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Abstract

Viruses related to the herpes simplex viruses of humans are present in all nonhuman primate
(NHP) species tested and cross species transmission has been documented. The herpesvirus
present in macaques, Herpes B virus (BV) rarely causes disease in its natural macaque host.
However, when transmitted to a nonnative host, BV has occasionally caused severe and even fatal
disease if not treated immediately. Here we present a comprehensive review of the taxonomy;,
molecular biology, physiology, epidemiology, diagnosis and treatment of BV. We also summarizes
what is known about related herpesviruses of other NHP species and the zoonotic potential of
these viruses.
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a-Herpesviruses of Nonhuman Primates

Like humans, nonhuman primates (NHPs) are naturally infected with several herpesviruses.
There are eight different human herpesviruses that are divided into three groups: a.-, - and
y-herpesviruses. Viruses related to all the human herpesviruses have been isolated from or
detected in many different species of NHPs. Herpesviruses usually do not cause serious
infections in healthy members of their natural host species, most such infections being
asymptomatic. A hallmark of herpesviruses is their ability to establish latent infections that
endure for the life of the host with no clinically apparent signs of infection. In response to
various stimuli, latent virus can reactivate and undergo lytic replication resulting in shedding
of infectious virus that can then be transmitted to a naive host, thereby perpetuating
existence of the virus. Consistent with this intimate association between host and virus,
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numerous phylogenetic analyses have concluded that herpesviruses have co-evolved with
their host species.

Since humans and NHPs are genetically and physiologically similar, it is not surprising that
some herpesviruses of NHPs can infect humans, and vice versa. While most such cross-
species infections are likely abortive (i.e., the virus cannot complete its replicative cycle to
produce an active or latent infection or cause clinically apparent disease), some
herpesviruses produce serious or lethal infections when transmitted to a non-natural host
species. The most notorious NHP virus in this respect is monkey B virus (BV) of macaques.
While this review focusses primarily on BV, available information on the zoonotic potential
of other NHP a-herpesviruses will also be summarized.

Herpes B Virus

Molecular

Herpes B virus (BV) occurs naturally in Asian monkeys of the genus Macaca [1-5].
Although known by several names over the years since its isolation in 1932 [6] (most
commonly Herpesvirus simiae, monkey B virus, and Herpes B), BV is officially designated
Macacine herpesvirus 1 by the International Committee on Taxonomy of Viruses [7]. BV is
a member of family Herpesviridae, subfamily Alphaherpesvirinae, genus Simplexvirus. The
simplexviruses of human and nonhuman primates are summarized in Table 1. These viruses
are all closely related, although the degree of relatedness generally reflects that of the
relatedness of their host species [8,9]. The same holds true for the primate - and y-
herpesviruses.

Biology of BV

BV is closely related to HSV, so much of what is known regarding HSV structure, protein
functions and viral replication likely applies to BV as well. BV has the typical virion
structure of a-herpesviruses, with a linear DNA genome of ~155 kbp enclosed within a 125
nm icosahedral capsid embedded in an amorphous protein tegument surrounded by a lipid
membrane envelope [10,11]. As expected from the comparatively large size of the viral
genome, herpesviruses are complex in both their structure and replication. Like other
members of the simplexvirus genus, BV encodes over 70 proteins as well as a number of
miRNAs [12-15].

BV has a wide host range /n vitro, productively infecting most cell lines tested. The lytic
replication cycle of BV begins with attachment of the virion to a host cell, presumably
mediated by binding of glycoprotein C (gC) to cell surface heparin sulfate. This allows the
gD glycoprotein to specifically bind cell surface molecules which in turn alters the structure
of the gB and gH/gL glycoproteins to initiate fusion of the viral envelope with the cell
plasma membrane. While five gD receptors have been identified for HSV, BV appears to
recognize only nectin-1 [16-18]. Furthermore, while gD is essential for entry of several a—
herpesviruses, gD does not appear to be essential for BV entry [19]. When the viral envelope
fuses with the host cell membrane, the virion nucleocapsid and tegument proteins are
released into the cytoplasm. The nucleocapsid is then transported to a nuclear pore where the
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viral genome is released into the nucleus [13]. The BV replication cycle is fairly rapid, with
extracellular progeny virus appearing about 68 hrs post infection [20].

One tegument protein of HSV [UL41, the “virion host shutoff (vhs) protein] plays a central
role in circumventing the innate immune response. Once released into the cytoplasm, UL41
degrades cellular mRNAs, thereby abrogating initiation of a B-interferon (IFN-B) response
by the cell. Deletion of the BV UL41 coding sequence or mutation of the UL41 RNase
active site prevents mRNA degradation and allows continued synthesis of host cell proteins.
As a result the infected cell is able to generate an IFN-B response, indicating that the BV
UL41 functions similarly to HSV UL41 [21]. Another HSV gene that plays an important
role in modifying the host cell for viral replication is RL1 (or y-34.5). The HSV y34.5
protein is not only a determinant of neurovirulence in mice, but also functions in egress of
progeny virions from the cell and inhibiting surface expression of MHC Il proteins [22-25].
Despite its importance in HSV, BV and related simian viruses do not have a homologue of
the RL1 gene. One antiviral response of a cell to infection is shutdown of protein synthesis
by phosphorylation of translation initiation factor elF-2a.. The HSV y-34.5 protein
dephosphorylates elF-2a., thereby allowing protein synthesis to continue [24]. Lacking an
RL1 homologue BV does not dephosphorylate elF-2a, yet viral protein synthesis continues
in the BV infected cell [unpublished]. Consistent with this, deletion of the region of the BV
genome where an RL1 homologue would be located does not affect BV replication,
inhibition of the cellular IFN-B response, or neurovirulence of BV in mice [unpublished].
Thus, while BV is certainly similar to HSV, there are significant differences as well.

In 1971 Hull [26] reported the formalin inactivation of a BV isolate from a rhesus macaque
(Macaca mulatta) for use as a vaccine, and this BV strain (E2490) has since served as the
“standard” BV strain. The genome sequence of this BV strain has been determined [27-29]
although there are a number of minor differences between sequences determined by different
laboratories. Sequences of a number of individual genes from various isolates of BV have
also been reported [30-33]. The genomic sequence of a BV strain isolated from a captive
colony bred long tailed macaque (M. fascicularis) with a fatal BV infection has also been
reported [34]. Recently, a genome sequence for 14 rhesus BV isolates has been determined
as well as BV isolates from pigtail (M. nemestrina) and lion-tailed (M. silenus) macaques
[unpublished]. All BV genomes have a very high G+C content of ~75% and are similar to
HSV2 and ChHYV in their genetic organization. Comparing genome sequences of the
reference E2490 strain with other rhesus isolates of BV, all coding sequences and miRNAS
are highly conserved. The most prominent differences lie in the long and short repeat regions
(RL & RS, resp.) in areas that do not encode either proteins or miRNAs. There are several
areas of repeated sequences in the BV genome, and strain-specific differences occur in the
number of iterations of repeated sequences, sequence of the repeat units, and length of
homopolymeric tracts of G or C. [unpublished]. BV isolates from non-rhesus macaque
species are very similar to rhesus BV isolates, with all coding sequences and miRNAs being
conserved. Based on DNA sequence data, variation in the amino acid (AA) sequence
identity of homologous BV and HSV proteins averages 62.5% [29]. In contrast, average AA
sequence identity values are approximately 95% among BV strains, 87% between BV and
HVP2, and 83% between BV and SA8 [27,35,36]. This level of AA sequence homology is
consistent with previous studies that detected antigenic cross-reactivity of almost all BV
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proteins with homologous HSV proteins [37-41] and with the extensive antigenic cross-
reactivity observed between BV and HSV in ELISA, western blot and neutralization assays
[37,40-48].

As discussed in more detail below, the conserved nature of most BV proteins is very
important in diagnosing zoonotic BV infections. Although most BV proteins do have cross-
reactive antigenic determinants, many also possess BV-specific epitopes. BV-immune sera
react more strongly with BV antigen than HSV antigen, and vice versa. In addition, some
BV glycoproteins are not strongly conserved with their HSV counterparts and so stimulate
non-cross-reactive (or BV-specific) antibodies. Both the gG and gC glycoproteins have been
found to be largely BV-specific antigens with respect to HSV, but they still exhibit
substantial cross-reactivity with the homologous glycoproteins of HVP2 and SA8
[29,47,48].

Biology of BV in the Natural Macaque Host

Our understanding of the biology of BV in macaques comes almost entirely from work on
captive bred macaques. BV is normally transmitted horizontally between macaques via
direct contact and exchange of bodily secretions [2,3,5,49,50]. The prevalence of BV
infections in macaque populations (both captive and wild) as measured by the presence of
anti-BV serum 1gG is related to age. The incidence of infected individuals increases
progressively from infants to juveniles, adolescents, young adults, and mature adults [51-
58]. Sexually immature macaques can be infected following intimate contact with an
infected mother or other infected animals in the troop, usually as an oral infection. There is a
marked increase in BV exposure via genital infections as animals become socially and
reproductively active in the prepubescent and pubertal period (2—4 years of age). In both
wild macaque populations and conventional captive breeding colonies, where animals are
not segregated, the prevalence of BV in mature adults ranges from 70% to nearly 100% [58—
60].

Most macaques experiencing a primary BV infection do not exhibit overt clinical signs of
disease, although upon close inspection orofacial or genital lesions can sometimes be seen
[2,3,5,49,61]. Initial virus replication occurs locally in the mucosal epithelium at the site of
infection and induces an immune response, resulting in the appearance of both anti-viral
antibody and cell-mediated immune responses. As the virus replicates, it enters
unmyelinated sensory nerve endings present in the epidermis and is transported intra
axonally to the neuron cell body in the sensory ganglion. In the normal course of infection,
the virus then becomes latent in sensory neurons where it is maintained in a non-replicating
state [50,62-65]. In comparatively rare instances, usually in infants or the very young,
primary infections may not end with establishment of latency, but continues to progress as a
generalized infection that spreads throughout the body and is usually fatal [61,66-68].

Once a latent infection has been established, the virus remains in sensory neurons for the life
of the host [2,5,64,65,69,70]. Periodically in response to various stimuli, BV will reactivate
from the latent state. Such recurrent infections result in shedding of infectious virus that can
then be transmitted to a naive host. Most recurrent infections are not accompanied by
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clinically apparent lesions; thus, healthy macaques can shed infectious BV without any
outward signs of infection. The frequency of virus shedding appears to be quite low (2—3%)
in captive macaques under typical husbandry conditions [3,71-73]. Stress related to social
challenges, transportation, immunosuppression, or a new housing environment have all been
linked to reactivation and shedding of BV [63,70,74]. However, in seasonal breeding
macaque species like rhesus, reactivation, shedding and transmission of BV occurs primarily
during the breeding season [50,70-72]. Thus, potential factors associated with reactivation
due to stressors and breeding could relate to hormonal changes.

The genus Macaca includes at least 17 species. While all macaques appear to harbor BV, BV
isolates obtained from different macaque species do show differences at the molecular level.
PCR amplification and sequencing of a limited region of the genome from BV isolates
obtained from several macaque species revealed the existence of different “genotypes” of
BV, each being particular to a specific macaque species [32,75,76]. While differences among
BV genotypes are readily evident by DNA sequencing, there have not been any differences
noted at the biological level; different BV genotypes appear to behave the same in their
natural macaque hosts.

BV Infections in Non-Macaque Monkeys

Cross-species transmission of BV has been reported in a number of monkey species which
had contact with macaques. While most reported cases have been lethal infections, some
monkeys have survived BV infections. Lethal infections have been reported in Debrazza’s
monkeys (Cercopithecus neglectus), a patas monkey (Erythrocebus patas) and a black and
white colobus monkey (Colobus spp.) [76-78], all of which were housed near macaques in
z00s. In the case of the DeBrazza’s monkeys, the origin of the infection appears to have
been lion-tailed macaques (M. sifenus) housed in an adjacent cage. Clinically apparent
disease was noted in 7/8 DeBrazza’s monkeys, but only 3/7 died. BV has also been reported
in a colony of brown capuchin monkeys (Cebus apella) [79]. These animals had been housed
in the same room as BV-positive macaques. Of particular note, while 5/7 monkeys were
seropositive for BV and 7/7 were positive when tested by PCR, none showed any clinical
symptoms of infection. Thus while BV infections in non-macaque monkeys can be lethal,
not all such infections are lethal or even symptomatic.

Experimental Pathogenesis Models of BV

Little experimental research on BV pathogenesis has been reported. Rabbits have
historically been used in BV research since they are extremely sensitivity to infection,
succumbing rapidly when inoculated by almost any route including inhalation [80,81].
However, no pathogenic studies in this species have been reported. BV pathogenesis in
newborn mice has been reported, but this model system has not found widespread use
[82,83]. More recently a mouse model using intramuscular injection (i.m.) or skin
scarification for virus inoculation simulating presumed routes of zoonotic infection has been
developed [84-86]. While variation in the neurovirulence of different rhesus isolates of BV
were observed using i.m. inoculation, all BV strains tested produced lethal infections when
inoculated by skin scarification and have LDsgs that are not statistically different from one
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another [unpublished]. Also, there is no difference among isolates of different BV genotypes
(isolates from different macaque species) when inioculated i.m., suggesting that rhesus
isolates of BV are likely not inherently more neurovirulent than BV isolates from other
macaque species [unpublished].

Diagnosis of BV Infections in Macaques

Various test methods have been used to diagnose BV infections in macaques including virus
isolation, virus neutralization, ELISA and PCR. PCR is very sensitive and specific, and a
number of PCR assays for detection and quantitation of BV have been described [87-93].
However, PCR has not found widespread use for identification of BV infected macaques
since only those monkeys actually shedding virus at the time of sampling would test
positive; latently infected animals not actively shedding virus would not test positive.
Consequently, serological testing by ELISA is most widely used to identify BV infected
macaques. While assays using BV antigen are most desirable for such testing, production of
BV antigen preparations involves significant biohazard concerns. Taking advantage of the
close genetic and antigenic relationship between BV and related primate a.-herpesviruses,
serologic assays have been developed that utilize HVP2 or SA8 antigens [43,94-97]. These
assays are nearly as sensitive as assays using BV antigen for detection of BV-positive
macaques. While HSV1 has also been used as an alternative antigen, the assay sensitivity is
not as great as with HVP2 or SA8 antigen [94]. Notably, none of these ELISAS, including
ELISAs using BV antigen, specifically identifies what virus a positive monkey is actually
infected with; it is implicitly assumed that positive macaques are infected with BV. Even so,
it should not be assumed that sero-positive animals are shedding virus. This erroneous
assumption has led to the needless destruction of several macaque colonies [98,99].

Diagnosis of Zoonotic BV Infections

Diagnosis of BV infections in humans is a much more difficult problem [100,101]. Although
serologic testing is possible, such assays rely on detection of antiviral antibodies which do
not appear until 7-10 days after infection. The antigenic cross-reactivity between BV and
HSV represents a major challenge for diagnosis of zoonotic BV infections. Most adult
humans are infected with HSVV1 and/or HSV2, and anti-HSV antibodies cross-react with BV
antigens. Also, when BV infects an HSV-immune person, an anamnestic response to cross-
reactive antigens occurs similar to the “original antigenic sin” phenomenon noted with
sequential influenza virus infections [102, 103]. This results in high levels of antibodies
directed against cross-reactive antigens, making detection of BV-specific antibodies all the
more difficult [100,101]. Furthermore, many suspected/potentially infected BV patients are
treated prophylactically with antiviral drugs immediately after a BV exposure incident. This
can impede BV replication, thereby preventing or lessening the intensity of the anti-BV
immune response [104]. Given all these challenges, serologic assays for detection of
zoonotic BV infections must be both sensitive and virus-specific to detect antibodies
directed against BV.

Development of serologic assays that can reliably differentiate zoonotic BV from HSV
infections in humans is not a simple problem. One approach used is to adsorb the human test
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serum with HSV antigen, thus removing antibodies that react with HSV antigen prior to
testing for anti-BV antibodies [42]. Although this approach reduces assay sensitivity, it has
been used to successfully diagnose BV infections. Another approach is utilization of
recombinant DNA technology to express BV genes, producing recombinant proteins for use
as diagnostic antigens [33,39,47,105-108]. Recombinant BV antigens are safe to use,
economical to produce, and can easily be standardized. The high G+C content of BV genes
makes efficient prokaryotic expression of BV genes difficult and inefficient, but expression
using the insect baculovirus system has proven more successful [47]. Since most BV
proteins possess cross-reactive antigenic determinants, expression of only part of a BV
protein has been used to produce antigens that are more BV-specific. The combined use of
several such recombinant BV proteins (glycoprotens gB, gC, gD & gG) has provided
improved sensitivity and specificity for detection of antibodies to BV [47,108].

Monoclonal antibodies (mAbs) are very specific, and have been developed for BV
serological testing [109,110]. Not surprisingly, the vast majority of anti-BV mAbs produced
recognize epitopes common to BV and HSV. Although BV-specific mAbs have been
isolated, the epitopes they are directed against have not proven to be consistently recognized
by infected macaques, thus limiting their usefulness in diagnostic assays [111,112]. In one
case, a BV-specific mAb to the gB glycoprotein (which is consistently recognized in
infected animals) was produced, but the mAb was not diagnostically useful because its
binding was inhibited by cross-reactive antibodies presumably directed against a nearby
epitope, resulting in poor binding of the BV-specific mAb and thus false-negative results
[111].

As mentioned above, PCR assays have the advantage of being able to rapidly and
specifically detect minute quantities of viral DNA rather than relying on development of a
host immune response to the virus. Thus, PCR testing of swabs from a bite or scratch wound
site can be used to detect the presence of BV. In the case of bites or scratches resulting from
a captive monkey, the animal itself can also be tested to determine whether it was actively
shedding BV at the time of the exposure incident, thereby providing some measure of the
likelihood of BV having been transmitted to the patient. Many PCR assays for detection of
BV have been described, and several have been used to diagnose human infections due to
BV versus HSV [90,113, R Mukai, perscomm]. Although its extreme sensitivity makes PCR
ideal for detecting small amounts of virus in diagnostic specimens, this sensitivity can also
be a limitation. Different BV genotypes exhibit substantial DNA sequence variation in
regions of the genome, and sequence variation even occurs among different strains of BV
from rhesus monkeys [29,32,34,75]. The limited number of published BV genome
sequences makes it difficult to quantitatively assess the full extent of sequence variation
among BV isolates in order to design primers reliably able to detect all BV isolates. PCR
assays for use in diagnosis need to be specific for BV versus HSV but also able to detect
different BV strains and genotypes.

As is apparent from the above discussion, the type of sample to be submitted for diagnosis

depends on the goal of the testing to be done. The National B Virus Reference Laboratory is
most widely used for testing of human samples where zoonotic infections are suspected, and
relevant information regarding sample collection and specimen shipping are available on the
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National B Virus Reference Laboratory website. There are also several commercial testing
laboratories that will test macaque samples.

Zoonotic BV Infections

In 1932 Dr. WB Brebner, a young physician, was bitten on the finger by a rhesus macaque
being used in poliovirus research [6,114,115]. Dr. Brebner developed herpetic lesions on the
finger, but unlike herpetic whitlows caused by HSV, the infection progressed to involve the
central nervous system (CNS). Dr. Brebner died several weeks later from an acute ascending
myeloencephalitis. A herpesvirus was isolated from several tissues and, although initially
identified as HSV, was subsequently shown to be distinct from HSV and was designated as
‘the B virus’ [6,114]. While the exact number is not available, a fairly small number of
additional human BV infections (~50-100) have occurred sporadically over the ensuing
years through contact with captive macaques or macaque tissues [2,4,5]. Although extremely
rare, zoonotic BV infections are notorious for their severity. Untreated, zoonotic BV
infections have a fatality rate of 70-80%, with many survivors having marked neurologic
deficits. Survivors can also experience progressive deteriorative neurologic sequelae.

To date, all confirmed cases of zoonotic BV have been in persons working with captive
monkeys; no cases of zoonotic BV due to contact with wild macaques have been reported.
Humans typically acquire BV by direct contact with an infected macaque or contaminated
materials (eg. dirty cages, primary cells preparations). Although aerosol infection has been
achieved in the laboratory setting [81,116] and has been suspected in two zoonotic BV cases
[4,5], there is no definitive evidence that aerosol transmission of BV occurs naturally. The
vast majority of human BV infections have been associated with bites or scratches from
macaques. However, additional modes of transmission have been documented including
splashing of macaque urine into the eye [117], needle stick injury [118], contamination of
cuts with material from primary macaque cells in the laboratory [119], and person-to-person
transmission [120,121]. It is noteworthy that the only documented cases of persons infected
with BV have been animal care personnel, veterinarians, and laboratory researchers working
with macaques (or in one case the spouse of a caretaker). There have been no confirmed
zoonotic infections in persons having been bitten by wild or pet macaques [122,123].

The clinical course of BV infection in humans can vary [4,11,124]. Initial symptoms of
infection usually develop within 1-3 weeks of an exposure incident, but in some cases initial
symptoms may develop considerably later. The nature of initial clinical symptoms can also
vary but always include nonspecific flu-like symptoms (fever, muscular pain, fatigue, and
headache); vesicular herpetic lesions at the site of inoculation are not present in all cases.
Later in the disease course symptoms indicative of involvement of the peripheral and/or
central nervous systems develop. Progression of clinical symptoms associated with
advancing infection also varies among individual patients and can include symptoms as
diverse as vesicular lesions, lymphadenitis, lymphangitis, nausea/vomiting, and abdominal
pain. At some point in the infection BV gains access to the nervous system where it spreads
along sensory nerves to the spinal cord and ascends to the brainstem, often resulting in
encephalomyelitis and respiratory failure in terminal stages of the infection. Once the
infection reaches the brainstem, the final outcome is almost invariably death of the patient.
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Since BV invades the sensory nervous system, the potential exists for patients surviving BV
infections to harbor latent BV. The appearance of clinical BV infections in persons having a
history of working with macaques but without any known potential exposure immediately
prior to the appearance of clinical signs (including one case lacking any potential exposure
for 10 years prior to disease onset) [4,5,124] or recurrence of disease after resolution of an
initial BV infection [121,125,126] both suggest that BV latency not only occurs in humans
but also that reactivation of latent BV can be associated with clinical disease. In one case
where three animal care personnel at one facility acquired BV from infected macaques or
contaminated cages, testing of over 130 other persons including health care personnel having
contact with the patients failed to detect additional cases of BV (with the exception of BV
transmission to one patient’s spouse) [120]. Similarly, testing of sera from >300 animal
handlers that had worked with macaques did not detect any evidence of asymptomatic BV
infection despite long term and/or repeated contact with sero-positive macaques [127]. It
thus appears that the risk of BV transmission is low.

Geographic Restriction of Zoonotic BV Infections

It is curious that all zoonotic BV cases to date have occurred in the US, Canada or Europe.
Throughout Asia (India, Nepal, China, SE Asia) people often live and work in close
proximity to macaques and experience bites and scratches. Yet despite the hundreds of
thousands of such exposures that occur annually in Asia [128-132], there has not been a
single reported case of zoonotic BV infection. Wild macaques are known to be seropositive
for BV, and a number of studies have documented the frequent occurrence of bites and
scratches among both monkey temple workers and tourists visiting these sites [59,60,133—
135]. Unpublished serologic analysis of monkey temple workers suggests that some may
have experienced BV infection, but none of these workers had a history of having
experienced any clinical signs indicative of pathogenic BV infection.

The apparent lack of fatal BV infections in Asia where macaques are ubiquitous and both
residents and international tourists are bitten and scratched at rates that dwarf exposure rates
reported in US and Europe is perplexing. It is possible that captive macaques raised for
biomedical research may be in an environment inherently more stressful than that of urban,
temple, pet or wild macaques, resulting in more frequent shedding of BV or shedding of
greater quantities of infectious BV, thereby presenting a greater likelihood of zoonotic
transmission of BV. However, over the past 10-15 years several Asian nations have
developed large captive macaque breeding facilities that operate similar to US captive
breeding facilities, yet none have reported transmission of BV to animal care personnel.

Another possible explanation for the lack of clinical BV cases in Asia is that BV infections
may not be diagnosed accurately, particularly in rural areas with limited healthcare.
However, tens of thousands of macaques are free-ranging in large metropolitan areas in Asia
where access to healthcare, diagnostics and case follow-up is readily available (e.g.
Singapore and Hong Kong) and yet no cases of zoonotic BV have been detected. Similarly,
international tourists who are exposed at monkey temple sites in places like Bali or India
typically have access to advanced medical diagnostics on returning home and they or their
physicians would almost certainly posit a connection between a monkey bite in Asia and

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel Page 10

symptoms typically associated with zoonotic BV infection. The reasons underlying the
restriction of fatal zoonotic BV infections to the US and Europe remains a mystery.

Drug Sensitivity of BV

Sensitivity of BV to various anti-herpetic drugs has been investigated /n vitro, and BV has
consistently been found to be less sensitive than HSV to all drugs tested [136-138]. The
drug most widely used to treat HSV infections is acyclovir (ACV), and while BV is
susceptible to ACV it is ~10-fold less sensitive than HSV. The BV thymidine kinase enzyme
does not efficiently phosphorylate ACV (or related acyclic nucleoside analogs) which is a
prerequisite for antiviral effectiveness of these drugs [137]. BV is sensitive to other drugs
besides ACV including penciclovir (PCV), ganciclovir (GCV), cidofovir (CDV), and an
experimental drug FEAU [137,138]. Notably, mutants of HSV that are resistant ACV and
GCV are not uncommonly encountered in patients, and a similar spontaneous GCV-resistant
mutant of BV has been described [139].

The in vitro efficacy of drugs does not always accurately predict their efficacy in vivo. ACV
has been tested /n vivo using a rabbit model, and while protection could be attained it
required comparatively high concentrations of ACV administered over several weeks
[136,140]. Consistent with observations from clinical human cases, once neurological signs
of CNS involvement were evident, oral ACV was found to be ineffective although
intravenous GCV did provide some protection [140]. More recently, a mouse model has
been used to assess /n vivo efficacy of several drugs in protecting against lethal BV infection
[84]. While ACV, PCV, GCV and CDV were all found to be about equally effective against
BV /n vitro, these drugs varied considerably in their /n vivo efficacy. ACV was completely
ineffective and PCV provided only slight protection. In contrast, complete protection against
lethal infection could be achieved with GCV or CDV. Initiation of drug treatment could be
delayed up to 48 hrs after infection and still provide complete protection. While GCV
treated mice surviving BV infection still developed signs of neurological involvement, most
surviving mice treated with CDV did not exhibit any clinical signs of neurological
involvement. Consistent with this, GCV treated survivors developed a strong serum IgG
response while CDV treated survivors developed a weak or no serum anti-BV 1gG response.
These results suggest that CDV may be much more effective against BV than GCV.

Ideally, a treatment regimen that is non-toxic but effective in preventing BV replication at
the site of inoculation before the virus can invade the nervous system is needed. Preliminary
experiments testing the efficacy of topical drug treatment following inoculation by skin
scarification in the mouse model suggest that this approach holds great promise as a means
of providing effective prophylactic treatment immediately following an exposure incidence
without the concerns for drug toxicity or the expense of in-patient care [unpublished].

Treatment of Zoonotic BV Infections

Although fewer than 100 cases of zoonotic BV have been reported since its discovery, their
severity has resulted in development of guidelines for first aid after an exposure incident,
testing of persons potentially exposed to BV and the monkey involved, and
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recommendations for prophylactic antiviral treatment [141,142]. These guidelines were
developed with research and veterinary personnel in mind; persons exposed to macaques in
Asia (residents and tourists) are rarely if ever treated following these guidelines. Also, very
little research has been done on drug treatment for BV infections; current treatment
recommendations are based on a very few published experimental studies performed in
rabbits using only two drugs. Due to the comparative rarity of zoonotic BV infections, there
is little financial incentive for corporate entities to develop BV-specific drugs. Consequently,
drugs developed for treatment of HSV infections are currently used to treat BV infections.
Current recommendations for treatment of zoonotic BV infections advise prophylactic use of
oral ACV (or val-ACV), PCV or GCV, and intravenous GCV if nervous system symptoms
are evident. Both ACV and GCV have proven effective in preventing disease progression in
some cases [118,121,125], but have been completely ineffective in others [117,121,125,143].
Of particular note, once infections have progressed to involve the CNS, treatment is rarely
effective.

The poor potency of ACV against BV in both the rabbit and mouse models raises a serious
concern regarding current treatment recommendations for prophylactic treatment of
suspected zoonotic infections (i.e., oral ACV or val-ACV). If ACV is as poorly effective
against BV in humans as it is in mice and rabbits, prophylactic use of ACV following an
exposure incident may allow BV to continue to replicate at the site of inoculation to a level
eventually sufficient to invade the CNS. While there are no published experimental data
demonstrating efficacy of prophylactic ACV treatment, there is a single published clinical
case where neurological involvement did not develop following oral ACV treatment despite
BV being detected by PCR in the wound site [118]. In contrast, there are several published
cases where treatment with ACV failed to prevent advancement of BV infection (i.e.,
patients treated with ACV developed an overt/lethal infection) [125,144] as well as multiple
cases where patients receiving no ACV or treatment with other drugs unrelated to ACV
recovered from clinically overt BV infection (the ~20% non-lethal BV cases) [124,125,145].
Thus, the actual efficacy of ACV against BV in humans remains unclear. GCV, the most
effective treatment currently recommended for zoonotic BV infection, is usually reserved for
use once neurological symptoms are evident. Even so, GCV is not completely effective
[117].

Zoonotic Infections by Other NHP Herpesviruses

As summarized in Table 1, herpesviruses related to BV have been isolated from
chimpanzees [146], baboons [147-150], vervets [151], langurs [43] and several species of
South American monkeys [152-155]. Serologic studies indicate the existence of related a-
herpesviruses in other NHP species as well [41,156-162]. If herpesviruses have co-evolved
with their host species as phylogenetic analyses suggest, all NHP species are likely to have
their own unique a-herpesviruses that are genetically and antigenically related to known
NHP herpesviruses. Virtually nothing is known about the herpesviruses of langurs and
spider monkeys, but some of the other NHP herpesviruses can cause fatal disease when they
cross the species barrier. While we often think in terms of zoonoses, we also need to be
aware of the ability of human viruses to infect NHPs. While not always serious, HSV has
been transmitted to a variety of NHP species, in many cases with fatal results [77,163-175].

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel Page 12

One herpesvirus closely related to BV is Cercopithecine herpesvirus 2 (simian agent 8;
SAB8). SA8 was originally isolated in South Africa from a vervet (Cercopithecus aethiops)
and subsequently from a chacma baboon (Papio ursinus) [150,151]. As a result of its
isolation from two species, SA8 was long considered to be a virus present in all African
monkeys. It was later recognized that the herpesvirus found in savannah (olive and yellow)
baboons (£ anubis & P. cynocephalus, resp.) while very similar to SA8, was distinct from
SA8 [148]. A virus assumed to also be SA8 has since been isolated from a vervet [176].
However, careful serological analyses found that vervets do not appear to recognize SA8-
specific antigens, suggesting that at least the reference strain of SA8 (B264) may not
actually be a vervet virus [41]. Nonetheless, vervets are likely infected with an a-
herpesvirus related to BV. While translocated vervets from the Caribbean are all sero-
negative for SA8, other vervets have been reported to be sero-positive [41].

In one case reported as a zoonotic BV infection, a patient was bitten on the hand by a vervet
[177]. The following day she sought treatment for pain and swelling at the wound site and
two days later developed fever and flu-like symptoms, but eventually improved. Three weeks
after the bite incident, the wounds on the hand had healed but the patient developed swelling
and tingling in the forearm and swelling of regional lymphnodes. She also recovered from
this without specific treatment, but 2 weeks later again developed itching and pain in the
hand and forearm. At this point BV infection was suspected and the patient was placed on a
25 day course of oral ACV. The patient completely recovered and remained free of
symptoms for 11 months. Since BV is not found in African NHPs, it is likely this infection
was due to a vervet herpesvirus rather than BV.

A case often included in historical summaries of zoonotic BV cases involved an individual
who had a history of contact with only African NHPs (no contact with macaques) and was
bitten by a vervet (Cercopithecus aethiops) [4]. Both the monkey and patient exhibited
increasing titers to BV. Given the lack of exposure to macaques, it seems likely that this
infection was not due to BV, but rather to SA8 or a related virus of vervets. Such an infection
would produce the same serological results given the tests used at the time (circa 1959).

Baboons carry a herpesvirus designated Papiine herpesvirus 2 (Herpesvirus papio 2; HVP2)
[148-150,178,179]. HVP2 is very closely related to SA8 and was originally considered to be
the same virus. Only with the advent of molecular genetics analyses did it become clear that
HVP2 was a distinct virus [148]. In baboons HVP2 behaves just as BV does in macaques or
HSV in humans, producing oral or genital infections and becoming latent in sensory neurons
with subsequent reactivation and shedding of the virus [147,149,180,181]. Also like BV in
macaques, HVP2 can produce fatal infections in infant baboons [182,183]. HVP2 and BV
are very closely related at the molecular level to the point that HVP2 has found use as an
alternative antigen to replace BV antigen in serological assays [94,95]. Most HVP2 isolates
are just as neurovirulent in mice as the most neurovirulent strains of BV [86,184]. Also like
BV, HVP2 can produce lethal cross-species infections in other NHPs [185]. Despite the
close similarity of HVP2 and BV, zoonotic HVP2 infections have never been reported.
Serological testing of animal care personnel at one baboon breeding facility similarly failed
to detect any evidence of zoonotic HVP2 infections [unpublished].

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel Page 13

Summary

An a-herpesvirus isolated from squirrel monkeys (Saimiri spp.) designated Saimirine
herpesvirus 1 (Herpesvirus saimiri 1; HVS1) should not to be confused with the -
herpesvirus (Herpesvirus saimiri 2) which is usually referred to as “Herpesvirus saimiri”.
HVS1 was originally isolated from tamarins (Saguinus spp.) that succumbed to lethal
generalized disease soon after importation to the US, and so was variously referred to as
Herpes tamarinus, Herpes T, or marmoset herpesvirus [152,155]. The tamarins had been
imported together with squirrel monkeys, and subsequent studies confirmed that squirrel
monkeys are the natural host of this virus [158,186-189]. Like BV and HVP2, this virus
rarely causes serious disease in its natural host. Although most adults are infected, oral
lesions (when present) are observed primarily in young animals [189, unpublished].

When transmitted to other South American NHPs (marmosets, owl monkeys), HVS1
produces severe and frequently fatal disease with disseminated multifocal necrosis of
visceral organs and occasional involvement of the CNS [154,158,190-193]. While no
conclusive reports of zoonotic infections exist, there have been several unconfirmed reports
of human HVS1 infection. One was a case of encephalitis following a squirrel monkey bite
where IgG titers to HVS1 increased, but no virus was ever isolated [194]. In two other
incidents, customers at pet shops were bitten by a squirrel monkey and developed herpetic-
type lesions on the finger, but both patients declined any testing [unpublished]. Thus, there is
reason to believe that HVS1 can infect humans.

Serological testing of captive chimpanzees housed in US zoos suggested that chimpanzees
(and bonobos) are infected with one of three related herpesviruses: HSV1, HSV2 or a related
but distinct virus [157]. There have been two cases where an a-herpesvirus has been isolated
from chimpanzees. In one case the virus was identified as HSV2 [169]. More recently, a
herpesvirus (ChHV) was isolated from a chimpanzee with oral lesions [146]. While this
virus is very closely related to human HSV2, both genomic sequencing and phylogenetic
analyses confirmed that it is a distinct, albeit very closely related virus [195,196].
Serological testing suggested that this virus likely represents the third unidentified virus
detected in some zoo-housed chimpanzees [157]. Although ChHV does not produce serious
infections in mice, nothing is known about the zoonotic potential of this virus. However,
given the ability of HSV2 to infect chimpanzees and the similarity of the two viruses there is
no reason to expect that ChHV is not capable of infecting humans. Interestingly, recent
phylogenetic analyses suggest that humans originally acquired a virus (ChHV) via cross-
species infection from chimpanzees, and that this virus subsequently evolved into HSV2
[196].

NHPs are natural hosts for many infectious agents. Being closely related to humans, many of
these pathogens are capable of productively infecting humans and so represent zoonotic
concerns. Herpesviruses are ubiquitous in NHPs and some have been associated with
pathology in non-native hosts. Of particular note is BV which is present in almost all adult
macaques. Severe disease is rare in healthy macaques, but pathology has been documented
following human infections with BV. Except for a very few cases in the UK, all zoonotic BV
infections have occurred in the US following exposure to captive macaques. Despite the
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frequent, high-risk exposure incidents that routinely occur throughout Asia where millions
of macaques are naturally distributed, there have never been any cases of zoonotic BV
reported nor have cases with neurological symptoms consistent BV infection been linked to
macaque exposures. Nonetheless, the perception continues in the peer reviewed scientific
literature as well as the popular media that all exposures from macaques can lead to highly
pathogenic zoonotic BV infections. Large scale, comprehensive, longitudinal
epidemiological surveys of individuals at risk for BV infection are needed to determine the
true public health significance of this virus. Additionally, the extent of variation among BV
isolates and comparison of isolates from captive vs. wild macaques of known provenance
should be examined in depth.

Acknowledgments

The authors are grateful to D. Black, G. Engel and P. Martelli for extensive discussions about the biology and
ecology of primate herpesviruses. This work was supported by the National Institutes of Health grants P40
0D010988, P20 GM103648 and R24 0D022013 (RE) and R01 AlI078229, R03 Al1064865, P51 RR000166 and
Defense Advanced Research Projects Agency N66001-02-C-8072 (LJE).

References

1. Elmore D, Eberle R. Monkey B virus (Cercopithecine herpesvirus 1). Compar Med. 2008; 58:11—
21.

2. Huff JL, Barry PA. B-virus (Cercopithecine herpesvirus 1) infection in humans and macaques:
potential for zoonotic disease. Emerg Infect Dis. 2003; 9:246-250. [PubMed: 12603998]

3. Keeble SA. B virus infection in monkeys. Ann NY Acad Science. 1960; 85:960-969.

4. Palmer AE. B virus, Herpesvirus simiae: historical perspective. J Med Primatol. 1987; 16:99-130.
[PubMed: 3035187]

5. Weigler BJ. Biology of B virus in macaque and human hosts: a review. Clin Infect Dis. 1992;
14:555-567. [PubMed: 1313312]

6. Sabin AB, Wright AM. Acute ascending myelitis following a monkey bite, with isolation of a virus
capable of reproducing the disease. J Expl Med. 1934; 59:115-136.

7. Davison AJ, Eberle R, Ehlers B, Hayward GS, McGeoch DJ, et al. The order Herpesvirales. Arch
Virol. 2009; 154:171-177. [PubMed: 19066710]

8. Davison AJ. Herpesvirus systematics. Vet Microbiol. 2010; 143:52-69. [PubMed: 20346601]

9. McGeoch DJ, Rixon FJ, Davison AJ. Topics in herpesvirus genomics and evolution. Virus Res.
2006; 117:90-104. [PubMed: 16490275]

10. Roizman, B., Pellett, PE. The family Herpesviridae: A brief introduction. In: Knipe, DM., Howley,
PM., editors. Fields Virology. 4th. Philadelphia, PA: Lippincott, Wllliams & Wilkins; 2001. p.
2381-2397.

11. Whitely, RJ., Hilliard, JK. Cercopithecine herpesvirus (B virus). In: Knipe, DM., Howley, PM.,
editors. Fields Virology. 4th. Philadelphia, PA: Lippincott Williams and Wilkins; 2001. p.
2835-2848.

12. Pfeffer S, Sewer A, Lagos-Quintana M, Sheridan R, Sander C, et al. Identification of microRNAs
of the herpesvirus family. Nat Methods. 2005; 2:269-276. [PubMed: 15782219]

13. Roizman, B., Knipe, DM. Herpes simplex viruses and their replication. In: Knipe, DM., Howley,
PM., editors. Fields Virology. 2001. p. 2399-2460.

14. Amen MA, Griffiths A. Identification and expression analysis of herpes B virus-encoded small
RNAs. J Virol. 2011; 85:7296-7311. [PubMed: 21543500]

15. Besecker MI, Harden ME, Li G, Wang XJ, Griffiths A. Discovery of herpes B virus-encoded
microRNAs. J Virol. 2009; 83:3413-3416. [PubMed: 19144716]

16. Li L, Qiu Z, Li Y, Liang F, Ye H, et al. Herpes B virus gD interaction with its human receptor-an in
silico analysis approach. Theor Biol Med Model. 2014; 11:27. [PubMed: 24902525]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

17

18.

19.

20.

21.

22.

23.

24.

25.

26.
217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 15

. Fan Q, Amen M, Harden M, Severini A, Griffiths A, et al. Herpes B virus utilizes human nectin-1
but not HVEM or PILRa for cell-cell fusion and virus entry. J Virol. 2012; 86:4468-4476.
[PubMed: 22345445]

Fan Q, Longnecker R. Is nectin-1 the “master” receptor for deadly herpes B virus infection?
Virulence. 2012; 3:405. [PubMed: 22722246]

Perelygina L, Patrusheva I, Vasireddi M, Brock N, Hilliard J. B Virus (Macacine herpesvirus 1)
Glycoprotein D is functional but dispensable for virus entry into macaque and human skin cells. J
Virol. 2015; 89:5515-5524. [PubMed: 25740986]

Hilliard JK, Eberle R, Lipper SL, Munoz RM, Weiss SA. Herpesvirus simiae (B virus): replication
of the virus and identification of viral polypeptides in infected cells. Arch Virol. 1987; 93:185—
198. [PubMed: 3030236]

Black D, Ritchey J, Payton M, Eberle R. Role of the virion host shutoff protein in neurovirulence
of monkey B virus (Macacine herpesvirus 1). Virologica Sinica. 2014; 29:274-283. [PubMed:
25341947]

Bolovan CA, Sawtell NM, Thompson RL. ICP34.5 mutants of herpes simplex virus type 1 strain
17syn+ are attenuated for neurovirulence in mice and for replication in confluent primary mouse
embryo cell cultures. J Virol. 1994; 68:48-55. [PubMed: 8254758]

Brown SM, MacLean AR, Aitken JD, Harland J. ICP34.5 influences herpes simplex virus type 1
maturation and egress from infected cells in vitro. J Gen Virol. 1994; 75:3679-3686. [PubMed:
7996163]

Cheng G, Yang K, He B. Dephosphorylation of elF-2alpha mediated by the gamma(1)34.5 protein
of herpes simplex virus type 1 is required for viral response to interferon but is not sufficient for
efficient viral replication. J Virol. 2003; 77:10154-10161. [PubMed: 12941928]

Chou J, Roizman B. The gamma 1(34.5) gene of herpes simplex virus 1 precludes neuroblastoma
cells from triggering total shutoff of protein synthesis characteristic of programed cell death in
neuronal cells. Proc Natl Acad Sci USA. 1992; 89:3266-3270. [PubMed: 1314384]

Hull RN. B virus vaccine. Lab Anim Sci. 1971; 21:1068-1071. [PubMed: 4331930]

Ohsawa K, Black DH, Sato H, Eberle R. Sequence and genetic arrangement of the U(S) region of
the monkey B virus (cercopithecine herpesvirus 1) genome and comparison with the U(S) regions
of other primate herpesviruses. J Virol. 2002; 76:1516-1520. [PubMed: 11773425]

Ohsawa K, Black DH, Sato H, Rogers K, Eberle R. Sequence and genetic arrangement of the UL
region of the monkey B virus (Cercopithecine herpesvirus 1) genome and comparison with the UL
region of other primate herpesviruses. Arch Virol. 2003; 148:989-997. [PubMed: 12721804]
Perelygina L, Zhu L, Zurkuhlen H, Mills R, Borodovsky M, et al. Complete sequence and
comparative analysis of the genome of herpes B virus (Cercopithecine herpesvirus 1) from a
rhesus monkey. J Virol. 2003; 77:6167-6177. [PubMed: 12743273]

Bennett AM, Harrington L, Kelly DC. Nucleotide sequence analysis of genes encoding
glycoproteins D and J in simian herpes B virus. J Gen Virol. 1992; 73:2963-2967. [PubMed:
1331298]

Killeen AM, Harrington L, Wall LVM, Kelly DC. Nucleotide sequence analysis of a homologue of
herpes simplex virus type 1 gene US9 found in the genome of simian herpes B virus. J Gen Virol.
1992; 73:195-199. [PubMed: 1309859]

Ohsawa K, Black DH, Torii R, Sato H, Eberle R. Detection of a unique genotype of monkey B
virus (Cercopithecine herpesvirus 1) indigenous to native Japanese macaques (Macaca fuscata).
Compar Med. 2002; 52:546-550.

Perelygina L, Zurkuhlen H, Patrusheva I, Hilliard JK. Identification of a herpes B virus-specific
glycoprotein d immunodominant epitope recognized by natural and foreign hosts. J Infect Dis.
2002; 186:453-461. [PubMed: 12195371]

Ohsawa K, Black D, Ohsawa M, Eberle R. Genome sequence of a pathogenic isolate of monkey B
virus (species Macacine herpesvirus 1). Arch Virol. 2014; 159:2819-2821. [PubMed: 24903602]
Tyler SD, Peters GA, Severini A. Complete genome sequence of Cercopithecine herpesvirus 2
(SA8) and comparison with other simplexviruses. Virol. 2005; 331:429-440.

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

36

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 16

. Tyler SD, Severini A. The complete genome sequence of Herpesvirus papio 2 (Cercopithecine
herpesvirus 16) shows evidence of recombination events among various progenitor herpesviruses.
J Virol. 2006; 80:1214-1221. [PubMed: 16414998]

Eberle R, Black D, Hilliard JK. Relatedness of glycoproteins expressed on the surface of simian
herpes-virus virions and infected cells to specific HSV glycoproteins. Arch Virol. 1983; 109:233—
252.

Hilliard JK, Black DH, Eberle R. Simian alphaherpesviruses and their relation to the human herpes
simplex viruses. Arch Virol. 1989; 109:83-102. [PubMed: 2558632]

Perelygina L, Patrusheva I, Zurkuhlen H, Hilliard JK. Characterization of B virus glycoprotein
antibodies induced by DNA immunization. Arch Virol. 2002; 147:2057-2073. [PubMed:
12417944]

Ueda Y, Tagaya I, Shiroki K. Immunological relationship between herpes simplex virus and B
virus. Archiv fur Ges Virusforsch. 1968; 24:231-244.

Katz D, Shi W, Krug PW, Henkel R, McClure H, et al. Antibody cross-reactivity of
alphaherpesviruses as mirrored in naturally infected primates. Arch Virol. 2002; 147:929-941.
[PubMed: 12021865]

Katz D, Hilliard JK, Eberle R, Lipper SL. ELISA for detection of group-common and virus-
specific antibodies in human and simian sera induced by herpes simplex and related simian
viruses. J Virol Methods. 1986; 14:99-109. [PubMed: 3021805]

Katz D, Shi W, Krug PW, Hilliard JK. Alphaherpesvirus antigen quantitation to optimize the
diagnosis of herpes B virus infection. J Virol Meth. 2002; 103:15-25.

Heberling RL, Kalter SS. A dot-immunobinding assay on nitrocellulose with psoralen inactivated
Herpesvirus simiae (B virus). Lab Anim Sci. 1987; 37:304-308. [PubMed: 3039249]

Boulter EA, Kalter SS, Heberling RL, Guajardo JE, Lester TL. A comparison of neutralization
tests for the detection of antibodies to Herpesvirus simiae (monkey B virus). Lab Anim Sci. 1982;
32:150-152. [PubMed: 6281573]

Van Hoosier GL Jr, Melnick JL. Neutralizing antibodies in human sera to Herpesvirus simiae (B
virus). Tex Rep Biol Med. 1961; 19:376-380. [PubMed: 13779992]

Perelygina L, Patrusheva |, Hombaiah S, Zurkuhlen H, Wildes MJ, et al. Production of herpes B
virus recombinant glycoproteins and evaluation of their diagnostic potential. J Clin Microbiol.
2005; 43:620-628. [PubMed: 15695655]

Slomka MJ, Harrington L, Arnold C, Norcott JPN, Brown DWG. Complete nucleotide sequence of
the Herpesvirus simiae glycoprotein G gene and its expression as an immunogenic fusion protein
in bacteria. J Gen Virol. 1995; 76:2161-2168. [PubMed: 7561753]

Keeble SA, Christofinis GJ, Wood W. Natural virus-B infection in rhesus monkeys. J Pathol
Bacteriol. 1958; 76:189-199. [PubMed: 13576361]

Zwartouw HT, MacArthur JA, Boulter EA, Seamer JH, Marston JH, et al. Transmission of B virus
infection between monkeys especially in relation to breeding colonies. Lab Anim. 1984; 18:125—
130. [PubMed: 6087022]

Andrade MR, Yee J, Barry P, Spinner A, Roberts JA, et al. Prevalence of antibodies to selected
viruses in a long-term closed breeding colony of rhesus macaques (Macaca mulatta) in Brazil. Am
J Primatol. 2003; 59:123-128. [PubMed: 12619046]

Weigler BJ, Roberts JA, Hird DW, Lerche NW, Hilliard JK. A cross sectional survey for B virus
antibody in a colony of group housed rhesus macaques. Lab Anim Sci. 1990; 40:257-261.
[PubMed: 2162979]

Jensen K, Alvarado-Ramy F, Gonzalez-Martinez J, Kraiselburd E, Rullan J. B-virus and free-
ranging macaques, Puerto Rico. Emerg Infect Dis. 2004; 10:494-496. [PubMed: 15109420]
Kessler MJ, Hilliard JK. Seroprevalence of B virus (Herpesvirus simiae) antibodies in a naturally
formed group of rhesus macaques. J Med Primatol. 1990; 19:155-160. [PubMed: 2160017]

Lee F, Lin YJ, Deng MC, Lee TY, Huang CC. Prevalence of antibody reaction with cercopithecine
herpesvirus 1 antigen in Macaca cyclopis, Macaca fascicularis, and Papio anubis in Taiwan. J Med
Primatol. 2007; 36:343-347. [PubMed: 17976038]

Lin Q, Yuan GL, Ai L, Li J, Li HL. Seroprevalence of BV (Macacine herpesvirus 1) in bred
cynomolgus monkeys in Cambodia. J Vet Med Sci. 2012; 74:355-356. [PubMed: 21997241]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

57

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 17

. Di Giacomo RF, Shah KV. Virtual absence of infection with Herpesvirus simiae in colony-reared
rhesus monkeys (Macaca mulatta), with a literature review on antibody prevalence in natural and
laboratory rhesus populations. Lab Anim Sci. 1972; 22:61-67. [PubMed: 4334438]

Lee MH, Rostal MK, Hughes T, Sitam F, Lee CY, et al. Macacine herpesvirus 1 in long-tailed
macaques, Malaysia, 2009-2011. Emerg Infect Dis. 2015; 21:1107-1113. [PubMed: 26080081]
Jones-Engel L, Engel GA, Heidrich J, Chalise M, Poudel N, et al. Temple monkeys and health
implications of commensalism, Kathmandu, Nepal. Emerg Infect Dis. 2006; 12:900-906.
[PubMed: 16707044]

Orcutt RP, Pucak GJ, Foster HL, Kilcourse JT, Ferrell T. Multiple testing for the detection of B
virus antibody in specially handled rhesus monkeys after capture from virgin trapping grounds.
Lab Anim Sci. 1976; 26:70-74. [PubMed: 177807]

Anderson DC, Swenson RB, Orkin JL, Kalter SS, McClure HM. Primary Herpesvirus simiae (B-
virus) infection in infant macaques. Lab Anim Sci. 1994; 44:526-530. [PubMed: 7844966]
Melnick JL, Banker DD. Isolation of B virus (herpes group) from the central nervous system of a
rhesus monkey. J Exp Med. 1954; 100:181-194. [PubMed: 13286422]

Chellman GJ, Lukas VS, Eugui EM, Altera KP, Almquist SJ, et al. Activation of B virus
(Herpesvirus simiae) in chronically immunosuppressed cynomolgus monkeys. Lab Anim Sci.
1992; 42:146-151. [PubMed: 1351111]

Boulter EA. The isolation of monkey B virus (Herpesvirus simiae) from the trigeminal ganglia of a
healthy seropositive rhesus monkey. J Biol Stand. 1975; 3:279-280. [PubMed: 169266]

Vizoso AD. Recovery of herpes simiae (B virus) from both primary and latent infections in rhesus
monkeys. Br J Exp Pathol. 1975; 56:485-488. [PubMed: 177038]

Carlson CS, O’Sullivan MG, Jayo MJ, Anderson DK, Harber ES, et al. Fatal disseminated
cercopithecine herpesvirus 1 (herpes B infection in cynomolgus monkeys (Macaca fascicularis).
Vet Pathol. 1997; 34:405-414. [PubMed: 9381651]

Daniel MD, Garcia FG, Melendez LV, Hunt RD, O’Connor J, Silva D. Multiple Herpesvirus simiae
isolation from a rhesus monkey which died of cerebral infarction. Lab Anim Sci. 1975; 25:303-
308. [PubMed: 167229]

Simon MA, Daniel MD, Lee-Parritz D, King NW, Ringler DJ. Disseminated B virus infection in a
cynomolgus monkey. Lab Anim Sci. 1993; 43:545-550. [PubMed: 8158978]

Boulter EA, Grant DP. Latent infection of monkeys with B virus and prophylactic studies in a
rabbit model of this disease. J Antimicrob Chemother. 1977; 3A:107-113.

Zwartouw HT, Boulter EA. Excretion of B virus in monkeys and evidence of genital infection. Lab
Anim. 1984; 18:65-70. [PubMed: 10628791]

Huff JE, Eberle R, Capitano J, Zhou SS, Barry PA. Differential detection of B virus and rhesus
cytomegalovirus in rhesus macaques. J Gen Virol. 2003; 84:83-92. [PubMed: 12533703]

Weigler BJ, Hird DW, Hilliard JK, Lerche NW, Roberts JA, et al. Epidemiology of Cercopithecine
herpesvirus 1 (B virus) infection and shedding in a large breeding cohort of rhesus macaques. J
Infect Dis. 1993; 167:257-263.

Weir EC, Bhatt PN, Jacoby RO, Hilliard JK, Morgenstern S. Infrequent shedding and transmission
of Herpesvirus simiae from seropositive macaques. Lab Anim Sci. 1993; 43:541-544. [PubMed:
8158977]

Mitsunaga F, Nakamura S, Hayashi T, Eberle R. Changes in the titer of anti-B virus antibody in
captive macaques (Macaca fuscata, M. mulatta, M. fascicularis). Compar Med. 2007; 57:120-124.
Smith AL, Black D, Eberle R. Molecular evidence for distinct genotypes of monkey B virus
(Herpesvirus simiae) which are related to the macaque host species. J Virol. 1998; 72:9224-9232.
[PubMed: 9765470]

Thompson SA, Hilliard JK, Kittel D, Lipper S, Giddens WE, et al. Retrospective analysis of an
outbreak of B virus infection in a colony of DeBrazza’s monkeys (Cercopithecus neglectus).
Compar Med. 2000; 50:649-657.

Loomis MR, O’Neill T, Bush M, Montali RJ. Fatal herpesvirus infection in patas monkeys and a
black and white colobus monkey. J Am Vet Med Assoc. 1981; 179:1236-1239. [PubMed:
6276349]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Page 18

. Wilson RB, Holscher MA, Chang T, Hodges JR. Fatal Herpesvirus simiae (B virus) infection in a
patas monkey (Erythrocebus patas). J Vet Diagn Invest. 1990; 2:242-244. [PubMed: 1965586]

Coulibaly C, Hack R, Seidl J, Chudy M, ltter G, et al. A natural asymptomatic herpes B virus
infection in a colony of laboratory brown capuchin monkeys (Cebus apella). Lab Anim. 2004;
38:432-438. [PubMed: 15479559]

Bennett AM, Slomka MJ, Brown DW, Lloyd G, Mackett M. Protection against herpes B virus
infection in rabbits with a recombinant vaccinia virus expressing glycoprotein D. J Med Virol.
1999; 57:47-56. [PubMed: 9890421]

Chappell WA. Animal infectivity of aerosols of monkey B virus. Ann N Y Acad Sci. 1960;
85:931-934. [PubMed: 13692428]

Gosztonyi G, Dietrich F, Ludwig H. Axonal and transsynaptic (transneuronal) spread of
Herpesvirus simiae (B virus) in experimentally infected mice. Histol Histopath. 1992; 7:63-74.
Gosztonyi G, Falke D, Ludwig H. Axonal-transsynaptic spread as the basic pathogenetic
mechanism in B virus infection of the nervous system. J Med Primatol. 1992; 21:42-43. [PubMed:
1318382]

Brush L, Black D, McCormack K, Maxwell L, Wright G, et al. Papiine herpesvirus 2 as a
predictive model for drug sensitivity of Macacine herpesvirus 1 (monkey B virus). Compar Med.
2014; 64:386-393.

Ritchey JW, Payton ME, Eberle R. Clinicopathological characterization of monkey B virus
(Cercopithecine herpesvirus 1) infection in mice. J Compar Pathol. 2005; 132:202-217.

Rogers KM, Ritchey JW, Payton M, Black DH, Eberle R. Neuropathogenesis of herpesvirus papio
2 in mice parallels infection with Cercopithecine herpesvirus 1 (B virus) in humans. J Gen Virol.
2006; 87:267-276. [PubMed: 16432011]

Black DH, Eberle R. Detection and differentiation of primate alpha-herpesviruses by PCR. J Vet
Diagn Invest. 1997; 9:225-231. [PubMed: 9249159]

Hirano M, Nakamura S, Mitsunaga F, Okada M, Shirahama S, et al. One-step PCR to distinguish B
virus from related primate alphaherpesviruses. Clin Diagn Lab Immunol. 2002; 9:716-719.
[PubMed: 11986284]

Hirano M, Nakamura S, Okada M, Ueda M, Mukai R. Rapid discrimination of monkey B virus
from human herpes simplex viruses by PCR in the presence of betaine. J Clin Microbiol. 2000;
38:1255-1257. [PubMed: 10699035]

Perelygina L, Patrusheva I, Manes N, Wildes MJ, Krug P, et al. Quantitative real-time PCR for
detection of monkey B virus (Cercopithecine herpesvirus 1) in clinical samples. J Virol Methods.
2003; 109:245-251. [PubMed: 12711069]

Scinicariello F, Eberle R, Hilliard JK. Rapid detection of B virus (Herpesvirus simiae) DNA by
polymerase chain reaction. J Infect Dis. 1993; 168:747-750. [PubMed: 8394866]

Slomka MJ, Brown DW, Clewley JP, Bennett AM, Harrington L, et al. Polymerase chain reaction
for detection of herpesvirus simiae (B virus) in clinical specimens. Arch Virol. 1993; 131:89-89.
[PubMed: 8392323]

Oya C, Ochiai Y, Taniuchi Y, Takano T, Ueda F, et al. Specific detection and identification of
herpes B virus by a PCR-microplate hybridization assay. J Clin Microbiol. 2004; 42:1869-1874.
[PubMed: 15131142]

Ohsawa K, Lehenbauer TW, Eberle R. Herpesvirus papio 2: a safer and sensitive alternative for
serodiagnosis of B virus infection in macaque monkeys. Lab Anim Sci. 1999; 49:605-616.
[PubMed: 10638495]

Tanaka S, Mannen K, Sato H. Use of herpesvirus papio 2 as an alternative antigen in
immunoblotting assay for B virus diagnosis. J Vet Med Sci. 2004; 66:529-532. [PubMed:
15187363]

Yamamoto H, Ohsawa K, Walz SE, Mitchen JL, Watanabe Y, et al. Validation of an enzyme-linked
immunosorbent assay kit using herpesvirus papio 2 (HVP2) antigen for detection of herpesvirus
simiae (B virus) infection in rhesus monkeys. Comp Med. 2005; 55:244-248. [PubMed:
16089172]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

Page 19

97. Takano J, Narita T, Fujimoto K, Mukai R, Yamada A. Detection of B virus infection in cynomolgus

monkeys by ELISA using simian agent 8 as alternative antigen. Exp Anim. 2001; 50:345-347.
[PubMed: 11515100]

98. Abbott A. French university under fire for culling macaques. Nature. 2008; 455:145. [PubMed:

18784684]

99. Anonymous. Monkeys with herpes B virus culled at a safari park. Commun Dis Rep CDR WKily.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

2000; 10:99, 102.

Kalter SS, Hilliard JK, Heberling RL. The differential diagnosis of herpesvirus infections in man
and animals. Dev Biol Stand. 1982; 52:101-113. [PubMed: 6299823]

Eberle R, Black DH. Molecular aspects of monkey B virus and implications for diagnostic test
development. Recent Res Devel Virol. 1999; 1:85-94.

Haaheim LR. Original antigenic sin. A confounding issue? Dev Biol (Basel). 2003; 115:49-53.
[PubMed: 15088775]

Davenport FM, Hennessey AV, Francis T. Epidemiologic and immunologic significance of age
distribution of antibody to antigenic varients of influenza virus. J Expl Med. 1953; 98:641-656.

Bernstein DI, Lovett MA, Bryson YJ. The effects of acyclovir on antibody response to herpes
simplex virus in primary genital herpetic infections. J Infect Dis. 1984; 150:7-13. [PubMed:
6086772]

Tanabayashi K, Mukai R, Yamada A. Detection of B virus antibody in monkey sera using
glycoprotein D expressed in mammalian cells. J Clin Microbiol. 2001; 39:3025-3030. [PubMed:
11526123]

Fujima A, Ochiai Y, Saito A, Omori Y, Noda A, et al. Discrimination of antibody to herpes B
virus from antibody to herpes simplex virus types 1 and 2 in human and macaque sera. J Clin
Microbiol. 2008; 46:56—61. [PubMed: 17989200]

Hondo R, Saito A, Ueda F. Infectious disease of simian herpes B virus. Nihon Rinsho. 2005;
63:2189-2195. [PubMed: 16363693]

Katze D, Shi W, Patrusheva I, Perelygina L, Gowda MS, et al. An automated ELISA using
recombinant antigens for serologic diagnosis of B virus infections in macaques. Compar Med.
2012; 62:527-534.

Blewett EL, Black D, Eberle R. Characterization of virus-specific and cross-reactive monoclonal
antibodies to Herpesvirus simiae (B virus). J Gen Virol. 1996; 77(Pt 11):2787-2793. [PubMed:
8922473]

Cropper LM, Lees DN, Patt R, Sharp IR, Brown D. Monoclonal antibodies for the identification
of Herpesvirus simiae (B virus). Arch Virol. 1992; 123:267-277. [PubMed: 1314049]

Blewett EL, Saliki JT, Eberle R. Development of a competitive ELISA for detection of primates
infected with monkey B virus (Herpesvirus simiae). J Virol Methods. 1999; 77:59-67. [PubMed:
10029325]

Norcott JP, Brown DW. Competitive radioimmunoassay to detect antibodies to herpes B virus and
SAB8 virus. J Clinl Microbiol. 1993; 31:931-935.

Scinicariello F, English WJ, Hilliard J. Identification by PCR of meningitis caused by herpes B
virus. Lancet. 1993; 341:1660-1661.

Gay FP, Holden M. The herpes encephalitis problem. J Infect Dis. 1933; 53:287-303.

Pimentel J. Herpes B virus - “B” is for Brebner: Dr. William Brebner (1903-1932). CMAJ. 2008;
178:734.

Benda R, Polomik F. Course of air-borne infection caused by B virus (herpesvirus simiae). .
Lethal inhalation dose of B virus for rabbits. J Hyg Epidemiol Microbiol Immunol. 1969; 13:24—
30.

Centers for Disease Control and Prevention (CDC). Fatal Cercopithecine herpesvirus 1 (B virus)
infection following a mucocutaneous exposure and interim recommendations for worker
protection. MMWR Morb Mortal Wkly Rep. 1998; 47:1073-1076. 1083. [PubMed: 9879633]
Artenstein AW, Hicks CB, Goodwin BS Jr, Hilliard J. Human infection with B virus following a
needlestick injury. Rev Infect Dis. 1991; 13:288-291. [PubMed: 1645881]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

Page 20

Hummeler K, Davidson WL, Henle W, Laboccetta AC, Ruch HG. Encephalomyelitis due to
infection with Herpesvirus simiae (herpes B virus); a report of two fatal, laboratory-acquired
cases. N Engl J Med. 1959; 261:64-68. [PubMed: 13666979]

Leads from the MMWR. B-virus infection in humans—Pensacola, Florida. JAMA. 1987;
257:3192-3193. 3198. [PubMed: 3035247]

Holmes GP, Hilliard JK, Klontz KC, Rupert AH, Schindler CM, et al. B virus (Herpesvirus
simiae) infection in humans: epidemiologic investigation of a cluster. Ann Intern Med. 1990;
112:833-839. [PubMed: 2160783]

Orvedahl A, Alexander D, Talloczy Z, Sun Q, Wei Y, et al. HSV-1 ICP34.5 confers
neurovirulence by targeting the Beclin 1 autophagy protein. Cell Host Microbe. 2007; 1:23-35.
[PubMed: 18005679]

Mease LE, Baker KA. Monkey bites among US military members, Afghanistan, 2011. Emerg
Infect Dis. 2012; 18:1647-1649. [PubMed: 23017939]

Davidson WL, Hummeler K. B virus infection in man. Ann N Y Acad Sci. 1960; 85:970-979.
[PubMed: 13720072]

Davenport DS, Johnson DR, Holmes GP, Jewett DA, Ross SC, et al. Diagnosis and management
of human B virus (Herpesvirus simiae) infections in Michigan. Clin Infect Dis. 1994; 19:33-41.
[PubMed: 7948555]

Fierer J, Bazely P, Braude Al. Herpes B virus encephalomyelitis presenting as ophthalmic zoster.
A possible latent infection reactivated. Ann Intern Med. 1973; 79:225-228. [PubMed: 4125441]
Freifeld AG, Hilliard J, Southers J, Murray M, Savarese B, et al. A controlled seroprevalence
survey of primate handlers for evidence of asymptomatic herpes B virus infection. J Infect Dis.
1995; 171:1031-1034. [PubMed: 7706783]

Engel G, Hungerford LL, Jones-Engel L, Travis D, Eberle R, et al. Risk assessment: A model for
predicting cross-species transmission of simian foamy virus from macaques (M. fascicularis) to
humans at a monkey temple in Bali, Indonesia. Am J Primatol. 2006; 68:934-948. [PubMed:
16900504]

Fuentes A. Human culture and monkey behavior: Assessing the contexts of potential pathogen
transmission between macaques and humans. Am J Primatol. 2006; 68:880-896. [PubMed:
16900502]

Craig KL, Hasan MK, Jackson DL, Engel GA, Soliven K, et al. A seminomadic population in
Bangladesh with extensive exposure to macaques does not exhibit high levels of zoonatic simian
foamy virus infection. J Virol. 2015; 89:7414-7416. [PubMed: 25926651]

Engel GA, Small CT, Soliven K, Feeroz MM, Wang X, et al. Zoonotic simian foamy virus in
Bangladesh reflects diverse patterns of transmission and co-infection. Emerg Microbes Infect.
2013; 2:58. [PubMed: 26038489]

Jones-Engel L, May CC, Engel GA, Steinkraus KA, Schillaci MA, et al. Diverse contexts of
zoonotic transmission of simian foamy viruses in Asia. Emerg Infect Dis. 2008; 14:1200-1208.
[PubMed: 18680642]

Engel GA, Jones-Engel L, Schillaci MA, Suaryana KG, Putra A, et al. Human exposure to
herpesvirus B-seropositive macaques, Bali, Indonesia. Emerg Infect Dis. 2002; 8:789-795.
[PubMed: 12141963]

Jones-Engel L, Engel GA, Schillaci MA, Babo R, Froehlich J. Detection of antibodies to selected
human pathogens among wild and pet macaques (Macaca tonkeana) in Sulawesi, Indonesia. Am
J Primatol. 2001; 54:171-178. [PubMed: 11443632]

Schillaci MA, Jones-Engel L, Engel GA, Paramastri Y, Iskandar E, et al. Prevalence of enzootic
simian viruses among urban performance monkeys in Indonesia. Trop Med Int Health. 2005;
10:1305-1314. [PubMed: 16359412]

Boulter EA, Thornton B, Bauer DJ, Bye A. Successful treatment of experimental B virus
(Herpesvirus simiae) infection with acyclovir. Br Med J. 1980; 280:681-683. [PubMed:
6244873]

Focher F, Lossani A, Verri A, Spadari S, Maioli A, et al. Sensitivity of monkey B virus
(Cercopithecine herpesvirus 1) to antiviral drugs: role of thymidine kinase in antiviral activities
of substrate analogs and acyclonucleosides. Antimicrob Agnt Chemother. 2007; 51:2028-2034.

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

Page 21

Krug PW, Schinazi RF, Hilliard JK. Inhibition of B virus (Macacine herpesvirus 1) by
conventional and experimental antiviral compounds. Antimicrob Agents Chemother. 2010;
54:452-459. [PubMed: 19858259]

Black DH, Maxwell LK, Eberle R. Characterization of a spontaneous drug-resistant mutant of
monkey B virus (Macacine herpesvirus 1). Arch Virol. 2009; 154:1495-1497. [PubMed:
19609635]

Zwartouw HT, Humphreys CR, Collins P. Oral chemotherapy of fatal B virus (Herpesvirus
simiae) infection. Antiviral Res. 1989; 11:275-283. [PubMed: 2552914]

Cohen JI, Davenport DS, Stewart JA, Deitchman S, Hilliard JK, et al. Recommendations for
prevention of and therapy for exposure to B virus (cercopithecine herpesvirus 1). Clin Infect Dis.
2002; 35:1191-1203. [PubMed: 12410479]

Reme T, Jentsch KD, Steinmann J, Kenner S, Straile U, et al. Recommendation for post-exposure
prophylaxis after potential exposure to herpes B virus in Germany. J Occup Med Toxicol. 2009;
4:29. [PubMed: 19941640]

Nanda M, Curtin VT, Hilliard JK, Bernstein ND, Dix RD. Ocular histopathologic findings in a
case of human herpes B virus infection. Arch Ophthalmol. 1990; 108:713-716. [PubMed:
2159276]

Holmes GP, Chapman LE, Stewart JA, Straus SE, Hilliard JK, et al. Guidelines for the prevention
and treatment of B-virus infections in exposed persons. The B virus Working Group. Clin Infect
Dis. 1995; 20:421-439. [PubMed: 7742451]

Bryan BL, Espana CD, Emmons RW, Vijayan N, Hoeprich PD. Recovery from encephalomyelitis
caused by Herpesvirus simiae. Report of a case. Arch Intern Med. 1975; 135:868-870. [PubMed:
165794]

Luebcke E, Dubovi E, Black DH, Ohsawa K, Eberle R. Isolation and characterization of a
chimpanzee alphaherpesvirus. J Gen Virol. 2006; 87:11-19. [PubMed: 16361413]

Eberle R, Black DH, Blewett EL, White GL. Prevalence of Herpesvirus papio 2 in baboons and
identification of immunogenic viral polypeptides. Lab Anim Sci. 1997; 47:256-262. [PubMed:
9241626]

Eberle R, Black DH, Lipper S, Hilliard JK. Herpesvirus papio 2, an SA8-like alpha-herpesvirus of
baboons. Arch Virol. 1995; 140:529-545. [PubMed: 7733825]

Levin JL, Hilliard JK, Lipper SL, Butler TM, Goodwin WJ. A naturally occurring epizootic of
simian agent 8 in the baboon. Lab Anim Sci. 1988; 38:394-397. [PubMed: 2846956]

Malherbe H, Strickland-Cholmley M. Siman herpesvirus SA8 from a baboon. Lancet. 1969;
294:1427.

Malherbe H, Harwin R. Neurotropic virus in African monkeys. Lancet. 1958; ii:530.

Holmes AW, Caldwell RG, Dedmon RE, Deinhardt F. Isolation and characterization of a new
herpes virus. J Immunol. 1964; 92:602—-610. [PubMed: 14139032]

Hull, RN. The simian herpesviruses. In: Kaplan, AS., editor. The herpesviruses. New York:
Academic Press; 1973. p. 389-426.

Leib DA, Hart CA, McCarthy K. Characterization of four herpesviruses isolated from owl
monkeys and their comparison with Herpesvirus saimiri type 1 (Herpesvirus tamarinus) and
herpes simplex virus type 1. J Comp Pathol. 1987; 97:159-169. [PubMed: 3036914]

Melnick JL, Midulla M, Wimberly I, Barrera-Oro JG, Levy BM. A new member of the
herpesvirus group isolated from South American marmosets. J Immunol. 1964; 92:596-601.
[PubMed: 14139031]

Eberle R. Evidence for an alpha-herpesvirus indigenous to mountain gorillas. J Med Primatol.
1992; 21:246-251. [PubMed: 1328641]

Eberle R, Hilliard JK. Serological evidence for variation in the incidence of herpesvirus infections
in different species of apes. J Clinl Microbiol. 1989; 27:1357-1366.

Emmons RW, Gribble DH, Lennette EH. Natural fatal infection of an owl monkey (Aotus
trivirgatus) with Herpes T virus. J Infect Dis. 1968; 118:153-159. [PubMed: 4297387]

Henkel RD, McClure HM, Krug P, Katz D, Hilliard JK. Serological evidence of alpha herpesvirus
infection in sooty mangabeys. J Med Primatol. 2002; 31:120-128. [PubMed: 12190852]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Page 22

Kalter SS, Heberling RL. Comparative virology of primates. Bacteriol Rev. 1971; 35:310-364.
[PubMed: 5000450]

Warren KS, Niphuis H, Heriyanto Verschoor EJ, Swan RA, et al. Seroprevalence of specific viral
infections in confiscated orangutans (Pongo pygmaeus). J Med Primatol. 1998; 27:33-37.
[PubMed: 9606041]

Sakulwira K, Theamboonlers A, Charoonrut P, Ratanakorn P, Poovorawan Y. Serological
evidence of herpesvirus infection in gibbons. BMC Microbiol. 2002; 2:11. [PubMed: 12038968]

Heldstab A, Ruedi D, Sonnabend W, Deinhardt F. Spontaneous generalized Herpesvirus hominis
infection of a lowland gorilla (Gorilla gorilla gorilla). J Med Primatol. 1981; 10:129-135.
[PubMed: 6279853]

Huemer HP, Larcher C, Czedik-Eysenberg T, Nowotny N, Reifinger M. Fatal infection of a pet
monkey with Human herpesvirus. Emerg Infect Dis. 2002; 8:639-642. [PubMed: 12023925]

Matz-Rensing K, Jentsch KD, Rensing S, Langenhuyzen S, Verschoor E, et al. Fatal Herpes
simplex infection in a group of common marmosets (Callithrix jacchus). Vet Pathol. 2003;
40:405-411. [PubMed: 12824512]

Ramsay E, Stair EL, Castro AE, Marks MI. Fatal Herpesvirus hominis encephalitis in a white-
handed gibbon. J Am Vet Med Assoc. 1982; 181:1429-1430. [PubMed: 6294039]

Schrenzel MD, Osborn KG, Shima A, Klieforth RB, Maalouf GA. Naturally occurring fatal
herpes simplex virus 1 infection in a family of white-faced saki monkeys (Pithecia pithecia
pithecia). J Med Primatol. 2003; 32:7-14. [PubMed: 12733597]

McClure HM, Keeling ME. Viral diseases noted in the Yerkes Primate Center colony. Lab Anim
Sci. 1971; 21:1002-1010. [PubMed: 4331921]

McClure HM, Swenson RB, Kalter SS, Lester TL. Natural genital herpesvirus hominis infection
in chimpanzees (Pan troglodytes and Pan paniscus). Lab Anim Sci. 1980; 30:895-901. [PubMed:
6253747]

Melendez LV, Espana C, Hunt RD, Daniel MD, Garcia FG. Natural herpes simplex infection in
the owl monkey (Aotus trivirgatus). Lab Anim Care. 1969; 19:38-45. [PubMed: 4304237]
Smith PC, Yuill TM, Buchanan RD, Stanton JS, Chaicumpa V. The gibbon (Hylobates lar); a new
primate host for Herpesvirus hominia. I. A natural epizootic in a laboratory colony. J Infect Dis.
1969; 120:292-297. [PubMed: 4309804]

Hatt JM, Grest P, Posthaus H, Bossart W. Serologic survey in a colony of captive common
marmosets (Callithrix jacchus) after infection with herpes simplex type 1-like virus. J Zoo Wildl
Med. 2004; 35:387-390. [PubMed: 15526895]

Juan-Salles C, Ramos-Vara JA, Prats N, Sole-Nicolas J, Segales J, et al. Spontaneous herpes
simplex virus infection in common marmosets (Callithrix jacchus). J Vet Diagn Invest. 1997;
9:341-345. [PubMed: 9249183]

Kreutzer R, Kreutzer M, Gunther CP, Matz-Rensing K, Wohlsein P. Systemic herpesvirus
infection in an Azara’s Night Monkey (Aotus azarae). J Med Primatol. 2011; 40:197-199.
[PubMed: 21320132]

Lefaux B, Duprez R, Tanguy M, Longeart L, Gessain A, et al. Nonhuman primates might be
highly susceptible to cross-species infectivity by human alpha-herpesviruses. Vet Pathol. 2004;
41:302-304.

Gary GW, Kissling RE, Kalter SS, Holmes M. Herpesvirus SA8 infection in a vervet monkey.
CDC: Primate Zoononses Surveillance April-June. 1972:6-7.

Nsabimana JMM, Moutschen M, Thiry E, Meurens F. Human infection with simian herpes B
virus in Africa. Sante. 2008; 18:3-8. [PubMed: 18684683]

Eberle, R., Blas-Machado, U., Wolf, R., White, G. Microbiology of captive baboons. In:
VandeBerg, J.Williams-Blangero, S., Tardif, S., editors. The baboon in biomedical research. New
York, NY: Springer; 2008. p. 111-138.

Chepkwony S, Kiula N, Nyakundi R, Gicheru M, Nyachieo A. Sero-prevalence of herpesvirus
papio 2 in wild-caught baboons from selected regions in Kenya. J Emerg Dis Virol. 2016; 2
Eberle R, Black DH, Lehenbauer TW, White GL. Shedding and transmission of baboon
herpesvirus papio 2 (HVP2) in a breeding colony. Lab Anim Sci. 1998; 48:23-28. [PubMed:
9517885]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eberle and Jones-Engel

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194
195

196.

Page 23

Martino MA, Hubbard GB, Butler TM, Hilliard JK. Clinical disease associated with simian agent
8 infection in the baboon. Lab Anim Sci. 1998; 48:18-22. [PubMed: 9517884]

Wolf RF, Rogers KM, Blewett EL, Fakhari F, Hill CA, et al. A naturally occurring fatal case of
Herpesvirus papio 2 pneumonia in an infant baboon (Papio cynocephalus anubis). J Am Assoc
Lab Anim Sci. 2006; 45:64-68.

Ochoa R, Henk WG, Confer AW, Pirie GS. Herpesviral pneumonia and septicemia in two infant
Gelada baboons (Theropithecus gelada). J Med Primatol. 1982; 11:52-58. [PubMed: 6288955]
Rogers KM, Ealey KA, Ritchey JW, Black DH, Eberle R. Pathogenicity of different baboon
Herpesvirus papio 2 isolates is characterized by either extreme neurovirulence or complete
apathogenicity. J Virol. 2003; 77:10731-10739. [PubMed: 14512523]

Troan BV, Perelygina L, Patrusheva I, van Wettere A, Hilliard J, et al. Naturally transmitted
Herpesvirus papio 2 infection in a black and white colobus monkey. J Am Vet Med Assoc. 2007;
231:1878-1883. [PubMed: 18081530]

Holmes AW, Devine JA, Nowakowski E, Deinhardt F. The epidemiology of a herpes virus
infection of New World monkeys. J Immunol. 1966; 96:668-671. [PubMed: 4287006]

Daniel MD, Karpas A, Melendez LV, King NW, Hunt RD. Isolation of herpes-T virus from a
spontaneous disease in squirrel monkeys (Saimiri sciureus). Arch Gesamte Virusforsch. 1967;
22:324-331. [PubMed: 4300617]

King NW, Hunt RD, Daniel MD, Melendez LV. Overt herpes-T infection in squirrel monkeys
(Saimiri sciureus). Lab Anim Care. 1967; 17:413-423. [PubMed: 4293791]

Tyler S, Severini A, Black D, Walker M, Eberle R. Structure and sequence of the Saimiriine
herpesvirus 1 genome. Virology. 2011; 410:181-191. [PubMed: 21130483]

Burkholder CR, Soave OA. Isolation, identification, and experimental transmission of herpesvirus
T from an owl monkey (Aotus trivirgatus). Lab Anim Care. 1970; 20:186-191. [PubMed:
4315776]

Morita M. Fatal herpesvirus tamarinus infection in cotton-topped marmosets (Saguinus oedipus).
Jpn J Med Sci Biol. 1981; 34:268-270. [PubMed: 6275150]

Morita M, lida T, Tsuchiya Y, Aoyama Y. Fatal herpesvirus tamarinus infection in cotton-topped
marmosets (Saguinus oedipus). Jikken Dobutsu. 1979; 28:537-550. [PubMed: 230986]

Murphy BL, Maynard JE, Krushak DH, Fields RM. Occurrence of a carrier state for Herpesvirus
tamarinus in marmosets. Appl Microbiol. 1971; 21:50-52. [PubMed: 4322280]

Schrier A. Editor’s Notes. Lab Primate Newsletter. 1984; 5:ii.

Severini A, Tyler SD, Peters GA, Black D, Eberle R. Genome sequence of a chimpanzee
herpesvirus and its relation to other primate alphaherpesviruses. Arch Virol. 2013; 158:1825-
1828. [PubMed: 23508549]

Wertheim JO, Smith DD, Smith DM, Scheffler K, Pond SLK. Evolutionary origins of human
herpes simplex viruses 1 and 2. Mol Biol Evol. 2014; 31:2356-2364. [PubMed: 24916030]

J Emerg Dis Virol. Author manuscript; available in PMC 2018 March 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Eberle and Jones-Engel

Table 1

a-Herpesviruses Isolated from Nonhuman Primates

Host Species Commonly Used Designation | Official ICTV Name (common name)
Human HSV1, HSV2 Human herpesvirus 1, 2 (Herpes simplex virus)
Chimpanzee ChHV (Chimpanzee herpesvirus)

Macaque Herpes B, BV Macacine herpesvirus 1

Baboon HVP2 Papiine herpesvirus 2

Vervet, Baboon SA8 Cercopithecine herpesvirus 2

Langur HVL (Langur herpesvirus) *

Squirrel monkey | HVS1, Sahvl Saimirine herpesvirus 1

Spider monkey HVAL, AtHV1 Ateline herpesvirus 1

*
Not yet officially classified by ICTV
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