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ABSTRACT

Macaques, particularly rhesus (Macaca mulatta) and
cynomolgus (M. fascicularis) monkeys, are widely utilized
in biomedical and toxicological research. Despite their
critical role, effective vaccines against many viral
pathogens affecting these primates remain limited, and
vaccination is generally avoided in experimental
populations to prevent potential confounding outcomes.
Consequently, maintaining viral control within macaque
colonies depends on stringent surveillance, systematic
diagnostic testing, and rigorously enforced quarantine
protocols. Accurate and early detection of viral infections is
therefore essential for colony management and research
integrity. This review synthesizes current knowledge on 10
major viruses affecting macaque colonies, outlining their
biological characteristics and diagnostic methodologies,
and further assesses recent technological advances in
viral detection. Drawing upon five years of surveillance
data collected by VRL-Asia from breeding facilities across
China, this review highlights the prevalence patterns of
viral infections among breeding macaques and identifies
critical epidemiological trends. These insights provide a
valuable reference for researchers, veterinarians, and
laboratory personnel seeking to strengthen biosecurity
frameworks and ensure the reliability of research involving
macaques.
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INTRODUCTION

Macaques, particularly rhesus (Macaca mulafta) and
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cynomolgus (M. fascicularis) monkeys, serve as invaluable
models in biomedical and toxicological research due to their
close physiological, immunological, and genetic affinity to
humans. Like humans, macaques are highly susceptible to a
wide range of pathogens, including viruses, bacteria,
parasites, and fungi (Liu etal., 2021b; Ohta, 2023). Among
them, viral infections represent the most critical threat to
animal welfare, research integrity, and biosafety. Notably,
many macaque viruses establish chronic or latent infections
that can persist asymptomatically, leading to undetected
transmission within colonies or to human handlers (Yee et al.,
2016).

To minimize these risks, specific pathogen-free (SPF)
macaque colonies have been established to exclude high-
priority viral agents. Standard SPF colonies focus on
eliminating four key viral pathogens, including monkey B virus
(BV), simian retrovirus D (SRV), simian immunodeficiency
virus (SIV), and simian T-lymphotropic virus (STLV) (Bailey
etal., 2016; Balansard etal.,, 2019; Bibollet-Ruche et al.,
2004; Morton et al., 2008; Yee et al.,, 2016). More stringent
SPF super (SPF+) colonies extend this exclusion list to
encompass additional viruses such as simian varicella virus
(SVV), simian foamy virus (SFV), measles virus (MeV), canine
distemper virus (CDV), monkeypox virus (MPV), and simian
virus 40 (SV40), thereby achieving broader pathogen control
(Olivier et al., 2010; Sariol et al., 2005; Stavisky et al., 2018;
Tanaka et al., 2013; Ward & Hilliard, 1994; Yasutomi, 2010).
Establishing and maintaining SPF status relies on two key
strategies: comprehensive diagnostic screening to identify and
remove infected individuals and controlled breeding of certified
SPF monkeys to ensure pathogen-free progeny. The
effectiveness of these strategies relies fundamentally on
precise and reproducible diagnostic technologies that enable
continuous surveillance and are essential for sustaining colony
health, ensuring biosecurity, and preserving the validity of
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research outcomes.

This review synthesizes current understanding of 10 major
viruses that infect macaques, some of which also carry
zoonotic potential, including viruses targeted for exclusion in
SPF colonies and others not yet formally listed but posing
substantial epidemiological or experimental concern. Drawing
on nearly five years of diagnostic data collected by VRL-Asia
from macaque breeding facilities across China, this analysis
further characterizes infection prevalence, temporal patterns,
and cross-colony transmission dynamics. This review also
discusses technological progress in viral detection,
highlighting next-generation platforms with potential for rapid,
field-based screening in non-human primate populations.
Together, these findings refine pathogen surveillance
strategies, reduce transmission risk, and strengthen the health
and reliability of macaque colonies essential for biomedical
research. Subsequent sections provide a detailed discussion
of each virus, including biological properties, zoonotic
relevance, and current diagnostic strategies.

Monkey B virus (BV)

BV, officially known as Macacine alphaherpesvirus 1, belongs
to the family Herpesviridae, subfamily Alphaherpesviridae,
genus Simplexvirus (Gatherer etal., 2021). Comparative
genomic and phylogenetic studies have identified at least five
BV genotypes corresponding to distinct macaque hosts: BVrh
from rhesus macaques, BVcy from cynomolgus macaques,
BVpt from pig-tail macaques, BVIt from lion-tail macaques,
and BVjp from Japanese macaques (Hu et al., 2022; Lu et al.,
2023). Whole-genome analyses show approximately 90%
identity between BVrh and BVcy and 82% between BVpt and
BVIt, suggesting that distinct macaque species may harbor
different BV genotypes (Eberle et al., 2017).

Macaques serve as the natural reservoirs for BV. Infections
in these macaques resemble human infections with herpes
simplex virus type 1 (HSV-1) and type 2 (HSV-2), typically
remaining mild or subclinical in immunocompetent hosts (Arvin
et al., 2007; Eberle & Jones-Engel, 2018). Following primary
replication in epithelial cells, BV migrates along sensory
neuron and establishes lifelong latency within sensory ganglia,
with potential reactivation triggered by immunosuppression,
stress, or experimental manipulation (Weigler, 1992). Viral
shedding can accompany symptomatic episodes or occur
intermittently without clinical signs (Arvin etal., 2007).
Infectious particles are excreted in saliva, tears, urine, feces,
and genital secretions and transmitted via bites, grooming,
sexual contact, or exposure to contaminated fomites (Eberle &
Jones-Engel, 2018; Lu et al., 2023). Human infection typically
follows direct contact with infected macaques or contaminated
materials and can progress to severe neurological
complications with a high case-fatality rate if left untreated
(Linz et al., 2025). Documented human cases across Asia and
a rare report of viral reactivation after 54 years of latency
underscore the strong zoonotic potential of BV (Arvin et al.,
2007; Ponzetto et al., 2023; Wang et al., 2021; Yamada et al.,
2024; Zhang etal., 2022). Although no effective vaccine
currently exists, early antiviral therapy using acyclovir,
valacyclovir, or famciclovir remains crucial for mitigating
severe outcomes in suspected or confirmed cases, with
topical cidofovir demonstrating complete efficacy in preventing
BV neuroinvasion when administered promptly, including
against resistant strains (Cohen etal.,, 2002; Jerome &
Morrow, 2015; Maxwell etal., 2020). Given the risk of
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asymptomatic viral shedding and the severe consequences of
BV infections in humans, regular and frequent testing for BV in
macaques is essential for managing SPF colonies and
mitigating occupational exposure risks.

BV diagnosis in macaques integrates molecular, serological,
and culture-based approaches. Among these, polymerase
chain reaction (PCR) assays provide the highest analytical
sensitivity for detecting BV DNA in oral, conjunctival, and
genital swabs and in blood and cerebrospinal fluid (CSF).
Diagnostic sensitivity and specificity depend on selecting
appropriate genetic targets. Commonly amplified loci include
US6 (glycoprotein D, gD), US8 (glycoprotein G, gG), UL27
(glycoprotein B, gB), and UL30 (DNA polymerase). Because
UL27 is highly conserved among alphaherpesviruses (Huff
etal,, 2003), quantitative real-time PCR (qPCR) assays
targeting this gene lack BV specificity and may cross-detect
closely related viruses. To improve discrimination, a qPCR
assay targeting US8 was developed to differentiate BV from
closely related alphaherpesviruses, including HSV-1, HSV-2,
Papiine alphaherpesvirus 2 (Herpesvirus simian 2, HVP-2),
and Cercopithecine alphaherpesvirus 2 (Simian Agent 8, SA8)
(Perelygina etal., 2003). Primers and probes designed to
target non-conserved regions further enable genotype-level
differentiation (Eberle et al., 2017; Smith et al., 1998). Notably,
a nested PCR assay targeting the intergenic region between
US5 (encoding glycoprotein L, gL) and US6 was established
to precisely identify and distinguish the BVcy genotype from
the BVrh genotype (Slomka et al., 1993). More recently, loop-
mediated isothermal amplification (LAMP) techniques have
accelerated field diagnostics, enabling rapid identification of
BV DNA without thermal cycling (Amano et al., 2023) and the
simultaneous detection of BV and MPV with high sensitivity
and specificity (Zeng et al., 2023). Despite these advances,
molecular assays detect only actively replicating virus at the
time of sampling. Therefore, serological testing remains
indispensable for comprehensive colony screening, as it
identifies antibodies indicative of latent or prior infections,
providing a broader epidemiological assessment of BV
exposure in macaque populations.

Serological diagnosis of BV infection primarily relies on the
detection of anti-BV antibodies using platforms such as
enzyme-linked  immunosorbent assay (ELISA), dot
immunobinding assay (DIA), and enzyme immunoassay (EIA),
among which ELISA remains the most widely employed.
Western blot (WB) analysis, although less frequently used due
to its lower reactivity and the occurrence of nonspecific bands,
continues to serve as a valuable confirmatory reference
technique (Yee etal.,, 2016). To reduce biohazard risks
associated with preparing BV antigens from infected cell
cultures, serological assays often incorporate antigenically
related herpesviruses, including HVP-2 and SA8, which
provide cross-reactive antigenic profiles without requiring high-
risk viral propagation (Péhimann et al., 2017; Tanaka et al.,
2004). Additionally, advances in recombinant antigen
technology have further enhanced assay safety and
performance, with recombinant BV glycoproteins gB, gC, gD,
and gG exhibiting high sensitivity and specificity for serological
detection (Katz et al., 2012; Perelygina et al., 2005).

Antibody responses typically emerge within 7-10 days
following infection. IgM antibodies can be detected by day 6,
followed by IgG antibodies around day 12, with peak titers
between days 30 and 40 (Arvin et al., 2007; Weigler, 1992).
Due to the predominantly latent nature of BV infection,
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seroconversion often occurs upon viral reactivation. As a
result, infection status cannot be determined from a single
test, with at least two consecutive negative results required to
classify an individual as BV-negative (Ward & Hilliard, 2002;
Yee et al., 2016). Continuous surveillance remains necessary,
with testing frequency adjusted based on colony conditions
ranging from quarterly to annual screening (Yee et al., 2016).

Virus isolation remains the definitive method for confirming
viral infections , includin BV. The virus has been recovered
from the oral, conjunctival, genital, and trigeminal ganglia
samples (Boulter, 1975; Weigler etal., 1993; Zwartouw &
Boulter, 1984). BV demonstrates broad cellular tropism,
replicating in fibroblasts, epithelial cells, and neurons
(Perelygina et al., 2015), and is most commonly propagated
using Vero cells (Zwartouw & Boulter, 1984). However,
isolation procedures require biosafety level 3 (BSL-3)
containment due to the high risk of severe disease in humans.
In addition, virus isolation is labor-intensive, time-consuming,
and relatively insensitive, limiting its utility in routine diagnostic
applications.

Recent epidemiological studies have revealed considerable
variation in BV prevalence across macaque populations. In
wild macaques from Thailand, BV antibody prevalence ranges
from 25% to 100%, with viral shedding detected in 1.04% of
oral swabs (Sapkanarak etal, 2025). In a separate
serosurvey of 400 breeding macaques from the Anhui
Experimental Primate Centre, 36.5% tested positive for BV
antibodies based on ELISA and immunoenzyme assays (Cai
etal., 2018), indicating widespread exposure within domestic
colonies. In contrast, a large-scale serosurvey of 289 549
blood samples tested by VRL-Asia found BV antibodies in
9.4% of cases, with 1 126 samples (0.4%) producing
borderline values near the detection threshold. The lower
prevalence likely reflects the younger age distribution of
animals intended for biomedical research or export, as BV
seropositivity correlates with age (Cai etal, 2018).
Complementary qPCR screening of 5 978 samples identified
only eight BV DNA-positive cases, with two additional
indeterminate results, suggesting that most infections were
latent at the time of sampling.

Simian varicella virus (SVV)

SVV, also known as Cercopithecine alphaherpesvirus 9, is a
member of the subfamily Alphaherpesvirinae within the family
Herpesviridae (Gatherer etal., 2021). It exhibits 70%-75%
genomic homology with human varicella-zoster virus (VZV),
the causative agent of chickenpox and shingles (Mahalingam
et al., 2022). The SVV genome spans approximately 124.8 kb
and encodes 74 proteins. Although multiple strains have been
isolated, only one complete genome sequence is currently
available, and no distinct serotypes or genotypes have been
documented across macaque species (Gray, 2022; Gray
etal., 2001).

SVV infection in macaques mirrors the clinical course of
VZV in humans, producing a biphasic disease consisting of a
primary varicella-like eruption (with a chickenpox-like rash)
followed by latency and potential reactivation manifesting as
zoster (shingles-like symptoms) (Gray, 2008). Initial replication
occurs in the upper respiratory epithelium before systemic
dissemination via T cells to the skin, mucosal surfaces, and
visceral organs, including the liver and spleen. The virus also
establishes latency within dorsal root ganglia, where
reactivation may be triggered by  stress or

immunosuppression. Transmission occurs via respiratory
droplets or direct contact (Dueland et al., 1992; Gray, 2003).
Recurrent outbreaks in primate research facilities across the
United States have demonstrated the high transmissibility and
broad host susceptibility of SVV across monkey species
(Clarkson et al., 1967; Allen et al., 1974; Ouwendijk & Verjans,
2015). However, no evidence of zoonotic transmission has
been reported (Messaoudi et al., 2009).

Precise detection of SVV in macaques is essential for
identifying both active and latent infections, supporting timely
intervention, maintaining colony health, and preventing viral
transmission. gPCR is the primary molecular technique used
for SVV detection, offering high sensitivity and specificity
across a range of clinical samples, including blood, saliva,
vesicular fluid, and tissue biopsies. Diagnostic accuracy
depends on careful selection of gene targets and optimization
of primer and probe design. Key open reading frames (ORFs)
commonly targeted to detect actively replicating virus include
ORF68 (glycoprotein E, gE), ORF31 (glycoprotein B, gB),
ORF29 (DNA polymerase), ORF62 (a major regulatory gene),
and ORF61 (an immediate early gene). These genes play
central roles in viral replication and pathogenesis (Gray et al.,
2002; Messaoudi et al., 2009). In addition, ORF61 encodes a
latency-associated transcript (LAT) that is particularly valuable
for detecting latent infection in ganglionic tissue due to its
involvement in the maintenance of viral latency (Jankeel et al.,
2021; Meyer etal, 2011; Traina-Dorge etal, 2019).
Diagnostic target selection should be guided by both infection
stage and sample type to ensure reliable SVV detection.
During the early phase of infection, SVV can be detected in
both lesion and blood samples. Under outbreak conditions,
SVV DNA concentrations in blood may exceed Ilevels
observed during varicella infection (Mahalingam et al., 2022;
Messaoudi et al., 2009). Oral swabs serve as a practical,
noninvasive diagnostic option for detecting acute infection
(Traina-Dorge et al., 2019).

Serological assays, including ELISA, DIA, and WB, are
used to detect SVV-specific antibodies and monitor prior
exposure within macaque populations. These tests support
routine screening and epidemiological surveillance, helping
determine previous virus exposure or ongoing infections, but
cannot distinguish active infection from past exposure due to
persistence of antibody responses. SVV-specific IgG becomes
detectable by day 14 post-infection and remains elevated for
at least 84 days (Jankeel etal., 2021). For serological
detection, SVV antigens are typically prepared from SVV-
infected Vero cell lysates or through recombinant expression
of glycoproteins such as gB and gE in bacterial or mammalian
systems to improve assay specificity and reduce cross-
reactivity (Gray et al., 2022).

SVV can be isolated in vitro from lesions or infected tissues
using susceptible cell lines, such as Vero cells, thereby
confirming active infection (Messaoudi et al., 2009). However,
viral culture is time-consuming, labor-intensive, and requires
biosafety level 2 (BSL-2) containment, making it unsuitable for
large-scale surveillance. Despite these challenges, culture
remains a valuable tool when serological or molecular results
are inconclusive.

Over a five year surveillance period, data from VRL-Asia
revealed an SVV IgG antibody positivity rate of 9.5% among
5 836 macaque blood samples, with 1.7% yielding borderline
ELISA optical density (OD) values near the cutoff. Notably,
most samples submitted for qPCR were collected for
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diagnostic purposes rather than routine screening. Among 320
samples tested, 14.7% tested SVV DNA-positive and 1.9%
produced indeterminate results. In addition to blood, SVV DNA
was also identified in skin lesions, oral swabs, and tissue
samples from the liver, lung, and lymph nodes, indicating
systemic viral dissemination. These findings suggest that SVV
may exhibit a higher propensity for reactivation and broader
tissue tropism compared to BV, emphasizing the importance
of molecular diagnostics and sustained surveillance in
macaque colony management.

Simian retrovirus type D (SRV)

SRV is a member of the genus Betaretrovirus within the family
Retroviridae. Its genome consists of a dimeric, linear, positive-
sense, single-stranded RNA approximately 8 kb in length,
flanked by long terminal repeats (LTRs) and encoding four
major genes: gag (group-specific antigen), prt (protease), pol
(polymerase), and env (envelope) (Coffin etal., 2021). First
identified in the 1970s during fatal immunosuppressive
outbreaks in primate research facilities in the United States,
SRV was recognized as the etiological agent of a progressive
and often fatal immunodeficiency  syndrome  in
macaques—simian acquired immune deficiency syndrome
(SAIDS)—due to its clinical similarity to human AIDS
(Henrickson et al., 1983; Marx et al., 1985). Serological and
genomic studies have since delineated at least eight SRV
serotypes (SRV-1 to SRV-8) (Nandi et al., 2003, 2006; Takano
et al., 2013; Zao et al., 2010).

Transmission occurs through exposure to infected blood,
saliva, urine, feces, or vertical transfer from dam to offspring.
SRV displays broad cellular tropism, infecting both
lymphocytes, including T cells, and non-lymphocytes,
including monocytes and dendritic cells (Henrickson et al.,
1983; Stromberg etal., 1984). Serotypes exhibit species-
specific host preferences (Montiel, 2010): SRV-1, 3, and 5 are
more frequently detected in rhesus macaques (Jensen et al.,
1970), while SRV-2, 4, and 8 are more common in
cynomolgus macaques (Zao et al., 2011, 2016). Following cell
entry, viral RNA undergoes reverse transcription into double-
stranded DNA, which integrates into the host genome as a
provirus, establishing persistent infections characterized by
prolonged clinical latency with continuous or intermittent viral
shedding before the development of SAIDS. Notably, SRV-1,
2, and 3 are associated with SAIDS following extended latent
periods (Marx etal.,, 1984, 1985). SRV-2 has also been
implicated in fibroid development, while SRV-4 causes
disease in Japanese but not in cynomolgus macaques (Hara
et al., 2007; Zao et al., 2011). Emerging evidence links SRV-5
to hemorrhagic syndrome and SRV-8 to broad
immunosuppressive effects through disruption of both innate
and adaptive immune signaling (Koide et al., 2019; Xu et al.,
2023; Yang etal., 2025; Zhu et al., 2020). Although cross-
species transmission to humans is theoretically possible, no
human infections have been documented (Zao et al., 2016).

Diagnostic approaches for SRV include both serological and
molecular methods. DIA and ELISA are widely employed for
high-throughput screening of antibodies against SRV-1-5 and
the latterly identified SRV-8 (Montiel, 2010). WB analysis is
employed to confirm positive or ambiguous results. Antigen
preparation for these assays typically involves viral lysates
from SRV-infected Raiji (human Burkitt's lymphoma) or A549
(human lung carcinoma) cells (Thouless etal., 1996), or
recombinant Gag or Env proteins expressed in heterologous
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systems (Kwang et al., 1988).

Molecular detection using PCR enables direct identification
of viral RNA or proviral DNA in blood, tissue, or secretions.
Reverse transcription PCR (RT-PCR) and RT-gPCR are
particularly useful for identifying active viral replication in
seronegative animals, while proviral DNA detection in
peripheral blood mononuclear cells (PBMCs) remains crucial
for diagnosing latent infections (Hara et al., 2007). High viral
loads in saliva also support its use as a diagnostic sample for
PCR testing (Rosenblum et al., 2000). Selection of appropriate
gene targets is essential for achieving high diagnostic
accuracy in SRV detection. The most frequently targeted
genes include gag, pol, and env. For routine screening, a
gPCR assay targeting the env gene enables simultaneous
detection of proviral DNA from SRV-1-5 and SRV-8 (White
et al., 2009; Zao et al., 2016). Amplification of variable regions
within env also allows differentiation among SRV-1 to SRV-5
(White et al., 2009). A separate qPCR platform targeting the
gag gene has been optimized to detect SRV-1, SRV-2, SRV-
3, and SRV-5 concurrently (Chung etal., 2008). Further
genetic characterization and phylogenetic analysis of SRV
strains can be achieved through viral genome sequencing.
Careful primer design is essential to avoid cross-reactivity with
other retroviruses or endogenous sequences (Morton et al.,
2008). Detection of SRV is complicated by delayed antibody
response and the presence of asymptomatic latent carriers,
highlighting the necessity of combining antibody and nucleic
acid detection to minimize false negatives (Zao et al., 2011).
Furthermore, dynamic changes in both antibody titers and viral
loads have been observed in SRV-infected macaques, leading
to fluctuations in detection rates using both methods (Lerche
etal., 1994). Consequently, parallel testing using both
antibody and nucleic acid assays is recommended, particularly
for long-term colony residents and newly acquired individuals,
to ensure early identification of infected animals and to
prevent onward transmission.

SRV can be isolated using permissive cell lines, such as
Raji cells (Takano etal.,, 2013). Although viral culture can
confirm infection, it is laborious, time-intensive, and requires
BSL-2 containment, limiting its utility in routine surveillance.

Over the past five years, VRL-Asia has tested 295 772
serum samples, revealing an SRV antibody-positive rate of
2.9%. In contrast, a nationwide serosurvey of Chinese
breeding facilities (n=752) reported higher prevalence, with a
5.2% sample positivity rate and a 16.2% breeding unit
positivity rate, accompanied by significant regional disparities
(Liu et al., 2021a). These discrepancies in seropositivity may
reflect differences in sample populations and testing
methodologies. VRL-Asia primarily screened young monkeys
intended for research or export, employing ELISA or DIA for
initial screening, followed by WB confirmation. In contrast, the
Chinese survey relied solely on ELISA, increasing the risk of
false-positive results. Additionally, a separate analysis of 231
captive macaques detected SRV antibodies in 5%, exclusively
among older individuals (Kaul etal.,, 2019), suggesting an
age-related rise in seroprevalence. Notably, in a study of 411
Chinese rhesus macaques from a single Chinese facility, SRV
nucleic acids were detected in 19.7% of samples by PCR (Zhu
etal.,, 2012). In contrast, gPCR screening of 95 281 whole-
blood samples by VRL-Asia yielded a lower positive rate of
5.7%, likely due to demographic and procedural differences
between cohorts. Of the 2 682 samples tested for both SRV
antibodies and nucleic acids, 32 were positive or
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indeterminate (P+l). Among these, 34.4% were positive for
both markers, 34.4% for antibodies only, and 31.2% for
nucleic acids only. These results emphasize the diagnostic
limitations of relying on a single method and highlight the
necessity of integrating serological and molecular tools to
ensure accurate SRV detection (Yee et al., 2016).

Simian T-lymphotropic virus (STLV)

STLV, a member of the genus Deltaretrovirus within the family
Retroviridae, possesses a single-stranded, positive-sense
RNA genome approximately 9 kb in length. Upon cellular
entry, the RNA genome undergoes reverse transcription into
double-stranded DNA and integrates into host chromatin as a
provirus. STLV shares a close evolutionary and genomic
relationship with human T-lymphotropic virus (HTLV), together
forming the primate T-cell lymphotropic virus (PTLV) group
(Hussein et al., 2025). Based on phylogenetic and serological
analyses, STLV is classified into four subtypes (STLV-1,
STLV-2, STLV-3, and STLV-4), each corresponding to an
HTLV counterpart. STLV-1 is widely distributed across Asian
and African primates, STLV-4 occurs exclusively in
Cameroonian gorillas, STLV-2 has only been detected in
captive bonobos in Europe and the United States, and STLV-3
has been identified exclusively in African nonhuman primates
(NHPs) (Jiang et al., 2023; Sintasath et al., 2009).

STLV is primarily transmitted through exposure to infected
bodily fluids, including blood, saliva, and sexual secretions, as
well as through vertical routes such as breastfeeding.
Transmission is commonly associated with biting, grooming,
or sexual contact (Jégado et al., 2019). The virus preferentially
targets CD4+ T cells through cell-to-cell transmission (Jégado
etal., 2019). Following integration, proviral latency is
established, with periodic reactivation facilitating continued
transmission while evading immune clearance. Recent
evidence suggests that maternal transmission can occur
without inducing seroconversion for extended periods (Grover
etal., 2025). Although many infections remain subclinical,
chronic STLV infection may lead to T-cell leukemia/lymphoma
(ATL) or immune-mediated inflammatory disease in
macaques, resembling the pathogenic outcomes of HTLV-1 in
humans (Brignolo et al., 2004; Roussel et al., 2015).

STLV detection requires a combination of serological,
molecular, and virological methods to ensure diagnostic
reliability. Serological assays, including DIA, ELISA, and WB,
detect STLV-specific antibodies directed primarily against Env
and Gag proteins (Morton etal., 2008). Due to the strong
antigenic homology between STLV and HTLV, commercially
available HTLV /Il ELISA and WB kits can be used for STLV
screening (lIbuki et al., 1997; Rudolph et al., 1992). Antibody
development in STLV-1 infection may be significantly delayed,
requiring anywhere from 43 weeks to five years to reach
detectable levels in some animals (Kidiga et al., 2025; LiSka
etal., 1997). Therefore, combining serological assays with
nucleic acid testing is recommended to enhance diagnostic
accuracy and reduce the risk of missed infections.

Detection of STLV by nucleic acid testing primarily involves
amplification of proviral DNA from PBMCs, most commonly
using qPCR. Selection of gene targets depends on the
specific diagnostic objective—whether broad detection,
subtype differentiation, or phylogenetic analysis is required. To
ensure both sensitivity and specificity, assays are designed to
amplify a combination of conserved and variable genomic
regions. The tax gene, which encodes a regulatory protein

critical for viral replication and pathogenesis, is frequently
targeted due to its high sequence conservation across all
known STLV subtypes (Alais et al., 2018; Naderi et al., 2012).
The pol gene, which encodes viral enzymes required for
reverse transcription and integration, is also commonly used in
diagnostic assays (Dube etal., 2013). For subtyping and
evolutionary analysis, the env gene is preferred, as it contains
more variable regions that allow for discrimination among
STLV subtypes and facilitate phylogenetic reconstruction
(Mahieux et al., 1997).

Virus isolation remains technically challenging due to its low
in vitro replication rate. However, STLV can be cultured by co-
incubating PBMCs with mitogen-stimulated human umbilical
cord blood lymphocytes for several weeks under BSL-2
conditions (Ibuki et al., 1997).

Based on surveillance data over the past five years, VRL-
Asia reported an STLV antibody prevalence of 1.4% from
257 304 serum samples. In contrast, an independent
seroprevalence study identified a 10% positivity rate in adult
and aged animals, suggesting age-related increases in
cumulative exposure (Kaul et al., 2019). gqPCR screening by
VRL-Asia detected STLV proviral DNA in 7.5% of 306
samples, substantially exceeding the seropositivity rate. This
disparity likely reflects the delayed or absent antibody
responses observed in a subset of infected individuals.
Nucleic acid testing provides superior sensitivity, enabling
detection of early or latent infections even in the absence of
measurable antibody titers. Because integrated proviral DNA
persists throughout the host lifespan, gPCR remains effective
for long-term surveillance, while antibody levels may decline
or fluctuate, especially during chronic infection. These findings
underscore the diagnostic limitations of serology alone and
support the implementation of combined testing strategies to
enhance early detection and reduce the risk of undetected
transmission within macaque colonies.

Simian immunodeficiency virus (SIV)
SIV is a lentivirus within the family Retroviridae. Its positive-
sense, single-stranded RNA genome, approximately 9.5 kb in
length, is reverse-transcribed into double-stranded DNA and
integrated into the host genome upon infection (Coffin et al,,
2021). SIV has been identified in over 40 species of NHPs and
exhibits extensive genetic diversity. At least 10 distinct
phylogenetic lineages have been defined, sharing about 60%
sequence identity (Aghokeng et al., 2010; Wilde et al., 2023).

Natural hosts include various African monkey species and
chimpanzees, in which SIV typically establishes lifelong,
asymptomatic infections without marked immunopathology
(Diop etal.,, 2002). In contrast, Asian primates, particularly
macaques, are not natural hosts but can be experimentally
infected (Flynn, 2024; Locatelli et al., 2014). SIV is primarily
transmitted through sexual contact, blood exchange, and
mother-to-offspring transmission via breastfeeding or in utero
exposure. SIV infects CD4" T cells, macrophages, and
dendritic cells, establishing latent reservoirs and persistent
viremia in natural hosts. In macaques, however, it causes
AIDS-like disease characterized by CD4+ depletion,
hematologic abnormalities, opportunistic infections, and
lymphoproliferative disorders (He et al., 2022; Silvestri et al.,
2007). Consequently, SIV-infected rhesus macaques serve as
the principal animal model for studying HIV pathogenesis and
evaluating therapeutic strategies (Sambaturu et al., 2025).

SIV is included in the standard diagnostic panel for SPF
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macaques, necessitating highly sensitive and specific
diagnostic methods (Morton et al., 2008; Yee et al., 2016).
The primary diagnostic approach involves serological
detection of virus-specific antibodies in the host using
techniques such as DIA, ELISA, and WB. Antigen
preparations for these assays typically include lysates from
virus-infected cells or recombinant viral proteins such as
envelope glycoprotein gp120 and capsid protein p27 (Lehner
etal., 1994; Li etal, 2017; Rychert & Amedee, 2005).
Updated ELISA platforms incorporating synthetic gp41
peptides have demonstrated 96% sensitivity and 97.5%
specificity for antibody detection (Aghokeng et al., 2010). WB
remains the confirmatory standard, with specimens showing
reactivity to both Env and Gag proteins classified as
seropositive, while those showing partial reactivity are
considered indeterminate (Li et al., 2017). Given the possibility
of delayed seroconversion, follow-up testing at 3—-6 month
intervals is recommended for newly acquired animals or those
with indeterminate results (Murphy et al., 2006).

Molecular diagnostics complement serological screening by
directly detecting viral nucleic acids. Notably, RT-PCR and
RT-gPCR target pol, gag, or LTR sequences and can detect
SIV RNA in plasma, saliva, and tissue biopsies (Long &
Berkemeier, 2020; Monjure et al., 2014). Proviral DNA PCR is
used to identify integrated SIV DNA in PBMCs and lymphoid
tissues, offering particular utility in detecting latent infections.
Recent applications of digital droplet PCR (ddPCR) have
improved sensitivity for detecting low-level viral genomes in
clinical samples (Long & Berkemeier, 2020, 2021, 2022). With
the increasing use of lentiviral vectors in research and gene
therapy, careful design of primers and probes is crucial to
avoid non-specific amplification of viral-derived sequences,
which may lead to false-positive results. Alternatively,
simultaneously targeting multiple viral genes can enhance
diagnostic reliability, ensuring accurate detection of SIV
infection.

Virus isolation may be performed by co-culturing PBMCs
with CEMx174 cells (Plummer, 1962). However, this method
requires BSL-3 laboratory conditions and extended incubation,
making it unsuitable for routine detection.

Over the past five years, large-scale screening by VRL-Asia
has detected no SIV-positive macaques. More than 234 000
serum samples have been screened using DIA, ELISA, and
WB to detect SlIV-specific antibodies, and over 300 PBMC
samples have been analyzed by gqPCR for proviral DNA.
Notably, the absence of positive cases confirms that Asian
macaques do not serve as natural reservoirs for SIV,
consistent with global epidemiological findings.

Simian foamy virus (SFV)
SFV belongs to the genus Spumavirus within the family
Retroviridae. It possesses a positive-sense, single-stranded
RNA genome approximately 13 kb in length, which is reverse-
transcribed into double-stranded DNA upon infection (Coffin
et al.,, 2021). First isolated in 1954 from monkey kidney cells,
SFV was named for the distinctive “foamy” cytopathic effect
observed in infected cells (Plummer, 1962). The virus exhibits
marked species specificity, although occasional cross-species
transmission to humans has been documented following direct
exposure to infected primates (Liu, 2016; Switzer & Heneine,
2011; Switzer et al., 2025).

SFV naturally infects a wide range of NHPs, spreading
primarily through bites, saliva exchange, and potentially via
grooming or maternal transmission during nursing (Murray &
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Linial, 2019). Initial replication occurs in fibroblasts and
epithelial cells before the virus disseminates to immune cells,
establishing systemic infection (Stenbak et al., 2020). Unlike
other retroviruses, SFV maintains a lifelong, nonpathogenic
infection in its hosts (Jones-Engel et al., 2007). The proviral
genome integrates into host DNA, permitting persistent, low-
level replication in immune cells—particularly PBMCs—while
forming latent reservoirs in lymphoid tissues. High salivary
viral loads facilitate efficient horizontal transmission (Stenbak
et al., 2020). Human infection occurs primarily through primate
bites, scratches, or exposure to contaminated biological
materials, with high seroprevalence reported among
individuals in occupations involving frequent primate contact
(Switzer et al., 2025; Virdana et al., 2024). Although infection
appears lifelong, no pathogenic outcomes have been
confirmed; nevertheless, its zoonotic potential warrants
ongoing surveillance (Boneva etal., 2007; Rua & Gessain,
2015).

Diagnosis of SFV infection incorporates serological,
molecular, and virological approaches. Serological assays,
such as ELISA and WB, are routinely used to detect SFV-
specific antibodies in clinical samples, with WB providing
superior specificity for confirmatory testing. Antigens for SFV
serological assays are typically derived from whole-viral
lysates or recombinant Gag and Env proteins (Murray et al.,
2006).

Molecular detection by PCR or RT-gPCR targeting pol, gag,
or LTR sequences allows identification of SFV proviral DNA or
RNA in saliva, blood, or tissue samples (Khan etal., 1999;
Muniz etal.,, 2017; Murray etal., 2006). For colony
surveillance, detection of proviral DNA remains the preferred
approach as it reliably identifies latent infection. Virus isolation
can be achieved by co-culturing PBMCs with fibroblast or
epithelial cell lines under BSL-2 conditions, producing the
characteristic foamy cytopathic effect; however, this method is
rarely used in routine diagnostics due to its technical demands
(Khan et al., 1999).

Reported SFV prevalence among adult primates often
exceeds 50%, and in some wild populations approaches
100%, indicating widespread endemic infection (Kaewchot
etal., 2022; Kaul et al., 2019). Data from VRL-Asia over the
past five years show an antibody-positive rate of 21.2%
among 2 865 macaque serum samples, representing one of
the highest rates among retroviral pathogens. In contrast,
gPCR testing of 2 850 blood samples yielded a much lower
positivity rate of 1.0%. Among 2 682 samples analyzed by both
methods, 20.2% were antibody-positive or indeterminate,
whereas only 4.0% showed nucleic acid detection. Of all
samples with positive or indeterminate results, 16.5% were
positive by both methods, 81.0% by antibody testing alone,
and 2.5% by gPCR alone. The marked difference between
serological and molecular results suggests that most
infections are latent or nonreplicative, with persistent antibody
responses but minimal detectable viral DNA. Latency and
transcriptional silencing may account for undetectable proviral
sequences despite continued seropositivity. As most samples
originated from two semi-free-ranging institutions, broader
surveys are required to determine SFV prevalence across
diverse macaque breeding populations and environmental
settings.

Measles virus (MeV)
MeV, a member of the genus Morbillivirus within the family
Paramyxoviridae, contains a 15.9 kb negative-sense single-
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stranded RNA genome (Rima etal., 2019). The original
prototype strain was isolated in 1954 from a human throat
swab, establishing MeV as a distinct human pathogen (Enders
& Peebles, 1954). The World Health Organization (WHO)
currently recognizes 24 MeV genotypes based on sequence
variability in the nucleocapsid (N) and hemagglutinin (H)
genes. Of these, only genotypes B3 and D8 remain in global
circulation, responsible for the majority of recent outbreaks
worldwide (Rubalskaia et al., 2023).

MeV is a highly contagious virus that causes measles, an
acute febrile illness characterized by high fever, cough,
coryza, conjunctivitis, and a generalized maculopapular rash
(Ohta, 2023). While humans are the only natural reservoir of
MeV, NHPs exhibit high susceptibility, with transmission from
infected humans leading to outbreaks and mortality rates as
high as 23% in captive primate populations (Choi et al., 1999;
Ortiz-Cam etal., 2023). Primary infection begins in the
respiratory epithelium, followed by systemic dissemination
through the lymphatic and circulatory systems. The virus
targets epithelial and immune tissues, producing rash,
pneumonia, immunosuppression, and encephalitis.
Transmission occurs via aerosolized respiratory droplets
(Jones-Engel et al., 2006).

RT-PCR remains the diagnostic gold standard, as outlined
in comprehensive  WHO guidelines (World Health
Organization, 2007). RT-gPCR can detect MeV RNA in
nasopharyngeal swabs, blood, urine, and pulmonary tissue
with high sensitivity and specificity, targeting conserved
regions of the N and H genes. In addition, an N gene-based
RT-gPCR assay has been developed to distinguish wild-type
strains from vaccine-derived variants (Roy etal., 2017).
Optimal diagnostic sensitivity is achieved when samples are
collected within 3—4 days after rash onset (World Health
Organization, 2007). Although infectious virus is typically
cleared by day 14, MeV RNA can persist in PBMCs for 30-90
days and in lymphoid tissues for up to six months (Nelson
et al., 2020).

Serological testing complements molecular diagnostics and
is routinely used to assess exposure within macaque colonies.
Enzyme immunoassays, including EIA, ELISA, and DIA,
detect antibodies in clinical samples. Diagnostic antigens are
typically derived from virus-infected cell lysates (Boteler et al.,
1983) or produced recombinantly, with the N protein being the
most commonly used (Samuel et al., 2003). In MeV-infected
animals, MeV-specific IgM antibodies can be detected as early
as 9-13 days post-infection, while 1gG antibodies become
detectable from day 13, reaching peak levels by day 24 (El
Mubarak etal., 2007). Neutralizing antibodies appear in
conjunction with rash onset and undergo avidity maturation
over 3—4 months (Nelson etal, 2020). In breeding
populations, serological screening is widely employed to
monitor prior exposure or vaccination status and to exclude
ongoing MeV circulation.

Virus isolation from throat, nasal, or urine samples can be
performed using Vero-SLAM cells under BSL-2 conditions
(World Health Organization, 2007). Although effective for
confirming infection, isolation is rarely used for routine
diagnostics in macaque colonies due to its labor-intensive
nature and the limited viability of clinical samples.

Over the past five years, VRL-Asia has conducted ELISA-
based serological testing on 9 189 macaque serum samples,
yielding a 48.4% antibody-positive rate for MeV. In contrast,
RT-gPCR screening of 1 055 specimens revealed no active

MeV infection. Several factors may explain this disparity.
Vaccination with live attenuated measles virus is occasionally
administered as a preventive measure in breeding facilities
(Nederlof et al., 2025), resulting in seropositivity without active
infection. Cross-reactivity with CDV, a related morbillivirus,
may also lead to false positives in serological assays.
Additionally, prior MeV infections may have been resolved,
leaving persistent antibody titers in the absence of detectable
viral RNA. These findings highlight the importance of
interpreting serological and molecular results in parallel,
particularly in settings with mixed exposure histories or
vaccination practices.

Canine distemper virus (CDV)

CDV, a negative-sense, single-stranded RNA virus
approximately 15.7 kb in length, is classified within the genus
Morbillivirus of the family Paramyxoviridae. Although CDV
primarily infects domestic dogs, it also causes disease in a
wide range of carnivores and primates, including wolves,
foxes, raccoons, bears, tigers, and NHPs (Beineke etal.,
2015). No evidence currently supports zoonotic transmission
to humans (Karki et al., 2022). The earliest confirmed CDV
infection in macaques was reported in 1989, involving a
Japanese macaque with severe viral encephalitis (Yoshikawa
et al., 1989). Subsequent outbreaks have been documented in
China, including rhesus macaque colonies in Guangxi in 2006
and Beijing in 2008, as well as cynomolgus macaques
exported to Japan from China (Sakai et al., 2013; Sun et al.,
2010) and hand-reared cynomolgus monkeys in southern
China (Wang etal, 2025). Despite having only one
recognized serotype, CDV strains exhibit considerable
geographic diversity, with H gene sequencing delineating
multiple genotypes from America, Asia, Europe, Africa, and
Australia, suggesting potential variations in host adaptation
(Wipf et al., 2025).

CDV initiates infection in the respiratory epithelium and
disseminates via lymphatic and hematogenous routes to
multiple organ systems, often producing severe pneumonia,
immunosuppression, and neurological sequelae (Sakai et al.,
2013; Shin et al., 2022). Clinical manifestations include fever,
ocular and nasal discharge, coughing, diarrhea, and
generalized rash (Ohta, 2023). Transmission occurs
predominantly through aerosolized respiratory droplets or
direct contact with infected bodily fluids or contaminated
fomites. Recent evidence has confirmed prolonged
environmental persistence of infectious particles, complicating
outbreak control (Allen et al., 2023; Wilkes, 2022).

Laboratory confirmation of CDV relies on molecular,
serological, and virological methods. RT-qPCR remains the
preferred method for detecting CDV RNA in blood,
cerebrospinal fluid, nasal swabs, and tissue samples from the
respiratory or nervous systems (Sakai etal, 2013).
Conserved regions of the N, P, and H genes serve as primary
targets for amplification (Rivera-Martinez etal., 2024). To
enhance diagnostic precision, assays targeting the M gene
and M-F intergenic regions have been developed to
differentiate between vaccine-derived and wild-type strains
(Wilkes etal, 2014). A dual-target RT-gPCR assay
incorporating the H gene further improves detection of low
viral loads and enables genotype differentiation (Sui et al.,
2023).

Serological detection of CDV-specific antibodies is routinely
conducted using ELISA, with antigens typically derived from
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lysates of cells infected with either wild-type or vaccine strains.
The temporal profiles of IgM and IgG responses are
comparable to those observed during MeV infection. Cross-
reactivity between CDV and MeV should be carefully
considered when interpreting serological results.

Although CDV can be isolated by culturing clinical samples
in Vero or MDCK cells, where syncytia and other cytopathic
effects confirm viral presence (Sakai et al., 2013), isolation is
infrequently used due to the extended culture time required
and the need for BSL-2 facilities (Rendon-Marin et al., 2019).

Between 2019 and 2024, VRL-Asia screened 7 172 serum
samples for CDV-specific antibodies and reported a
seropositivity rate of 54.6%. In contrast, RT-qPCR testing of
12 518 samples yielded a positivity rate of only 1.8%. This
marked disparity likely reflects multiple factors, including prior
vaccination,  serological cross-reactivity = with  related
morbilliviruses, and the transient nature of viremia. Because
CDV RNA is typically detectable only during periods of active
viral shedding, animals with resolved infections or in latent
phases may not be identified by nucleic acid testing.

Monkeypox virus (MPV)

MPV, a member of the genus Orthopoxvirus within the
subfamily Chordopoxvirinae of the family Poxuviridae,
possesses a large double-stranded DNA genome of
approximately 197 kb in length, encoding around 190 ORFs
(Mclnnes etal.,, 2023; Nakhaie etal.,, 2023). Two major
phylogenetic clades have been identified, including the Congo
Basin (Central African) clade, which exhibits higher virulence
and mortality, and the West African clade, which causes a less
severe clinical course with substantially lower case fatality
rates (Moss, 2024).

Although first identified in 1958 during an outbreak in
captive monkeys, MPV is believed to circulate naturally among
African rodents and other small mammals. Zoonotic pathogen
transmission to humans and NHPs occurs through direct
contact with infected animals, their secretions, or
contaminated materials (von Magnus etal., 1959), while
human-to-human transmission is primarily via respiratory
droplets or close contact with lesion material. As of July 2024,
102 997 laboratory-confirmed human infections and 223
associated deaths were reported across 121 countries
(Jadhav et al., 2025), highlighting MPV as a significant re-
emerging threat with expanding global distribution. In
macaques, MPV infection results in a disease resembling
smallpox, characterized by fever, lethargy, lymphadenopathy,
and a generalized vesiculopustular rash typically involving the
face, limbs, palms, and soles. Following initial replication in
epithelial and immune cells at the entry site, the virus
disseminates through the lymphatic and hematogenous routes
to visceral organs including the spleen, liver, and lungs. In
severe cases, particularly in immunocompromised hosts,
systemic disease may progress to pneumonia, gastrointestinal
pathology, or multi-organ failure (Johnson et al., 2011). MPV
is shed through cutaneous lesions, respiratory secretions, and
various bodily fluids, including blood, urine, and feces.
Notably, viral DNA can persist for extended periods in skin
crusts, prolonging the window for potential transmission (Mitja
et al., 2023).

gPCR enables rapid and sensitive detection of MPV DNA in
clinical specimens, including lesion exudates, blood, and
respiratory secretions. Diagnostic assays frequently target the
E9L gene, which encodes DNA polymerase and supports
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high-sensitivity detection across orthopoxviruses, and the B6R
gene, encoding an extracellular envelope protein, which
permits specific identification of MPV when paired with
fluorescent probes (Nakhaie et al., 2023). Additional targets
include the RNA polymerase subunit 18 (RPO18) gene for
broad Orthopoxvirus screening and the complement-binding
protein (C3L) gene for MPV-specific confirmation (Nakhaie
et al., 2023). Recently, qPCR assays targeting the J2L and
B7R genes have further improved diagnostic precision (Li
et al., 2006; Marennikova et al., 1971).

Serological detection for MPV exposure involves detecting
virus-specific antibodies, with ELISA widely applied for
population-level screening and WB used for confirmation.
Assays typically employ antigens derived from vaccinia virus
preparations or recombinant MPV proteins (Alakunle et al.,
2024; Chauhan etal.,, 2023). However, this approach is
suboptimal for early-stage diagnosis due to the delayed
humoral response following infection.

MPV can be isolated from lesion material using chicken
embryo chorioallantoic membranes, which  produce
characteristic hemorrhagic lesions, or through propagation in
cultured cell lines such as Vero, A-1, and HEP-2. Unlike
variola and vaccinia viruses, MPV does not replicate efficiently
in pig embryonic kidney (PEK) cells, serving as a useful
differential marker (Chauhan et al., 2023). It is important to
note that all MPV isolation procedures must be conducted in a
BSL-3 laboratory.

Over the past five years, VRL-Asia has analyzed 12 982
serum samples for MPV-specific antibodies and 475 samples
by gqPCR, with no evidence of infection detected. These
findings are consistent with previous reports indicating that
MPV infections are primarily endemic in West and Central
Africa, despite recent global outbreaks (Jadhav et al., 2025).

Simian virus (SV40)

SV40 is a non-enveloped, icosahedral polyomavirus with a
circular double-stranded DNA genome of approximately 5.2 kb
classified within the genus Betapolyomavirus of the family
Polyomaviridae (Moens et al., 2017). Originally discovered as
a contaminant in early polio vaccines administered between
1955 and 1963, SV40 is now recognized as an endemic virus
in NHPs, particularly macaques (Sweet & Hilleman, 1960;
Wilson, 2022), and has been identified in human tissues,
prompting extensive research into its potential oncogenicity
and zoonotic relevance (Carbone et al.,, 2020; Limam et al.,
2020; Liu et al., 2024).

In its natural hosts, SV40 predominantly causes
asymptomatic infections, suggesting a well-adapted virus-host
relationship. Transmission within macaque populations occurs
via exposure to infected secretions, particularly saliva and
urine, or through contact with contaminated surfaces in
communal enclosures (llyinskii et al., 1992). Following primary
infection of the respiratory epithelium, the virus disseminates
to lymphoid tissues and kidneys, where it can establish latent
reservoirs, and occasionally to the central nervous system,
with urinary shedding facilitating transmission among
susceptible hosts (Butel & Lednicky, 1999; Ohta, 2023). In
immunocompromised hosts, particularly SIV-infected rhesus
macaques, SV40 reactivation can occur in renal and neural
tissues (Ohta, 2023).

The virus exhibits oncogenic potential through its large T-
antigen (LTAg), which inactivates tumor suppressors p53 and
Rb to drive cellular transformation (An et al., 2012; Googins
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etal.,, 2025), although direct evidence of oncogenesis in
macaques remains limited. In humans, SV40 is associated
with mesotheliomas, brain tumors, osteosarcomas, and
lymphomas (Carbone etal.,, 2020; Limam etal., 2020;
Rotondo etal,, 2019), highlighting its cross-species
pathological significance.

Molecular diagnostics focus on PCR amplification of
conserved viral genes such as LTag, VP1, and VP2 (Kiasari
et al., 2022), enabling sensitive and specific amplification of
SV40 sequences in blood, urine, tissues (e.g., kidney and
brain), and environmental samples (Bofill-Mas et al., 2004,
Newman etal, 1998). Serological testing complements
nucleic acid detection by assessing virus-specific immune
responses. ELISA, the most common method, employs whole-
virus preparations or recombinant proteins, such as VP1 and
LTAg, as antigens for seroprevalence studies. Although rarely
implemented in routine diagnostics, SV40 isolation using
permissive cell lines such as BSC-1, Vero, or MRC-5 remains
feasible under BSL-2 containment (Bofill-Mas et al., 2004;
Motamedi et al., 2020), albeit with limited practical utility due
to its low efficiency and extended culture times.

National diagnostic standards in China do not currently
mandate SV40 screening and its inclusion in routine
surveillance remains uncommon. Nevertheless, to assess
SV40 prevalence, VRL-Asia analyzed 457 macaque serum
samples from 23 facilities and revealed an antibody-positive
rate of 82.5%, aligning with previous estimates of 92.1% in
Chinese rhesus macaques and 95% in cynomolgus macaques
(Verschoor et al., 2008). In contrast, PCR screening of 383
blood samples from 16 farms identified SV40 DNA in only
2.9%, consistent with the known tropism of the virus for renal,
brain, and lymphoid tissues rather than peripheral blood
(Fagrouch et al., 2011; Newman et al., 1998). Given its high
seroprevalence, it is worth considering the incorporation of
SV40 surveillance in current screening guidelines, particularly
in primate colonies involved in vaccine production.

Other viruses

Beyond the 10 principal viruses discussed, other viral agents,
such as Lymphocryptovirus (LCV), rhesus cytomegalovirus
(RhCMV), rhesus rhadinovirus (RRV), and simian
adenoviruses (SAdVs) (O'Sullivan et al., 1994; Wevers et al.,
2011; Yee et al., 2023), warrant attention due to their potential
impact on macaque health and research outcomes (Ohta,
2023; Wachtman & Mansfield, 2012). While not included in
routine SPF screening, these viruses should be considered in
facilities housing immunocompromised animals or observing
unexplained clinical syndromes.

SUMMARY AND FUTURE PROSPECTS

This review provides a comprehensive overview of current
knowledge on 10 viral agents targeted for exclusion from
macaque breeding populations, with implications for
biomedical research validity and animal welfare. By
delineating the virological features and host infection patterns
of each pathogen, the discussion provides an evidence-based
framework for selecting diagnostic modalities and interpreting
surveillance results to strengthen and inform colony
management and biosecurity strategies.

Routine detection protocols rely on standardized serological
and molecular assays. For alphaherpesviruses such as BV
and SVV, which establish lifelong latency in sensory ganglia
with potential for subclinical reactivation, serological assays

(e.g., ELISA) remain the cornerstone of routine monitoring.
Nucleic acid-based testing (e.g., qPCR) serves as a
complementary approach for confirming active infection during
reactivation episodes. In contrast, retroviruses, including SRV,
STLV, SIV, and SFV, require integrated testing approaches
combining serology and detection of proviral DNA to capture
both active and latent infections and minimize the risk of
undetected carriers. A similar dual-modality strategy is critical
for paramyxoviruses, such as MeV and CDV, which pose
diagnostic challenges due to antibody cross-reactivity,
particularly when interpreting positive antibody results in
animals vaccinated against MeV.

VRL-Asia has established and rigorously validated qPCR
and ELISA platforms under China National Accreditation
Service for Conformity Assessment (CNAS)-accredited quality
frameworks. Assay performance was verified through
comprehensive internal benchmarking, inter-laboratory
comparisons, and ongoing proficiency assessments. The
gPCR system demonstrated high analytical sensitivity
(1.3-20.0 copies/yL), strong target specificity, and robust
precision, with intra- and inter-assay coefficients of variation
(CVs) maintained below 2.0% and 7.0%, respectively.
Similarly, the ELISA platform exhibited robust analytical
sensitivity, reliably detecting positive controls at dilutions up to
1:512, with minimal cross-reactivity limited to CDV and MeV
antigens, and consistent precision across assays (intra-assay
CVs <17.0%, inter-assay CVs <19.0%) (Supplementary
Tables S1, S2). Application of these standardized assays
across 2020-2024 surveillance data from a broad spectrum of
macaque populations—including open breeding facilities and
high-containment research environments such as academic
institutions, contract research organizations, and biomedical
laboratories—revealed distinct epidemiological patterns. SIV
and MPV were undetectable in all samples, indicating
successful exclusion from these populations. In contrast,
seropositivity for SVV, SFV, and SV40 remained elevated,
indicating persistent circulation despite existing controls
(Table 1). These findings signal the effectiveness of current
biosecurity protocols for SIV and MPV, while highlighting the
need for revised containment and eradication strategies for
SFV and SV40. CDV also remains a concern, as specific viral
strains are capable of inducing acute systemic disease in
macaques, with reported case fatality rates approaching 10%
(Sakai et al., 2013). These results reinforce the importance of
targeted, data-driven surveillance strategies in SPF colonies.
Routine screening protocols should be guided by pathogen
prevalence and facility-specific risk assessments rather than
uniform, inflexible panels. Adoption of an adaptive testing
framework enables efficient deployment of resources,
maintains  high diagnostic coverage, and minimizes
unnecessary testing burdens while enhancing overall colony
health management.

Recent advances in viral detection technologies have
significantly enhanced diagnostic speed, accuracy, and
accessibility. Novel platforms such as isothermal nucleic acid
amplification techniques (INAATs), ddPCR, and clustered
regularly interspaced short palindromic repeat (CRISPR)-
associated (Cas) detection systems have overcome key
limitations of conventional diagnostics, including reliance on
thermal cycling, high-cost instrumentation, and specialized
technical expertise. As summarized in Table 2, these methods
provide streamlined, rapid, and cost-effective solutions
suitable for both laboratory and field-based applications.
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Table 1 Virological characteristics and regional prevalence of common viruses in macaques

Virus Family Genome Infection in macaques Zoonotic Transmission Infection in humans References Prevalence (%)
Highly prevalent; . -
. . Bites, Fatal encephalitis Hu et al., 2022; Lu 9.4 (n=289 549)
BV Herpesviridae  dsDNA — Asymptomatic; Latent Yes scratches  (80% mortality) etal.,, 2023 0.1 (n=5978)
infection
Regional;
» Asymptomatic or Bodily fluids, . Montiel, 2010; Nham 2.9 (n=295 772)
BRVERetrovindde S SssRNARTN L 0 odaticiencyl o2 vertical Asymptomatic etal., 2024 5.7 (n=95281)
lymphoma
Low prevalence; . ,
L . ., Vertical, . Jégado et al., 2019; 1.4 (n=257 304)
STLV Retroviridae ssRNA-RT Asymptoma.tlc or T- Potential sexual No evidence Ohta, 2023 7.5 (n=306)
cell leukemia
. Low prevalence; No Mucosal, . Jasinska et al., 2023; 0 (n=234 786)
BV Rewovindae SSRNART AIDS-like disease evidence blood No evidence Locatelli et al., 2014 0 (n=322)
Low prevalence; . _
MPV  Poxviridae dsDNA Pustular rash, Yes Contlact, Severe rash, fever,  Alakunle et al., 2024; 0 (n=12982)
. respiratory lymphadenopathy Moss, 2024 0 (n=475)
systemic illness
Low prevalence; . ”
., Respiratory . Dogadov et al., 2023; 48.4 (n=9189)
MeV Paramyxoviridae ssRNA(-) Rash, - Yes thepls Classic measles El Mubarak et al., 2007 0 (n=1 055)
immunosuppression
Highly prevalent; . ) .. Couteaudier et al., _
SFV Retroviridae ssRNA-RT Asymptomatic; Yes Bites, Asymptomat.lc or mild 2022; Stenbak et al., 21.2 (7_2 865)
) . . scratches seroconversion 1.0 (n=2850)
Persistent infection 2020
’ . . . Bofill-Mas et al., 2004; _
SV40 Polyomaviridae dsDNA :fhr:{opr:;alegﬁqors Yes S:::;Z"S"ated mzz‘:tzz"ﬁ;i? Milavetz & 2358(’5232;5)
PRI Balakrishnan, 2025 <
. . Jankeel et al., 2021; _
SVV  Herpesviridae ~ dsDNA nghly preyalent, NCT Aerosols No evidence Mahalingam et al., 95 (n—f 836)
Varicella-like rash evidence 2022 14.7 (n=320)
Regional; No Karki et al., 2022; 54.6** (n=7172)

CDV Paramyxoviridae ssRNA(-)

Neurological signs  evidence

Respiratory  No evidence

Sakai et al., 2013 1.8 (n=12518)

“: Detection data for monkey viruses were derived from samples submitted to the VRL-Asia testing facility between 1 January 2020 and 31
December 2024. For each virus, the first percentage represents the virus antibody-positive rate, while the second indicates the nucleic acid-positive
rate. Sample sizes are provided in parentheses. ": To prevent measles outbreaks, some farms vaccinate macaques against measles, resulting in
the presence of measles antibodies in vaccinated animals. Additionally, as MeV and CDV belong to the same genus (Morbillivirus), cross-reactivity
in serological assays may occur, causing animals infected with CDV to test positive for measles antibodies, and vice versa. BV: Monkey B virus;
SRV: Simian retrovirus type D; STLV: Simian T-lymphotropic virus; SIV: Simian immunodeficiency virus; MPV: Monkeypox virus; MeV: Measles
virus; SFV: Simian foamy virus; SV40: Simian virus 40; SVV: Simian varicella virus; CDV: Canine distemper virus. dsDNA: Double-stranded DNA;
ssRNA-RT: Single-stranded RNA with reverse transcriptase; ssRNA(-): Negative-sense single-stranded RNA.

Table 2 Comparative analysis of viral detection methods in macaques

LAMP,

Parameter DIA ELISA WB qPCR ddPCR RPA-CRISPR
Detection target Viral antibodies  Viral antibodies ;/:tai‘ll)odies Viral nucleic acids Viral nucleic acids Viral nucleic acids
Typical viruses BV, SRV, STLV, BV, SRV, STLV, SIV, SRV, SIV,
detected SIV, MPV MeV, CDV, SV40, SVV STLV SRV, SFV, STLV BV, SRV, STLV BV, MPV, MeV
Sensitivity Medium High Low Very high Very high High
Specificity Medium Medium High Very high Very high High
Sample type Serum. plasma Serum. plasma Serum, Whole blood, tissue, Whole blood, tissue, Lesional swab,

ple typ P P plasma lesional swab lesional swab body fluid
Turnaround time ,_, 24 6-24 2-3 34 0.5-2
(hour)

. Microplate reader, Nucleic acid extraction Nucleic acid extraction
Equipment needs Water bath incubator Water bath and qPCR system and ddPCR system Portable reader
Automgtlon Low High None Medium Low Medium
potential
Best appllcatlon Quarar'mne Large-scale surveillance Con'flrmatory Quarann!we sclreenmg Confirmatory testing POCT
scenario screening testing and confirmation

BV: Monkey B virus; SRV: Simian retrovirus type D; STLV: Simian T-lymphotropic virus; SIV: Simian immunodeficiency virus; MPV: Monkeypox
virus; MeV: Measles virus; SFV: Simian foamy virus; SV40: Simian virus 40; SVV: Simian varicella virus; CDV: Canine distemper virus.

INAATs, such as recombinase polymerase amplification
(RPA), can be integrated with CRISPR-Cas detection systems
and visualized through fluorescence or lateral-flow readouts.
This configuration has achieved high analytical sensitivity and
specificity for MPV detection in clinical samples, enabling
point-of-care testing (POCT) in resource-limited settings
without the need for thermal cycling (Chen et al., 2025; Guo
etal., 2025; Low etal., 2023). Similarly, a multiplex LAMP
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assay has been developed for the simultaneous detection of
BV and MPV, with a detection threshold as low as 3 copies/uL
for BV DNA (Zeng etal.,, 2023). Notably, ddPCR offers
precise, absolute quantification of viral nucleic acids without
dependence on external calibration curves (Kojabad et al.,
2021). This technique has proven effective in detecting low-
level SIV replication in animals under antiretroviral
suppression (Long & Berkemeier, 2020) and has
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demonstrated high sensitivity for CDV, with detection limits as
low as 3 copies/uL (Iribarnegaray et al., 2024).

These emerging platforms represent a major advance in
molecular diagnostics, offering high sensitivity, rapid
turnaround, and broad scalability for infectious disease
surveillance. While gPCR remains the standard in diagnostic
laboratories due to its reliability and compatibility with high-
throughput workflows, INAATs offer critical advantages for
rapid on-site testing to mitigate risks to humans and animals,
particularly during zoonotic emergencies involving BV, MPV,
or MeV outbreaks. In addition, ddPCR extends diagnostic
capabilities by enabling precise quantification of low-copy or
inhibitor-rich viral targets, including retroviruses such as SRV,
SFV, and STLV, which are frequently harbored at low levels in
chronically infected monkeys. Although these newer
technologies gained prominence during the COVID-19
pandemic, their broader integration into routine diagnostics for
breeding colonies remains constrained by high reagent costs
and equipment complexity. Nonetheless, improvements in
automation, miniaturization, and reagent stability are expected
to accelerate their adoption. Ongoing development should
prioritize reducing costs, simplifying workflows, and improving
accessibility to enable broad implementation of these
technologies across research and surveillance platforms.
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