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The landscape of in vitro diagnostic (IVD) devices encompasses a broad range of

tests that have been used to detect and diagnose pathogens, especially tropical

diseases, for decades. The COVID-19 pandemic exemplified the greater need for

bringing IVDs from the laboratory directly to the consumer, and recent outbreaks

such as mpox, Sudan ebolavirus, and Marburg virus further reinforce this need.

The increased emergence of tropical disease outbreaks requires more agile

development, higher performance, and mass production of IVD devices.

Furthermore, lessons learned in previous device developments can sometimes

be used to accelerate new disease diagnostic applications. As an example, we

describe one case history of an earlier pan-orthopox viral assay that detected

smallpox variola and vaccinia strains, and also discerned related strains including

mpox. This work established the foundation for the molecular detection of

orthopox viruses, which could be mobilized to address public health needs

once an emergency declaration was made that opened the FDA pathway for

issuing an emergency use authorization for the use of these assays. Thus, the

utilization of knowledge from earlier investments was shown to enhance

preparedness and readiness. Here in this retrospective, we elaborate on the

processes that enable this approach, including multi-disciplinary and

multisectoral collaborations to accomplish a holistic, one health world.
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Introduction

The detection, identification, and characterization of biological

agents, including bacteria, fungi, viruses, and toxins, pose constant

challenges. In November 2022, the World Health Organization

(WHO) revised their list of priority pathogens termed as 'Disease X'

to guide research investments for emerging, novel, and unknown

threats. Effective biodetection—e.g., before symptoms of illness arise

—has always been a race against time based on Koch’s postulates for

microbial culture. PCR revolutionized molecular diagnostics,

providing high sensitivity and specificity, faster results, and the

foundation for genomic sequencing. Regarding the development of

in vitro diagnostic (IVD) devices, a target product profile (TPP)

guides the identification of the unmet clinical need and creates an

effective roadmap from conception to market to keep the product

development pipeline well defined (1). These IVD devices are ideally

portable, easy to use, have easy-to-interpret results, and have limited

logistical or storage requirements during the journey from

manufacturer to end user. As the market for infectious disease IVD

devices continues to expand, it highlights the need for a practical

approach to development that considers a wide scope of factors,

including detection technology, market assessments, and regulatory

considerations (Figure 1). Together, these factors underscore the need

for a clearly defined path from conceptualization to market.

Our earlier perspective examined the capabilities and activities

of organizations performing research and development, testing and

evaluation of clinical samples and diagnostics during COVID-19,

highlighting the significance of operating high-containment

biological laboratories (HCBL) and competing demands for

human resources and infrastructure (2). University research labs

are another example of organizations with skilled laboratory staff

that adapted their high-throughput platforms to run real-time PCR

assays to detect SARS-CoV-2 from patient samples (3). Here, we

continued to examine the significance of biosafety and biosecurity,

laboratory capabilities and capacities, and regulatory requirements

in relation to mpox.

The clinical diagnostics market is highly competitive, especially

for IVD devices, as demonstrated by the record number of

Emergency Use Authorizations (EUAs) that the US Food and Drug

Administration (FDA) issued for COVID-19. The FDA issued an

EUA for mpox, which provided a regulatory pathway for medical

diagnostics manufacturers to sell their tests to the consumer, and was

a major market driver for IVD manufacturers. Furthermore, national

government funding is often static, if not reactive, and investments do

not always align with commercial market priorities, as in the case of

the biodefense market that rapidly grew after 2001. For those

fortunate first movers and fast followers, national government

funding is extensive and offers opportunities to develop niche

products in diagnostics medical countermeasures and vaccines for

tropical infectious diseases (4). In the early 2000s, a qPCR clinical

diagnostics instrument, which the US military fielded according to its

portable and rugged design, became the first FDA-approved platform

for the diagnosis of biological threats (5). Nevertheless, to understand

the mpox diagnostics landscape we first focus on earlier work to

detect the pan-orthopox virus that drove subsequent IVD

developments in the family Poxviridae.
Frontiers in Tropical Diseases 02
Poxviruses, which are in the family Poxviridae and ubiquitous in

nature, are the largest known animal viruses and can be viewed by

light microscopy. Orthopox strains, especially variola, remain

potential biothreats given the state-sponsored programs that develop

biological weapons and the waning vaccinated population after WHO

declared smallpox eradicated on 8 May 1980. Potential biosecurity

risks and implications remain as a result of the de novo synthesis of

horsepox virus in relation to smallpox vaccine development (6). The

2022 mpox outbreak reinforces the reality that mpox is now the most

important orthopox pathogen and was also not widely researched

outside of Africa before 2022 (7). Only Clade I of mpox, variola, and

members of the Capripoxvirus (CaPV) genus such as goatpox and

sheeppox are on the US Department of Health and Human Services

and US Department of Agriculture (USDA) Select Agents and Toxins

list, which limits the ability to culture and propagate the virus in

laboratories that are registered with the federal government and have

access to BSL-3 facilities. The status of mpox as a Select Agent could

significantly impact the ability of the research community to respond

to an outbreak, or pandemic, on the scale of COVID-19. While CaPV

are not considered tropical diseases, a world connected through global

trade and challenged with climate change underscores the need for a

comprehensive one health approach.

Mpox is caused by the MPXV virus of the genus Orthopoxvirus

which includes variola (smallpox), cowpox, camelpox, and vaccinia

viruses (8). Mpox was identified for the first time in 1958 in

Denmark during an outbreak of vesicular disease observed in

captive monkeys coming from Africa (9). Within 1 to 5 days after

the onset of fever, the infected person develops a rash or skin lesions

on the face, followed by dissemination to other body parts (10, 11).

The first human case of mpox was a 9-month-old boy from Zaïre—

now the Democratic Republic of Congo (DRC)—and was reported

in 1970 (12). Genomic studies have phylogenetically divided MPXV

into two subtypes, Clade I (Central African or Congo Basin) and

Clade II (West African), with differences in epidemiology and

clinical manifestation (13). The case fatality rate of Clade I is up

to 10% whereas for Clade II, responsible for most outbreaks outside

of Africa, the case fatality rate is about 1% (7, 14). Although the

natural reservoir of the virus is not well defined, various African

rodents are suspected to be the animal reservoirs.

As a result, mpox is transmitted zoonotically or via human-to-

human contact. The zoonotic transmission of mpox occurs through

scratches or bites from infected animals; during handling through

direct contact with blood, body fluids and lesions; or by eating

improperly cooked infected animals (10, 14). Human-to-human

transmission also occurs through direct exposure to the respiratory

droplets, skin, and body fluids of infected patients. The virus can

also be transmitted during sexual contact, from pregnant woman to

the fetus, and to newborns by close contact during birth (15, 16).

Mpox became endemic in the DRC, eventually spreading to over 15

West and Central African countries.

During the 1970s, only a few sporadic cases were reported and

remained limited to a few countries in Central andWest Africa (17).

During the 1980s, the number of cases increased nine-fold

compared with the previous decade, with the active monitoring

program implemented by the WHO discovering 338 cases and 33

fatalities between 1981 and 1986 in the DRC. Only 13 cases were
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reported from 1986 to 1992 and there were no cases reported until

1996 where an outbreak in the DRC resulted in 511 suspected cases,

likely attributed to the decreased collective immunity of local

populations after the cessation of smallpox vaccination (18).

Between 1998 and 2019, continuous reporting occurred in the

DRC annually with cumulative cases in Africa reaching about

30,000 (19). Until now, mpox was considered a neglected tropical

disease due to the geographic proximity of outbreaks in the tropics.

Case highlight: a hub for the regional surveillance of mpox and other tropical
diseases in Central Africa.
In Gabon, a few cases of mpox have been reported. These all occurred in the
1990s and no cases have been reported since then. Although the disease is not
considered a major public health threat, its proximity to the Central African sub-
region where near-annual cases are reported in humans and animals continues to
pose a risk. The International Center for Medical Research of Franceville

(Continued)
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Continued

(CIRMF, actually Interdisciplinary Center for Medical Research of Franceville),
which has high-containment laboratories, is responsible for regional and national
laboratory diagnostic and reference activities related to viral hemorrhagic fevers,
as previously described (2). These facilities have been used for the diagnosis of
suspected cases of viral emerging infectious disease outbreaks such as the Ebola
virus disease, arboviruses, and recently COVID-19, and are adequate for
handling MPXV. These activities are focused on the investigation of suspected
cases in human populations and the evaluation of immunity in villages where
cases occurred. In addition, surveillance is also carried out in animals, for
example through screening for monkeypox virus using qPCR in domestic,
peridomestic, and wild rodents, and the diagnosis of orthopoxvirus in other
animals. Finally, CIRMF in collaboration with the Pasteur Institute of Bangui in
the Central African Republic (CAR) also contributed to the sequencing of the
full genomes of 10 MPXV isolates collected during the CAR epidemics between
2001 and 2018. The MPXV genomes were identified as lineages from the Central
African clade and the spillover in humans was thought to be a result of zoonotic
events from wild animals (20). At that time, no suspected samples from the 2022
epidemic were handled in Gabon.
FIGURE 1

The IVD device lifecycle. This framework maps a typical lifecycle, which ideally begins with a TPP that outlines the overall scope of the device once a
market need is identified.
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Mpox remained an ignored global public health threat until

2003 when it gained international attention as a result of a US

outbreak, the first outside of Africa (21). The outbreak comprised

47 recorded cases and was probably transmitted by infected prairie

dogs that were in close contact with animals imported from Ghana

(22). Since then, additional cases outside of Africa have been

reported in the UK and Israel in 2018, and in Singapore in 2019

(23–25). The 2022 mpox outbreak, which is now the largest ever,

spread to the Americas, Europe, Asia, and the Western Pacific and

Eastern Mediterranean regions, and saw 98% of cases (n=85,059)

reported in non-endemic countries with no history of local

outbreaks. The global spread of mpox was due to human-to-

human transmission and caused by Clade IIb, which has a low

mortality rate due to perceived genetic differences from Clade I (26).

A confirmed case of mpox transmission from a human to a

domesticated dog also occurred, which emphasizes the risk of

close skin-to-skin contact and suggests further infections via pets

(27). As the 2022 mpox outbreak wanes, cases are still expected to

flare up during summertime activities as the public health

restrictions implemented owing to COVID-19 and mpox are

lifted. The reality of mpox becoming endemic outside of Africa

further reinforces the need to prioritize health systems, diagnostics,

and vaccines in Africa (28). In fact, as the world recognized

Smallpox Eradication Day on 8 May 2023 and marked the 43rd

anniversary of the WHO declaration, we were reminded that public

health surveillance and eradication initiatives analogous to what

was accomplished for smallpox are needed to truly address

mpox endemicity.

The US response to and mitigation of the mpox outbreak using

testing and prevention was slowed due to health equity issues and a

familiar pattern of bureaucracy, although related diagnostics,

vaccines, and treatments existed for the orthopox virus (29, 30).

One likely factor that slowed the development of mpox diagnostics,

relative to SARS-COV-2 diagnostics, is the classification of mpox as

a Select Agent, allowing only CDC- or USDA-registered laboratory

spaces to work with the virus. Although the actual number of BSL-3

laboratories in the United States is currently unknown, the number

which have CDC or USDA Select Agent registration is low, which

could be perceived as a gap in preparedness for outbreak response.

In Africa, mpox can be misdiagnosed due to the lack of adequate

facilities and tools for differential diagnoses to rule out other
Frontiers in Tropical Diseases 04
diseases. For example, it is estimated that up to 50% of suspected

cases in the DRC can be attributed to chickenpox (31, 32). Mpox

cases continue to be overlooked or misdiagnosed as symptoms are

similar to other diseases, such as chickenpox or other pox viruses,

and physicians are unfamiliar with the disease (33, 34). Open-

source tools such as a free phone app designed to distinguish mpox

lesions from other skin lesions can also help those with a suspected

infection seek professional healthcare (35). These examples

emphasize the importance of a holistic approach to the diagnosis

of mpox based on the “sum total of patient history, clinical

presentation, and confirmatory laboratory testing.”

In the USA, despite the current infrastructure and preparedness

built during the COVID-19 pandemic and existing pan-orthopox

assays, the first commercial mpox diagnostics test took 3 months to

develop and receive FDA EUA approval. (Figure 2). Organizations

involved in R&D and national surveillance for MPVX offered

vaccines to their laboratory scientists starting with ACAM2000

and then Jynneos as it became available, highlighting the continued

need for a readily available stockpile of vaccines. The continued use

of second-generation vaccines such as ACAM2000 speaks to the

need for the development of safer, next-generation mRNA vaccines.

The current PCR-based commercial mpox test only detects MPXV

in swab samples from skin or other lesions. Commercial tests are

not yet available for other sample matrices despite the ability to

detect MPXV in urine, blood, and other human samples (36). As a

part of readiness, applicable research data should be used to develop

commercial tests that support higher sensitivity, greater accuracy,

and faster turnaround times for earlier testing.

The 2022 mpox outbreak has solely focused on the community

of men who have sex with men, which resulted in the common

stereotype that mpox was only an issue in a certain, often

stigmatized, high-risk population. This misperception of disease

risk posed a barrier to an effective response to and management of

the outbreak, rather than enabling targeted approaches. Given this

outbreak was the first with multiple cases reported in non-endemic

countries and focused on a specific high-risk population, further

attention to sex and gender is needed to address various

socioeconomic factors among populations in or low and middle

and high-income countries (37). Ideally, robust surveillance systems

will enable the identification of key risk factors and/or high-risk

populations associated with infection and disease transmission
FIGURE 2

Timeline of the mpox outbreak and commercial diagnostics development. Since September 2022, the FDA has issued eight EUAs for IVD devices.
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while enhancing our ability to provide data-driven scientific

information to the public. Fortunately, further outbreaks have not

occurred in large population groups at college campuses and

military bases following public awareness measures on practices

for self-isolation and limiting skin-to-skin contact. The limited

availability of early diagnostics and testing sample matrices

besides those for skin lesions presents further challenges to at-risk

groups, such as athletes engaged in contact sports (38). The US

Government recently reported on the vital role of research in the

mpox response and how important it is that this serves as a

model for future outbreaks (39). Overall, the COVID-19

pandemic and 2022 mpox outbreak have emphasized the

importance of R&D and pandemic readiness, which can be

achieved by focusing on prevention (vaccine development),

detection (diagnostics), treatment (therapeutics), surveillance

(public health infrastructure), and biorisk management.
Case history: molecular detection of
orthopox viruses

Many of the orthopox viruses are of veterinary, public health,

and, consequently, economic concern, making this genus a priority

for better screening assays that provide meaningful differentiation

between genus members. For this reason, a trio of assays were

developed: variola-specific, pan-orthopox, and vaccinia-specific

assays. The terminal region of the genome allows for

differentiation of the Orthopoxvirus genus (40, 41). Previous

work led to the development of a variola-specific hybridization

probe assay targeting the hemagglutinin (HA) gene, located in the

terminal region of the genome (42). The gene region selected allows

for the specific detection of variola major and minor, the causative

agents of smallpox. The systemic infection manifested from variola

major, a strictly human pathogen, has a fatality rate of 30%, while

variola minor’s fatality rate is 1% in unvaccinated populations.

These dramatic differences in fatality rates necessitate the

importance of being able to distinguish variola major and minor.

Due to the limited access to variola DNA, oligonucleotides were

used to generate an artificial template to test and optimize the probe

design for this assay. After assay optimization was completed, a

limited panel containing camelpox (Somalia), cowpox (Brighton),

monkeypox (Zaire 1996), vaccinia (Copenhagen), rabbitpox

(unknown), VAR-2 (Plasmid USAMRIID), and VAR-1 (Plasmid

IT) was used for specificity testing. The only members of this panel

detected were the two plasmid targets VAR-1 and VAR-2, generating

strong evidence that this design is specific to variola. To further

confirm cross-reactivity specificity a panel containing 50 bacterial and

viral pathogens of medical significance was evaluated with all

members of this panel testing negative. The panel included dengue,

Enterovirus, influenza A, parainfluenza sub 1–3, Staphylococcus

aureus, Salmonella typhi, Yersinia pestis, and Vibrio choleraeN16961.

The pan-orthopox assay was developed, using the same terminal

region of the genome designed for the HA gene of vaccinia. Once the

assay was optimized, the same orthopox panel described above was

used for inclusivity testing. All members of the panel were detected
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with three distinct melting profiles generated. Since the vaccinia virus

is used to vaccinate against smallpox, distinguishing adverse vaccine

reactions from true smallpox is of value. To accomplish this, a

vaccinia-specific assay designed for the surface antigen gene of

vaccinia has been designed and tested. The location of the primers

and probes leads to the exclusion or distinction, based on melting

curve profiles, of all non-vaccinia virus targets.

The approach used for designing these three assays allows for the

detection and meaningful differentiation of the Poxviridae family.

This type of differentiation in testing allows for a triage approach

where the result can inform the action to be taken. While the pan-

orthopox assay is an older design, which does not differentiate

camelpox, monkeypox, and VAR-2 plasmid (likely variola), there is

the possibility of good differentiation among the Orthopoxvirus

genus, similar to what has been observed in the nearest neighbor

species. While the FDA EUA prioritized regulatory guidance for

mpox IVD devices, the assay designs have various targets that are

proprietary in nature and often undisclosed. For biosafety reasons

stated earlier, limited access to viral material for testing and validating

assays adds further time to design pipelines.
Discussion

In the last five decades, incredible innovations and

technological developments have shaped how modern clinical

laboratories are equipped, staffed, and operated. Commercial and

public health laboratories worldwide must continue to reinforce the

infrastructure established before and during the COVID-19

pandemic to keep their laboratories ready for testing in any

future epidemic or pandemic. The US has created a strong R&D

readiness that combines diagnostic test platforms, whole genome

sequencing consortiums such as SPHERES, FDA EUAs, and public

health surveillance networks to address future pandemics. One

strategy to bolster public health preparedness efforts is to use and

reinforce the existing infrastructure mentioned above, especially

HCBLs, biosafety risk assessments, instruments, expertise,

personnel, and readiness responses. An integrated approach lays

the groundwork for public health epidemiologists to identify and

track disease cases, study disease transmission, and help prevent

future outbreaks locally and globally.

In clinical diagnostics, there has been a general transition from

stationary large-scale clinical laboratories to smaller point-of-care

devices. Parallel to this trend, assay readiness should also include

thoughtfully designed molecular assays, such as multiplexed

molecular diagnostic assays for symptomatic near neighbors as

described in our case history. In the future, the ability to combine

affinity and molecular assays, especially for a point-of-care device,

will enable IVDs that define susceptibility, early infection, and

phases of disease by measuring host biomarkers and pathogens

directly and simultaneously. Combined, this approach will enable

informed clinical decisions for treatment and empower patients and

their families in disease control and treatment. Eventually, it is

hoped these assays will be cost-effective and even have

prognostic capability.
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As point-of-care and at-home testing become more common,

investments in infectious disease surveillance systems that can

capture the data from these IVD devices must be made in order

to truly improve overall readiness to respond to future outbreaks.

Systems that are agile and able to accommodate defined data

standards while accounting for underreporting will be key.

Supporting the accurate and timely reporting of cases is critical to

effective outbreak response and curbing continued transmission.

The data not only provide case counts, but help identify key risk

factors associated with infection, disease transmission, and severity

of disease. Understanding key factors, like age and geographic

distribution, that can identify potential high-risk groups who may

experience increased infection and complications is important

during outbreaks to inform research and enable the development

of targeted prevention, response, and treatment strategies. Thus,

both clinical and laboratory diagnostic data are the basis of

infectious disease surveillance systems and are inherently linked.
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