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1 | INTRODUCTION

Mpox is a zoonotic disease caused by monkeypox virus (MPXV) from
the family Poxviridae, Orthopoxvirus genus, which includes variola
(VARV), vaccinia (VACV), camelpox, and cowpox (CPXV) viruses.!
Since its first discovery in 1958 from primate rash samples, periodic
outbreaks of mpox have been reported in West African countries and
the Congo basin.! The reservoir host(s) for MPXVs are uncertain but
are thought to be one or more African rodents or other small
mammals (e.g., Funisciurus spp., Heliosciurus spp.).?2 Apart from the
incidental zoonotic transmission, MPXV can be transmitted between
humans through respiratory droplets, direct contact with skin lesions,
sexual contact, and through contaminated fomites® (Figure 1).
Although vertical transmission has not been proven, fetal death has
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Mpox is a zoonotic disease caused by monkeypox virus (MPXV) from the
Orthopoxvirus genus. Unprecedented transmission events have led to more than
70000 cases reported worldwide by October 2022. The change in mpox
epidemiology has raised concerns of its ability to establish endemicity beyond its
traditional geographical locations. In this review, we discuss the current under-
standing of mpox virology and viral dynamics that are relevant to mpox diagnostics.
A synopsis of the traditional and emerging laboratory technologies useful for MPXV
detection and in guiding “elimination” strategies is outlined in this review.
Importantly, development in MPXV genomics has rapidly advanced our under-

standing of the role of viral evolution and adaptation in the current outbreak.

diagnostics, genomics, monkeypox, mpox, orthopoxvirus, serology

been reported.* The majority of mpox cases are self-limiting, with
clade-dependent case mortality rates of 1%-10% reported in the
African continent, with deaths predominantly occurring in children.’

In 2003, an outbreak was reported outside the endemic regions
involving multiple states in the United States, possibly originating
from imported animals. Infection in prairie dogs resulted in the
identification of a potential new reservoir for ongoing transmission to
humans; however, the outbreak was contained and mpox did not
become enzootic in the United States. In mid-2022, a multicountry
spread of mpox across Europe, the Americas, the Western Pacific,
countries of the Eastern Mediterranean, and in South East Asia
prompted the World Health Organization (WHO) to declare a public
health emergency.® Unlike previous outbreaks, transmission has been
observed predominantly among men who have sex with men (MSM).”

Abbreviations: CRISPR, clustered regularly interspaced short palindromic repeats; LAMP, loop mediated isothermal amplification; mpox, monkeypox; MPXV, monkeypox virus.
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FIGURE 1 Mpox transmission cycle. Top part of the figure illustrates the traditional transmission routes, in which rodents endemic to the
African continent are the primary hosts, with accidental spillover to humans or nonhuman primates through direct contact with lesions. Solid
lines indicate established routes of transmission and dotted lines indicate potential routes of transmission. Bottom part of the figure (green
background) indicates the most recent human-to-human transmissions in the 2022 outbreak (created with Biorender).

By October 2022, over 70000 cases of mpox were reported
worldwide. Despite its morbidity, case fatality in this outbreak has
been low (mortality rate <1%), with more than half of these deaths
occurring in low-resource settings within the African continent.®®
The unprecedented global transmission of mpox necessitates a
rapid review of diagnostic strategies to interrupt transmission and
prevent endemicity. In this review, we summarize the key diagnostic
strategies that could be utilized in the prevention and control

of MPX.

2 | MPOX VIROLOGY

MPXV has a large genome (~200kb) consists of linear double-
stranded DNA with a covalently closed hairpin on both 5" and 3’ ends
with inverted tandem repeats (ITS).% It is the largest virus known to
infect humans and has a wide host range and tissue tropism.” Many
mammalian cell lines are permissive to viral entry.” To date, no
specific host cell receptor has been identified for viruses within the
Orthopoxvirus genus. Viral entry is predominantly mediated through
interactions with cell surface ligands (e.g., glycoasaminoglycans,

chondroitin sulfate, and heparan sulfate) and membrane fusion.
Cytoplasmic replication generates two forms of infectious virions, the
intracellular mature virus (IMV) and extracellular enveloped virus
(EEV). The external layer of envelope in EEV plays a role in immune
evasion and transmission within host, whereas IMV is responsible for

transmission between hosts.*°

3 | VIRAL DYNAMICS AND SAMPLING
STRATEGIES

Assessing viral dynamics (incubation, infectious period, residual DNA
shedding) is critical in informing testing strategies for emerging
pathogens. Assessment of the incubation period for the current mpox
epidemic has been challenging due to multiple exposure events and a
change in mode of transmission (i.e., predominantly sexual transmis-
sion among MSM). Historically, the incubation period for MPXV,
VCV, and VRV have been estimated to be around 12-13 days for
droplet or noninvasive transmission routes.*>2 A shorter incubation
period of 9 days was estimated for invasive exposures (mucous

).13

membrane A recent report from the Netherlands estimated the
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incubation period of the current mpox outbreaks to be around 8.5
days based on lognormal distribution.*

To date, diagnosis of mpox has been largely restricted to testing
of symptomatic patients with typical lesions. Multisite studies
confirmed that polymerase chain reaction (PCR) testing of skin
lesions has the highest vyield (clinical sensitivity 91%-100%)°"17
(Figure 2). The clinical sensitivity of upper respiratory specimens (oral
swab, nasopharyngeal swab, and saliva) has been reported between
69% and 100% in a number of case reports.t>~*® Similarly, high
sensitivity has been reported for testing of rectal swabs (78%-97%)
and seminal fluid (77.8%-100%).2%1? Positive PCR has also been
reported for blood (whole blood, plasma, sera), urine, and feces
although there are limited data available to estimate their clinical
yield accurately.® Collectively, these studies suggest that for early
detection of mpox (before development of skin lesions), testing at
other symptomatic sites (e.g., rectal swabs in proctitis) may be
helpful. Variation in the reported sensitivity of oral swabs and blood
samples may be explained by the genital transmission in which
oropharyngeal involvement is possibly a secondary event and may
not occur in restricted genital infection in some cases.” To date, viral
shedding dynamics in presymptomatic cases are largely unclear. Two
studies performed retrospective testing of samples sent for sexually
transmitted infection (STI) screening detected MPXV DNA in a small
proportion of samples (2%-6.5%), predominantly from anorectal
swabs and a few pharyngeal samples.2%21
One major limitation of published data to date is that studies are

largely restricted to early disease sampling. In the early symptomatic
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period, most patients would have positive MPXV PCR from many
body sites (Figure 2). Prolonged shedding of more than 21 days has
been reported in oral, nasopharyngeal, rectal swabs, skin lesions, and
urine but whether this reflects chronicity of infection or residual DNA
shedding is still unclear.?” Presence of other STI pathogens is also
very common in the 2022 outbreak and detection of an alternative

pathogen should not be used to exclude mpox infection.?2724

4 | NUCLEIC ACID DETECTION

Most of the available molecular diagnostic assays for MPXV are
based on real-time quantitative PCR (gPCR), with a few Loop
mediated isothermal amplification (LAMP)-based assays in develop-
ment.?>"27 A summary of molecular assays and platforms (commer-
cially available and in development) is provided in Supporting
Information: Table S1. Published primers and probes were designed
around the conserved regions of the central coding region (E9L-
NVAR within DNA polymerase gene, B6R within the envelope
protein gene and F3L within the ORF) and the ITS region (G2R within
the tumor necrosis gene).282° A large number of commercial reagent
kits are now available for Orthopoxvirus or MPXV detection with
similar analytical sensitivity and specificity, although information on
clinical performance and sample type evaluation is limited?>°
(Table S1). Multiplexing Orthopoxvirus and MPXV detection has the
advantage of differentiating natural infection from disseminated

VACV in countries using replication-competent VACV vaccine (e.g.,
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FIGURE 2 Schematic representation of mpox DNA shedding studies. Y axis indicates Monkeypox virus (MPXV) DNA dynamic studies from
2022 outbreaks which examined the association between polymerase chain reaction (PCR) positivity and symptom onset. Each violin plot
represents the distribution of samples tested positive for MPXV from multiple patients over time, in relation to symptom onset (Day 0). Numbers
next to the Violin plots indicate the number of PCR-positive samples and the width of the plots correspond to the duration of DNA shedding.
Solid lines within the Violin plots signify median day from symptom onset.
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ACAM2000, Dryvax) in ring vaccination of close contacts. In addition,
these assays can be readily applied using existing gPCR platforms for
high-throughput testing, without going through extensive assay
validation to meet regulatory requirements. Clade-specific assays in
the format of multiplexed PCR and LAMP had also been
described.®¥32 These assays designed their primers and probes to
detect MPXV genomic regions (F3L and G2R) with a few nucleotide
differences between Clades |, lla, and llb. Given the rapid accumula-
tion of mutations in the 2022 outbreak, ongoing evaluation of primer
and probe dropout should be considered if adopting this approach.
Post-COVID-19, many laboratories in endemic and nonendemic
countries are now equipped with modular or all-in-one fully
automated platforms (e.g., Hologic Panther Fusion, Abbott Alinity
M) (Table S1), which allow random access.>® Some of these platforms
also permit the use of laboratory-developed tests. The current gap in
testing, however, is the limited number of rapid molecular point-of-
care tests (POCT) that can be deployed to testing clinics and remote
regions in mpox endemic countries.

In resource-limited settings, LAMP-based assay is an attractive
tool, where access to thermocycler, stable electricity supply, and
temperature control is challenging. Despite the ease of use, many
traditional LAMP-based assays still require a laboratory set up and
suffers from complex primer and probe design. Advancements in
isothermal technologies such as combining the use of recombinase
polymerase amplification (RPA) with clustered regularly interspaced
short palindromic repeats (CRISPR)-based technologies allow both
simplification of procedures with improvement in assay sensitiv-
ity.273435 A recent report of combining an RPA-CRISPR-cas12a
technology with lateral flow assay (LFA) read out shows promises in
adapting this technology as a true POCT.3¢

5 | POCT

A number of rapid antigen and antibody tests have been developed in
the format of LFAs for a range of specimen types (serum, plasma,
lesion fluid, oropharyngeal swab).2> To date, both the analytical and
clinical performance of these assays are unclear. In particular, the
utility of RAT from nonlesional sites with lower viral loads requires
rigorous assessment. The extent and implication of false positive and
false negative results should also be carefully considered when used,
particularly if the goal of testing is to detect every case as part of a
public health “elimination” strategy.

Most of the shortcomings of antigen detection assays can be
overcome with recent development in nucleic acid POCTs, such as
the CRISPR-based LFA for SARS-CoV-2 detection. This technol-
ogy utilizes isothermal amplification and fluorescein labeling of
target nucleic acid followed by capturing with Biotin-labeled
CRISPR-Cas

capture of this complex allows visualization on LFA strip.

ribonucleoprotein complex. Secondary antibody

Analytical sensitivity of this assay can rival conventional real-
time PCR for a number of viruses.>”~4° Modification of CRISPR-
Cas enzymes to capture DNA can be readily performed for MPXV
detection.

6 | VIRAL CULTURE AND PHENOTYPIC
DRUG SUSCEPTIBILITY TESTING

MPXV culture should be performed in a high containment laboratory
(PC3/BSL3) and VACV vaccine is generally recommended for laboratory
staff performing this work. MPXV can be readily cultured in a number of
human (HEK293, Hela, A549, MRC-5), nonhuman primate (NHP) (Vero,
Vero E6, MK2, MA104, RMK), and mammalian (RK13)-derived cell
lines.**~3 Routine liquid transport media (VTM, UTM) are generally
suitable, whereas swabs containing semisolid media or additives (e.g., gel,
charcoal) could potentially be cytotoxic to cells. Extensive cytopathic
effects (CPE) can be observed in as early as 2-3 days postinoculation,
often with widespread cellular detachment and degeneration. A more
distinct CPE pattern with infectious foci is seen when using cell culture
passaged virus. When using primary inoculum from lesional samples,
MPXV CPE appears to be more extensive than herpesviruses (e.g., HSV
and VZV)** MPXV can also be cultured from nonlesional sites (oral,
pharyngeal, rectal) but with higher risks of bacterial contamination.

Although viral culture may not be used routinely in the diagnostic
testing of MPXYV, it is an essential part of laboratory outbreak
response, particularly in the generation of positive control material for
NAAT and serological assay development. Viral culture has also been
used in public health studies as a surrogate for putative infectivity,
especially in understanding the viral infectivity period in body fluids
(e.g., seminal fluid)*® and the significance of fomite transmission.*®
One correlation study suggests that qPCR C; of 235 or =DNA
4300 copies/ml corresponds with non- or marginal infectivity.*” Due
to a lack of standardization of MPXV gPCR, this finding may not be
directly generalizable to other laboratories.?? Other important
applications of MPXV culture include phenotypic susceptibility testing
for antivirals, assessment of population immunity through neutraliza-
tion assays, and assessment of cellular/host tropism in identifying the
potential organ or animal reservoir.”

Phenotypic drug susceptibility assays performed for in vitro assess-
ment of antiviral susceptibility to Orthopoxviruses are mostly in the format
of plaque reduction assay.*® For VARV, resistance to Cidofovir and
Brincidofovir has been attributed to mutations in the DNA polymerase
gene (FBL—A314T and A684V), conferring an increase of at least fivefold
in EC50*° These mutations result in morphological alterations to
cidofovir-triphosphate binding sites. As A314 and A684 amino acid
sequence is highly conserved within the genus, mutations in these regions
are likely to result in resistance to all Orthopoxviruses. Similarly, Tecovirimat
(ST-246) resistance can be assessed using plaque reduction assays and in
vitro resistance has been mapped to VP13, a protein responsible for viral
transportation.®=>2 A number of VP37 amino acid substitutions have
been linked to high-level resistance in cell culture (210-fold increase in
EC50) although clinical data is lacking.>®

7 | SEROLOGICAL ASSAYS
Serological assessment of mpox infection is useful in a number of
settings, for example, identification of self-attenuated infection,

assessing population seroprevalence to determine asymptomatic
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infection, and assessment of population immunity. However, mpox
serology is not extensively utilized in diagnostic laboratories due to
lack of commercial assays. There are two major challenges in mpox
serological development, (1) limited availability of MPXV antigens/
inactivated viral particles and (2) serological cross-reactivity between
Orthopoxviruses.>* Despite this, a number of in-house assays (e.g.,
immunofluorescence assay [IFA], enzyme-linked immunosorbent
assay [ELISA], hemagglutination inhibition assay [HAI]) have been
developed over the years to meet the demand for surveillance and to
differentiate vaccination from natural infection (Table 1). Previous
serodynamic studies using ELISA suggest that IgM may persists for
weeks to months, whereas IgG persists for years.>¢624

Most of the published differentiation assays employ preadsorption or
cross-adsorption with VACV and/or MPXV antigens (Table 1). Post-
adsorption ELISA is performed using plasma samples, separately
preadsorbed with equivalent amounts of high titer, inactivated VACV,
and MPXV cell lysate (6x 108 plaque forming unit equivalents/ml). A
differential fold change of anti-MPXV IgG >2.5 between post-MPXV and
post-VACV adsorptions generally correlates with mpox infection (with or
without vaccination). A lack of fold difference is seen mainly in VACV-
immune individuals but also in a small proportion of individuals immune to
both viruses.*® Differential Western nlot described by Dubois et al.>”
detects three MPX-specific protein bands, 39, 124, and 148kDa
proteins. When analyzed individually, 39 kDa reactivity has the highest
sensitivity for primary and secondary infections (100% and 75%,
respectively) but with a reduced specificity of 70%-80%. 124 and
148 kDa bands have high specificity but with a significantly compromised
sensitivity. Overall, differential Western nlot may provide additional
serological confirmation but with restricted diagnostic utility as a

standalone test due to limited scalability and complexity in interpretation.

MEDICAL VIROLOGY

Although the mechanism underlying cross-protective immunity
to MPXV from VACV immunization is complex, there is evidence
from human and NHP challenge studies that polyclonal neutralizing
antibodies (Nab) play an important role.®>~%® Most commonly used
Nab assays to Orthopoxviruses are based on plaque reduction
neutralization test (PRNT) against IMV, as Nab assays using EEV are
more challenging to develop.®? Higher throughput PRNT assays using
recombinant VACV expressing reporter genes (B-galactosidase or
green fluorescent protein) can be used to assess Nab to various
Orthopoxviruses.”® At present, there is a lack of human correlation
studies to inform the level of Nab that correlates with clinical
protection. Evidence from small animal lethal infection studies
suggests that the presence of mixed antibodies and diversity of
target epitope towards both EV and MV correlate best with

protection.”?

8 | TRANSMISSION ELECTRON
MICROSCOPY (TEM)

The use of TEM in the differential diagnosis of herpesvirus and
poxvirus infection dates back to 1947, during a smallpox outbreak in
the United States.”? Indeed, the direct examination of vesicular fluid
using negative contrast TEM remains a current and appropriate
methodology for the initial rapid identification of poxvirus virions in
clinical samples.”® Using modern TEM protocols and equipment, it is
possible to confirm MPXV infection from high titer samples, such as
vesicle fluids, in under 30 min, rivaling turn-around times utilizing
rapid PCR methods. Rapid TEM negative-contrast examinations of

vesicular material can be of use to differentiate members of the

Application

Assess recent
versus distant
infection

TABLE 1 Orthopoxvirus serological assays and applications

Assay Complexity Scalability

IFA ++ +++ Yes

ELISA + ++++ Yes

Post-adsorption ELISA ++ +++ Yes

Peptide-based ELISA (IgG) ++ + No

Neutralization assay +++ + No

HAI + +++ Yes

Postadsorption gel ++ ++ No
precipitation

Complement fixation + +++ Yes

Postadsorption ++ ++ No
raiodimmunoassay

Western blot ++ + No

Cross neutralization ++ ++ No

Differentiate natural

infection versus Assessment of

immunization humoral immunity References
No No [55]
No No [56]
Yes No [57]
Yes No [58]
No Yes [59]
No No [60]
Yes No [61]
No No [54]
Yes No [62]
Yes No [57]
Yes Yes [63]

Abbreviations: ELISA, enzyme-linked immunosorbent assay; HAI, hemagglutination inhibition assay; IFA, immunofluorescence assay.
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genus Orthopoxvirus from the more commonly encountered members
of the genus Parapoxvirus (e.g., Orf virus) or genus Molluscipoxvirus
(e.g., Molluscum contagiosum virus).

Given the biohazard-related considerations associated with the
handling of suspected or confirmed MPXV samples and derivatives,
there are limitations regarding the extent to which TEM examination

can progress. For instance, cryogenic electron microscopy protocols

that have been used to successfully examine the three-dimensional
structure of related Orthopoxviruses such as VACV,”* are complicated
by risk-group three associated handling requirements of high-titer
preparations, necessary for such procedures. Traditional TEM
protocols, such as negative-contrast staining of fluid samples or
culture supernatants (Figure 3D) and thin-sectioning of tissues

(Figure 3A,B) are more amenable to TEM observation of morphology

FIGURE 3 Transmission electron micrographs provided by Dr. Jason Roberts. Negative-stained Monkeypox virus (MPXV) positive cell
culture supernatant, showing an approximately 250 nm x 300 nm brick-like particle indicative of the genus Orthopoxvirus, (B) Negative-stained
molluscum contagiosum positive material showing multiple 190 nm x 260 nm ovoid particles with a woven appearance of surface tubules
characteristic of the genus Molluscipoxvirus, (C) cytoplasmic region of an MPXV infected Vero cell showing a typical virus factory or virosome,
intracellular mature virus particles (black arrows) and intermediate crescent stage immature virus particles (black arrowheads) are visible, G =
Golgi body, (D) multiple intracellular mature MPXV particles can be seen with clearly defined dumbbell-shaped core and striated palisade layer

between inner and outer membranes. Scale bar =100 nm.
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and morphogenesis, as the requirement for inactivation using
glutaraldehyde and/or paraformaldehyde is easily integrated into
routine TEM examination protocols. Samples prepared using routine
thin-sectioning protocols are also suitable for the examination of
thick-sections (2150 nm) using TEM tomography; this permits the
three-dimensional reconstruction of virus particles and associated

cellular ultrastructure (Figure 3C).

9 | MPOX GENOMICS

A number of methods can be employed in the direct sequencing of
containing  MPXV,

hybridization-probe capture, and metagenomics sequencing, largely

clinical samples including PCR amplicon,
due to the high viral load presence in cutaneous lesions.”>~”” Although
the yield may not differ between methods in high viral load samples,
PCR amplicon sequencing has the advantage of cost-effectiveness and
better results (genomic coverage) for low viral load samples (e.g.,
nonlesional body sites).”” However, it is yet unclear of the extent and
frequency of primer dropout in amplicon sequencing in the current
outbreak. Currently, there is no head-to-head comparison of hybrid-
ization capture and PCR amplicon approach. Nanopore sequencing is
an appealing platform due to its portability and potential adaptation to
field testing; however, additional consideration in using data polishing
tools (Canu, Medaka, etc.) to correct indels should be considered due
to issues with base-calling in homopolymer-rich regions.”® In addition,
due to the presence of repetitive and hypervariable regions in the ITS,
masking of the first 1500 and 7000bp of the genome is often
performed to prevent any read mapping error.”® Open source
bioinformatics workflow (masking, pairwise alignments to reference
sequence, phylogenetic reconstruction, clade and lineage assignments)
is available through Nextclade.”’

The 2022 outbreak has also prompted a nonstigmatizing
reclassification of MPXV genomics into Clade | (previous Congo
Basin), Ila (West African), and IIb (2022 outbreak), which is endorsed
by WHO.8%8 As a characterization of the MPXV genomics for the
current outbreak is underway, early studies suggest evolutionary
changes to MPXV genome may potentially influence transmissibility
and outbreak projections.88% Divergence analyses of the 2022
outbreak virus (Lineage B.1) showed approximately 50 SNPs
difference from its ancestral lineage (lineage A.1) from virus isolated
in 2018 and 2019 (Nigeria, United Kingdom, Israel, and Singapore).®2
A significant increase in the previously established substitution rates

)84

(background of 1-2 SNPs/genome/year and the preferential

mutational pattern (GA>AA, TC>TT) are suggestive of viral
adaptation, possibly through genome editing by APOBEC3A. 838586
While it is unclear if these changes were driven by human or animal
adaption, additional phenotypic studies are required to characterize
the transmissibility of these mutational changes. The utility of
genomics in case-linkage and informing diagnostics and therapeutics

require further research.

MEDICAL VIROLOGY

10 | CURRENT GAPS AND FUTURE
DIRECTIONS

As the evidence for viral adaptation is emerging, there is a high
possibility of mpox establishing endemicity beyond its historical
geographical locations. Improving accessibility to testing is therefore
critical in worldwide eradication efforts. A recent survey conducted in
Europe showed that most European countries have effective mpox
outbreak management and testing capabilities and a robust surveil-
lance system.®” In the African continent, PCR testing capability has
also improved since the COVID-19 pandemic, but sequencing service
is only available in seven countries.>® Other factors that hinder an
effective outbreak response (e.g., accessibility to PCR in remote
areas, training, surveillance system, vaccines, and therapeutics)
continue to pose a challenge for the eradication of mpox in the
endemic regions.>®

To date, PCR remains the cornerstone of mpox testing but the
use of more accessible, lower sensitivity assays (e.g., rapid antigen
tests) should also be considered if PCR testing is not available due to
capacity or geographical restrictions. Further effort of assay
standardization is equally important and may help increase the
applicability of data generated from culture correlation studies.
Advances in technologies and innovative approaches developed
during SARS-CoV-2 pandemics, for example, CRISPR-based POCT,
microfluidics, Virolens system, biosensors, and wastewater surveil-
lance could be customized to MPXV testing.t88° Finally, the
incorporation of both genotypic and phenotypic assays for viral
characterization is critical for an adaptive public health response to
evolving viral epidemiology.
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