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Abstract

Purpose of this Review: Human gammaherpesviruses have complex lifecycles that drive their
pathogenesis. KSHV and EBV are the etiological agents of multiple cancers worldwide. There is
no FDA-approved vaccine for either KSHV or EBV. This review will describe recent progress in
understanding EBV and KSHV lifecycles during infection.

Recent findings: Determining how latency is established, particularly how non-coding RNAs
influence latent and lytic infection, is a rapidly growing area of investigation into how
gammabherpesviruses successfully persist in the human population. Many factors have been
identified as restrictors of reactivation from latency, especially innate immune antagonism. Finally,
new host proteins that play a role in lytic replication have been identified.

Summary: In this review we discuss recent findings over the last 5 years on both host and viral
factors that are involved in EBV and KSHV pathogenesis.
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Introduction

Human herpesviruses (HHVSs) are separated into three sub-families: a, B, and y. Two

HHVs, Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV), are
- herpesviruses. Like all herpesviruses, EBV and KSHYV, also known as human herpesvirus

(HHV)-4 and HHV-8, have a biphasic lifecycle. Both EBV and KSHYV rapidly establish
latency, wherein a limited subset of viral genes is expressed to modulate the host.

Reactivation from latency drives Iytic infection to produce new viral progeny that infect new

cells or new hosts.

KSHYV and EBV can both infect epithelial cells and B cells, while KSHV can infect
endothelial cells. Both viruses cause disease in multiple distinct cell lineages. Successfully

infecting and establishing latency in distinct cell types requires a large viral investment. Both

EBV and KSHV encode multiple proteins and non-coding RNAs to antagonize host
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defenses and modulate the environment of the cell. Through this host modulation, these
viruses contribute to many different disease manifestations. Understanding how these
viruses successfully infect cells, establish and maintain latency, and eventually reactivate
from latency to trigger lytic replication is paramount to identifying targets for intervention.
Here, we provide a brief summary of human gammaherpesvirus pathogenesis with a focus
on advances made in the last 5 years.

Diseases Associated with Human Gammaherpesviruses

EBV-Associated Diseases

EBV was discovered in 1964 [1], and is implicated in many distinct diseases in both
immunocompetent and immunocompromised individuals. Disease can arise from both
epithelial and B-cell lineages. There are many manifestations of EBV-associated diseases
[2]. EBV infection can result in non-malignant diseases such as infectious mononucleosis,
and chronic active infection. EBV can also cause many different malignancies in
immunocompetent hosts, including Burkitt and classical Hodgkin lymphoma in B cells, and
extranodal natural killer (NK) NK/T cell and virus-associated hemophagocytic T cell
lymphomas. EBV is also associated with epithelial cell malignancies including
nasopharyngeal carcinoma and gastric cancer.

In immunocompromised hosts, disease manifestations are defined by whether the patient has
congenital or acquired immunodeficiency. Congenital immunodeficiency can result in
several B-cell lymphomas: severe combined immunodeficiency-associated, Wiskott-Aldrich
syndrome, and X-linked lymphoproliferative disorder-associated. Acquired
immunodeficiency due to organ transplantation or acquired immunodeficiency syndrome
(AIDS) can result in multiple EBV-associated disease manifestations such as AIDS-
associated and methotrexate-associated B-cell lymphomas, post-transplant
lymphoproliferative disorder (PTLD), lymphomatoid granulomatosis, and oral hairy
leukoplakia.

KSHV-Associated Disease

KSHYV was discovered in 1994 [3], and is linked to four distinct disease manifestations [4].
KSHV is the etiological agent of the endothelial cancer Kaposi’s sarcoma and can be
associated with AIDS-dependent and -independent malignancies. Primary effusion
lymphoma is a KSHV-associated malignancy of B cells, which can also be co-infected with
EBV [5]. KSHV is also associated with lymphoproliferative multicentric Castleman’s
disease. Most recently, coinfection with human immunodeficiency virus (HIV) was found to
be associated with KSHV-inflammatory cytokine syndrome, where high levels of viremia
trigger a cytokine storm [6].

Recent Discoveries on Tropism Determinants of EBV and KSHV

Viral entry is the first step of infection. Since herpesviruses establish a lifelong infection,
understanding the process of entry and fusion can aid in developing vaccines and inhibitor
targets. All herpesviruses encode and utilize viral glycoproteins B (gB) and gH/gL for
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cellular entry. Understanding the additional proteins required for EBV and KSHYV tropism is
critical to establishing a mechanism of how entry and fusion occur.

Entry of EBV into epithelial cells requires gB, gH/gL, and an additional protein, BMRF,
which binds B1 integrin [7, 8]. Within the past five years, receptor ephrin tyrosine kinase A2
(EphA2) was recently identified by two research groups as an essential epithelial cell
receptor that binds gH/gL to drive fusion [9%*, 10*]. Elucidating how EphA2 binds and
activates gH/gL will help characterize the entry mechanism into epithelial cells. Attachment
to B cells is mediated by EBV gp350, which binds to B cell-specific complement receptor 2
(CR2/CD21) [11]. Following attachment, EBV gp42 binds human leukocyte antigen (HLA)-
11 [12], triggering the fusion cascade. Fusion requires activated gp42, gB, and gH/gL.
Recently, the structure of the gH/gL-gp42 complex was reported, in which an antibody
against gH blocked EBV entry into epithelial cells, but not B cells, revealing the structural
interfaces involved in the distinct entry mechanisms between the two cell types [13**].
Solving the gH/gL-gp42 crystal structure was crucial to understanding how gp42 acts as a
determinant of EBV tropism, with high or low levels promoting entry into B cells or
epithelial cells, respectively [14]. Intriguingly, the incorporation of gp42 is dependent on the
cell type in which replication occurs, with B cells producing low abundance, and epithelial
cells producing high abundance, gp42 virions, which is thought to help drive the tropism of
EBV [14]. Advances in understanding the EBV fusion mechanism has led to the
development of structurally designed gp350 and gH/gL-gp42 nanoparticles that are very
promising vaccine candidates [15, 16**].

Relative to EBV, much less is known about KSHV entry and fusion. Several receptors have
been previously identified for KSHV [17]. Additionally, during the past five years, it has
been demonstrated that KSHV gH has an EphA2-binding site, and soluble EphA2 blocks
entry, but mutating the binding site on gH has no effect on entry [18]. This could be
explained by KSHV utilizing EphA4 [19, 20]. Compared to EBV, specific viral determinants
of tropism have taken longer to identify. K8.1A is known to bind heparan sulfate [21] and
was previously deemed dispensable for entry [22]. Recently, due to the development of a
cell-free B cell infection system [23], K8.1A has been identified as indispensable for entry
into B cells [24*]. These results suggest the role of K8.1A in B-cell entry should be further
elucidated.

While significant progress has been made in understanding gammaherpesvirus tropism,
especially in EBV, more work is needed to help model the mechanisms of entry and identify
new viral and host determinants of entry. Whether K8.1A or another KSHV protein drives
tropism in an EBV gp42-like mechanism is an intriguing question. Altogether, both EBV
and KSHV have complex lifecycles, with specific tropism determinants that help drive viral
pathogenesis.

Establishment and Maintenance of Latency

Establishing latency is a critical aspect of herpesvirus persistence in the population and in
the host. Evading host detection by modulating cell pathways and expressing a limited
repertoire of viral transcripts has allowed gammaherpesviruses to succeed as pathogens.
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Understanding how EBV and KSHYV establish and maintain latency is an important
biological question. EBV and KSHV produce very few transcripts during latency compared
to during lytic replication, and expression profiles can be cell-type dependent [25-28]. EBV
and KSHYV encode two types of transcripts: those that code for proteins that antagonize
cellular responses and modulate pathways to promote viral latency, and non-coding RNA
that downregulate specific host cell proteins through RNA..

EBV Latency-Associated Transcripts

Expression of latent EBV transcripts is very cell-type dependent, with distinct expression
profiles and resulting types of latency 1,11 and 111 [29]. Cells displaying type I latency
express EBV nuclear antigen (EBNA)-1, latent membrane protein (LMP)-2a/b, and EBV-
encoded small RNAs (EBERS). During type Il latency, EBNA-1/2, LMP-1, LMP-2a/b, and
EBERs are expressed. Type Il latency is characterized by the expression of the majority of
the latent genes; EBNA-1, -2, —3a, —3b, —3c, and -LP (leader protein), LMP-1, —2a, —2b,
and EBERs [30].

The EBNAs are largely thought to be important in viral genome segregation during cell
division and regulation of viral and host transcription [30]. LMP-1 is critical in modulating
host pathways, specifically the nuclear factor-kappa B (NF-xB) cascade [31]. LMP-2a
mimics host B-cell receptor (BCR) signaling to prevent antigen recognition, among other
modulatory roles [32]. EBV miRNAs are hypothesized to modulate host pathways to
establish and maintain latency [33, 34]. The successful establishment and maintenance of
EBV latency are modulated by several transcripts that have distinct and important roles in
modifying and evading the host.

KSHV Latency-Associated Transcripts

KSHYV transcripts expressed during latency are also dependent on cell type; generally,
latency-associated nuclear antigen (LANA), vCyclin, vFLIP, viral miRNAs, kaposin, and
VIRF3 (also known as LANAZ2) are expressed. There is evidence that viral interleukin
(VIL6), K1, and K15 are expressed at low levels in some cells [35, 36]. LANA is critical in
establishing latency through its ability to regulate viral and host transcription and to interact
with many host proteins. One of LANA’s most important roles is maintaining the viral
episomal genome and ensuring proper genome segregation during cellular division [37].
vCyclin is important in regulating cell cycle progression [38]. vVFLIP has been identified as
an integral protein in activating NF-xB to prevent apoptosis [39]. Viral miRNAs target
multiple host proteins to modulate the host environment and maintain latency [40].
Differential translation initiation results in multiple transcripts produced by the kaposin
locus that are involved in transformation and increasing cytokine expression [41, 42]. VIRF3
plays an important role in disrupting interferon response to latent infection [43, 44]. Finally,
K15 has recently been shown to co-localize with phospholipase C y1 (PLCyl) in latent cells
which may drive angiogenesis and invasiveness [45]. In sum, similarly to EBV, KSHV
encodes a small but specific suite of transcripts to promote and maintain viral latency.
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Functional Homology of Human Gammaherpesvirus Latency Transcripts

While EBV and KSHV express distinct non-homologous transcripts during latency, there is
functional homology between the subsets of genes expressed by both viruses. The EBNAS
and LANA regulate viral and host transcription, aiding in genome segregation and in binding
host cell proteins to promote infection by EBV and KSHYV, respectively. Among other roles,
EBV LMP-1 and KSHV VFLIP activate NF-xB to prevent host cell apoptosis. Finally, it has
recently become very evident that EBV and KSHYV encode and utilize non-coding RNAS to
alter the host to their advantage. Understanding whether EBV and KSHV modulate similar
pathways with these RNAs is an important question.

Advances in Understanding How EBV and KSHV Modulate the Host Environment:

In order to persist in the host, both EBV and KSHV must alter the host environment to be
permissive to latency. Gammaherpesviruses modulate many pathways to ensure persistence
of latently-infected cells. Both KSHV and EBV antagonize host p53 to prevent apoptosis
[25, 46], and additional KSHV-encoded binding partners of p53 were recently identified
[47]. KSHYV epigenetically downregulates host cell PDZ and LIM Domain 2 (PDLIM2) to
prevent the degradation of NF-xB [48]; whether EBV regulates PDLIMZ in a similar manner
is unclear at this time.

Kinases regulate many host pathways, and unsurprisingly, KSHV and EBV both utilize and
modulate kinase pathways for survival and pathogenesis. EBV and KSHV activate the
phosphatidylinositol-3-kinase/AKT/mammalian target of rapamycin (PI3K/AKT/mTOR)
pathways for cell survival via LMP-1 and LMP-2a [49, 50] or vIL6, VGPCR, and K1,
respectively [51]. Both KSHV and EBV activate the Janus kinase/signal transducers and
activators of transcription (JAK/STAT) pathway to ensure cell survival by vIL6 [52] and
LMP1 [53], respectively.

In addition to changes mediated by viral proteins, EBV and KSHV encode miRNAs that are
hypothesized to regulate the host to be amenable to infection [54-56]. EBV miRNA
stabilizes latency by downregulating lytic transcription [57-59]. EBV downregulates host
miRNAs and proteins to modulate the host cell environment to be conducive to latency [58—
61]. The entire KSHV miRNA cluster modulates the host metabolic response by
downregulating hypoxia-inducible factor (HIF), prolyl hydroxylase EGLN2, and heat shock
protein A 9 (HSPA9) [62]. KSHV miRNA also maintains nitric oxide (NO) production,
which is essential for the survival of KSHV-infected and transformed cells [63]. Recently,
KSHYV extracellular vesicles were found to modulate neighboring cells without triggering
innate immune responses [64*]; it is possible this is accomplished similarly to EBV
transmitting miRNAs to neighboring cells [65].

To summarize, it is increasingly evident that human gammaherpesviruses significantly alter
the host cell in order to establish long-term latency.

Reactivation From Latency

Both KSHV and EBV preferentially establish latency during primary infection, which makes
studying lytic replication challenging. For this reason, the Iytic stage of the lifecycle is often
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studied in the context of viral reactivation from latency. Studying reactivation from latency is
crucial. In order to complete the herpesviral life cycle, lytic infection needs to proceed to
produce virions to infect new cells and new hosts. Additionally, in EBV and KSHV-
associated cancers, there are detectable lytic transcripts, suggesting their importance in
oncogenesis. For EBV and KSHYV, there is a balancing act between maintaining latency and
reactivating from latency. EBNA inhibits viral BRLF1 and BZLF1 expression while LANA
inhibits replication and transcription activator (RTA) expression and vice versa for both EBV
and KSHYV, respectively. The complex interactions required to establish and maintain latency
have resulted in identifying many distinct cellular factors that regulate reactivation from
latency.

Cell Factor Dependent Reactivation

Cellular differentiation has long been thought to be a trigger of EBV and KSHV reactivation
from latency. Host cell differentiation factor B-lymphocyte-induced maturation protein 1
(BLIMP1) activates EBV lytic transcription, and knockout of BLIMP1 results in less lytic
gene production [66—68]. It has not been determined if BLIMP1 activates KSHV
reactivation. Epithelial cell exosomes can trigger EBV reactivation of B cells [69*]. It is
possible that these exosomes, coupled with differential glycoprotein repertoires expressed in
virions from distinct cell types, drive EBV tropism.

Episomal Modification

Due to the limited repertoire of proteins expressed by EBV and KSHV during latency, it is
unsurprising that many restrictors of reactivation from latency are associated directly with
viral episomes. Modification of KSHV [70*, 71*] and EBV [72] episomes can regulate
reactivation from latency. By directly binding RTA, it was recently shown that fused in
sarcoma (FUS) restricts KSHV reactivation from latency [73]. PARP1 restricts both KSHV
[74] and EBV reactivation [75] by binding RTA and BZLF, respectively. Disruption of
Kruppel-associated box domain-associated protein-1 (KAP1) binding to viral episomes
results in reactivation of KSHV [76] and EBV [77].

Innate Immune Restriction

The nature of latent infection limits the ability of the host adaptive immune system to
identify infected cells, making the innate immune response critical in restricting reactivation
and lytic replication. DNA sensors cyclic guanosine monophosphate-adenosine
monophosphate synthase (CGAS) and stimulator of interferon genes (STING) have recently
been shown to regulate KSHV reactivation from latency [78-80], but whether this holds true
in the EBV lifecycle has not yet been determined. EBV reactivation has been shown to
activate RNA sensor retinoic acid-inducible gene | (RIG-1) [81], and KSHYV reactivation
was found to also trigger RIG-1 to induce interferon [82*—84]. Over the last five years,
interferon-induced protein with tetratricopeptide repeats (IFIT) 1 and 3 [85] and interferon
stimulated gene 15 (ISG15) [86] have been found to restrict KSHYV reactivation, while Nod-
like receptor X1 (NLRX1) negatively regulates reactivation from latency [87]. Further
studies into how the innate immune system restricts KSHV and EBV are integral to
understand reactivation from latency.
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Kinase Regulated Reactivation

Kinases play an important role throughout the KSHV lifecycle, and reactivation from
latency is no exception. For example, knocking down all known human kinases identified
tousled-like kinase 2 (TLK?2) as a restrictor against reactivation, and this was subsequently
validated in EBV [88]. Mitogen-activated protein kinase (MAPK) restricts KSHV [32, 89]
and EBV [90] reactivation. Kinases are popular drug candidates in human medicine and
perhaps could become attractive targets in treatment of gammaherpesvirus infection [91].

Altogether, human gammaherpesviruses reactivation is regulated by many host and viral
factors. Reactivation from latency is a critical step to drive lytic replication and produce new
infectious progeny.

Lytic Replication

EBV and KSHYV lytic replication following reactivation is essential to produce new
infectious virions. Lytic replication is largely conserved throughout all herpesviruses.
Briefly, immediate early (IE) gene expression is required for full lytic reactivation and is
regulated through a feed forward mechanism in which RTA in KSHV and BRLF1/BZLF1 in
EBV act as transcription activators for the other IE genes. As transcriptional activators, IE
proteins activate delayed early (DE) gene transcription in a DNA replication-independent
mechanism. Early genes encode proteins involved in the DNA replication machinery. After
the initiation of viral DNA replication, the late genes are transcribed, which mostly encode
structural proteins. Viral DNA-containing capsids are assembled within, and then trafficked
out of, the nucleus. In the cytoplasm, capsids obtain most tegument proteins and the viral
lipid bilayer. From there, the new infectious progeny is produced and released from the cell,
ready to infect a new cell or host.

KSHYV Lytic Replication

KSHYV replication is activated by RTA. KSHV is unique in that it encodes multiple proteins
that were likely repurposed from the host cell and act as homologs, including vIL6, G
protein-coupled receptor (vVGPCR), protein kinase (vVPK), and the interferon regulatory
factors (VIRFs). KSHV utilizes these host-derived homologs to productively influence cell
signaling pathways to its benefit. Additionally, KSHV also encodes genes that are not
homologous to cellular genes, e.g., K1 and K15.

VGPCR, vIL6, and K1 can prevent cell death by activating pathways such as PISK/AKT/
mTOR [51]. K1 also modulates AMP-activated protein kinase (AMPK) to promote cell
survival [92]. VIRF1, -2, and —4 antagonize interferon response to aid in innate immune
avoidance [44, 93, 94]. VILS6, like its host homolog IL6, activates the JAK/STAT signaling
pathway [52]. KSHV ORFs have many functions beyond those listed here, and there are
likely still unknown functions to identify. Non-coding polyadenylated nuclear (PAN) RNA is
one of the most abundant transcripts and performs a wide variety of functions [95]. circRNA
has been identified during KSHV lytic replication, and its function remains to be elucidated
[96%*, 97**].
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EBV Lytic Replication

Compared to KSHV, EBV has a limited number of unique proteins that aid in lytic
replication. Distinct from KSHV RTA, EBV uses two transcriptional activators to drive lytic
gene transcription: BZLF1 and BRLF1, which depend on the cellular context. EBV viral
kinase BGLF2 activates c-Jun N-terminal kinase (JNK) and MAPK, which enhances BZLF1
expression to drive lytic replication [98]. Cellular helicase DHX9, a member of the
DExD/H-box family, restricts EBV lytic replication by binding to viral protein SM [99].
circRNA has been identified during EBV lytic replication, but its role in replication remains
unclear [97**, 100**].

Collectively, KSHV and EBV modulate multiple host pathways, particularly kinases, to
facilitate lytic replication to produce new virions.

Conclusions

EBV and KSHYV are the etiological agents of several cancers worldwide. There are no FDA-
approved vaccines for either virus. They effectively persist in the human population by
utilizing distinct protein expression profiles in different cell types at different stages of their
life cycles. A model depicting the gammaherpesvirus lifecycle is shown in Fig. 1. The recent
discovery of EBV glycoprotein-receptor crystal structures, has advanced the field.
Identifying how non-coding RNAs modulate the host’s susceptibility to infection is
important throughout the life cycle, and this work will continue to reveal new details of
KSHV and EBV’s replication. Both viral and host kinases have significant roles in multiple
steps of the EBV and KSHV life cycle and may have therapeutic potential. Much has been
accomplished in understanding host restriction of reactivation from latency, specifically how
episomal modification of viral genomes triggers lytic replication. Unraveling how KSHV
and EBV establish and reactivate from latency and proceed to lytic infection is a broad
question that will continue to advance understanding of viral pathogenesis.
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Figure 1.
Proposed model for human gammaherpesvirus pathogenesis. Primary infection of epithelial

cells by EBV (A) and endothelial cells by KSHV (G). Released virions then infect
lymphocytes (B-C, H-1). Lymphocytes infected with KSHV +/- EBV may result in primary
effusion lymphoma (D,J). EBV-infected cells are associated with lymphatic (E) and
epithelial cancers (F). KSHV-infected cells are associated with lymphatic (K) and
endothelial (L) cancers.
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