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Herpes B virus is a biosafety level 4 pathogen and widespread in its natural host

species, macaques. Although most infected monkeys show asymptomatic or

mild symptoms, human infections with this virus can cause serious neurological

symptoms or fatal encephalomyelitis with a high mortality rate. Herpes B virus

can be latent in the sensory ganglia of monkeys and humans, often leading to

missed diagnoses. Furthermore, the herpes B virus has extensive antigen

crossover with HSV, SA8, and HVP-2, causing false-positive results frequently.

Timely diagnosis, along with methods with sensitivity and specificity, are urgent

for research on the herpes B virus. The lack of a clear understanding of the host

invasion and life cycle of the herpes B virus has led to slow progress in the

development of effective vaccines and drugs. This review discusses the research

progress and problems of the epidemiology of herpes B virus, detectionmethods

and therapy, hoping to inspire further investigation into important factors

associated with transmission of herpes B virus in macaques and humans, and

arouse the development of effective vaccines or drugs, to promote the

establishment of specific pathogen-free (SPF) monkeys and protect humans to

effectively avoid herpes B virus infection.
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1 Introduction

Macaques share about 93% genomic homology with humans and exhibit numerous disease

phenotypes similar to humans, making them an important model animal for the study of

human disease (1, 2). Rhesus macaques (Macaca mulatta) (2) and cynomolgus macaques

(Macaca fascicularis) (3) are the most commonly used experimental macaques, playing a key

role in research on various infectious diseases, including human immunodeficiency virus (HIV),

Zika virus (ZIKV), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

infection. During the SARS-CoV-2 infection outbreak, many medical companies and

academic teams urgently developed anti-SARS-CoV-2 drugs and vaccines, necessitating large

amounts of experimental monkeys for preclinical trials. China has a large number of macaques,

which is the backbone of scientific research in non-human primates (NHP) (4). The SARS-
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CoV-2 was considered a zoonotic risk during the coronavirus disease

2019 (COVID-19) pandemic. In order to fight the spread of disease, as

one of the main exporters of experimental monkeys, China banned

wildlife trade in January 2020, and mandated the facilities where

macaques are raised to be quarantined, and the export and transport

of wild animals will be prohibited. The implementation of this

announcement ended in May 2022. In 2004, in order to strengthen

the protection andmanagement of wild macaque colonies and habitats,

China strictly restricted the hunting of wild macaques to breed

experimental monkeys. Australia has also outlawed the use of wild-

caught primates inmedical research, and some senators called for a ban

on the importation of NHP for medical studies in 2015 (5). The

National Institutes of Health (NIH) predicted in 2018 that demand for

rhesus macaques andmarmosets will grow over the next five years, and

some NIH-sponsored NHP centers are experiencing supply shortages

(6). Due to the large demand for experimental monkeys in preclinical

trials, the control of countries over the import and export of

experimental monkeys, and the protection of wild macaque colonies

and habitats, the contradiction between supply and demand will

intensify. From 2018 to 2023, the sales price of experimental

monkeys soared about 15 times.

Experimental monkeys that satisfy market demand, also known

as specific pathogen-free (SPF) monkeys, must be tested negative

for mycobacterium tuberculosis (TB), simian retrovirus D (SRV),

cercopithecine herpesvirus type 1 (B virus), simian T lymphotropic

virus type 1 (STLV-1) and simian immunodeficiency virus (SIV)

(7). According to international standards, SPF NHP must be self-

propagating. However, in contrast to the SPF mouse breeding

environment, it is more challenging to generate SPF NHP

colonies, due to NHP may carry many zoonotic pathogens, which

is affected by the natural environment, group environment and

human environment. Thus, the quality of experimental monkeys is

difficult to guarantee, causing great economic losses and increasing

research costs. At the same time, these microorganisms can also

infect human beings, especially occupational workers (such as

primate veterinarians, animal caregivers, and laboratory

researchers), threatening the safety of human life.

Herpes B virus was first identified in 1932, The International

Committee on Taxonomy of Viruses (ICTV) termed it

Cercopithecine herpesvirus 1 (CHV-1) in 1999 (8), which was then

renamed Macacine herpesvirus 1 (McHV 1) in 2008 (9), and

Macacine alphaherpesvirus 1 in 2015 (10). Herpes B virus belongs

to the Herpesviridae taxonomically, a-herpesvirus subfamily, herpes

simplex virus genus, in the same category as the human herpes

simplex virus (HSV-1, HSV-2). Macaques (such as rhesus macaques,

cynomolgus macaques and pig-tailed macaques) are natural hosts of

the B virus. Herpes B virus is the only one of nearly 35 identified NHP

herpesviruses that is highly pathogenic in humans, with untreated

cases of the virus exceeding 70% of fatalities (11).

This review focuses on summarizing the recent progress and

characteristics of viral biology and clinical epidemiology of herpes B

virus, and discussing the current and future of the diagnosis,

prevention and treatment of herpes B virus, hoping to inspire

researchers to solve the existing hazards of herpes B virus, more

effectively eliminate B virus from infected groups, and help to

prevent its re-infection into established SPF NHP colonies.
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2 Biology of the herpes B virus

2.1 Genome of the herpes B virus

In 2003, Perelygina et al. (12) sequenced strain E2490 (GenBank

Accession: AF533768.1) isolated from rhesus macaques. The

genome sequence was 156,789 bp and features the entire genome

structure of a-herpesvirus (Figure 1A). B virus is an enveloped

double-stranded DNA virus with 72 unique open reading frames

(ORF). B virus share sequence homology and are co-linear with

HSV-1 and HSV-2 (13, 14). All but one B virus gene were identified

on the basis of sequence homology to HSV-1 and HSV-2 genes and

named correspondingly. B virus genome contains two unique

regions: the long unique region (UL) and the short unique region

(US). UL is bounded by a terminal repeat region (TRL) and an

inverted internal repeat region (IRL), and US is similarly bounded

by a terminal repeat region (TRS) and an inverted internal repeat

region (IRS) (8, 15). Based on the DNA buoyant density

centrifugation, the content of G+C in the genome was estimated

at 74.5%, second only to 76% for Simian agent 8 (SA8, also called

Cercopithecine herpesvirus 2) (16), while 68.1% for HSV-1 (17),

and 70.4% for HSV-2 (18).

Two major sequence differences between B virus and HSV-1

and HSV-2 genomes were detected. The B virus RS region contains

an additional ≈1.5 kb of sequence between the S terminus and the

ICP4 gene homolog, while RL of B virus is shorter than HSV, with

no sequence homology to the ICP0 flanking region (12), and lacks

homology to HSV open reading frame g134.5 (RL1), which encodes

a neurovirulence factor ICP34.5 (19). Furthermore, oriL and oriS

are replication origins of B virus, and are present in locations

corresponding to HSV oriL and oriS locations. The nucleotide

sequences of B virus oriS and oriL core elements are extremely

conserved and almost identical to HSV oriL but distinct from HSV

oriS (12).

Restriction endonuclease analysis showed that B virus isolates

from different macaque species can be distinguished from one

another. Restriction mapping of the cynomolgus macaque B virus

isolate (BVcy) showed that the genome of BVcy is different from the

rhesus macaque B virus isolate (BVrh) E2490 (20). Ohsawa et al.

(21) reported the genome sequence of the B virus E90-136 strain

(GenBank Accession: KJ566591.2) obtained from cynomolgus

macaques, which was 2.9 kbp different from the BVrh genome.

The majority of the divergence between this viral strain and strain

E2490 can be attributed to the lack of duplication in the non-coding

regions of RL and RS in BVcy. Given that these sequences have no

recognized function, the relevance of this sequence variation is

unclear. To date, only a few complete genome sequences of B virus

in GenBank (less than twenty B virus isolates), and B virus isolated

from only 5 of the 20 macaque species have been analyzed.
2.2 Structure of the herpes B virus

The B virus was found to be an enveloped particle with a

diameter of about 200 nm, comprised of an electron dense nucleus

containing viral DNA within an icosapentahedral capsid encased in
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an amorphous tegument protein layer, and a lipid envelope coated

with viral glycoproteins (11, 15) (Figure 1C). Envelope

glycoproteins have crucial roles in the adsorption, membrane

fusion, invasion and propagation of viruses.

The degree of amino acid homology between B virus and HSV

varies from 26.6% (US5) to 87.7% (UL15), and the three least-

conserved proteins in B virus are US4, US5 and US12. Twelve

glycoproteins are known to be present in the B virus, namely gB,

gC, gD, gE, gG, gH, gI, gJ, gK, gL, gM and gN (21). Homology of the B

virus to HSV-1: gB 79.9%, gD 57%, gC 49.9%, gE 46%, and gG 29.2%

(12). The amino acid sequence of glycoproteins indicated that all

cysteines, as well as the majority of glycosylation sites, are conserved.

This conservation suggests that the glycoproteins of B virus may

share a secondary structure with HSV glycoproteins (Figure 2).
2.3 Genotypes of the herpes B virus

There is no consensus on the genotyping of the B virus. Smith

et al. (22) suggested that three B virus genotypes were directly

related to the macaque species of origin and were composed of (I)

isolates from rhesus and Japanese macaques (Macaca fuscata), (II)

cynomolgus macaques isolates, and (III) isolates from pig-tailed

macaques (Macaca nemestrina).
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However, Tompson et al. (23) determined that the B virus derived

from lion-tailed macaques (Macaca silenus) does not belong to the

three reported genotypes and may represent the fourth genotype of the

B virus. Ohsawa et al. (24) found that the B virus isolated from Japanese

macaques resident in the United States and rhesus macaques had the

same genotype, while the B virus isolated from native Japanese

macaques and rhesus macaques were similar but not the same

genotype. Eberle et al. (25) determined complete genome sequences

of 19 strains of the B virus isolated from several macaque species. The

re-sequenced E2490 genome (GenBank Accession: KY628984.1) and

the previously published E2490 genome differed in size by 658 bp.

Sequence variation between B virus isolates from different macaque

species confirmed the existence of different genotypes of the B virus.

Therefore, some researchers believe that herpes B virus can be

composed of (I) isolates from rhesus macaques, (II) cynomolgus

macaques isolates, (III) native Japanese macaques isolates, (IV) lion-

tailedmacaques isolates, (V) isolates from pigtail macaques (Figure 1B).
2.4 Mechanism of herpes B virus invasion
into host cells

The neurotropic a-herpesvirus initiates infection in exposed

mucosal tissues, and spreads rapidly to sensory and autonomic
B C

A

FIGURE 1

Herpes B virus genome organization, genotypes, and virion structure model. (A) Genome structure of the B virus. The structural organization of the
B virus genome, shows the long unique region (UL) and the short unique region (US), each bounded by an inverted internal repeat region (TRL, IRL,
TRS, and IRS). The location of several functional genes (ICP0, ICP4, ICP22, ICP27 and ICP47) that impact gene expression and replication, and other
genes (ul1, ul10, ul22, ul27, ul44, ul53 and US4-8) that produce envelope glycoprotein, are indicated. (B) Genotypes of the B virus. Sequence
variation on BV isolates from different macaque species confirmed the existence of different genotypes of the B virus. These isolates from rhesus
macaques (BVrh), cynomolgus macaques (BVcy), pig-tailed macaques (BVpt), lion-tailed macaques (BVlt) were completely sequenced, except for
Janpanese macaques (BVjp). The complete genomes of these isolates have been sequenced, except for mfu#17. (C) Herpes B virus structure model.
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neurones, where it establishes a lifelong latency. The g134.5 gene of

HSV encodes a neurotoxic factor that promotes viral replication in

peripheral tissues and penetration into the peripheral nervous system

(26–28), and also boosts HSV infection and replication in the central

nervous system (19, 29). HSV-1 seldom causes severe encephalitis in

humans, while the human infected B virus typically results in

neurological symptoms and even fatal encephalomyelitis or severe

neurological deficits. Although B virus shares up to 79% identity with

HSV in certain amino acid segments, B virus lacks the homolog of the

HSVg134.5 gene (12). It can be speculated that the B virus may utilize

mechanisms different from those of HSV for efficient replication within

neural cells.

Receptors, as determinants of viral tropism, are expressed in

different types of cells, and their distribution limits virus infection

and transmission to specific cell types. The a-herpesvirus shared entry

strategies into host cells. Similar to HSV, B virus etiopathogenesis

involves multifunctional viral glycoproteins combined with cellular

entry receptors to execute membrane fusion. For virus entry and cell-

cell fusion, herpesviruses require at least the envelope glycoproteins gB

and gH/gL (30). HSV also needs the receptor-binding protein gD. The

binding of gD to its corresponding receptor is a key step in viral cell
Frontiers in Immunology 04
entrance (31, 32). Once bound to the cell surface receptor, HSV gD

undergoes an active-state conformational change, causing it to interact

with gH/gL and send a signal to gB, which then undergoes a

conformational change that causes it to insert into the host cell

membrane to form a fusion pore and allow the virion and coat to

enter the cytoplasm (33, 34). Four types of cell surface receptors bind to

gD. As a receptor for HSV-1 and HSV-2 but not for other a-
herpesviruses, tumor necrosis factor receptor superfamily member 14

(HVEM, also known as TNFRSF14 or CD270) is the first identified

receptor for HSV entry (35), which present mainly on activated

lymphocytes. The second class of receptors is Nectin-1 (36), a cell

adhesion protein that serves as an entry receptor for most a-
herpesviruses, and expresses on multiple tissues such as neurons, the

key cells of a-herpesviruses. The third class of receptors, Nectin-2,

which mediates the entry of some HSV-1 and HSV-2 strains (37, 38).

3-O-sulfonated derivatives of heparan sulfate (3-OST HS) can also act

as gD-binding receptors for HSV-1 (39).

In terms of viral protein-host protein interactions the structural

studies of gD of HSV suggest that gD binds to the distal membrane

portion of HVEM and Nectin-1 (40–43). The binding sites of gD to

HVEM are located in the N-terminal hairpin at residues 7 to 15 and
B

A

FIGURE 2

Comparison of the amino acid sequences of the gB (A) and gD (B) between B virus (E2490)and HSV (HSV-1 and HSV-2). Red box, white character:
strict identity. Red character: similarity in a group. Blue frame: similarity across groups.
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24 to 32 of gD (41). Instead, the Nectin-1 V-domain contacts a

broad surface on gD formed mostly by residues from the C-terminal

extension and some amino acids from the N-terminal region (40,

43). Thus, the structural comparison reveals that Nectin-1 and

HVEM bind to different sites on gD, but engagement of one

receptor should prevent the binding of the other (40, 41, 43–45).

Paolo et al. (40) discussed the gD function of HSV-1 and concluded

that residues 1-32 in the gD extracellular segment are the binding

sites for HVEM, whereas residues Y38, D215, R222, and F223 bind

to Nectin-1.

B virus and HSV are homologous a-herpesviruses with 57% gD

identity, and studies have demonstrated that Nectin-1 can also

mediate fusion between the gD of B virus and cells (46, 47). Fan

et al. (46) found that B virus used human Nectin-1 as the functional

entry receptor but did not use human HVEM as an entry receptor in

cell-cell fusion assays. Despite the conservation of the gD amino acid

residues essential for HSV-1 entry via HVEM, Patrusheva et al. (47)

observed that the clinical strains of B virus were unable to use human

HVEM as a receptor, and postulated that residues R7, R11 and G15

are primarily responsible for the inability of B virus to utilize HVEM

for entry. They also found that a single amino acid substitution

(D122N) in the IgV-core of the gD reduced the cell infectivity of

human Nectin-1. The enhanced ability of B virus gD to use Nectin-2

is a feature that distinguished B virus from HSV-1 clinical strains that

either were unable to utilize Nectin-2 for entry or used this receptor

inefficiently. Therefore, Nectin-1 is the dominant receptor for B virus

infection, and the distribution of Nectin-1 determines the similar

neurotropic properties of B virus compared to HSV. Furthermore,

paired immunoglobulin-like receptor a (PILRa) is an HSV-1 gB

fusion receptor andmediates fusion through the O-glycosylation sites

on gB. The difference in glycosylation sites between B virus and HSV-

1 might be the reason why PILRa has much less fusion activity than

Nectin-1 and HVEM (46). Thus, a-herpesviruses have different

preferences for cell entry receptors.

Notably, Perelygina et al. (48) found that B virus gD polyclonal

antibodies were ineffective to neutralize B virus infectivity on

epithelial cell lines, suggesting that gD is not essential for B virus

entry into these cells. In addition, they demonstrated that B viruses

lacking gD could also infect human or monkey epidermal cells as

efficiently as wild-type B viruses, so they believed that B virus-

specific unidentified protein interactions existed to allow virus entry

into host epidermal cells (49). But gD might be required for B virus

entry into some targets not tested in this study [e.g., central nervous

system (CNS) neurons] or for spread (e.g., retrograde or

anterograde transneuronal spread). Moreover, the importance of

gD is not conserved in neurophilic herpesviruses, and gD has been

demonstrated in other a-herpesviruses as dispensable for

intercellular spread and nerve invasion (50–52).

Elucidating the invasionmechanism and life cycle characteristics of

the B virus is the basis for its diagnosis, prevention and treatment.

However, at present, we have not studied in detail the mechanism and

life cycle changes of B virus into natural host or human target cells, and

the most well-researched interaction between gD and Nectin-1 still

lacks conclusive evidence. Existing studies have shown that B virus and

HSV are similar but not identical, and our understanding of HSV can

only serve to inspire the study of B virus (Figure 3).
Frontiers in Immunology 05
3 Epidemiology of the herpes B virus

3.1 Epidemiology of B virus infection
in monkeys
The B virus is carried naturally by macaques of the Old World

monkeys (such as rhesus, cynomolgus and pig-tailed macaques),

which are usually latent and asymptomatic or cause onlymild disease.

Significant lesions of the tongue and lips were found only in 332

(2.3%) of 14,400 rhesus monkeys examined by Keeble et al. (53).

However, disseminated viral infection is rare in macaques and is

usually fatal when it occurs (54, 55). Non-macaques (all New World

monkeys and other Old World monkeys) are not at risk of infecting

the B virus unless they are raised with macaques, such as DeBrazza’s

monkeys (Cercopithecus neglectus) (23), capuchin monkeys (Cebus

apella) (56), patas monkeys and a black and white colobus monkey

(57), which may contract the B virus and eventually die.

Infection with the B virus is usually mild and self-limited in

Asian macaques. Nevertheless, in some cases, diseases similar to

human HSV infection may occur (e.g., vesicular lesions on the

tongue and lips, sometimes on the skin). Although the presence of

herpetic skin lesions means the active transmission, B virus-infected

macaques without visible mucosal lesions can still transmit the

virus. Some slight symptoms may subside within 10-14 days

without scarring, occasionally conjunctivitis of varying severity,

and no genital tract damage symptoms. But B virus infection in

monkeys is lifelong, because the virus can be in the trigeminal

ganglia and lumbosacral nerve for a long time (58–60). During

periods of stress or immunosuppression in macaques, B virus can be

reactivated and shed from the oral, nasal, or genital mucosa without

signs of clinical illness (7, 61). Normally, shedding lasts several

hours, but in monkeys with initial infection, secondary infection, or

other disorders, shedding can last 4 to 6 weeks. The shedding

probability of monkeys infected with the B virus is 1-2% (62).

B virus infection is common in macaques and the incidence

rises with age. It is mainly transmitted through mating, scratching

or biting. In sexually mature non-SPF rhesus macaques, the

incidence of B virus infection is low, but it rapidly increased

after sexual maturity at 3-4 years old, approaching 80-90% B

virus-positivity in some groups (63–67). During the breeding

season, adolescent macaques aged 2-3 years had the highest risk

of infection (64, 65). The chance of vertical transmission from

mother to baby cynomolgus macaques is rare (68). Five baby

cynomolgus macaques, which were born in captivity to

seropositive mothers, all had B virus antibody titers of 16 to 32

when tested within 1 month of birth, and had disappeared after

about 3 months. Weigler et al. (65) found that in the B virus

antibody-positive group, each tested infant monkey (n = 28) was

positive with a titer equal to the mother and disappeared at an

average age of 5.5 months. Therefore, it is extremely likely that the

positive mother transmits the B virus antibody to the newborn

macaques through the placenta, so that the newborn macaques

acquire passive immunity. However, sexually immature macaques

may become infected after close contact with infected mothers or

other infected macaques in the group.
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3.2 Epidemiology of B virus infection
in humans

Human infections are typically caused by monkey bites or

scratches, contamination injuries caused by monkey experiment

supplies (e.g., needle and scalpel blade), or exposure to mucosal
Frontiers in Immunology 06
infectious substances (e.g., secretions of the ocular, oral or genital;

feces, CNS tissue and cerebrospinal fluid) (69–71). Exposure to a

macaque’s blood does not lead to exposure to the B virus, given that

viremia is regarded as rare among infected macaques (72). B virus

infections in people are uncommon, but the lethality of untreated

patients is up to 70%. To date, all documented human B virus
B

C

A

FIGURE 3

Model of the B virus and HSV entry mechanisms. a-herpesvirus shared entry strategies into host cells. (A) HSV-1 and HSV-2 fuse with a host cell at
the cell membrane. The gD dimer (red), gH-gL heterodimer (dark and light blue), and gB trimer (green) are necessary and sufficient for entry. gD
binds to several entry receptors (small arrow), including HVEM (purple), Nectin-1 (yellow), Nectin-2 (grey), and 3-OST HS (light green). The binding of
gD to its corresponding receptor transmits a signal to gH-gL (light grey arrow), which activates the fusion protein gB (light grey arrow) to undergo a
conformational change. (B) As gB refolds into its postfusion conformation, the merging of membranes forms a fusion pore through which the viral
content can enter the host cells. (C) The entry mechanisms of the B virus and HSV are similar but not identical. B virus can effectively use both
Nectin-1 and Nectin-2 as cellular receptors for entry into human cells but not the HVEM-mediated entry pathway (red fork). B virus utilizes 3-OST
HS to bind gD, which is unknown (red question mark). PILRa, an HSV-1 gB fusion receptor, and did not function as an entry receptor (red fork).
Exactly how B viruses achieve membrane fusion (red question mark) still needs to be studied more systematically and deeply.
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infections are symptomatic, and there is no serological evidence that

the B virus can cause asymptomatic infection in humans. Some

individuals developed symptoms within 48 hours of exposure (73),

and typical symptoms at the beginning of infection generally include

vesicular herpetic lesions, non-specific influenza-like illness and local

lymphadenitis. B virus infection is present in the mucosa of cheek,

gingiva, conjunctiva, anal and genital. The wound site is often

accompanied by peripheral nerve symptoms (e.g., pain, numbness

or pruritus) (74) and CNS symptoms (75). The terminal stage of B

virus infection may lead to encephalitis, encephalomyelitis and other

CNS disorders, and cause respiratory paralysis and death in some

severe cases (74). For the rest of their lives, the majority of the

survivors have moderate to severe nerve injuries.

The Centers for Disease Control and Prevention (CDC) claimed

that about 50 cases of the B virus were recorded globally from 1932

to 2019, mostly caused by exposure to laboratory or captive

macaques and their tissues (76). In November 2019, the first

human infection of herpes B virus that occurred in Japan was

reported by Tokyo Metropolitan Infectious Disease Surveillance

Center (not reported in detail and the health of patient was

unknown). In 2021, the Chinese Center for Disease Control and

Prevention (CCDC) reported the first case of a human infected with

herpes B virus died in China (77). With only one case of the human-

to-human transmission, the likelihood of secondary transmission of

the B virus seems minimal (78). Furthermore, the pattern of

symptomatic B virus infection in at least two cases suggested that

the disease was recurrent (79, 80). The level of B virus that triggers

the infection in humans is unknown. B virus has not been

discovered at measurable amounts in infected hosts’ blood or

serum (81), but has been found in other sites such as buccal

mucosa, saliva, genital fluid, or cerebrospinal fluid (82).

Moreover, the threat to humans from the B virus in global non-

laboratory settings has not been studied. A perplexing feature of this

zoonotic pathogen infection is that despite B virus-positive

macaques having substantial-close interaction and direct exposure

with humans, there were few fatal or clinically obvious B virus

infections. Before the human infection with B virus in China, fatal

cases of B virus have only occurred in the US and Canada following

contact with captive macaques. Researchers are similarly baffled by

this regional constraint of zoonotic B virus infection.
4 Diagnosis of the herpes B virus

4.1 Isolation and culture of the
herpes B virus

Among the various detection methods of the B virus, isolated

culture is the standard method for the diagnosis of B virus infection.

According to the CDC guidance (83), it is recommended to isolate

the B virus in biosafety level 3 (BSL-3) laboratories, while expanded

culture should be strictly limited to BSL-4 laboratories. At present,

the cell lines that can culture B virus in vitro include Vero cells, Hela

cells and other well-established epithelial cell lines (84–87). LLC-

MK 2 cells support B virus growth rather than HSV (60), allowing

these two viruses to be distinguished. The B virus was usually
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isolated from tissue swab specimens of the oral, conjunctiva and

genital epithelium of B virus-positive monkeys. A report described

the isolation of B virus from an anal swab specimen of a rhesus

macaque that died of B virus infection (85). Swab specimens,

cerebrospinal fluid, and perforated biopsy material from possible

sites of virus inoculation (bites and scratches) in human cases of B

virus infection or suspected exposure have been collected for

testing, and B virus has also been detected in urine and stool

specimens (78) (Figure 4). Detection of characteristic cytopathic

effects (CPE) and eosinophilic syncytia indicates the presence of B

virus (86, 88), and neutralization experiments with specific serum

are required. This approach necessitates a strict operating

environment and is inferior to polymerase chain reaction (PCR)

tests in terms of speed, sensitivity and cost, so it does not serve as a

conventional diagnostic method.
4.2 Nucleic acid detection

Compared to B virus culture, PCR is safer, more sensitive, more

accurate, and faster. It can also be carried out under BSL-2

conditions. It is not advisable to collect wound samples for PCR

testing during potential exposure because the behavior to obtain

samples may push the infectious virus deeper into the wound.

Instead, samples should only be taken if symptoms are consistent

with B virus infection (e.g., vesicles at or near the exposed site).

During active infection, B virus DNA can be detected in samples

such as saliva or genitourinary samples by PCR tests (Figure 4).

To improve laboratory diagnosis of B virus infections,

Scinicariello et al. (89) developed a PCR test by using

oligonucleotide primers synthesized from the sequence of ICP

18.5 (UL 28) and probes selected for virus sequence specificity.

They identified the B virus in human autopsy samples, monkey

genitals and oral swabs, but not in human wound swab samples.

Therefore, the fact that B virus is detected at the site of contact or in

wounds does not prove B virus infection. Slomka et al. (90)

developed a B virus-specific nested PCR that selected a primer

pair with a relatively low GC content (60%), which located in the

non-coding region between the B virus homologues of the US5 and

US6 genes, and demonstrated its potential for rapid diagnosis and

virus characterization. But this PCR test has only been used for

cynomolgus isolates. Black et al. (91) amplified PCR products by

primers were located in conserved regions of the gene encoding gB,

and digested with the restriction enzyme Hae3 and electrophoresis

to distinguish B virus fromHSV-1, HSV-2 and HVP-2. Hirano et al.

(92) added betaine to the PCR mixture to establish a PCR test to

amplify a DNA segment of the gG gene of the B virus derived from a

rhesus macaque. They designed primers for the gG gene of the B

virus, which yielded products of 209 bp (strains from rhesus and

cynomolgus macaques), 203 bp (lion-tailed macaques) and 161 bp

(pig-tailed macaques), without the appearance of HSV products.

This method can effectively identify B viruses and HSV. However,

none of the above PCR tests is suitable for high-throughput

applications because they require some post-PCR operations, such

as restriction endonuclease digestion and gel electrophoresis, and

none can quantify the viral load in clinical specimens. In order to
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understand whether the viruses are maintained in a truly latent state

or one characterized by a low level of chronic expression in the

natural host, Huff et al. (93) used real-time PCR to detect the

samples from BVrh for the first time, and designed primers and

probes for the gB gene. DNA of rhesus, cynomolgus and pig-tailed B

virus field isolates was efficiently detected. In contrast, HVP-2 and

HSV-2 DNA were detected inefficiently. However, the limit of

detection of the assay is not known, and the assay may miss the

genotype of Japanese native and lion-tailed macaques, and its

sensitivity is not as good as that of ordinary PCR.

Perelygina et al. (94) designed primers and probes for the non-

conserved protein gG gene of the rhesus macaque, and successfully

amplified 23 B virus clinical isolates by real-time PCR, including

rhesus, Japanese, cynomolgus macaques and human zoonoses. This

assay took a short time (4 h), enabled high-throughput detection of

samples, and distinguished B viruses from HSV-1, HSV-2, SA8, and

HVP-2.Miranda et al. (95) targeted the gene of the DNA polymerase of

the B virus as primers, and six of the 12 primer pairs were able to

specifically detect the B virus genome and did not cross-react with the

HSV-1 or HSV-2 genome. Recently, Yi Zeng et al. (96) developed a

simple, rapid, sensitive and specific multiplex loop-mediated

isothermal amplification (LAMP) assay for simultaneous detection of

Monkeypox virus (MPXV) and B virus (primers designed for the UL

30 gene) with a limit of detection (LOD) of 28.7 and 27.8 copies per

reaction, respectively. However, because there was no outbreak of
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MPXV and/or B viruses in China, real clinical samples that were

positive for both viruses cannot be tested. Although six common

human viruses were tested, including BK polyomavirus, JC

polyomavirus, Cytomegalovirus, Human adenovirus type 5, HIV-1

and Hepatitis B virus, there was no comparison of HSV and other

viruses highly homologous to BV. In summary, the design of PCR

primers is important, requiring both identification of all genotypes and

the distinction of B virus from other herpesviruses with high homology,

so the conservation and specificity of target sequences should be

considered when designing primers.

PCR tests can be used for quality testing in monkey colonies.

Nevertheless, a significant limitation of PCR or virus isolation is that,

because of the incubation period of the B virus infection, the diagnostic

test would be false-negative, meaning that the presence of viral DNA

could not be detected. A positive result occurs only when a latent viral

infection is reactivated and the virus sheds in oral and genital

secretions. Therefore, serological testing has a higher sensitivity and

utility than PCR or virus isolation, which is why it is better suited for

screening purposes rather than routine B virus detection. Apart from

conventional PCR, real-time PCR and LAMP, digital PCR (the third-

generation PCR technology) (97), PCR amplification technology

combined with the CRISPR-Cas12a system (98) and microfluidic

chip technology (99) have been applied to the detection of COVID-

19. The effective use of these technologies in other virus detection has

also provided some inspiration for the molecular diagnosis of B virus.
FIGURE 4

Diagnosis of the B virus. Vero cells were inoculated with swab samples obtained from the oral, conjunctiva, wound (bites and scratches), and genital
epithelium, examined for CPE by plaque assay. The swab samples can also be tested for the B virus DNA by PCR tests. Herpes B virus antigen,
alternative laboratory antigen, and monoclonal antibodies (mAbs) were used to coat wells of a polystyrene plate to detect anti-B virus antibodies by
using ELISAs.
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4.3 Serological diagnosis

Typically, serological diagnosis aims to detect anti-B virus

antibodies, usually using enzyme-linked immunosorbent assay

(ELISA), dot-immunobinding assay (DIA), and enzyme

immunoassay (EIA), etc. ELISA is the standard first-line diagnostic

test for B virus infection (Figure 4). In 1985, Heberling et al. (100)

utilized inactivated homologous and heterologous antigens to ascertain

the strength of the color response of the two antigens by DIA. B virus

detection depends on B virus strains, but in many countries, it is

difficult to obtain strains for detection. Importing B virus isolates from

abroad is challenging, and BSL-4 laboratories are rare. Given that B

virus, HSV-1, HSV-2, SA8 and HVP-2 have common antigens, so

using a high homology and safer virus can serve as an alternative

laboratory antigen to detect B virus infection without high biosafety

risks. HVP-2 is genetically and more closely related to B virus than

HSV-1. Ohsawa et al. (101) found that the HVP-2 antigen-based

ELISA was equal in sensitivity (98%) and specificity to the BV antigen-

based ELISA and was superior to the HSV-1 ELISA (96%) for the

detection of BV-positive macaque sera. Takano et al. (102) used SA8 as

an alternative antigen for B virus antibody detection. Seventy-two sera

samples judged positive using B virus antigen were all positive when the

SA8 antigen was used. Katz et al. (103) developed a high-throughput

titration ELISA (tELISA) and used it to screen 278 sera simultaneously

against the homologous B virus antigen and the heterologous antigens

of HVP-2 and HSV-1, and B virus-ELISA detected more B virus-

positive sera (35.6%) than HVP 2-ELISA (21.6%) and HSV 1-

ELISA (19.8%).

In 1986, Katz et al. (104) established a rapid (3.5 h) ELISA for the

detection of serum antibodies to HSV-1, SA8 and B virus. They used

crude preparations of detergent-solubilized infected cells as antigens

and biotinylated protein A and avidin-conjugated alkaline phosphatase

as tracer reagents. In 1993, Norcott et al. (105) used a monoclonal

competitive radioimmunoassay (CompRIAm) to detect anti-BV

antibodies in human and monkey sera and antibodies against SA8 in

monkey sera but not anti-HSV-1 antibodies in human sera.

Tanabayashi et al. (106) tested gD expression in transfected COS7

cells by indirect immunofluorescence or radioimmunoprecipitation

analysis (RIPA), and found that the expression of gD reacted well with

BV-infected monkey sera. But this method requires the use of

radioactive materials, and western blot (WB) is less reactive and

appears with nonspecific bands. Subsequently, they attempted to

express mutant gD as an antigen, which deleted the transmembrane

domain and cytoplasmic tail, and found that the serum of positive

monkeys reacted with mutant gD without nonspecific reactions by

DIA. In 2005, Perelygina et al. (107) evaluated a recombinant protein-

based ELISA for detecting IgG in monkey and human sera, the

diagnostic sensitivity of the gB-, gC-, gD- and membrane-associated

segments of gG (mgG)- ELISA was 100%, 97.3%, 88.0%, and 80.0%,

respectively. And the relative diagnostic specificities of gB-, gC- and

gD-ELISA were 100% and 97.5% for mgG-ELISA. The results indicate

that gB, gC, gD and mgG have high diagnostic potential for serological

diagnosis of B virus, while mgG may be a valuable antigen to

distinguish antibodies induced by B viruses from other closely

related a-herpesviruses (including HSV-1 and HSV-2), which may

be related to only 29.2% identity of gG and other herpesviruses. In
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contrast, the sensitivity and specificity of the sgG-and gE-ELISAs are

too low to be effective diagnostic antigens. In 2008, Fujima et al. (108)

developed a fluorescent indirect ELISA based on recombinant gD of B

virus and gG (gG-1 and gG-2, respectively) of HSV-1 and HSV-2 to

distinguish the three herpesvirus infections in monkeys. In 2012, Katz

et al. (109) used recombinant proteins gB, gC, gD andmgG as antigens,

with higher sensitivity in BV antibody-positive sera than in WB, even

in low-titer sera.

In addition to the use of envelope glycoprotein as a detection

antigen, synthetic polypeptides have also been employed as an

alternative antigen. Perelygina et al. (110) found that 95% of serum

samples from macaques and 80% of serum samples from humans

infected with B virus contained antibodies against the epitope (gD 362-

370), while HSV-1 and HSV-2 antisera did not react with the epitope,

so gD 362-370 had the unique potential for BV diagnosis. Hotop et al.

(111) used a peptide chip with overlapping peptides covering the entire

amino acid sequence of gB and gD to react with antibodies in macaque

sera and identified 18 antibody target regions (ATRs), 17 of the 18

ATRs had not been described earlier. Hotop et al. (112) further

performed high-throughput serology analysis based on synthetic

peptide and multiplex bead flow assays of six glycoproteins (gB, gC,

gD, gG, gH and gL) of B virus, and found more ATRs. However, there

are issues with using peptides as the detection antigen, such as the fact

that core epitopes are hard to anticipate and screen, detection

sensitivity is lower than that of entire proteins, and false-negative or

false-positive findings are difficult to eliminate.

Moreover, monoclonal antibodies recognize the viral antigen to

detect B virus. Cropper et al. (113) prepared the monoclonal

antibodies (mAbs) of B virus, HSV-1 and HSV-2, which can

specifically distinguish B virus and VZV, human cytomegalovirus

and EB by indirect immunofluorescent antibody test (IFAT) and

distinguish cynomolgus monkey and rhesus monkey B virus strains.

Blewett et al. (114) prepared mAbs targeting gB homologs. The

detection of B virus by WB and RIPA showed that gB is an essential

protein, but none of the anti-gB mAbs neutralized B virus. Katz et al.

(115) developed a novel panel of mAbs that were used to identify

specific immunoreactive epitopes of BV proteins for the first time

since the discovery of this virus over 80 years ago. These mAbs

identified more conformational epitopes in five B virus proteins,

including gD, gI, gE, gB and VP13/14. Category-I mAbs are strain-

specific and react with B virus isolates from both rhesus and Japanese

macaques but not pig-tailed and cynomolgus macaques. Category-II

mAbs made a differential serological diagnosis of B virus infection in

humans with existing HSV-1/HSV-2 antibodies.

However, the serological diagnosis could not specifically

identify the virus that was actually infected in humans or

macaques. According to the positive results of B virus antibody

assays, it can only be determined that the macaques were infected

with B virus, but not the current status. Lees et al. (61) measured

virus-specific IgM and IgG antibodies by antibody capture

radioimmunoassay. IgM was first detected on day 6, while IgG

did not appear until day 12 and peaked at 30 to 40 days post-

infection. As with other viral infections, the presence of IgG

indicates prior exposure or infection but does not indicate active

virus shedding. There are few studies on the presence of B virus in

serum antibody-positive animals and whether the virus is in the
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latent or proliferative phase (78). Furthermore, B virus-infected

macaque sera tended to contain high titers of HSV-neutralizing

antibodies, but human sera containing HSV antibodies failed to

neutralize B virus (58). Thus, the high detection rate of HSV

antibodies in humans (116) complicates the work to confirm the

history of B virus infection. When B virus infects HSV immunizers,

memory responses to cross-reactive antigens occur, which results in

higher levels of antibodies against cross-reactive antigens, making

the detection of B virus-specific antibodies more difficult. Moreover,

current methods are largely based on the detection of IgG

antibodies, which usually appear sometime after infection, with

delays in detecting B virus infection. In addition, either false-

positive, false-negative, or latent infections can complicate the

interpretation of serological tests (117).

Previous studies have revealed that viral DNA is not necessarily

detectable in B virus-positive macaques by PCR, and the virus is

latent (81, 118), making it challenging to achieve a 100% detection

rate of B virus by a single technique. In addition to combining the

novel techniques mentioned above, combining molecular diagnosis

and serological diagnosis can also be considered to improve the

sensitivity and specificity of B virus detection. The serological

diagnosis of B virus mainly depends on the level of IgG antibodies,

while the more established serological diagnostic technique of SARS-

Cov-2 combined detects IgA, IgM and IgG (119–121). Although IgM

quickly disappears in the body, it can indicate the current infection

status. And PCR tests may improve the detection rate of virus DNA

of antibody-positive macaques to warn that macaques are currently

active in the virus period, and occupational workers should take extra

precautions to prevent B virus infection.
5 Prophylaxis and treatment for the
herpes B virus

5.1 Anti-viral drugs

The relative rarity of zoonotic B virus infections does not provide a

financial incentive for the development of drugs that specifically target

the B virus. Therefore, the drugs used to treat HSV infection are also

referred to treat patients with suspected B virus infection (Table 1),

although B viruses are less sensitive to them than HSV (122). Neither

serological nor viral testing can be used to guide the provision of

antiviral prophylactic therapy. The therapeutic regimen must be based

on the clinical situation. The use of anti-viral therapy early after

exposure to the B virus is considered an effective strategy to prevent

B virus infection in human and animal trials (78, 82, 123, 124). If a

patient is suspected of being exposed to the B virus and medically

evaluated within 5 days of potential exposure, post-exposure

prophylaxis with high doses of oral anti-viral drugs should be

considered when confirming B virus infection by diagnostic test

(123, 124). Acyclovir and other nucleoside analogues are effective at

high doses. For example, acyclovir 10 mg/kg q8h for 14 to 21 days. The

first choice of anti-viral therapy for post-exposure prophylaxis is oral

vaciclovir (suitable for adults, including pregnant women). Valaciclovir,

the precursor of acyclovir, can be metabolized in the liver and intestine

to acyclovir and penyclovir. The bioavailability of valacylovir is better
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than that of acyiclovir, manifesting as the serum acyiclovir level of

metabolized valacylovir is much higher than oral acyclovir directly (75,

78). The alternative drug is high-dose oral acyclovir (75). High doses of

acyclovir administered to patients within hours of exposure may

prevent progression to infection or ameliorate symptomatic zoonotic

B virus infection (78). If the patient develops symptoms consistent with

B virus infection, post-exposure prophylaxis should be stopped and

treatment for B virus infection should be initiated.

If any signs or symptoms of B virus infection or a positive B virus

test result exist, intravenous anti-viral therapy is required instead of oral

drugs for post-exposure prophylaxis. If CNS symptoms are present,

high-dose intravenous ganciclovir is the recommended first choice (5

mg/kg q12h) (75). If CNS symptoms are absent, high-dose intravenous

acyclovir is the first-line therapy for B virus infection (125). A higher

intravenous dose (12.5 to 15mg/kg q8h) is recommended for the use of

acyclovir because B virus is less sensitive to acyclovir than HSV (122).

In the only documented case, patients treated with ganciclovir for B

virus-infected brainstem encephalitis achieved complete recovery.

Although ganciclovir is more toxic than acyclovir, its potential

benefit should be considered prior to administration.

In some cases, the effectiveness of human infection intervention

was monitored by suppressing peripheral viral shedding and in

others by reducing cerebrospinal fluid antibodies or viral DNA load

(78, 82, 126). However, CNS involvement may also progress rapidly

to paralysis and death, even with anti-viral therapy and supportive

care. Interestingly, although it was reported that those infected with

BV survived after accepting anti-viral therapy, it was also reported

that medicated B virus patients died while untreated ones survived

(70, 73, 78, 79, 82, 127–129). Therefore, the exact efficacy of these

anti-viral drugs for B virus is not very clear, and none of these anti-

viral drugs have been approved by the U.S. Food and Drug

Administration (FDA) for the treatment of B virus infection.
5.2 Anti-serum

The observation that high-titer human anti-HSV serum

neutralized B virus in vitro supported the idea that high-dose human

g-globulin might be useful in postexposure immunoprophylaxis against
TABLE 1 The prophylaxis and treatment for B virus exposure
or infection.

Clinical setting Antiviral
Therapy

Administration

Prophylaxis of B virus
exposure

Valacyclovir(first
choice)

1 g po q8h for 14 days

Acyclovir 800 mg po 5 times per day
for 14 days

Treatment of B virus
infection

With no CNS
symptoms

Acyclovir(first
choice)

12.5-15 mg/kg iv q8h

Ganciclovir 5 mg/kg iv q12h

With CNS symptoms Ganciclovir 5 mg/kg iv q12h
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B virus infection (130, 131). Boulter et al. (132) found that

simultaneous inoculation of B virus and B virus antiserum protected

rabbits from lethal encephalomyelitis, and homologous (rabbit)

antiserum was more effective than heterologous (monkey) antiserum.

These protections apparently did not depend on the neutralization of

inoculated virus but on the destruction of infected cells before they

produced the progeny virus. Human immunoglobulin is readily

accessible and often contains anti-HSV antibodies to neutralize B

virus in heterotypic cross-reactivity, but unfortunately, the use of

human g-globulin has not been significantly effective in the limited B

virus infection cases (132–134). However, Vizoso et al. found that anti-

HSV antibodies could not neutralize B viruses even though there was

high homology between HSV and B virus. When B virus was

inoculated into VERO cells, it induced only the formation of

syncytia, a CPE characteristic of this virus, after passage in the

presence of antibody against HSV. Rabbits vaccinated with HSV

suspension were protected from subsequent attack by B virus by a

dysplastic reaction, but B virus remains latent in the dorsal root ganglia

(86, 135).
5.3 Vaccines

Early diagnosis and treatment are effective ways to control the

mortality rate of BV-infected humans. The discovery of neutralizing

antibodies against B virus prompted efforts to produce B virus vaccines

for use in humans or NHPs. But there is no vaccine available against B

virus infection currently (Table 2). Sabin et al. (142) reported a failure

to immunize rabbits with subclinical doses of live B virus. And

ineffective attempts were made to immunize rabbits with the

formalin-inactivated B virus. Rabbits survived when tested with 10

minimal infective skin doses (m.i.s.d.) of B virus, but failed to resist

100m.i.s.d. Hull et al. (136) made a vaccine with formalin-inactivated B

virus (E2490 strain) and found that rabbits producing l:4 to l:8

antibodies did resist the attack of live B virus. The vaccine could

cause a mild antibody response and needed to be strengthened

frequently (once in 3 months). Monkeys with pre-immune

antibodies had significantly elevated neutralizing antibody titers (<1:4

or 1:16 to 1:64 or 1:128), while those without pre-immune antibodies

had a maximum neutralizing antibody of 1:32, but caused bleeding

after vaccination. Further studies showed that it causes heterologous

anti-HSV antibody reactions in vivo. But the prior injection of HSV

antigen does not improve rabbit anti-BV antibody levels after BV
Frontiers in Immunology 11
vaccine injection. Human immune responses to B virus vaccine are

similar to those of rabbits, with antibody titers in the range of <1:4 to

1:16, and the use of adjuvant does not enhance the vaccination efficacy

(137). These vaccines were poor immunogens, as 20% of the recipients

did not respond even after repeating doses every 3 to 6 months (138).

Black et al. (143) showed that neutralizing antibodies may fail to

eliminate B virus in vitro experiments. B virus was mainly transmitted

between cells but not without cells in the supernatant.

With gB or gD as the immunogens (144–147), researchers

developed vaccines against HSV (HSV-1 and HSV-2). The gD and

gB are the main targets for neutralizing antibodies and cell-mediated

immunity in patients with HSV infection. The performance of HSV

vaccines is highly relevant to the development of effective vaccines for

the B virus because both viruses are very similar in their respective

hosts in terms of biology, pathogenicity and antigenicity. Bennett

et al. (139) constructed a recombinant vaccinia virus expressing gD.

Neutralizing antibody titer levels after vaccination in rabbits ranged

from 1:2 to 1:8 (one exception, up to >1:64). Ten of eleven rabbits

were protected within 8d and local ganglions without signs of latent B

virus. Although vaccination in susceptible animal models can

produce protective immune responses to B virus, it has not been

reported whether this vaccination will induce protective immune

responses in natural host macaques.

Loomis-Huff et al. (140) injected a DNA vaccine plasmid

expressing the B virus gB into mice and rhesus macaques and caused

a humoral immune response. IgGs induced by intramuscular (IM) or

intradermal (ID) immunization were relatively stable over time inmice,

with high titers (1:1600 to 1:25,600) maintained for up to 1 year, and all

immunization methods (IM, ID, IM + ID) caused greater IgG2a

responses than IgG1. The IgG2a antibody isotype predominated in

the majority of immunized mice (76% and 89% at 6 and 12 weeks,

respectively), suggesting of a Th1-type helper T-cell response. Rhesus

macaques generated IgGs against B virus gB after IM + ID or IM

immunization, with antibody titers up to 1:12,800 with neutralizing

activity detected in IM + ID immunized animals. These data

demonstrated that DNA immunization can be used to generate an

immune response against B virus glycoproteins in uninfected

macaques. Hirano et al. (141) constructed a plasmid expressing B

virus gD. They injected it intrathecally into adult Japanese macaques

and determined the B viral gD antibody titer via recombinant HSV-1

gD-based ELISAs. After the second booster immunization, the average

titers at each time point were significantly higher than the control

group, but these antibody levels did not last long. Peripheral blood

mononuclear cells (PBMCs) were cultured in the presence or absence

of HSV-1 gD as a stimulating antigen. Upon stimulation with the

recombinant HSV-1 gD, the fraction of CD4+ IFN-g+ T cells increased

from 0.4% to 1.4%. Thus, the B virus gD DNA vaccine was shown to

induce both humoral and cellular immune responses in macaques that

recognize the B virus gD. Neutralizing activity in the sera of vaccinated

animals was essentially the same in the presence or absence

of complement.

The latent and recurrence of B virus infection have hindered the

development of vaccines, and the research of the B virus vaccines has

not made breakthroughs in recent years. Elimination of the B virus

from the experimental macaque colonies requires preventing the initial

establishment of potential infections that may subsequently reactivate.
TABLE 2 Vaccines in development against the B virus.

Types of
vaccines

Vaccine Components and
Methodology

References

Inactivated
vaccine

Formalin-inactivated B virus Hull et al. (136–
138)

Recombinant
vaccine

A recombinant vaccinia virus expressing
herpes B virus glycoprotein D

Bennett et al.
(139)

DNA vaccine A DNA vaccine plasmid expressing the B
virus glycoprotein B

Loomis-Huff
et al. (140)

A plasmid expressing the B virus
glycoprotein D

Hirano et al.
(141)
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It appears from earlier research that the macaque colonies have not yet

succeeded in achieving this goal. Although DNA vaccines were studied

after the inactivated B virus vaccine, DNA vaccine-induced antibodies

diminish relatively quickly Furthermore, studies on the pathogenesis of

HSV in humans suggest that cell-mediated immunity is necessary for

vaccines to provide protection or reduce the frequency of disease

recurrence (148, 149). HSV-1 has been shown to havemechanisms that

impede CD8+ T cell-mediated eradication of the virus from latency

(150). Additionally, the density of CD8+ T cells in the genital mucosa is

predictive of the duration and severity of viral reactivation (151).

Despite the fact that DNA vaccines induce strong cellular immune

responses theoretically, there are few studies evaluating the efficacy of B

virus DNA vaccines on CD4+ and CD8+ T lymphocytes. In addition to

inactivated virus vaccines and DNA vaccines, live-attenuated vaccines

(152, 153), subunit vaccines (147, 154), and replication-defective virus

vaccines (146, 155) have been applied to HSV, and some vaccines are

already in clinical trials. While live-attenuated vaccines are particularly

effective in provoking humoral and cell-mediated immune responses,

one of the major challenges of live-attenuated vaccines remains vaccine

safety. Subunit vaccination is safer than live-attenuated vaccine, but the

challenge of developing this vaccine is to elicit a robust and durable

immune response. Although the safety of replication-deficient vaccines

has been demonstrated, only a few genes (gD, UL29, etc.) are knocked

out, and the ramifications would be unthinkable if genetic

recombination were to restore the capacity of wild virus to replicate.

In addition, mRNA vaccines have also attracted the attention of many

researchers due to the simplicity of mRNA design and manufacturing,

inherent immunogenicity, rapid mass production and negligible

insertional mutation, and have achieved great success in the

development of the SARS-Cov-2 vaccine (156, 157). Some of the

vaccines mentioned above are formulated as lipid nanoparticles (156),

while others may use viral vector delivery technologies such as lentiviral

vectors (147) or adenovirus vectors (158). There are now additional

possibilities for the B virus vaccine thanks to the introduction of these

new technologies. Development of B virus vaccines can be learned from

the successful experiences of HSV vaccines, but the research and

development of vaccines may still to be arduous and time-

consuming due to the paucity of vaccine research on B virus and the

obscurity of its invasion mechanism and life cycle characteristics.
6 Conclusion and perspectives

NHPs have become indispensable animal models in biomedical

research due to their similarities in development, physiology and

evolutionary relationship with humans, and the pathogens they

carry have also become the focus of research. The great differences

in clinical manifestations between macaques and humans infected

with B virus, as well as the high mortality rate of human infection,

have attracted great attention to being listed as a BSL-4 pathogen,

which limits the research on B virus. But the research has never

ceased, and the understanding of B virus will continue to deepen

and improve. In 1989, the National Center for Research Resources

[now Office of Research Infrastructure Programs (ORIP)] of the

National Institutes of Health initiated experimental research
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countries have built monkey colonies free of the B virus, but non-

SPF monkeys are still widely used for research. Latent infection and

intermittent reactivation of B virus make it quite difficult to detect

infected monkeys accurately, and the antigen crossover of B virus

and other pathogens also increases the difficulty of confirming B

virus infection. These suggest that it is impossible to completely

eliminate the possibility of B virus infection in humans.

In addition, there is no vaccine or specific neutralizing antibody

drug available to prevent B virus infections. Although acyclovir or

ganciclovir can be effective against the B virus, they cannot eradicate it

entirely. In accordance with the standardized and secure operating

procedures for experiments, therefore, prevention and fortification of

personal protection are of paramount importance. When bitten or

scratched by a monkey, the wound should be handled immediately,

detected and treated in time, even if it is an SPF monkey. It is not

possible to take chances, even if the number of individuals infected with

the B virus is far lower than the number of persons scratched and bitten

by monkeys. Since the B virus may remain dormant in the human

body, false-negative tests may conceal serious health risks.

The biological characteristics of the B virus have been relatively

well studied, but the pathogenesis and immune response to the B virus

in macaques and humans need to be further studied. The specific

diagnostic methods, medications and vaccines also require deeper

investigation and development. Only by preventing well, establishing

rapid and accurate diagnostic methods, and developing efficient and

feasible treatment methods can it be possible to eliminate the risk of

human mortality caused by herpes B virus infection.
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