patient serum 

proteome using various MS-based approaches have demonstrated that protein profiling can 

be used to distinguish NPC from non-cancer samples, and identified CCL5 as a novel NPC 

therapeutic candidate and biomarker (Cao et al., 2010; Feng et al., 2011; Ho et al., 2006; Lin 

et al., 2013).

Although MS-based proteomic approaches have the capacity to yield many novel cancer 

biomarkers in the lab, overall, their clinical translation has been disappointing. These 

clinical failures can be due to study design, discrepancies in sample collection/quality, the 

assays used, or control issues (You et al., 2018). While reliable biomarkers are still in 

development for KSHV- and EBV-associated cancers, proteomics has nevertheless been 

successfully used to identify diagnostic biomarkers for other cancers with clinical success. 

Prostate cancer (PCa) often progresses undetected until the later stages of malignancy, when 

treatment is often futile (Catalona, 2018). Therefore, it was of great interest to develop a 

biomarker assay that could detect PCa prior to the onset of symptoms. Currently, the 

measurement of prostate-specific antigen (PSA) levels in the blood is used for PCa 

screening. PSA is a protein secreted by epithelial cells in the prostate, and higher PSA levels 

in the serum are indicative of PCa (Catalona et al., 1991). Additionally, this screening assay 

can detect PCa prior to palpable disease (Stormont et al., 1993). Using radioimmunoassays, 

Killian et al. showed in 1986 that PSA was the most reliable biomarker for PCa progression, 

and the PSA assay has progressively developed since this discovery (Killian et al., 1986). 

Although somewhat controversial due to potential over-diagnosis and unnecessary treatment, 

PSA remains one of the most widely-used cancer biomarker assays and has led to a decline 

in PCa deaths (Catalona, 2018).

The glycoprotein alpha-fetoprotein (AFP) is the most commonly used and studied biomarker 

for hepatocellular carcinoma (HCC) (Carr et al., 2018). While not all HCC cases can be 

detected via AFP screening, it has been estimated that 25% of non-viral HCC can be 

identified earlier using AFP plus imaging compared to imaging techniques alone (Worland 

et al., 2018). However, AFP levels in the serum can be elevated for reasons other than 

cancer, such as benign liver disease, and for this reason the specificity of elevated AFP for 
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HCC diagnosis remains a concern. To help improve this specificity issue, a post-

translationally modified isoform of AFP called AFP-L3 can be used, which better 

differentiates HCC from benign liver disorders (Aoyagi et al., 2002). Recently, a high-

throughput protein microarray that requires minimal sample volume was developed to detect 

both AFP and AFP-L3 (Wu et al., 2018). Although not widely implemented, examining 

AFP-L3 serum levels can potentially improve HCC diagnosis.

Like AFP, carcinoembryonic antigen (CEA) is a protein normally produced by fetal 

gastrointestinal cells but can be present at low levels in adults (Kim et al., 2018). Elevated 

CEA levels can be indicative of cancer, including colorectal cancer (CRC). CEA is not 

specific enough to be useful as a diagnostic marker for CRC, but it has shown promise 

alongside imaging as a marker for CRC recurrence post-resection (Nicholson et al., 2015). 

Additionally, it has been suggested that CEA levels measured at the time of surgery for CRC 

hepatic metastases are indicative not only of prognosis but also the choice of supplemental 

chemotherapeutic strategies (Chiang et al., 2019). Finally, conjugation of tagged antibodies 

to CEA proteins can allow for better imaging to help guide surgical procedures post-

metastasis, and radiolabeled anti-CEA antibodies can be used for delivery of tumor-specific 

therapy (Meredith et al., 1996; Meyer et al., 2009; Tiernan et al., 2013).

Cancer antigen 125 (CA-125) is commonly used as a biomarker for ovarian cancer. Like 

prostate cancer, ovarian cancer often progresses undetected until later stages when achieving 

cure is unlikely, highlighting the need for earlier detection methods (Scholler and Urban, 

2007). CA-125, a membrane-bound glycoprotein, was first established as an ovarian cancer 

biomarker through radioimmunoassays performed in the 1980’s (Canney et al., 1984). As 

with most biomarkers, there are issues with specificity, as conditions other than ovarian 

cancer can lead to elevated CA-125 levels in the blood. Despite this, CA-125 screening is 

commonly used as a biomarker i) alongside imaging for diagnosis of suspected ovarian 

cancer cases, ii) for monitoring response to treatment post-diagnosis, and iii) for monitoring 

disease recurrence post-surgery. There have been recent attempts to improve the sensitivity 

and specificity of CA-125 screening for ovarian cancer. One such attempt used quantitative 

proteomics methods to identify candidate autoantibodies highly expressed in ovarian cancer 

but not healthy controls (Karabudak et al., 2013). These autoantibody markers were shown 

to be specific across a range of ovarian cancer disease stages as well as CA-125 levels. Thus, 

combining CA-125 screening with alternative screening methods such as autoantibody 

markers could improve testing efficiency.

Although not an exhaustive list of cancer biomarkers currently used in the clinic, these data 

demonstrate how analysis of proteins that differ between healthy vs. cancer patients can be 

developed into assays that enable earlier detection of malignancies and improved survival 

outcomes for patients.

Proteomics in cancer treatment and drug discovery—There have been numerous 

studies to date that have used proteomic approaches to identify novel targets for treatment of 

KSHV- and EBV-associated cancers. We recently utilized multiplexed inhibitor bead-mass 

spectrometry (MIB/MS) to profile the kinome of PEL cells against healthy B cell controls. 

This method runs cell lysates through a column containing kinase inhibitors attached to 
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beads. The beads bind functionally expressed kinases, which can then be eluted off, 

identified, and quantified using MS. This kinome screen resulted in identification of several 

kinases that were significantly upregulated in PEL cells but not in healthy B cells. We went 

on to demonstrate that inhibition of one these kinases, Tyro3, resulted in decreased PEL cell 

survival in vitro and decreased tumor burden in vivo (Wong et al., 2019). Thus, inhibition of 

Tyro3 represents a novel therapeutic strategy for PEL.

Morphoproteomics is a novel approach to large-scale protein analysis; it combines histology, 

molecular biology, and chemistry to pinpoint specific pathways which drive a specific 

cancer’s phenotype, thus enabling identification of druggable targets in a personalized 

manner (Tan, 2008). Using this morphoproteomic approach in a published case study, Salihi 

et al. identified cyclo-oxygenase 2 (COX2) and Enhancer of Zeste homologue 2 (EZH2) as 

drivers of the pathogenic phenotype exhibited by a patient with KS (Salihi et al., 2016). 

They were then able to recommend personalized therapy based on these findings, which 

included treatment with metformin and/or celecoxib, both of which can inhibit COX2/EZH2 

expression and KSHV replication.

While proteomic analyses can identify novel therapeutic targets in cancer, these techniques 

can also be used to help discern novel treatment options in the context of an existing 

druggable target. For example, heat shock protein 90 (Hsp90) is known to play a role in 

tumorigenesis, including KSHV- and EBV-associated lymphomas (Calderwood et al., 2006). 

Given this knowledge, Nayar et al. inhibited Hsp90 in PEL cells and examined the resulting 

Hsp90 “interactome,” looking for proteins that interacted with Hsp90, which could then be 

targeted. Interacting proteins were identified using unbiased affinity capture, which utilized 

beads conjugated to the Hsp90 inhibitor, followed by MS analysis of the captured proteins. 

The screen revealed multiple anti-apoptotic proteins interacting with Hsp90, leading to the 

hypothesis that inhibition of apoptosis was driving the PEL phenotype. Cell viability assays 

showed that PEL cell death was induced by inhibiting members of the BCL family of anti-

apoptotic proteins, and that combinatorial therapy against both Hsp90 and BCL proteins 

resulted in a synergistic effect on PEL cell death (Nayar et al., 2013). Thus, probing protein-

protein interactions can uncover targetable oncogenic pathways or novel drug treatment 

combinations for virus-associated malignancies.

To date, there are a multitude of reports using proteomics to uncover novel treatment 

avenues for EBV-associated cancers, especially for NPC. Here, we will highlight some of 

these reports for NPC, as well as EBV-BL. Using two-dimensional gel electrophoresis 

(2DGE) and subsequent MS, Tang et al. identified amyloid-β precursor protein (APP) as a 

secreted protein from an NPC cell line. They then went on to show that antibody blocking of 

secretory APP resulted in decreased tumor growth and migration, suggesting that APP helps 

to drive NPC progression and thus warrants further investigation into APP as a novel 

therapeutic target (Tang et al., 2010). Other groups have performed comparative analyses 

using a nasopharyngeal (NP) epithelial cell line alongside an NPC cell line to identify 

differentially expressed proteins between the healthy and cancerous cells. 2DGE/MS 

analysis showed that the NPC cells upregulated glycolysis compared to the control NP cell 

line, as expression of the glycolytic enzymes PKM2 and TPI1 was increased in NPC cells as 

well as glucose uptake and the secretion of lactic acid (Huang et al., 2015). Thus, targeting 
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the glycolytic pathway in NPC is a possible therapeutic target, since NPC cells rely more 

heavily on glycolysis compared to normal NP epithelial cells. A similar comparative 

approach was employed by Li and colleagues, who analyzed differential protein expression 

in the stroma of NPC vs. normal NP mucosa (NNM) isolated from patients. Laser capture 

microdissection was used to separate stroma cells from NPC or NNM patient tissue, and 

then the proteins were separated using 2DGE and identified using MALDI-TOF-MS. 

Periostin, a protein involved in cell communication and signaling, was significantly 

upregulated in the stroma of NPC compared to NNM (Li et al., 2012). Overexpression of 

periostin in an NPC cell line led to increased invasion, and analysis of NPC patient samples 

showed that increased expression of periostin was correlated with poorer survival outcomes. 

Taken together, these data suggest that increased periostin levels are involved in NPC 

metastasis and that expression of periostin can help predict NPC survival. These findings 

were later confirmed by an independent cohort study, highlighting the potential of periostin 

as a novel target for NPC (Wei et al., 2018).

Comparative proteomic analyses have also been used in EBV-BL to identify virally 

regulated proteins that could potentially be targeted. 2DGE/MS analysis in an EBV-

transformed BL cell line showed downregulation of members of the COMM domain 

(COMMD) family of proteins, which negatively regulate NF-κB signaling pathway 

components (Gkiafi and Panayotou, 2011). The authors hypothesized that downregulation of 

COMMD proteins and the subsequent upregulation of NF-κB signaling was one mechanism 

by which EBV infection results in oncogenesis, although this hypothesis was not formally 

tested in this study. While intriguing, more work is needed to elucidate the role of COMMD 

proteins in EBV tumor formation and the potential of these proteins as therapeutic targets.

Phosphoproteomic analyses can reveal signaling pathways important in cancer and help 

identify key regulatory proteins in these pathways. Rituximab and obinutuzumab are both 

anti-CD20 antibodies; however, they recognize distinct epitopes. Obinutuzumab has been 

shown to reduce tumor burden in rituximab-resistant EBV-positive BL in vivo and result in 

enhanced survival compared to rituximab treatment in rituximab-susceptible mice (Awasthi 

et al., 2015). To help unravel the mechanism behind these different treatment outcomes, 

Awasthi et al. used a global phosphoproteomics approach. BL cell lines, including EBV-

positive BL, were treated with either rituximab or obinutuzumab and subsequent 

phosphorylated peptides were enriched using metal oxide affinity chromatography and 

analyzed via MS. Results revealed many differentially phosphorylated proteins, including 

proteins involved in B cell receptor signaling and NK cell-mediated cytotoxicity. One of 

these B cell signaling proteins, PLGC-2, was upregulated after treatment with obinutuzumab 

vs. rituximab, and knockdown of PLGC-2 resulted in increased BL cell growth and cell 

viability after obinutuzumab treatment compared to rituximab treatment (Awasthi et al., 

2017). These data suggest that the differences in treatment outcomes between these two anti-

CD20 antibodies could be explained in part by differential phosphorylation signatures on B 

cell receptor signaling molecules and invite future investigations of these signaling 

molecules as therapeutic targets. For NPC, a comparative phosphoproteomic analysis 

showed that EphA2 phosphorylation was significantly increased in metastatic NPC 

compared to non-metastatic NPC, and a phosphokinase antibody array revealed that AKT/

Stat3 signaling was responsible for phospho-EphA2-mediated NPC invasiveness (Li et al., 
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2019). Therefore, inhibition of phospho-EphA2 and potentially other molecules in the AKT/

Stat3 pathway are possible targets for treatment of NPC.

Finally, proteomics can be used to uncover novel mechanisms of resistance in cancer cells 

and to identify targets that could reinstate susceptibility to radiotherapy or chemotherapy. An 

example of this approach is a 2018 study by Li et al., who identified mitogen-activated 

protein kinase 15 (MAPK15) as a novel mediator of radiotherapy resistance in NPC. In an 

effort to screen for possible modulators of radioresistance, peptides derived from 

radiosensitive and radioresistant NPC cell lysates were fractionated via reverse-phase HPLC 

and analyzed via MS. Differential protein expression between the susceptible and resistant 

cell lines was then compiled, and MAPK15 was the most abundant protein kinase in the 

radioresistant cells (Li et al., 2018). Subsequent knockdown of MAPK15 in the resistant cell 

line rendered the cells more susceptible to therapy, and overexpression of MAPK15 in the 

sensitive cell line enhanced resistance to therapy. Lastly, the mechanism driving this 

radioresistance was examined, and the data suggested that MAPK15 controls radioresistance 

by limiting the accumulation of reactive oxygen species and improving repair of damaged 

DNA. In sum, these elegant experiments indicate that inhibition of MAPK15 sensitizes 

treatment-resistant NPC to radiotherapy, providing an exciting therapeutic addition, which 

hopefully translates to clinical application.

Although beyond the scope of this chapter, MS-based proteomic approaches that screen not 

only the overall proteome but also the phosphoproteome, glycoproteome, kinome, 

interactome, and secretome of cancer are widely employed to identify novel therapeutic 

targets and drugs for many other cancer types aside from those associated with human 

gammaherpesvirus infection. We refer the reader to Dias et al. for a comprehensive review 

on this topic (Dias et al., 2016). Overall, this is an exciting time for cancer research. As we 

move forward towards personalized cancer medicine, studying the proteome of cancer on an 

individual basis will help lead to more targeted therapies with fewer off-target effects and 

improved patient outcomes.

Conclusions and future perspectives

Proteomic techniques, many of which are based in mass spectrometry or microarray 

technology, have substantially advanced our understanding of gammaherpesvirus biology 

and their associated malignancies. Proteomics has significantly aided in the identification of 

the proteins contained within KSHV and EBV virus particles and the exosomes secreted 

from infected cells, as well as the interaction network that exists between gammaherpesvirus 

proteins and host cells. Proteomic approaches have also led to a better understanding of how 

gammaherpesvirus proteins contribute to immune evasion, thus allowing successful viral 

persistence within infected cells, and how targeting both viral and host proteins can be 

beneficial from a therapeutic perspective.

As such, proteomic approaches represent a powerful methodology for pushing the fields of 

cancer diagnostics and treatment forward. Immunotherapy and personalized medicine are 

the future of oncology. Immune responses are influenced by different factors, including 

genetics and the surrounding environment. Hence, every individual’s immune system is 
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different, and every individual’s cancer is different. A blanket approach to cancer treatment, 

therefore, has many shortcomings. Precision medicine treats each individual’s cancer as a 

stand-alone malignancy and enables targeted therapy with a lower chance of resistance. 

Ideally, genomics and proteomics will be combined to inform personalized cancer treatment. 

Using genomics, one can screen individual cancers and determine i) the genetic landscape of 

the cancer and how it might have formed, ii) if genetic mutations are present that would 

indicate or contraindicate certain treatment choices, and iii) the extent of genetic variation 

and the impact this variation could have on protein structure and function. Proteomic 

screening would complement this genetic information, allowing for i) identification of 

upregulated or dysregulated pathways in the cancer, which can inform treatment choices, ii) 

identification of proteins and/or post-translational modifications that are driving the cancer, 

leading to novel therapeutic targets, and iii) identification of resistant signatures, which 

could indicate selection of an alternative therapy. Comparative proteomic analyses can also 

be used to identify potential biomarkers for different cancers. The earlier cancer is detected, 

the better the prognosis, and since many cancers do not elicit symptoms until later stages of 

malignancy, having a sensitive and specific screening assay for each cancer would save 

many lives. By comparing cancerous tissue to normal tissue, proteomics can reveal 

differentially expressed proteins that might be present in blood or saliva prior to symptoms, 

which could indicate the beginnings of cancer formation. Although most biomarkers 

identified in the lab fail to translate to clinical application, the increasing improvement of the 

selectivity and sensitivity of proteomic approaches will enable identification of more robust 

candidates with better clinical success.

In conclusion, proteomics has greatly advanced our understanding of oncogenic human 

gammaherpesviruses and their associated cancers, leading to new discoveries in their 

biology, virus-host interactions, and treatment methodologies. We look forward to the future 

and the innovations that these powerful techniques will bring to the field of oncogenic 

viruses.
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Figure 1. 
Overview of the different affinity pull-down approaches. (A) Affinity purification mass 

spectrometry (AP-MS) approach. AP-MS involves immobilization of “bait” protein on 

beads/resins, and then unbound proteins are washed away. The protein complexes are then 

eluted from the beads via antibody incubation. Protein complexes are purified and then 

separated by SDS-PAGE. Separated proteins are digested into small peptides, and the bait-

prey interaction is analyzed by LC-MS/MS. (B) Tandem affinity purification (TAP-MS) 

approach. TAP-MS employs two different affinity purification steps for a protein complex 

containing the TAP-tagged protein. The first step immobilizes “bait” protein on an IgG bead/

resin for protein A. Any unbound proteins are washed away. The protein complex is then 

immobilized on calmodulin-containing resins for the second affinity purification for 
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calmodulin-binding protein (CBP). The addition of the tobacco etch virus (TEV) protease 

induces cleavage at the TEV recognition site. The addition of calcium (Ca2+) elutes the 

bound protein complex from the CBP. Protein complexes are purified and then separated by 

SDS-PAGE. Separated proteins are subsequently digested into small peptides that can be 

identified by LC-MS/MS. (C) Glutathione S-transferase (GST) pull-down assay. The 

recombinant fusion protein containing both GST and the “bait” is fixed to beads, and 

unbound proteins are washed away. The “prey” protein is added to the GST-tagged “bait” 

protein on beads to bind, and unbound “prey” proteins are washed away. Next, the bound 

protein complex is incubated with free glutathione, allowing for protein elution from the 

beads. Protein complexes are denatured by heating under reducing conditions. SDS-PAGE is 

then performed to separate the proteins, and the bait-prey interaction is analyzed by western 

blot.

Chappell et al. Page 41

Adv Virus Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Virion-associated proteins of KSHV and EBV. Viral proteins include capsid, tegument, and 

envelope glycoproteins. Cellular (host) proteins associated with the virus particles are 

omitted for clarity.
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Figure 3. 
Differences in exosome content secretion from uninfected and gammaherpesvirus-infected 

cells. (A) Exosome biogenesis and secretion from uninfected cells. Multivesicular bodies 

(MVBs) are formed by fusion with early endosomes. Next, the MVBs fuse either with the 

lysosome for degradation, or with the plasma membrane, which releases the exosomal 

content into the extracellular space. The exosomal content contains proteins encoded by 

tumor susceptibility gene 101 (Tsg101), apoptosis-linked gene-2 interacting protein X 

(Alix), tetraspanins, and flotillins, which can all be used for exosome identification. 

Additionally, multiple RNA species such as cellular mRNA, microRNA (miRNA), and long 

non-coding RNA (lncRNA) can be found within exosomes. Finally, exosomes can also 

contain DNA and lipids. (B) Exosome biogenesis and secretion from gammaherpesvirus-
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infected cells. In addition to the above content found in exosomes secreted from uninfected 

cells, viral proteins and viral nucleic acids can also be found within exosomes from virus-

infected cells. The content of these exosomes often influences the surrounding cellular 

environment to result in epithelial-to-mesenchymal transition (EMT), malignant 

transformation, oncogenic signaling, angiogenesis, and immune evasion.
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Table 1.

Cancers associated with oncogenic human herpesviruses and their treatments

Cancer Origin/description Treatment

KSHV

Kaposi’s sarcoma Highly vascularized endothelial cell tumor, usually found on the 
extremities, often associated with HIV infection

HAART; systemic therapy in HAART-
resistant cases (pegylated liposomal 
doxorubicin, pomalidomide)

Multicentric Castleman’s 
disease

Plasmablastic tumor in lymph nodes, excessive inflammatory 
profile

Rituximab (anti-CD20 antibody); rituximab 
plus doxorubicin; valganciclovir plus 
zidovudine

Primary effusion 
lymphoma

B cell lymphoma, body cavities fill with malignant B cell 
effusions

Chemotherapeutic cocktails (CHOP, dose-
adjusted EPOCH); HAART

EBV

Post-transplant lymphoma B cell lymphoma, occurs in immunocompromised individuals 
after organ transplant

Tapering or removal of immunosuppressive 
drugs

Burkitt’s lymphoma Germinal center B cell tumor, highly proliferative Chemotherapy

Hodgkin’s lymphoma Only some forms associated with EBV infection, characterized 
by presence of Hodgkin/Reed-Sternberg cells (B cells)

Chemotherapy and radiotherapy

Nasopharyngeal 
carcinoma

Epithelial cell tumor of the nasopharynx, specific geographic 
distribution

Surgery to remove the tumor, followed by 
radiotherapy
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