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Comparative Pathobiology of Kaposi Sarcoma-
associated Herpesvirus and Related Primate
Rhadinoviruses

Susan V Westmoreland and Keith G Mansfield"

With the emergence of the AIDS epidemic over the last 2 decades and the more recent identification of Kaposi sarcoma-associ-
ated herpesvirus (KSHV, Human herpesvirus 8), the genera of rhadinoviruses have gained importance as a family of viruses with
oncogenic potential. First recognized in New World primates more than 30 y ago, the rhadinoviruses Saimiriine herpesvirus 2 and
Ateline herpesvirus 2 have well-described transforming capabilities. Recently several new species-specific rhadinoviruses of Old
World primates have been described, including retroperitoneal fibromatosis herpesvirus and rhesus rhadinovirus (Cercopithecine
herpesvirus 17). Molecular analysis of these viruses has elucidated several functionally conserved genes and properties shared
with KSHV involved in cellular proliferation, transformation, and immune evasion that facilitate the oncogenic potential of these
viruses. This review examines the comparative pathobiology of KSHYV, discusses the role of macaque rhadinoviruses as models of
human disease, and outlines the derivation of specific pathogen-free animals.

Abbreviations: CCL, cellular chemokine ligand; IRF, interferon regulatory factors; KSHV, Kaposi sarcoma-associated herpesvirus; LANA,
latent nuclear antigen; MCD, multicentric Castleman disease; MCP1, monocyte chemotactic protein 1; miRNA, microRNA; ORF, open
reading frame; PEL, primary effusion lymphoma; RFHYV, retroperitoneal fibromatosis herpesvirus; RVV, rhesus rhadinovirus; SaHV2,

Saimiriine herpesvirus 2; SPF, specific pathogen-free; SRV2, simian retrovirus type 2; THBS1, thrombospondin

Members of the herpesviridae are enveloped DNA viral agents
that can infect a variety of host species, resulting in lifelong infec-
tion. The family is divided into Alphaherpesvirinae, Betaherpes-
virinae, and Gammaherpesvirinae, according to biologic behavior
and phylogenetic relationship. As a group, synthesis of viral DNA
occurs in the nucleus, and production of infectious virions is as-
sociated with destruction of the cell. Herpesviruses have large
complex genomes and often have acquired host genes that allow
these viruses to modulate and persist in the face of host immune
responses.?>”! This condition (termed ‘latency’) is characteristic
of all herpesviral infections of the natural host. Although most
members of the herpesviridae are of relatively low virulence in
their respective hosts, some lack strict host specificity, and cross-
species transmission to an inadvertent host can be associated with
severe and fatal disease.

The gammaherpesvirinae subfamily is characterized by in vitro
and in vivo infection of lymphoblastoid cells and is further di-
vided into the lymphocryptovirus (yl herpesviruses) and rhadi-
novirus (Y2 herpesviruses) genera. Rhadinoviruses have taken on
increased importance with the identification of the novel Kaposi
sarcoma-associated herpesvirus (KSHV, Human herpesvirus 8) in
association with Kaposi sarcoma, an inflammatory and neoplastic
condition seen in many HIV-infected patients with AIDS.2%2? Un-
til the recognition of KSHV more than a decade ago, rhadinovi-
rus infection of primates was thought to be restricted to the New
World primate lineages, but subsequent investigation revealed a
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number of novel species-specific viruses in a variety of Old World
primates (Table 1).28 As discussed later, based largely on phyloge-
netic analysis, it is now believed that the rhadinoviruses are sub-
divided into 2 distinct groupings (thadinovirus [RV] 1 and 2).”
This review will examine 2 recently recognized rhadinoviruses of
macaques (retroperitoneal fibromatosis virus [RFHV] and rhesus
rhadinovirus [RRYV, Cercopethecine herpesvirus 17]), focusing on
their comparative pathobiology with KSHYV, their impact on natu-
rally occurring disease entities, and their roles as animal models
of human disease.

Kaposi Sarcoma-associated Herpesvirus

Etiologic agent. KSHYV is a Y2 herpesvirus first identified in 1994
by use of a representational difference analysis technique.?? Sub-
sequent work and phylogenetic analysis indicates that the virus
falls within the RV1 subgrouping of the rhadinovirus genus.! Like
other rhadinoviruses, KSHV has typical herpesvirus morphol-
ogy consisting of particles 100 to 150 nm in diameter, with a lipid
envelope surrounding an electron-dense central core. The capsid
has icosahedral geometry comprising 162 hexagonal capsom-
eres and is surrounded by a protein-filled tegument. The viral
genome is 165 to 170 kb in length and encodes approximately
95 genes, 25 of which are unique and not found in other human
herpesviruses."2 On the basis of available sequence data, several
distinct KSHV variants (A through E) have been recognized and
differ in their worldwide distribution.*0

Diagnosis. KSHYV is difficult to isolate and culture. Although
transmission of viral DNA to Raji, BJAB, MoLT4, and owl monkey
kidney cells has been demonstrated, no active infection could be
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Table 1. Nomenclature of primate rhadinoviruses (RV)
Group Abbreviation Official designation? dAei?;?laattli‘c,)i Host Virus isolated Geno;iuacﬂsaicll:ence
RV1
HHVS8 Human herpesvirus 8 KSHV Homo sapiens yes yes
RVImmu not available RFHVmmu Macaca mulatta no no
RVImne not available RFHVmne Macaca nemestrina no no
RVlpan not available PtRV1a and Pan troglodytes no no
PtRV1b
RVilgor not available GorRV1 Gorilla gorilla no no
RVlagm not available ChRV1 Chlorocebus aethiops no no
RV2
HVS Saimirine herpesvirus 2 (SaHV2) none S. sciureus yes yes
HVA Ateline herpesvirus 2 (AtHV2) none Ateles geoffroyi yes yes
RV2mmu Cercopethecine herpesvirus 17 (CeHV17) ~ RRV Macaca mulatta yes yes
RV2mne not available PRV Macaca nemestrina yes no
RV2pan not available PtRV2 Pan troglodytes no no
RV2agm not available ChRV2 Chlorocebus aethiops no no
RV2pan not available PapRV2 Pan anubis no no
2From the International Committee on Taxonomy of Viruses.
recognized, and viral DNA was lost after several passages.®!-%? Disease associations and pathology. KSHV is detected in all

Currently propagation of the virus relies on the KS1, BC3, and
BCBC1 transformed cell lines derived from clinical specimens
obtained from human patients with primary effusion lymphoma
(PEL).%% Diagnosis typically has relied on PCR detection of viral
nucleic acid in biologic samples. Although viral DNA is detected
readily in KS and lymphoproliferative lesions, viral load in the
peripheral blood of healthy persons is low, limiting the sensitivity
of such molecular techniques. Serologic diagnosis can make use
of an immunofluorescent assay involving PEL cell lines or, more
recently, an ELISA using a recombinant latent nuclear antigen 1
(LANAD1) protein. Although serologic assays are useful for epi-
demiologic studies, discordant results from different laboratories
limit their usefulness in individual patients, and currently there
is no ‘gold standard’ against which assays may be compared.>%
Immunohistochemistry and in situ hybridization has been used
to localize KSHV-infected cells in neoplastic and lymphoprolifer-
ative disorders and recently has identified infected lymphocytes
and epithelial cells within the tonsils of immunologically normal
children.!

Epidemiology. KSHYV has long been present in human popula-
tions, and the divergence of KSHV variants is thought to have
occurred more than 35,000 to 60,000 y ago, in conjunction with
migration patterns during the Paleolithic period.*%8 The recog-
nized variants appear to cluster geographically, and whether they
differ in their ability to induce disease is unknown. In endemic
areas with high seroprevalence rates, such as sub-Saharan Africa
and the southern Mediterranean, transmission is thought to occur
within families through person-to-person contact. KSHV has been
detected in saliva, and molecular evidence suggests that mother-
to-child and sibling-to-sibling transmission are common. Sexual
transmission is thought to play a relatively minor role and may
be more important outside of endemic regions.®? A bloodborne
route after transfusion and solid organ transplantation has been
demonstrated but is uncommon.**3 In utero transmission has
not been demonstrated, and passive immunity likely protects the
infant until 1 to 2 y of age.
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forms of KS and has been linked to PEL (or body-cavity-based
lymphomas) and multicentric Castleman disease (MCD). Once
common as an AIDS-defining condition in HIV-infected persons,
KS is an angioproliferative and inflammatory condition most fre-
quently affecting the skin. Four distinct forms are described based
on signalment and clinical presentation: 1) classic KS, typical in
elderly men of Mediterranean descent; 2) endemic KS, most fre-
quently in African children; 3) iatrogenic KS, seen in patients after
solid-organ transplantation; and 4) AIDS-associated KS, an ag-
gressive form first diagnosed in HIV-infected men in the 1980s.!
Histologically these forms appear identical, and the lesion is com-
posed of a mixture of fibrovascular stroma, infiltrating inflamma-
tory cells, and proliferating spindle cells that form small cleft-like
spaces containing erythrocytes (Figure 1). Eosinophilic hyalinized
granules are found often in spindle cells, and hemosiderin may
be present in macrophages scattered throughout the stroma. Al-
though viral protein and nucleic acid can be demonstrated within
spindle cells, the inflammatory component is thought to play a
critical role in the production of growth factors and cytokines
that promote survival, growth, and dissemination of the tumor.>°
The ontogeny of the spindle cell component has been difficult
to determine, but based on immunoreactivity to the lymphatic
markers LYVE1, D2-40, and VEGFRS3, these cells now are believed
to demonstrate a lymphoendothelial phenotype and may be de-
rived from latently infected blood endothelial cells, due to altera-
tions in the local cytokine microenvironment.!81%% KSHV DNA is
detected invariably in all forms of KS, and the neoplastic spindle
cells in these lesions are latently infected with KSHYV, expressing a
limited number of latent viral antigens including KSHV LANA %
KSHYV antigen and nucleic acid may be localized to spindle cells,
although viral copy is low (1/cell).!

In addition, KSHV has been associated with several unique
lymphoproliferative disorders, including PEL and MCD.1207
PEL is a rare condition of patients with AIDS and presents as a
lymphomatous effusion of the pleural, peritoneal, or pericar-
dial cavity, without a demonstrable primary mass and with an
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Figure 1. Pathology of KSHV infection of humans. (A) Kaposi sarcoma (KS) and (B) multicentric Castleman disease (MCD) are associated with KSHV

infection in immunocompromised and normal humans. KS is characterized by bundles of spindeloid cells forming fascicles and irregular channels
containing erythrocytes. These spindeloid cells (C) may stain positively for latent nuclear antigen, (D) are vimentin-positive, and (E) often are negative
for von Willebrand factor VII. MCD is a lymphoproliferative disorder characterized by generalized follicular lymphadenopathy with accumulation of
plasma cells and proliferation of blood vessels within germinal centers (B). (F) Nucleic acid may be localized to the mantle region of affected follicles

by means of in situ hybridization.

immunoblastic or large-cell anaplastic phenotype. High KSHV
copy numbers (40 to 80/ cell) have been detected in AIDS- and
nonAlDS-associated PEL, suggesting a direct etiologic role in viral
tumorogenesis.?’ A B-cell origin has been demonstrated in light
of clonal rearrangement of the immunoglobulin gene, and coin-
fection with Epstein—Barr virus is common, suggesting that this
lymphocryptovirus (yl herpesvirus) may play a role as a cofactor
in oncogenesis.*2% Immortalized PEL cell lines have been estab-
lished in the laboratory and are used to propagate KSHV in vitro.

MCD is a poorly understood lymphoproliferative disorder that
has been linked to KSHYV infection in AIDS and nonAIDS pa-
tients.” The plasma cell variant is associated with generalized
lymphadenopathy and morphologically is characterized by vas-
cular proliferation and accumulation of plasma cells within ger-
minal centers. KSHV DNA is routinely detected in lymph nodes
and peripheral blood of affected patients and viral proteins (vIL6
and LANA1) can be demonstrated by immunohistochemistry in
the mantle zone surrounding affected germinal centers (Figure

1).14 Of particular interest is the expression of vIL6, a viral ho-
molog of human IL6, that has proliferative, proangiogenic, and
proinflammatory activities and may contribute directly to the
morphogenesis of MCD. KSHV VIL6 is thought to activate the
human IL6 receptor through a gp80-independent fashion, thereby
bypassing normal regulatory mechanisms. 244385

Clinical disease during primary infection of children has re-
cently been described. Febrile disease and craniocaudal maculo-
papular rash persisting for 7 to 10 d was recognized in association
with seroconversion and detection of KSHV sequences in Egyp-
tian children.* KSHYV also has been localized to epithelial cells
in early KS plaque lesions, suggesting that epithelial cells may
represent a target during primary infection.!

Molecular basis of KSHV pathogenesis. Several KSHV genes
play important roles in disease pathogenesis by encoding viral
proteins that function in cellular signaling, transformation, im-
mune evasion, and modulation of apoptosis. KSHV K1 protein,
a transmembrane glycoprotein structurally similar to the B-cell
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receptor and encoded in the first open reading frame (ORF), is
involved in multiple aspects of viral pathogenesis. K1 can initiate
signaling in B lymphocytes through an immunoreceptor tyrosine-
based activation motif in its cytoplasmic tail, thereby inducing
activation and proliferation in B cells.> In addition, in B lympho-
cytes, which can harbor KSHYV in lifelong latency, K1 has been
shown to protect these cells from apoptosis by inhibiting Fas and
activating the PI3K-AKT pathway.® K1 upregulates vascular en-
dothelial growth factor and metalloprotease 9 in endothelial cells,
both of which promote angiogenesis to support tumor growth.8¢
Lastly, K1 has oncogenic potential and can transform rodent fibro-
blasts in vitro, immortalize marmoset lymphocytes, and induce
lymphoma in marmosets.?6>°

KSHV ORF73 LANA, sharing functional homology with Ep-
stein-Barr nuclear antigen 1, is expressed in latently infected cells
and is essential for maintaining viral episomes and KSHV rep-
lication and for restricting transcription of viral proteins during
latency as a mechanism of immune evasion.”46-488791 . ANA is
capable of prolonging cellular lifespan, increasing cellular pro-
liferation, and inhibiting p53-dependent apoptosis, but LANA
cannot transform cells.3>8”

In addition, KSHV encodes several homologs of cellular cytok-
ines and chemokines, which are involved in cellular proliferation
and immune evasion. KSHV vIL6 (ORFK?2) is pleiotropic and
can activate numerous cell types by acting directly through ei-
ther the IL6 receptor (IL6R, CD126) or gp130 or by trans-signaling
through soluble IL6R and gp130.% vIL6 contributes to cellular
proliferation by inhibiting IFNa-mediated apoptosis in cells, in-
ducing cellular IL6, promoting B cell proliferation, and induc-
ing cellular angiogenic vascular endothelial growth factor.5232545
KSHV-encoded vIL6 is also immunomodulatory by inducing cel-
lular chemokine ligand 2 (CCL2; monocyte chemotactic protein
1 [MCP1]), which promotes T};2 responses while inhibiting the
antiviral Ty;1 response.?” In addition to inducing cellular CCL2,
KSHYV also encodes viral chemokine homologs (vCCL1, vCCL2,
and vCCL3) with cellular homology to MIP1o. and RANTES that
can induce monocyte chemotaxis and signal transduction.®

As another means of immune modulation, KSHV encodes 4
interferon-regulatory factors (vIRF1 through vIRF4), which reg-
ulate the transcription of type I IFN genes by interfering with
the transcriptional activator p300.6+% KSHV ORF45 and ORF50-
encoded viral proteins specifically inhibit IRF7 replication and
transcription activator.”?> Another immune modulatory KSHV-
encoded protein is vVGPCR, a 7-transmembrane receptor protein
with sequence homology to IL8 receptor, which binds CC and
CXC family chemokines and has potent signaling and transform-
ing capabilities.?

Recently KSHV has been shown to express a total of 17 microR-
NAs (miRNAs) which are encoded by 12 genes, readily detected
in latently infected cells, and involved in posttranscriptional regu-
lation of cellular genes.!””> Their role is thought to facilitate es-
tablishment and maintenance of viral latency by downregulating
specific cellular target genes. miRNAs are found in all metazoan
eukaryotes, and more than 200 have been found in human cells.’
miRNAs function to suppress cellular gene expression through
RNA interference by binding the 3" untranslated regions of target
genes and sequestering them to processing bodies, resulting in
translational inhibition or mRNA degradation.’ In cells stably
expressing KSHV-encoded miRNAs, 8 genes were downregu-
lated more than 4-fold, including SPP1 (osteopontin), plasticity-
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related gene 1, thrombospondin (THBS1), S100 calcium-binding protein
A2, and integral membrane protein 2A, all of which products are
involved in proliferation, immune modulation, angiogenesis,
and apoptosis.”> THBS1 is a matricellular protein that functions
in cell-cell and cell-matrix adhesion and is downregulated in
a number of human cancers. It has potent antiproliferative and
antiangiogenic properties mediated through the activation of the
latent form of TGF. In one study,” protein levels of THBSI in
KSHV miRNA-transfected cells were downregulated more than
10-fold, causing a decrease in TGF activity. In keeping with these
findings, THBS1 expression has been shown to be suppressed in
KS lesions, supporting the theory that suppression of its antipro-
liferation and antiangiogenesis activities are important for KSHV
oncogenesis.”>8!

Retroperitoneal Fibromatosis Herpesvirus

Etiologic agent. In 1997, novel y2 herpesvirus sequences were
identified by PCR using degenerate primer pools in tissues from
macaques that had developed retroperitoneal fibromatosis (RF).”?
RF is a fibroproliferative disorder that has occurred in some non-
human primate facilities in conjunction with simian retrovirus
2 (SRV2) infection and progressive immunodeficiency.? 8283 Se-
quencing revealed the presence of 2 viruses: RFHVmmu in Maca-
ca mulatta and RFHVmne in M. nemastrina. Initial identification
was based on partial sequences of the DNA polymerase gene, but
subsequent analysis of a 4.3-kb fragment of divergent locus B has
placed these viruses in the RV1 group, clustering with African
primate RV1 rhadinoviruses and KSHV.”277 Indepth analysis of
RFHYV has revealed several similarities to KSHYV, including the
presence of a viral dihydrofolate reductase homolog and a MIR1-
like (K3) ORF. Although present, the RFHV vIL6 was only 35%
homologous to that of KSHV at the amino acid level. Further-
more, RFHV lacks an ORF10 homolog that is found consistently
in variants of KSHV, suggesting that a number of distinct genetic
differences exist between the species-specific strains.

Diagnosis. RFHV has not been isolated or cultured in vitro.
Currently no serological assays have been developed to detect
antibody responses, and in vivo diagnosis relies on PCR detection
of viral nucleic acid in biologic samples. The sensitivity of such
assays for detection of latent infection is unknown, but evidence
from the KSHV and RV2 viruses suggests that PCR analysis of
blood is a relatively insensitive method to detect RV1 viruses in
immunocompetent hosts. When RF is present, a number of tech-
niques can be used, including PCR analysis of tissue samples and
detection of viral protein by immunohistochemistry. These pro-
tocols make use of a cross-reactive monoclonal antibody directed
at KSHV LANA and demonstrate large numbers of infected cells
in RF tissue.!>16

Epidemiology. The lack of serologic assays has hampered epide-
miologic investigation of RFHV infection. Systematic evaluation
of colonies have not been undertaken, and whether RFHYV is a
naturally occurring infection of macaques or represents inadver-
tent cross-species transmission of an RV1 agent from a closely
related primate is unclear. Historically, not all large macaque
breeding colonies demonstrated RF, suggesting that infection may
have been limited to certain facilities and that the virus may not
be transmitted as readily or spread as widely as the ubiquitous
RV2 macaque viruses. In recent years, the number of recognized
RF cases has decreased markedly. Whether this decrease is due
to changes in the prevalence of RFHV or to elimination of SRV2
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Figure 2. Pathology of RFHV infection of macaques. (A) Retroperitoneal fibromatosis (RF) occurs in macaques coinfected with SRV2 and RFHV. The
lesion shares some similarities with human KS, and virus may be localized to the proliferating spindeloid cells, (B) which form short bundles and fas-
cicles but lack the vascular channels observed in KS. The lesion often arises at the root of the mesentery but may eventually surround and encase the
gastrointestinal tract into a single mass (insert). An antiHHV8 LANA rat monoclonal antibody demonstrates characteristic nuclear punctuate staining
in (C) an RF lesion and (D) a lymph node with angiofollicular lymphocytic hyperplasia.

through the development of specific pathogen-free (SPF) breed-
ing colonies is not known.

Disease associations and pathology. Even before the recogni-
tion of KSHV and related primate rhadinoviruses, similarities
between KS and RF were appreciated. RF was first recognized
in several species of macaques (M. mulatta, M. fascicularis, M.
fuscata, and M. nemastrina) housed at the Washington National
Primate Research Center during the mid 1970s.38283 Animals
often presented clinically with chronic weight loss and diarrhea,
were infected with SRV2, and had evidence of generalized lym-
phoid depletion. Grossly, lesions were first noted at the ileocecal

junction as small nodules or a diffuse opaque thickening of the
mesentery.8* As the lesion progressed, a fibrous mass surrounded
and eventually fully encased the small and large intestine, and
in some cases, the resultant fibromatosis extended through the
inguinal canal and into the pleural and pericardial space. The
adhesions that formed likely interfered with normal peristalsis
and gastrointestinal function. Rarely spontaneous regression of
clinical signs was noted.3

Microscopically RF was characterized by ill-formed bundles of
spindeloid cells proliferating below the serosal surface supported
by more mature fibrovascular stroma (Figure 2). Multifocally
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within these masses, lymphocytic and plasmacytic aggregates
could be observed. Early lesions appeared to originate from the
capsule of mesenteric lymph nodes and spread along the lym-
phatic vessels. In addition to this proliferative pattern, a sclerotic
form has been observed, with fewer and more mature spinde-
loid cells and a larger component of fibrovascular and collag-
enous stroma. Oral and subcutaneous forms have been noted
rarely, with the latter condition termed ‘subcutaneous fibroma-
tosis.” Transmission studies using frozen homogenized tissue,
performed at the time of collection and later after recognition of
RFHYV, confirmed the involvement of an infectious agent but were
hampered by the inability to isolate the virus.!2%

Despite marked differences in the microscopic appearance of
RF and KS, the similarities between these 2 disease processes are
considerable. Both are mesenchymal proliferative disorders that
originate in the context of virally induced immunodeficiency.
Moreover, the lesions contain considerable numbers of inflam-
matory cells, and in vitro evidence suggests an important para-
crine role for growth factors produced by these cells in promoting
spindle cell proliferation. For these reasons, after the identifica-
tion of KSHV and confirmation of its role in KS, investigators
attempted to define a similar etiology in RF and successfully used
degenerate PCR primers to detect novel gammaherpesvirus se-
quences.” Subsequent work has demonstrated the close relation-
ship of RFHV to KSHV and has localized viral LANA protein to
proliferating spindle cells by immunohis’(ochemis’cry.15 Finally
a quantitative PCR technique demonstrated higher viral copy
numbers in RF tissue than in noninfected tissue. The inability to
isolate and culture the virus has precluded transmission studies
with purified agent to confirm its etiologic role, and a second RV2
rhadinovirus has been detected (albeit at lower copy number) in
lesions by PCR.!> Nonetheless, RFHV likely plays a similar role
to KSHYV in the induction of these mesenchymal proliferative dis-
orders in macaques.

Although most cases of RF have occurred in animals coinfected
with SRV2, a recent report documents the presence of rhadino-
virus sequences in intestinal stromal tumors in an SIV-infected
rhesus macaque.!? The animal was assigned to an experimental
study and developed progressive immunodeficiency and multi-
ple masses in the distal colon. RFHVmmu and an RV2 virus were
detected in tissue by PCR, and nuclei were positive for LANA
antigen by immunohistochemistry (Figure 2C). In addition, an
SIV-inoculated rhesus macaque at our institution developed a
lymphadenopathy with features of angiofollicular lymphocytic
hyperplasia in which typical RFHV LANA-positive cells could
be demonstrated by immunohistochemistry (Figure 2D). These
findings suggest that the spectrum of mesenchymal lymphoid
proliferative disorders in animals infected with macaque rhadino-
viruses may be broader than previously recognized and that the
development of such lesions may occur independently of SRV2
infection.

Rhesus Rhadinovirus

Etiologic agent. An RV2 rhadinovirus of rhesus macaques was
first isolated during the investigation of a spontaneous disease
outbreak at the New England National Regional Primate Center.®’
Seroreactivity to Saimiriine herpesvirus 2 (SaHV2; herpesvirus sai-
miri) antigen was noted in healthy and affected animals, and the
presence of a related macaque virus was suspected. Peripheral
blood mononuclear cells were cocultured with rhesus primary
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fibroblasts, and a putative herpesvirus was isolated.?® In these
cell cultures, cytopathic effect first becomes evident 8 to 11 d fol-
lowing inoculation with the presence of focal destruction of the
cellular monolayer, and the presence of multinucleated syncytial
cells and intranuclear inclusions. DNA of purified virions from
the initial isolate (H26-95) was digested, cloned, and sequenced,
revealing a 2 herpesvirus related to KSHV. A second indepen-
dent isolation (17577) was made at the Oregon National Regional
Primate Center from bone marrow obtained from an SIV-infected
juvenile rhesus macaque.® Subsequent work has placed this virus
within the RV2 grouping, and related viruses have been identified
in M. nemastrina and M. fascicularis.3”8 Rhesus rhabdinovirus has
been designated Cercopethecine herpesvirus 17 by the International
Committee on Taxonomy of Viruses.

The complete sequences of RRV isolates H26-95 and 17795 have
been published independently and revealed that the 2 isolates
were closely related strains of the same rhesus macaque virus.3”8
RRV H26-95 has 84 open reading frames identified in its 130-kb
sequence and shares extensive similarities in genomic organiza-
tion with KSHV. Several of these ORFs are unique to rhadinoviral
genera, including vIL6 homologs and interferon regulating fac-
tors, both thought to play a role in viral pathogenesis and per-
sistence. While similarities are extensive, a number of genomic
distinctions are apparent suggesting that important differences
in biological behavior and pathogenesis may become evident
with further study. All KSHV ORFs have at least 1 homolog in
RRV H26-95 with the exception of MIR1 (K3), K5, K7, and K12
(kaposin). In addition, KSHV has 3 MIP1 homologs and 4 vIRF
elements, compared with 1 MIP1 and 8 vIRFs in RRV. Finally the
dihydrofolate reductase gene of RRV shows greater homology
to that of SaHV2 and is displaced compared with the location in
KSHV. Which, of any of these, account for observed differences in
biologic properties between RRV and KSHYV is unknown.

Diagnosis. A number of diagnostic techniques are available to
detect RRV infection.?® Because the virus can be grown lytically
and to high titer in primary rhesus fibroblasts, whole-virus ELI-
SAs have been developed and can be used to determine serologic
status of individuals and colonies.®® As with other herpesviruses,
the presence of antibodies indicates life long infection of the ani-
mal. Anumber of other assays have been developed to assist with
diagnosis, including viral isolation from peripheral blood mono-
nuclear cells and PCR performed on plasma, whole blood and
other biological specimens. Although these assays may provide
valuable information, they are likely to be less sensitive than se-
rology, and caution is advised in interpreting negative results.

Epidemiology. Serologic evidence indicates widespread infec-
tion of macaque colonies with RRV or related RV2 viruses.?83
Typically by 2 y of age, more than 95% of juvenile animals have
developed a vigorous IgG antibody response to RRYV, indicating
that the virus is easily spread before animals reach sexual matu-
rity.3%%” The timing of seroconversion suggests that dam-to-off-
spring and juvenile-to-juvenile spread are primarily responsible
for the high transmission rates. At our institution, we have not
noted intrauterine or perinatal transmission of RRV and suspect
that the low-level antibodies detected in neonates represent pas-
sive maternal immunity, which temporarily protects infants from
infection. These responses begin to wane at 6 to 8 mo of age, a
period that coincides with the first evidence of natural infection
in some animals. The route of natural infection has not been in-
vestigated systematically, but evidence from KSHV and the ob-
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phocytic hyperplasia, (B) accompanied by marked vascular hypertrophy and hyperplasia. (C) Florid follicular hyperplasia can occur after this phase,
followed by (D) follicular dissolution or (E, F) follicles containing proliferative and hyalinized vessels. The lesions show similarities to plasma cell

variant of MCD.

served high rate of seropositivity are consistent with saliva and an
oral route playing a key role. As with other gammaherpesvirinae
close contact is probably required for infection, and fomites likely
play a minor role. RRV-like sequences have been detected in DNA
from recently imported Indonesian macaques suggesting that
infection is widespread in feral and wild animals.

Disease associations and pathology. Experimental inoculation
of normal and SIV-infected macaques (M. mulatta and M. nem-
astrina) with RRV and pigtail macaque rhadinovirus (RV2mne)
isolates have been reported.””# Animals coinfected with SIV and
RRV develop a marked B cell lymphocytosis and associated hy-
pergammaglobulinemia. These cells express the B cell activation
marker CD40 but not the Epstein—Barr-associated marker CD23
and, despite generalized B cell activation, antibody responses
to rhadinovirus and lentivirus antigens are highly attenuated,
compared with those of controls. During these in vivo infections,
RRYV targets CD20-positive B cells, and virus-induced disruption
of normal B cell responses is suspected.”” In addition to evidence

of peripheral B cell lymphocytosis, lymph nodes demonstrated
changes consistent with angiofollicular lymphoid hyperplasia.
Microscopic findings revealed plasmacytic infiltration and vas-
cular hyalinization resembling the plasma cell variant of MCD
(Figure 3). An immune-mediated hemolytic anemia, pulmonary
arteriopathy, and lymphocytic interstitial pneumonitis were rec-
ognized in a subset of animals. Although other additional disease
entities were recognized in SIV-RRV-coinfected animals, their
relationship to RRV inoculation is less clear.

Experimental inoculation of immunologically normal animals
resulted in infection, a vigorous antibody response, and a modest
B cell lymphocytosis.”#? Although animals remained clinically
normal throughout the study period, peripheral lymphadenop-
athy was noted after inoculation of RRV H26-95. Lymph node
changes progressed through marked paracortical lymphocytic
hyperplasia with vascular hypertrophy and hyperplasia at 2 wk
to florid follicular hyperplasia between 4 and 12 wk. In this lat-
ter phase hyalinized germinal centers with increased vascularity
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were often evident and mantle and interfollicular zones were in-
filtrated by plasma cells.

Evidence suggesting naturally occurring disease associated
with RRV infection is more limited, and in immunologically
normal animals, the virus is likely of low virulence.** In juve-
nile macaques we have seen similar alterations in lymph node
morphology as after experimental inoculation. Florid follicular
hyperplasia with plasmacytic infiltration and vascular hyaliniza-
tion coincided with evidence of seroconversion in 8- to 10-mo-old
colony-housed rhesus macaques. No other clinical signs were
associated with this lymphadenopathy, and changes resolved
over a 2-mo period. A quantitative PCR technique has been de-
veloped to examine viral load in peripheral blood mononuclear
cells of normal and SIV-infected rhesus macaques. This technique
detected peripheral viremia in only 6.7% of normal animals.”* In
SIV-inoculated animals, the incidence of PCR positivity appeared
to increase with duration of infection, suggesting reactivation of
latent virus with progressive immunodeficiency, but PCR posi-
tivity was not associated with various lymphomas diagnosed at
necropsy. RRV 17577 was isolated from a lymphocryptovirus-
negative SIV-associated multicentric lymphoproliferative disease,
suggesting that the virus may play a role in the spectrum of this
disorder.??

Other Primate Rhadinoviruses

Rhadinovirus infections occur in a number of other primate
species. Of these SaHV2 and Ateline herpesvirus 2 are arguably
the best studied viruses and were first recognized more than 30
y ago.>%0 Squirrel monkeys are the natural host of SaHV2 and
similar to that with other rhadinoviruses, infection of squirrel
monkeys is nearly 100% by 1 to 2 y of age. In the natural host, dis-
ease has not been described; however, cross-species transmission
to several other neotropical primate species, including tamarins,
owl monkeys, and marmosets, results in lymphomagenesis and a
rapidly progressive disease course.** The model has proven use-
ful in elucidating the molecular basis of herpesvirus oncogenesis
and the role of viral determinants in this process.3*

Since the recognition of KSHV and the macaque rhadinovirus-
es, several other Old World primate species have been identified
to harbor their own KSHV-like gammaherpesviruses. KSHV-ho-
mologous rhadinoviruses have been identified in African green
monkeys, baboons, drills and mandrills.3*58 Two RV1 viruses
closely related to KSHV have been identified in chimpanzees,
with higher seropositivity rates detected in animals experimen-
tally infected with HIV.385051 [n many cases, identification of
these viruses has been based on PCR amplification of sequences
from normal animals, and disease associations have not been rec-
ognized. Moreover, viral isolation and cultivation has not been
possible, and assignment of the viruses to 1 of the 2 established
rhadinovirus lineages is based on limited sequence data. Interest-
ingly, although both HIV1 and a KSHV-like rhadinovirus have
been detected in chimpanzees, KS-like proliferative disorders
have not been recognized in this species.

Models of KSHV Infection and Pathogenesis
The recognition of KSHV as an important human pathogen has
prompted intense interest in the development of animal models
to investigate aspects of disease pathogenesis. Rhesus macaques
have been inoculated with KSHV-infected PEL cells, and although
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low-level viral persistence could be detected by PCR, seroconver-
sion and adverse disease outcome did not occur.”® Long-term in-
fection of NOD/SCID mice with KSHV has been described.1367,90
In this model, latency is established, and the virus appears to tar-
get specific murine cell types, including B cells, macrophages,
and dendritic cells.? Alternative surrogate murine model systems
have been developed and include the use of murine gammaher-
pesviruses MHV68 and MHV72.8° Compared with MHV68 and
MHV?72, the RV1 viruses RFHVmmu and RFHVmne are more
closely related to KSHV, but these strains have not been isolated
and cultivated in vitro and thus are more difficult to work with in
laboratory animal models.

In contrast to the RV1 macaque viruses, RV2 viruses have been
isolated and are easily cultured in vitro. As discussed earlier, ex-
perimental inoculation with 2 closely related RV2 strains have
been conducted in immunocompetent and immunodeficient ani-
mals and have helped define the spectrum of disease with these
agents.”” Morphologic similarities to MCD in lymphoid tissue
after inoculation have been described in rhesus macaques, and
this finding has set the stage for understanding the molecular
basis of rhadinovirus oncogenesis. Several recent technical ad-
vances with the RV2 virus models likely will enhance their use
as animal models and include the development of tools such as
systems to genetically manipulate viruses, recombinant viruses
with tags such as green fluorescent protein that can be used to
track and quantify levels of viral replication, and reagents to as-
sess immunologic responses.!*! Two groups recently have devel-
oped systems to genetically manipulate infectious clones of RV2
viruses.!!"3 These systems allow the creation of recombinants,
which can be used to study the impact of individual genes and
viral determinants on disease pathogenesis and are critical to the
aim of developing these viruses as potential vector systems. Fur-
ther, as with KSHYV, regions encoding 11 distinct miRNAs have
recently been cloned from RV2mmu.”® Although these RV2m-
mu miRNAs do not share sequence homology with the KSHV
miRNAs identified to date, they are located in a single cluster
and reside in the same genomic region as the KSHV miRNAs.”®
The RV2mmu miRNAs likely share functional similarities with
the KSHV miRNAs in the role of downregulating host factors to
allow for establishment and persistence of viral latency. Future
studies on these miRNAs will elucidate target cellular genes and
mechanisms common to KSHV. Such work is currently difficult or
impossible to perform with KSHV or other RV1 viruses because
of the lack of permissive cell lines that allow propagation of the
virus.

Derivation of Rhadinovirus-free Animals and

Colonies

The importance of primate rhadinovirus models leads to the
frequent need to study animals that have not previously been
infected with the virus. This requirement may be problematic,
because most colonies have a high rate of seroreactivity to RV2 vi-
ruses. Seroprevalence studies®*indicate that transmission often
occurs between 6 to 12 mo of age and that separation of juvenile
animals at this time from the breeding colony with establishment
of small peer groups will often break the transmission cycle. Al-
though earlier separation decreases the likelihood of transmis-
sion, establishment of peer groups at 6 to 12 mo facilitates normal
social development. After their establishment, peer groups should



be tested serologically every month for 4 mo. If no animals sero-
convert, larger groups can then be formed, with testing continued
on a quarterly basis.

SPF breeding colonies of rhesus macaques that are free of RV2
and several other ubiquitous viruses (including cytomegalovirus,
rhesus lymphocryptovirus, SV40, and simian foamy virus) have
been established by separating infant macaques from dams on
the day of birth, combined with hand-rearing and quarterly test-
ing with both serologic and molecular techniques.®3%7 Although
development of expanded SPF breeding programs is useful for
scientific programs, these programs are not without substan-
tial costs and potential risks. Such animals must have complete
physical separation from the source colony, including separate
infrastructure and personnel, to prevent inadvertent transmission
of agents. In addition to the cost of the initial derivation of the
colony, there is the continued cost of testing and duplication of
facilities, equipment, and housing.

The establishment of expanded SPF programs is associated
with various risks, as well. Development of a separate colony
may introduce further genetic subdivision within a facility’s
breeding program. Although this potential can be managed in
the short term through careful selection of founder animals in the
expanded program, genetic drift may lead to substantial differ-
ences as colonies grow and age. Additional risks may be posed
by breaks in SPF status. Although these ubiquitous agents are
largely nonpathogenic in the immunocompetent host, infection
most commonly occurs at a young age, and whether virulence
differs if infection is delayed until animals are substantially older
or pregnant is unknown. Finally, these ubiquitous viral agents
fundamentally affect cellular immune responses within the host,
and their removal may have unknown effects on the ontogeny
and senescence of the normal immune system.

Summary

Recent molecular and serologic evidence suggests widespread
infection of Old World primates with rhadinoviruses. These agents
are grouped into 2 distinct lineages (RV1 and RV2) and, because
they show functional and sequence similarity to KSHV, are im-
portant animal models of KSHV-mediated disease. In particular,
the RV2 viruses RRV and RV2mne provide the most opportunities
for extensive molecular analysis because they can be cultivated in
vitro. Future work will address many of the remaining questions
on rhadinovirus-induced neoplastic diseases, and primate models
likely will play an important role in these studies.
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