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The clinical burden of viral infections 

Viral infections represent a global medical and public health concern and have long been 

recognized as contributors to a reduction in quality of life and a leading cause of death 

(1). Viruses can be defined as obligate intracellular parasites, containing either DNA or 

RNA genomes (2). Replication and synthesis of viral components are achieved by 

hijacking host pathways including pathways which protect cells against viral infections 

(3). As a result, the same strain (or variant) of a virus in one individual could have a 

completely different disease outcome to another, as has become especially clear from 

the SARS-CoV-2 pandemic, with some individuals developing fatal infections, while 

many others only asymptomatic infections. Nevertheless, most viruses have and will 

continue to co-exist simultaneously in society, without necessarily causing disease or 

severe clinical presentation. Patients most at risk of developing life-threatening or more 

rare diseases attributed to viral infections typically have a less functional immune 

system; this can range from patients receiving chemotherapy and immunosuppressants 

following a transplant, to neonates and the elderly. Indeed, viral disease in infancy 

(typically in developing countries) and in the elderly (typically in developed countries) 

remains a major factor for the reduction in life expectancy (4). Viral infections are often 

categorized depending on the clinical presentation, for example respiratory, 

neurological and gastrointestinal disease. One of the most challenging aspects facing the 

field of viral diagnostics is causation, i.e., if the virus detected caused the disease. For 

this reason, the true burden of viral infections versus viral illness is difficult to measure. 

Continually evolving technologies to complement established workflows and fill in gaps 

in our current knowledge of host and viral factors, contributing to severe or rare clinical 

presentation, will not only play a key role in revealing the true clinical burden of disease, 

but could also reduce the strain in health care systems. 

 

The patient perspective 

Currently, only a handful of viruses which cause significant patient morbidity and 

mortality can be prevented by vaccination, with influenza virus, poliovirus and recently 

SARS-CoV-2 being the best-known examples, along with the MMR (measles, mumps 

and rubella) vaccine for significant childhood diseases (5). Even fewer viruses have 

specific treatment options (e.g., HIV and hepatitis C virus) (6). As a result, we still exist 

in a world where identification of viral infections and subsequent infection control is 

our best form of patient management against the majority of viruses. It is likely the 

SARS-CoV-2 has changed the general public’s perception of respiratory viruses, with 

more people now interested in the source of their respiratory symptoms or if it will 

impact their future health, such as long COVID (7). Additionally, with the phenomenon 
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of “healthy aging” (i.e., a higher quality of life for longer) becoming more prominent in 

healthcare systems, particularly in the Netherlands (and beyond), and pressure to 

rapidly identify and predict disease prognosis from infectious pathogens is increasingly 

desired by patients. 

 

The healthcare perspective  

Several challenges remain for clinicians, clinical laboratories and public health agencies 

investigating viral infections. The exceptionally wide root causes of clinical symptoms 

render it near impossible to initially accredit a particular pathogen to an infection, 

particularly for respiratory, neurological and gastrointestinal illness. Molecular testing 

is the most applied technique in viral detection and has revolutionized viral diagnostics 

(8). Although molecular testing is no longer a novel phenomenon in today’s clinical 

laboratories, the availability of faster and more in-depth results has a greater potential 

to impact treatment options and health economics (9-10). Clinical laboratories have the 

responsibility of selecting the most appropriate workflow, including sample processing, 

extraction, amplification and sequencing, depending on the requested procedure or the 

pathogen of interest. Additionally, several factors need to be taken into account for 

optimized testing, with key aspects being quality assurance, turnaround time and cost 

(11). Faster and more accurate diagnostics are essential to ensure appropriate patient 

management (from personalized antiviral therapies to a reduction in unnecessary 

antibiotics).  

From a public health perspective, it is also important that common clinical syndromes 

receive an adequate diagnosis to ensure that upsurges and new pathogens are signalled 

and identified (12). Continued surveillance and revealing epidemiological patterns is 

paramount to keeping the scientific community and the general public up-to-date of 

potential threats. This could be the development of guidelines for identifying potential 

cases, invoking governmental regulations (e.g., compulsory facemasks) and updating or 

implementing new diagnostic tests, such as those applied for SARS-CoV-2. For this 

reason, collaborative effects are routinely made to not only screen clinical data, but also 

to monitor animal health and the environment. Thus a “One Health” initiative would 

subsequently encompass an interdisciplinary team, comprising of clinical, veterinary 

and environmental sectors. With a growing demand for land required for agriculture, 

along with new approaches to cope with an ever-expanding population, the human 

animal interface will only become more intertwined.  
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Molecular detection and characterisation – sample collection to 

result interpretation   

Diagnostic stewardship  

To ensure the most optimal patient management and outcome, it is crucial to perform 

the most appropriate clinical test as timely as possible (10). Determining the clinical 

relevance and selecting the most appropriate diagnostic workflow for a specific patient, 

from sample collection to result delivery (13), is the essence of diagnostic stewardship. 

Together with antimicrobial and infection prevention, the three initiatives form the 

integrated Antimicrobial, Infection Prevention and Diagnostic (AID) stewardship 

model. Cost-effectiveness studies for molecular methods are needed to ensure 

continued use in routine diagnostics. This could involve not only antimicrobial use, but 

also unnecessary hospital admission and length of stay (13). Dik et al put forward the 

“€hr concept” to help determine the overall cost benefit of such approaches, by 

multiplying costs (€) and turnaround time (hr), with the assumption that quality 

remained paramount. With the continued advancements of molecular diagnostic 

approaches, more importance must also be placed on the clinical question (Figure 1) and 

how we must use this data efficiently (both genomic and clinical) for the benefit of 

society.  

 

Figure 1. The clinical paradigm. 

Single and multiplex PCR testing 

Real-time polymerase chain reaction (qPCR) is an established method for detecting viral 

nucleic acids and is currently used as a gold standard in diagnostic laboratories globally 

(14). PCR assays utilize a pair of oligonucleotide sequences called primers, which 
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normally target a region which is highly conserved within the microorganism to allow 

maximum detection of all viral subtypes (Figure 2) (15). While single or traditional PCR 

testing involves detection of only one pathogen of interest (e.g., for SARS-CoV-2), a 

multiplex PCR contains primers for the detection of multiple clinically relevant 

pathogens to rapidly identify or rule out several infectious agents in one test. With a 

high sensitivity and specificity, along with a rapid turnaround time (typically less than 

24 hours and potentially within 90 mins of receiving the sample) and countless clinical 

utility studies, qPCR has earned its gold standard status. Moreover, qPCR provides semi-

quantitative results which can be a valuable tool to monitor disease burden within a 

population or within a given patient overtime. 

 

Point-of-care syndromic testing 

Point-of-care syndromic panels allow the simultaneous detection of several targets 

associated with a particular syndrome, most commonly respiratory, gastrointestinal or 

neurological, typically within one hour (15). This is crucially important in clinical 

decision making and patient management, particularly if the patient is in the emergency 

department and a fast answer to a clinical question could prove lifesaving. Point-of-care 

syndromic panels apply nucleic acid-based amplification technologies to potentially 

screen for multiple infectious agents simultaneously within one self-contained unit. 

Currently syndromic panels exist that allow detection of up to 24 pathogens at once 

(e.g., the FilmArray BioFire, QIAstat-Dx or GenMark) (16). Point-of-care testing has 

been increasingly implemented into diagnostic laboratories and are becoming a staple 

in routine testing (15). 

 

First generation sequencing (Sanger sequencing) 

While real-time PCR and syndromic point-of-care panels are invaluable in 

identification, they can be limited in terms of typing or characterisation. Conventionally, 

characterisation in routine diagnostics is normally performed using Sanger sequencing. 

First developed in 1977, Sanger sequencing is based on DNA chain termination and 

usually involves targeting one single region, usually part of a gene from a particular 

microorganism of interest (17). The region targeted, typically 500-600bps, usually has 

some variation within the sequence to allow for typing (Figure 2) (18). From a patient 

management position, this could be used to type a specific viral genotype to determine 

which drugs to use i.e., during a HIV-1 infection, or to determine disease prognosis if a 

particular genotype has been linked to a specific clinical presentation, e.g., enterovirus 

D68 and acute flaccid myelitis. As only one region is targeted, this approach is very 

sensitive and also relatively cheap to perform. However, high mutation rates and the 

formation of viral quasispecies have led to challenges in characterisation in traditional 
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molecular tests, particularly in Sanger sequencing where specific primers target 

particular regions e.g., for enteroviruses (19). 

Next-Generation Sequencing (overview) 

NGS platforms are defined by their high throughput capabilities that enable parallel 

sequencing of millions of DNA fragments (20). The high throughput of NGS enables the 

untargeted sequencing of nucleic acids present within the sample and has driven an 

increasing shift in routine diagnostics towards a “one test to detect all approach” (Figure 

2). This is particularly important in patients with continually negative conventional tests 

or “untypeable” pathogens using conventional Sanger sequencing approaches, but are 

still presenting with clinical symptoms. Different culture-independent NGS approaches 

can be applied: untargeted amplification (shotgun metagenomic sequencing) and 

targeted approaches (specific primers or capture probes) (21). The application of NGS, 

along with the type of platform and approach, usually depends on the clinical scenario, 

turnaround time and expenditure (Chapter 6), and must be considered carefully when 

replacing or complementing traditional molecular techniques. Furthermore, the 

requirement of extensive downstream bioinformatic analysis and associated challenges 

with “big data” from the sheer volume of genetic information generated, additionally 

needs to be considered.    

Figure 2. Molecular approaches in clinical microbiology. While singleplex PCR and Sanger 

sequencing typically target a single microorganism, multiplex PCR target multiple organisms. 

mNGS can detect all microorganisms (known and unknown) in a sample. Created with 

BioRender.com    
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Second-generation sequencing (Illumina sequencing) 

Second generation NGS platforms provide short sequencing reads (typically ≤600 base 

pairs), high throughput capabilities and high accuracy (22-23). With the introduction of 

benchtop sequencing platforms such as the Illumina MiSeq in the early 2010’s, NGS 

became economical for public health laboratories (24). The high accuracy has led to 

widespread application in clinical laboratories, such as exploring antiviral resistance and 

epidemiological analysis (24). The common characteristics of Illumina second-

generation platforms are fragmentation and in vitro amplification of template 

cDNA/DNA fragments. During clonal amplification, a polymerase incorporates tagged 

nucleotides into the nascent DNA strand which then generates light signals upon 

incorporation into the library and translated into sequences (25).  

Third-generation sequencing (Oxford Nanopore Technologies) 

Third generation sequencing platforms enable longer sequencing read lengths (26). 

Currently, long-read sequencing platforms by Oxford Nanopore Technologies (ONT) 

show a high potential to be used in a clinical public health laboratory (27). ONT 

sequencing platforms apply voltage with single stranded DNA-RNA fragments passing 

through a nanopore in the flow cell. Each passing nucleotide results in a specific current 

change which are then basecalled into the respective nucleotides. ONT platforms can 

feature low initial acquisition costs, high mobility and real-time sequencing. As a result, 

it is highly adapted for outbreak situations or field studies in rural areas with possible 

geographical complications. However, despite continuous improvements, the accuracy 

is currently lower, compared to Illumina platforms (error rate of 3-12%) (27). 

 

Enterovirus infections 

Rationale for investigating enteroviruses  

The diagnostics and clinical prognosis of enteroviruses heavily features throughout this 

thesis. With over 100 different genotypes and multiple forms of clinical presentation, 

enteroviruses are particularly challenging not only in terms of diagnostics, but also in 

determining the prognosis of the infection. Enteroviruses were the initial pilot pathogen 

in the TYPENED initiative, a collaborative platform for clinical and public health 

laboratories to monitor infectious diseases (28). As a result, we have an established 

enterovirus workflow, whereby we sequence (using Sanger sequencing) all detected 

enteroviruses as part of routine diagnostics. Furthermore, the implementation of 

REGIOTYPE (regional sequencing and epidemiological strategy), which provides a rapid 

sequencing service for the northern part of the Netherlands (population of 2.8 million 

people), created additional sources of information (29). With such a wealth of available 
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diagnostic data, coupled with the reported challenges cited below, enteroviruses 

represent an interesting pathogen to explore. 

 

Structure and taxonomy 

Enteroviruses (EV) have single-stranded positive sense non-enveloped RNA genomes 

and are members of the picornaviridae family, which includes a range of viruses that 

infect humans and animals (30), the most-well known being poliovirus. Enteroviruses 

are characterised into twelve species, with enteroviruses A-D and rhinoviruses A-C being 

predominantly found in humans. Within these species, enteroviruses can be further 

characterised into subspecies or “genotypes”. Indeed, there are over 100 different 

genotypes known to exist (31), based on clustering using the viral protein 1 gene (Figure 

3), with many more genotypes likely to be discovered owning to advances in sequencing 

technology. Genotypes within each species are highly diverse and share >75% nucleotide 

identity (4). Enteroviruses are prone to mutations, owing to the lack of proofreading 

activity of the 3D polymerase and recombination (32). As a result, these are considered 

the two main driving forces for evolution and genetic diversity (33). 

 

  

Figure 3. Enterovirus structure. The enterovirus genome contains a single open-reading frame 

(approximately 7.5 kb in length) and encodes four structural proteins (viral capsid proteins 1-4) 

and seven non-structural proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D) (34). Figure adapted from Yee 

et al., 2015 (35). Created with BioRender.com 
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Pathogenesis and clinical presentation 

Enteroviruses are typically transmitted through the faecal-oral route or respiratory 

droplets, with replication occurring in the epithelial cells of the intestinal and 

oropharyngeal mucosa (36). They are commonly associated with direct cell destruction, 

due to the fact they are cytopathic (30), or through in-direct damage by the immune 

system (37). The mechanisms for pathogenicity for many enteroviruses are still not well 

characterised. The vast amount of different enterovirus genotypes, each with their 

associated cell receptors (38), has led to a wide spectrum of clinical presentations, from 

respiratory and gastrointestinal illness to neurological disease. Even within these 

conditions, disease prognosis can be unpredictable, with patients experiencing mild to 

severe disease. Clinical presentation is often associated with different age ranges, with a 

high number of cases in the under-fives. Additionally, pre-existing co-morbidities has 

been shown to impact the clinical presentation of some enterovirus infections, as is the 

case for individuals with asthma, who are prone to more severe enterovirus D68 (EV-

D68) infections (39). 

Epidemiology and surveillance  

Enteroviruses are detected throughout the year, typically peaking in the summer and 

autumn months (40). Generally, enteroviruses are considered endemic, however several 

genotypes have exhibited numerous epidemic outbreaks; with EV-D68 reported biyearly 

since 2014 in Europe and the United Sates (41-42), and enterovirus A71 reported triyearly 

in East Asia (43). A study investigating enterovirus transmission dynamics has revealed 

that differences in circulation patterns are depended on the geographical area, with 

more tropical regions reporting fewer distinct peaks (44). Established in 1988, the Polio 

Eradication Initiative was the first surveillance program for enteroviruses and has 

contributed to the near eradication of poliovirus, in addition to the successful 

vaccination programme (45) and humans being the only host. However, non-polio 

enterovirus surveillance relies heavily on voluntary monitoring and reporting, with 

initiatives fluctuating depending on the country. In the United States, it is the National 

Enterovirus Surveillance System and the National Respiratory and Enteric Virus 

Surveillance System which are involved in the collection and reporting of enterovirus 

detection (42). Meanwhile in Europe, the European non-polio enterovirus network was 

established to raise awareness, provide recommendations and communicate emerging 

outbreaks (46). As reporting is almost entirely voluntary and not standardised, it is 

challenging to grasp the entire picture and true burden of enteroviruses in the 

community. 
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Scope of the thesis 

Viral infections can cause a significant burden in hospitals and communities. Exploring 

and applying innovative molecular approaches to improve the diagnosis of viral 

infections is paramount to patient care, particularly as specific treatment options are 

limited. A rapid and comprehensive diagnosis of the patient may well be the primary 

defense in the majority of viral infections. Furthermore, collection of diagnostic data 

must be combined with the available medical and epidemiological information to reveal 

the complete clinical picture. With the phenomenon of “Healthy Ageing” picking up 

speed, we need to do better to improve quality of life, particularly with a growing 

immunocompromised population.  

The aim of this thesis was to explore and demonstrate the application of several 

molecular approaches to improve diagnostic testing for patient care (Part 1), with a 

specific focus on enterovirus diagnostics (Part 2). By identifying and understanding 

infections faster, we can ensure the most appropriate patient management decisions and 

provide early warning for potential upsurges. Our findings contribute to the field of 

molecular diagnostics and provide a groundwork for early detection and higher 

resolution of viral infections which may prove crucial during outbreak scenarios. 

In Chapter 2, we offer insights into the benefits of a more optimized system in which 

multidisciplinary data is shared in real-time. We aim to raise awareness for the 

infrastructure that needs to be in place to allow collaboration and improved surveillance 

of lesser-known, but potentially clinically relevant pathogens, which can cause sudden 

local upsurges or larger outbreaks.  

In Chapter 3, we discuss the factors which should be considered before performing 

syndromic testing in favour of traditional low-plex testing. Syndromic testing has been 

increasingly implemented in routine diagnostics, largely due to the development of 

faster and affordable methods, providing clinicians with vital diagnostic information 

while the patient is still in the emergency room. In Chapter 4, we then evaluate two 

widespread syndromic point-of-care platforms on the market, the QIAstat-Dx (RP2.0) 

and BioFire (RP2.1) with the aim to improve the detection of respiratory pathogens 

(including SARS-CoV-2).  

In Chapter 5, we aim to highlight the advances, current limitations and applications of 

metagenomic NGS (mNGS) in a clinical microbiological laboratory. mNGS is beginning 

to have a prominent place in clinical diagnostics, particularly as it has the potential to 

detect all pathogens simultaneously and enable extensive characterisation. In Chapter 

6, we explore how a novel molecular NGS approach can be used to improve diagnostic 

sensitivity in challenging clinical samples. We modified a viral targeted sequence 
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capture protocol for long-read sequencing and compared its performance with standard 

Illumina short-read sequencing for clinically significant human and animal viruses. 

Enterovirus infections present diagnostic challenges for several reasons, not only due to 

their variable clinical presentation, but also from their molecular diversity. In Part 2 of 

this thesis, we explore enterovirus infections in-depth and show the value of current and 

novel molecular techniques for both detection and characterisation. In Chapter 7, we 

collaborated with ENPEN (European non-polio enterovirus network), comprising of 

clinical specialists from public health institutions, national reference laboratories and 

academia with the aim to help provide recommendations and raise awareness for 

enterovirus diagnostics. 

Transplant recipients represent a growing patient population with an increased risk of 

severity from viral infections and additional considerations in clinical management. In 

Chapter 8, we aim to provide a more comprehensive overview of the limited knowledge 

of enterovirus infections in transplant recipients and determine potential variations in 

severity in our hospital. In Chapter 9, we explore coxsackievirus A22 (CVA22), an 

understudied enterovirus with a high relative frequency in transplant recipients in 

Chapter 8. We aimed to provide genomic and prevalence data from a regional hospital 

perspective.  

In Chapter 10, we describe a fatal chronic enterovirus infection in a transplant recipient 

admitted to the UMCG over a nine-month period. Chronic infections in 

immunocompromised patients can cause a significant burden in intensive care units. As 

the enterovirus genotype responsible for the infection could not be determined using 

routine Sanger sequencing, we applied the approach from Chapter 6 to explore the 

infection. We aim to highlight the advantages of NGS to complement conventional 

diagnostics, firstly by adding further resolution and secondly, by exploring viral 

dynamics within an immunocompromised host during persistent infections.  

In Chapter 11, we review the emergence of enterovirus D68 (EV-D68) and its apparent 

change in pathogenicity over the last 10 years. Raising awareness of emerging viruses 

which could have implications for public health is crucial to expose transmission 

patterns and provide clinicians with vital information on patient management. In 

Chapter 12, we explore an off-season upsurge of EV-D68 at the UMCG using whole-

genome sequencing in challenging clinical samples. This chapter may be seen as an 

example of how syndromic testing in the routine clinical practice led to the quick 

identification of the upsurge, while the analysis using NGS increases our understanding 

of the potential evolutionary changes within EV-D68 in relation to clinical outcome. 
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Abstract 

For some well-known pathogens like influenza or RSV, diagnostic and epidemiological 

data is available and continuously complement each other. For most other pathogens 

however, data is not always available or severely delayed. Furthermore, clinical data is 

needed to assess the burden of disease, which will enhance awareness and help to gain 

knowledge on emerging pathogens. In this position paper, we discuss the 

interdependence of diagnostics and epidemiology from a European perspective. In 

2004, the European Centre for Disease Prevention and Control (ECDC) was founded to 

coordinate European wide surveillance and control. At present however, the ECDC still 

relies on university hospitals, public health institutions and other diagnostic 

institutions. Close collaboration between all stakeholders across Europe is therefore 

complex, but necessary to optimize the system for the individual patient. From the 

diagnostic side, data on detected pathogens should be shared with relevant health 

institutions in real-time. From the public health side, collected information should be 

made accessible for diagnostic and clinical institutions in real-time. Subsequently, this 

information needs to be disseminated across relevant medical disciplines to reach its full 

potential. 

 

Diagnostics as the source for clinical care and epidemiology 

Every day, microbiological laboratories generate numerous diagnostic results. They 

provide crucial information regarding patient management (e.g. treatment, isolation 

measures), indicating that diagnostic laboratories have a strong connection with clinical 

care providers across all specialisms. This information also provides a continuous update 

on the prevalence of pathogens and the treatment options. It can be used to determine 

deviations and show trends, although often in a retrospective manner. For some well-

known pathogens such as influenza or RSV, this information is more readily available, 

sometimes even in real-time and on publicly available websites [1]. For most pathogens 

however, this information is not available or delayed. For instance, the “Surveillance 

Atlas of Infectious Diseases” by the European Centre for Disease Control (ECDC) offers 

a tool to visualise the prevalence of various pathogens [2]. For measles, information is 

available on prevalence, number of deaths and even vaccine status within several 

months. For other pathogens (such as MRSA, MERS or hepatitis C), there is little to no 

data available on the prevalence over the recent years.  

There are tools available which have the potential to be effective in tracking (emerging) 

pathogens. A recent paper by Edelstein et al. describes a set of principles to encourage 

the process of data sharing [3]. They discuss the importance of wider communication, 

good practice in terms of the quality of the data and its dissemination, from an 
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epidemiologic perspective. Without communicating data, the true burden of disease 

may stay unknown and upsurges could be missed or reported late, when the information 

could be clinically not of any value anymore. While delays are sometimes inevitable, 

initiatives have shown that it is possible to publish the gathered data within a few weeks 

[4]. By combining diagnostic and clinical information in a more real-time manner, the 

severity of emerging threats (i.e., in outbreak settings) can be estimated in order to 

prepare and respond adequately. This should involve both local and national 

institutions. 

 

Epidemiology as the source for clinical care and diagnostics 

For clinical practice, it is challenging to continuously select the right sample, the right 

test, the right patient and the right time frame, particularly for emerging pathogens. 

These decisions rely on available diagnostic, clinical and epidemiological information to 

shape the case definition. Using this information to direct the most appropriate route 

for infection management, is the essence of diagnostic stewardship [5]. Routine 

diagnostic data could be gathered and shared in a more comprehensive and rapid way, 

resulting in more accurate and up-to-date epidemiologic data.  

Importantly, dissemination of data between and within European countries is highly 

challenging due to financial and geographical variation, as well as differences in health 

policies. The ECDC has been established in 2005 to coordinate Europe-wide surveillance 

and control of communicable disease. However, several limitations regarding infectious 

disease surveillance have been reflected upon before, already in 2008 [6]. We share 

these concerns, adding that they are still relevant today. Without having centralized 

European reference laboratories, the ECDC relies on information provided by university 

hospitals and research institutions, which they also recognise in their long-term 

surveillance strategy 2014–2020 [7]. A recent example is the EV-D68 outbreak in 2014, 

reflecting a close collaboration within the European Society of Clinical Virology [8]. The 

informal but rapid type of collaboration and communication shown here, is particularly 

important when little is known about the prevalence, which also varies between 

countries. The low number of initial reported cases has led to an underestimation of the 

real burden of disease [9].  

During outbreaks of persistent or well-known pathogens, like during the 2007 multi-

country outbreak of Salmonella typhimurium DT104 in Denmark and the Netherlands, 

there were well established channels for international communication [10]. This ranged 

from local initiatives such as Enter-net and Salm-gene (databases comprised of lab 

results with epidemiological information and background levels), which were rapidly 

disseminated to all relevant parties [11] right through to formal communication such as 
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the Early Warning and Response System (EWRS) of ECDC [12]. Networks across several 

clinical disciplines can take responsibility for the sharing of diagnostic and 

epidemiological information, although often based on individual initiatives.  

Questions also frequently arise whether diagnostics should be performed for diseases 

without effective treatment options. In general, for respiratory diseases more attention 

is given to influenza and RSV, since both can be treated in an acute setting. However, 

the outcome of respiratory diagnostics is always informative, including results for 

pathogens that cannot be treated at this point in time, or results that are negative. 

Diagnostics are not only crucial for treatment, but also for clinical awareness, patient 

management, infection control, as well as epidemiological purposes e.g. to track trends 

and link specific clinical presentations to a specific pathogen, to make risk assessments. 

Furthermore, diagnostics could rule out pathogens, which helps to optimize therapy, for 

example ceasing antibiotic treatment if a viral pathogen is detected. 

 

The current diagnostic network 

Despite international efforts have been made to strengthen infectious disease 

surveillance in Europe for many decades, individual countries, as well as the responsible 

national and international institutions are still unable to optimally use and share 

microbiological data. The challenge is to organise a closer cooperation that invites 

stakeholders across clinical, diagnostic and (public health) epidemiology institutions to 

share information in a prospective and proactive manner. As long as there are no 

centralized European reference laboratories, local initiatives are important for 

diagnostic laboratories, to be beneficial for the individual patient. As with EV-D68, it 

takes effort to involve this large group of stakeholders. Nevertheless, rapid, translational 

communication and data sharing between patient care, diagnostic and public health 

institutions could be established. Many different networks exist within the healthcare 

system, and each stakeholder has its own perspective and responsibility (and interest), 

which is essential for determining patient outcome. Therefore, we have elaborated on 

the stakeholders and how data is communicated within these networks (Fig. 1). As 

mentioned before, there is a strong connection between diagnostic laboratories and 

clinical care providers, who are the direct link to the patients. The connection between 

diagnostic laboratories and public health institutions is present, but often only in one 

direction initially. Diagnostic information is used for epidemiological purposes, but in 

many cases this is not being used in real-time to directly assist patient care, particularly 

when regarding lesser known pathogens.  
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Figure 1. Microbiology diagnostic network. Arrows representing the interactions between 

stakeholders including the direction. The more arrows the more interaction. 

The patient remains the most important stakeholder. When a patient visits a clinical 

care provider, a rapid and accurate diagnosis is crucial for their recovery as well as for 

the impact on them and their family. Clinical care providers are their first and often only 

point of contact. Clinical laboratories are the link to the clinical care provider by 

developing and performing diagnostic tests: Diagnostic Stewardship. Results of routine 

diagnostics are used to guide treatment for the recovery of the patient: Antimicrobial 

Stewardship. In addition to this, diagnostics could also assist patient management to 

prevent further infections: Infection Prevention Stewardship. All together, they 

comprise the concept of AID-stewardship, as described before [5]. However, there is no 

real-time link to epidemiological data, specifically the feedback of epidemiological data 

into diagnostic practices in the case of an emerging pathogen. This should contain 

detailed knowledge on circulating pathogens, which allows health care providers to 

anticipate on the current situation by means of prevention strategies and diagnosis. 

 

Perspectives based on current networks and initiatives 

With this position paper, we envision a closer and stronger connection of information 

generated by clinical care providers (clinical data), clinical laboratories (diagnostic data) 

and public health institutes (epidemiological data). As shown in Fig. 1, the diagnostic 

parties are the link in this spectrum, and could therefore act as the designated 

stakeholder to take the lead and act proactively within this network. As clinical 

laboratories continuously generate diagnostic data, they could assess rather quickly 

whether an emerging pathogen is present, or if there are fluctuations in persistent 

pathogens such as changes in baseline prevalence, susceptibility or pathology. 
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Subsequently, data can be shared with other stakeholders, for example university 

hospitals, regional diagnostic centres for infectious diseases and public health institutes 

on a weekly or biweekly basis, to create a feedback loop of information.  

To reach such a situation, there is one crucial condition needed: real time reporting and 

sharing of epidemiological information by (National and International) laboratories. 

These institutes should act together as a focus point for communicating their collected 

diagnostic information. Of course, the delay in the availability of information, as well as 

privacy concerns may complicate data sharing. It is also difficult to implement frequent 

reporting or to manage emerging outbreaks in a multi-country setting, knowing that the 

diagnostic capacity is different and often difficult to perform in the European countries. 

Indeed, determining the exact burden of an emerging pathogen is particularly difficult; 

this can be due to low circulation generally in the community or to inadequate testing, 

fueling a vicious cycle of low numbers found. Current (rapid) risk assessments still have 

a retrospective character, rather than prospective. This kind of communication does not 

reach clinical care providers, and will therefore not help the field move forward during 

rapid upsurges.  

Epidemiological data should also be more easily accessible and manageable. A good and 

visual example is the HealthMap Initiative, developed by a group of researchers, 

epidemiologists, and software developers at the Boston Children’s Hospital [13]. 

HealthMap monitors outbreaks and other public health threats by accumulating online 

informal health information. Visitors can immediately select a country to see the latest 

news in that region. The data can be as recent as 24 h and is accessible to everyone. The 

downside is that HealthMap depends on news sites to share the information first. Similar 

open access, custom web-based platforms are available as well, for instance nextrain.org 

[14]. It would be beneficial to have the diagnostic data available on a similar public 

database directly. A further example of an existing public database is MSIS, the 

Norwegian Surveillance System for Communicable Diseases. By law, clinicians must 

report from a list of nearly 70 notifiable diseases which then would be made publicly 

available online [15]. Furthermore, tools are available on the website to make your own 

tables and perform statistics, however it does note that there can be delays in reporting. 

EPIS (Epidemic Intelligence Information System) by the ECDC, offers an online platform 

for public health experts, nominated by EU Member States, to communicate and to 

determine the impact of current and emerging threats [16]. Additional platforms offered 

by the ECDC include EWRS and tESSY. However, this content is not accessible for all 

routine diagnostic parties, which delays the sharing of useful information. Furthermore, 

these databases only address diagnostic results and can be outdated, even for years. 

Ideally, some general clinical and epidemiological information should be included as 
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well, to accurately estimate the severity of the threat. On the diagnostic side, even when 

only looking at respiratory viruses, many initiatives to share data do exist. For example, 

the RespVir network [17] based in Germany and TypeNed [18] in the Netherlands. In the 

United States, the CDC provides a clear view on recent influenza activity on both 

national and state level, which is publicly available [19]. Finally, also commercial 

partners of syndromic point-of-care systems are already implementing online databases, 

where diagnostic results are uploaded in real-time, e.g., www.syndromictrends.com or 

www.rsvalert.com [20,21]. These initiatives are good examples which show that it is 

possible to utilise data in an optimal manner. 

 

The take home message 

Driven by local initiatives, responsibility should be taken collectively to structurally 

create symbiosis between patient care, diagnostics and public health epidemiology. 

Interdisciplinary dissemination of relevant diagnostic, epidemiologic and clinical 

information should be used for epidemiological analysis in real time, which in turn can 

be used by diagnostic laboratories to be beneficial for the individual patient. Diagnostic 

laboratories should routinely share data to public health institutes in a timely manner, 

while these institutes should make that data available and accessible in real-time for the 

relevant diagnostic laboratories and clinical care providers. This system could be 

accessed to visualise trends and will be instrumental for preparedness and outbreak 

response. Additionally, the available data should preferably be combined with clinical 

information, since this adds relevance to the diagnostic data. After all, a single detection 

with a unique clinical presentation can already have a significant impact. In conclusion, 

all involved stakeholders share the responsibility to ensure that the available diagnostic, 

epidemiological and clinical information reaches its full potential. Translation, 

communication and interpretation between disciplines is essential in advancing 

healthcare. A prerequisite for this is that the responsible European institutions need to 

add more pathogens to their portfolio. By making use of the numerous advanced 

technologies (e.g., artificial intelligence, data mining, machine learning) that are 

currently available, we should be able to predict future trends and understand more 

about transmission routes and pathology, particularly in emerging pathogens. A strong 

European surveillance network should after all be beneficial for the most important 

stakeholder: the patient. 
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Abstract 

Current molecular detection methods for single or multiplex pathogens by real-time 

PCR generally offer great sensitivity and specificity. However, many infectious 

pathogens often result in very similar clinical presentations, complicating the test-order 

for physicians who have to narrow down the causative agent prior to in-house PCR 

testing. As a consequence, the intuitive response is to start empirical therapy to treat a 

broad spectrum of possible pathogens. Syndromic molecular testing has been 

increasingly integrated into routine clinical care, either to provide diagnostic, 

epidemiological or patient management information. These multiplex panels can be 

used to screen for predefined infectious disease pathogens simultaneously within a 1 h 

timeframe, creating opportunities for rapid diagnostics. Conversely, syndromic panels 

have their own challenges and must be adaptable to the evolving demands of the clinical 

setting. Firstly, questions have been raised regarding the clinical relevance of some of 

the targets included in the panels and secondly, there is the added expense of integration 

into the clinical laboratory. Here, we aim to discuss some of the factors that should be 

considered before performing syndromic testing rather than traditional low-plex in-

house PCR. 

 

Introduction 

Innovations to improve rapid diagnostics for infectious diseases are essential to patient 

care. Traditional molecular singleplex tests involve the detection of one pathogen from 

a patient sample; these tests provide an affordable, rapid approach to answering a 

diagnostic question. However, the increasing demand for high-throughput tests that can 

detect a greater number of pathogens has propelled multiplex testing to the forefront of 

routine diagnostics [1-2]. Syndromic molecular panels are used to screen for predefined 

(pathogen) targets associated with a particular syndrome, most commonly for 

respiratory, gastrointestinal (GI), neurological or sexually transmitted disease 

presentation (Tables 1-4). Multiplex panels, which allow for the simultaneous detection 

of multiple targets (usually more than five pathogens), can provide a rapid diagnosis and 

inform patient management strategies [3]. Several syndromic panels are currently on the 

market for upper respiratory tract infections, pneumonia, gastroenteritis, 

meningitis/encephalitis, sepsis and sexually transmitted infections [3-6]. However, 

these syndromic panels have some disadvantages. They are more expensive than 

singleplex tests and the clinical relevance of some targets included in these broad panels 

has been questioned; firstly, in regard to whether broad screening should be restricted 

to specific patients, and secondly, making the point that the disease prognosis of many 

pathogens is still unknown [7-8]. As syndromic testing becomes more integrated into 
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routine virology, it is important to acknowledge the factors that drive its application 

instead of traditional singleplex or low-plex (fewer than five targets) testing. This paper 

discusses some of the important factors to consider before performing syndromic 

testing. 

 

Table 1. Available syndromic respiratory panels 

Targets 
BioFire RP 
2.1* 

QIAstatDx 
RP V2* 

NxTAG 
RPP* 

Verigene ePlex RP2 

Adenovirus x x x x x 

CoV-NL63 x x x  x 

CoV-2229E x x x  x 

CoV-HKU1 x x x  x 

CoV-OC43 x x x  x 

Human bocavirus  x x   

HMPV x x x x x 

Influenza A x x x x x 

Subtype H1 x x x x x 

Subtype H3 x x x x x 

Subtype H1N1/2009 x x   x 

Influenza B x x x x x 

Parainfluenza 1 x x x x x 

Parainfluenza 2 x x x x x 

Parainfluenza 3 x x x x x 

Parainfluenza 4 x x x x x 

RSV x x    

RSV A   x x x 

RSV B   x x x 

Rhinovirus/Enterovirus x x x x x 

SARS-CoV-2 x x x  x 

Bacteria targets      

Bordetella pertussis x x  x  

Bordetella parapertussis x   x  

Bordetella holmesii    x  

Chlamydophila pnumoniae x  x  x 

Legionella pneumophila  x    

Mycoplasma pneumoniae x x x  x 

Platform 
FilmArray 
system 

QIAstat-Dx 
Luminex 
Magpix 

Verigen 
system 

ePlex 
System 

Company 
BioFire/bio
Merieux 

QIAGEN LUMINEX LUMINEX GenMark 

Targets in panel 22 22 21 16 21 

Throughput 
Low- 
Medium 

Low High 
Low- 
Medium 

Low- 
Medium 

Time to result 45 min 70 min 4 h 2 h 3.5 h 

*Most recent panel, includes SARS-CoV-2, HMPV: human metapneumovirus, RSV: respiratory 
syncytial virus 
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Table 2. Available gastrointestinal panels 

Targets BioFire GI 
QIAstatDx 
GI 

Luminex 
GPP 

Verigene EP 

Campylobacter species x x x x 

Clostridium difficile 
(tcdA/tcdB) 

x 
x x  

Escherichia coli O157 x x x  

Enterotoxigenic E. coli x x x  

Enteropathogenic E. coli x x   

Enteroaggregative E. coli x x   

Salmonella species  x x x 

Plesiomonas shigelloides x x   

Shiga toxin-producing E. coli 
(stx1-stx2) 

x x x x* 

Shigella species/enteroinvasive 
E. coli 

x x x x 

Vibrio species x   x 

Vibrio cholerae x x x  

Vibrio parahaemolyticus  x   

Vibrio vulnificus  x   

Yersinia enterocolitica x x x x 

Viruses targets     

Norovirus x  x x 

Norovirus GI  x   

Norovirus GII  x   

Rotavirus A x x x x 

Astrovirus x x   

Adenovirus F40, F41 x x x  

Sapovirus x x   

Parasites targets     

Cryptosporidium species x x x  

Entamoeba histolytica x x x  

Giardia lamblia x x x  

Cyclospora cayetanensis x x   

Platform FilmArray system QIAstat-Dx 
Luminex 
Magpix 

Verigen 
system 

Company BioFire/bioMerieux QIAGEN LUMINEX LUMINEX 

Targets in panel 22 24 15 9 

Throughput Low- Medium Low 
Low- 
Medium 

High 

Time to result  < 1 h 1 h  2 h 

* stx1-stx2 are separate targets 
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Table 3. Available meningitis panels 

Targets BioFire ME 

Escherichia coli K1  x 

Haemophilus influenzae  x 

Listeria monocytogenes  x 

Neisseria meningitidis  x 

Streptococcus agalactiae  x 

Streptococcus pneumoniae x 

Viruses targets  

Cytomegalovirus (CMV)  x 

Enterovirus x 

Herpes simplex virus 1 (HSV-1)  x 

Herpes simplex virus 2 (HSV-2)  x 

Human herpesvirus 6 (HHV-6)  x 

Human parechovirus x 

Varicella zoster virus (VZV) x 

Yeast targets  

Cryptococcus neoformans/gattii x 

Platform FilmArray system 

Targets in panel 14 

Throughput Low- Medium 

Hands on time < 5 min 

Time to result 1 h 

QIAstat-Dx Meningitis/Encephalitis and the central nervous system panel (CNS)  
from GeneMark Dx are in development. 

 
Table 4. Available sexually transmitted infections panels 

Targets Xpert® CT/NG 

Chlamydia trachomatis  x 

Neisseria gonorrhoeae x 

Treponema pallidum  

Mycoplasma genitalium  

Mycoplasma hominis   

Ureaplasma urealyticum   

Haemophilus ducreyi  

Viruses targets  

Herpes simplex virus 1 (HSV-1)  

Herpes simplex virus 2 (HSV-2)   

Human immunodeficiency virus  

Human papillomavirus  

Protozoa targets  

Trichomonas vaginalis   

Platform Xpert 

Targets in panel 2 

Throughput Low- Medium 

Hands on time < 5 min 

Time to result 90 min 
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Factors to evaluate before performing syndromic testing 

Factor 1. Quality of the syndromic panel 

Quality, which is linked to diagnostic validity, is arguably the most important aspect of 

any diagnostic test. An inaccurate test has the potential to undermine patient safety and 

affect patient management, particularly if a result is believed to be a false negative or a 

false positive. Therefore, the accuracy and clinical utility of each molecular test assay is 

tested prior to its use for diagnostic purposes. For clinical purposes, this involves 

consideration of critical measurements such as sensitivity, specificity and limit of 

detection [8]. Sensitivity of a diagnostic test is defined as the proportion of positive 

samples that are correctly identified as positive related to disease, while specificity is the 

proportion of negative samples that are correctly identified as negative. 

The number of syndromic panels available and the number of targets within each panel 

are increasing; as a result, it is important to recognize that the sensitivity and specificity 

of the same target within each assay may vary. For example, the FilmArray ME reportedly 

offers a 94.2% overall sensitivity and 99.8% specificity; however, it performs poorly in 

detecting Cryptococcus neoformans and Cryptococcus gattii, with 52% sensitivity and 

80% specificity [5]. Such variations in sensitivity and specificity within an assay can 

impact clinical accuracy. For example, in an ICU ward with 100 patients and a SARS-

CoV-2 prevalence of 60%, an assay with 90% sensitivity and 95% specificity for the 

SARS-CoV-2 target would yield false negative results for six patients. These false 

negative results could lead to an increase in nosocomial transmission. Additionally, 

three patients would have a false positive result that could lead to unnecessary isolation. 

Another important measure to consider is the limit of detection, or analytical limit, 

which determines the lowest pathogen load that will still be detected reliably. As 

syndromic panels are developed by various companies, each panel may have a different 

approach for each target, different subtypes for a target, or even a different selection of 

targets. Such variability may pose challenges when attempting to compare analytical 

sensitivity data, as inter-platform differences can greatly impact interpretation of 

results. Additionally, given the greater number of viral targets and improvements in 

turnaround time, this could also lead to a reduction in sensitivity [3,9,10]. International 

standards and external quality assurance, such as that organized by Quality Control 

Medical Diagnostics (QCMD, Scotland), can help mediate inter-platform differences. 

Regulators can also assist with investigating and collecting information on viral load 

distribution of different pathogens. Investigating the limit of detection and viral load 

distribution of pathogens of interest can also help provide valuable information about 

clinical relevance and what results to expect. Figure 1 depicts the average viral load, 
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which is represented by the cycle threshold (Ct) value, (Ct values) from a broad 

spectrum of respiratory viruses at the University Medical Centre Groningen from 2015 

to 2020. While influenza B virus and respiratory syncytial virus (RSV) generate high 

viral loads, on average, parainfluenza type 2 virus and CoV-OC43 generate low viral 

loads. It should be noted that viral load does not necessarily correspond to disease 

severity; a relatively high viral load for one virus may be a normal viral load for another 

virus. 

 

Figure 1. Distribution of cycle threshold (Ct) values of detected respiratory viruses at the 

University Medical Center Groningen from 2015 to 2020. Inf A, influenza A virus. 

The sample matrix should also be considered when evaluating clinical relevance and 

determining the limit of detection. For example, the detection of an adenovirus with a 

high viral load in a respiratory sample may have a different clinical relevance and 

subsequent clinical management to the detection of an enterovirus with a low viral load 

in a CSF sample. Thus, viral load may be relevant depending on the pathogen and 

population being tested (e.g. paediatric versus haematology transplant patients). More 

research is needed to evaluate the accuracy of different syndromic panels in specific 

sample matrices and various patient populations. However, finding a sufficient number 

of clinical cases to test could take a substantial amount of time. The test failure rate is 

another aspect of quality that should be considered. While the failure rate of a test is 

difficult to examine specifically, tests should ideally have low failure rates. Breakdowns 

of diagnostic devices can severely interfere with a laboratory’s ability to maintain high 

throughput of patient samples. 
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Ensuring the quality of syndromic testing 

A good method that is used routinely for evaluating the quality of syndromic testing is 

simply to retest—using the relevant syndromic platform - a large selection of patient 

samples that have already been tested with in-house methods. Testing sensitivity and 

specificity using patient material is a reliable way to assess potential clinical benefit; 

however, questions remain about the acceptable thresholds for these two factors. For 

instance, a short study by Rhoads et al. [11] in 2020 comparing the DiaSorin Simplexa 

(DiaSorin, Saluggia, Italy), the Abbott ID Now (Abbott, Chicago, IL, USA) and a modified 

CDC assay found a positive percent agreement (PPA) of 94%, 96% and 100% for the 

Simplexa and ID Now and CDC assay, respectively. While these assays clearly perform 

well, high PPA does not entirely preclude the possibility of false-negative results. For 

example, when treating organ transplant patients in a hospital, false negatives are 

unacceptable and potentially dangerous owing to the weakened immune systems of 

these patients. 

Additional quality factors to consider before buying or applying syndromic platforms 

and panels in medical laboratories include laboratory requirements related to quality 

and employee competence, as well as the in vitro diagnostic medical devices (IVD) 

classification guidelines [12]. While it is true that IVD medical devices, such as 

syndromic platforms, provide analytical solutions capable of withstanding pre- and post-

analytical evaluations for the detection of several pathogens, future CE-IVD decision-

rules may require separation of targets or implementation of different workflows [12]. In 

this case, workflows would need to match the IVD’s risk according to developed decision 

trees generated by ruled-based systems rather than prescriptive systems [12]. Thus, 

considering that IVDs intended for serious transmissible diseases (e.g. HIV, SARS and 

syphilis) and at-risk groups (e.g. pregnant women, newborns) may have different risk, 

the question of how to incorporate such diseases or risk groups in syndromic panels 

remains. 

Limitations in the quality of syndromic testing 

Compared with in-house real-time PCR methods, syndromic tests usually have higher 

limits of detection, which can potentially lead to false-negative results [13]. This could 

be due to the difficulty in designing commercial syndromic tests that are equally 

efficient for a greater number of targets, within a single PCR thermal protocol. 

Alternatively, it could be due to a lower input volume of extracted material. In either 

case, when choosing a commercial syndromic test, quality is largely outside of a 

laboratory’s control. It is no longer possible for the end users of commercial tests to 

redesign the primers and probes to accommodate new strains or to re-evaluate thermal 

protocols due to apparent inefficiencies. Additionally, geographical variation between 



Chapter 3: Syndromic molecular testing for clinical care 

43 
 

3 

continents must be considered. For example, HIV-1 has a high circulation in North 

America and Europe, while HIV-2 has a higher circulation in (West) Africa [14]. If primer 

sequences were made available, they could potentially be adapted to account for such 

geographic variations. 

In cases of novel strains, such as influenza A virus (H1N1pdm2009), the use of singleplex 

or low-plex tests to confirm their presence or absence might be more rapid and reliable 

than syndromic panels, which do not allow for much variation in the target organism 

[15]. Additionally, in-house tests may be better suited to larger outbreak settings, given 

their capacity for higher throughput. Conversely, it could be argued that syndromic 

panels are ideally suited for small outbreak settings, where all results can be confirmed 

with in-house microbiological assays to ensure no false-positive or false-negative errors 

occur.[16] For instance, in a hospital ward outbreak, it may be more important to have 

a rapid turnaround time to results than perfect testing accuracy, as long as testing 

accuracy does not drop below an acceptable range. The acceptable range for testing 

accuracy may be determined by each institution or on a per-case basis. 

 

Factor 2. Turnaround time of the syndromic panel 

Turnaround time (TAT) is an important factor in the selection of a syndromic test, 

particularly if time is in short supply. TAT is defined as the time it takes between 

processing the sample for testing and obtaining the result from the device. A major 

selling point for commercial syndromic tests is short TAT (e.g. ≤1 h) and low hands-on 

time. Decreased hands-on time reduces the potential for human error during sample 

processing and extraction that is inherent during in-house targeted PCR tests. Rapidly 

identifying the causative agent not only enables optimized therapy, but also provides 

information on how best to accommodate the patient, thus reducing overcrowding for 

unnecessary isolation and limiting the spread of infection [16,17]. Considering the time-

consuming nature of in-house PCR (approximately 4–5 h, depending on the number of 

samples), the shorter TATs of syndromic tests are key for enabling these optimizations. 

A rapid TAT can also have a significant impact on hospitalization and treatment costs, 

both for patients and for hospitals [18,19]. For instance, one study found that the 

implementation of a syndromic panel (Luminex GPP) decreased yearly costs by £66  765 

through a reduction of the number of isolation days for hospitalized patients from 2202 

to 1447 days [18].  

TAT and throughput go hand in hand. While syndromic panels have faster turnover 

times, time per sample can vary. Additionally, while an in-house low-plex PCR test takes 

approximately 5 hours (for 48 samples) from sample processing to result interpretation, 

a syndromic panel can only test a limited number of samples per hour, depending on 
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the specific syndromic panel. Therefore, it is important to consider both the patient 

population being tested and the diagnostic costs of implementing the syndromic panels, 

extraction platforms and thermal cyclers [20-22]. For instance, Goldenberg et al. 

[18] report an initial start-up cost of £22 283 following implementation of the Luminex 

GPP syndromic assay. 

Challenges related to turnaround time 

While shorter TATs are certainly a useful feature of syndromic tests, TAT is not the only 

factor that determines how quickly patients receive test results. A more holistic 

measurement of test rapidity would be a measure of the time between sample collection 

and the availability of results to providers and patients. For instance, if sample collection 

takes 2 h due to crowded waiting rooms during influenza season, the relevance of 

reducing a test’s TAT by 15 min could be questioned. Nevertheless, if the testing policy 

is adapted to accommodate these rapid syndromic panels, TAT may be highly relevant. 

Poelman et al. [16] published a new clinical pipeline that integrated sample collection 

into the workflow. Patients in the study were sampled as soon as they entered the 

hospital during the 2019 respiratory season. The subsequent results of the syndromic 

test were made available by the time the patient left the emergency department in 89% 

of cases [16]. Having this information ready when the patient leaves the emergency 

department is a great advantage during a respiratory season or even in an outbreak 

scenario, particularly when a limited number of isolation beds are available. 

While the costs of syndromic testing are considered a challenge, the cost of the whole 

procedure, from sample preparation to result interpretation and patient management, 

should be considered. For example, the use of syndromic testing and the associated 

reduction in TAT could lead to a reduction in unnecessary therapies, such as dispensing 

antibiotics or isolation. Soucek et al. [23] reported no difference in the total cost 

(including testing and treatment) between the recently implemented BioFire 

meningitis/encephalitis panel ($239.14) and in-house PCR testing ($239.63). In this case, 

the cost of testing per patient was compensated by the reduced antimicrobial intake 

[23]. Dik et al. [24] describe a cost/benefit approach, referred to as the ‘€hr concept’, 

that calculates the overall cost in relation to TAT by multiplying the overall cost (€) and 

turnaround time (h). Analysis using the €hr concept can demonstrate the cost 

effectiveness of implementing a syndromic test in an emergency room during a 

respiratory season. The clinical and economic impact of implementing large panels has 

also been investigated previously [4]. In a study by Subramony et al. [25] in 2016, 

inpatients in a hospital were less likely to have antibiotic treatment and chest 

radiographs and more likely to have an additional 2 days of isolation following the 

introduction of a syndromic panel. TAT is also an important factor when considering 
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diagnostic stewardship, an initiative which aims to provide a reliable and beneficial 

result within an optimal timeframe. 

 

Factor 3. Number of targets of the syndromic panel 

Testing for viruses based on availability of treatment options 

It may be important to consider whether it is appropriate to use a syndromic panel only 

to test for viruses for which there are treatment options available. Although most viral 

infections are self-limiting, some go on to cause severe morbidity, which can result in 

greater burdens both in hospital settings and in communities. A limited number of 

viruses have some treatment options available, including influenza virus, HIV, herpes 

simplex virus 1 and 2, hepatitis virus and RSV. In these cases, antivirals can be 

administered directly to the patient as a specific treatment management option. Some 

studies have shown the advantage of testing only for viruses where a viable treatment 

option is available [26]. Other studies have suggested that laboratories test for influenza 

virus and RSV first then perform broader testing if samples are negative to reduce costs 

for the patients. This can be particularly effective if an outcome-based reimbursement 

system is in place [27]. Some have argued that diagnostic assays should have a clinical 

endpoint: i.e., that a test result should have a direct impact on patient management 

decisions or be epidemiologically relevant. This argument suggests that testing only for 

viruses such as influenza virus or RSV would be more cost- and time-effective. Thus, it 

could then be argued that singleplex or small targeted assays could provide attending 

clinicians with a more straightforward answer to therapeutic questions,[7] provided the 

results are given in an optimal therapeutic time frame. 

While confirming the presence of therapeutically relevant viruses is advantageous, in 

cases where a negative result is found, it may lead to the use of unnecessary antibiotics 

if no other viral target is tested. Indeed, one study found that following testing with a 

broad syndromic panel, rhinoviruses and enteroviruses were the viruses found most 

frequently in patients with exacerbation of airway disease [26]. As a result, patients in 

this study who received broad syndromic panel testing were more likely to discontinue 

unnecessary antibiotics compared with those who received influenza virus and RSV 

testing alone. This finding was echoed by another study, which found that 43% of viruses 

detected in respiratory samples through an in-house multiplex PCR were either an 

enterovirus or rhinovirus [28]. Furthermore, it could be argued that to make the most 

appropriate therapeutic decision for a patient, all information relevant to the patient’s 

clinical problem should be made available. By this rationale, a broader syndromic panel 

may be appropriate to help to achieve diagnostic stewardship by guiding treatment and 

providing resolution, both for the patient and the attending clinician [4].  
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Implications of testing for multiple targets simultaneously 

Respiratory infections typically have very similar clinical presentations, making them 

nearly impossible to distinguish without molecular testing [29]. Similarly, it is difficult 

to attribute gastrointestinal and neurological infections to a single specific viral 

pathogen. One of the most well-established advantages of syndromic testing is its 

capacity to detect the presence of multiple potential pathogens simultaneously using a 

single sample. This application of rapid diagnostics can expedite the implementation of 

the most appropriate patient management strategy. Whether such strategies include 

antibiotic management, patient isolation or discharge, the use of rapid diagnostics may 

lead to a reduction in the number of hospital stays. Another important benefit of testing 

multiple targets simultaneously with a single sample is that continuous sample 

collection is not required. This is especially valuable with respect to sample collection 

processes that are particularly uncomfortable for patients, such as the collection of CSF 

and nasopharyngeal swabs. Patient discomfort may lead to reluctance to undergo 

further testing and should thus be minimized [4].  

Despite its advantages, the ability to detect multiple targets does not necessarily 

translate into clinical relevance [4]. Indeed, not all viruses identified can necessarily be 

associated with the clinical presentation. While some viruses have a direct implication 

in patients, other viruses may be classified as an innocent bystander, with another 

pathogen determined as the causative agent. Furthermore, it could be argued that 

finding a rhinovirus with a low viral load is unlikely to have a high clinical relevance 

[30]. At the same time, a negative result or a low viral load can provide important 

information by informing the clinician that the patient does not have a serious viral 

infection, as well as providing information about the distribution of viral loads within a 

patient population. For example, the viral load distribution of cytomegalovirus (CMV) 

may be different between transplant patients and paediatric patients. Additionally, only 

collecting one sample type to screen for a broad spectrum of pathogens could result in 

sensitivity challenges. Certain sample material is more compatible with specific viral 

targets: for example, in lower respiratory tract infections, a bronchoalveolar lavage 

might be most efficient, whereas in upper respiratory tract infections, a nasopharyngeal 

swab might be more appropriate. Furthermore, while nasopharyngeal swabs have been 

found to be more sensitive for influenza viruses, a perinasal swab has been 

recommended for other viruses, such as parainfluenza viruses 1 to 4 [31].  

Although some targets may not be directly relevant to patient management, using 

syndromic panels to collect data regarding background viral circulation within a hospital 

may provide valuable infection and control information. This was demonstrated during 

the global enterovirus D68 (EV-D68) outbreak in 2014 [32]. Following an increase of 
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severe respiratory infections and acute flaccid myelitis, primarily in children, a link was 

established with an increase in enterovirus detections. 

The broad nature of syndromic panels allows the wider detection of viruses that could 

have a new or rare pathogenicity or seasonality. Conversely, there is now a specific EV-

D68 PCR test that can be used to screen for EV-D68 during the summer/autumn seasons 

[33]. This type of singleplex test can be crucial in rapidly targeting pathogens that may 

lead to significant patient morbidity. In order to track trends and provide information 

on virus circulation patterns, some platforms have implemented online systems that 

aggregate and present the results from their syndromic panels. For example, information 

generated by the BioFire FilmArray is uploaded onto BioFire Syndromic Trends, a cloud-

based network. Although this particular system is only available to BioFire users, the 

adoption of such services by more companies would greatly benefit public health. 

Generating data on the viruses that have been circulating over several respiratory 

seasons is particularly useful for tracking trends and predicting potential prevalence. 

Figure 2 represents data gathered on a broad range of respiratory viruses from 2014 

(week 26) to 2020 (week 36) by the University Medical Centre Groningen. 

 

Figure 2. Viral infections during the respiratory seasons 2014 to 2020 at the University Medical 

Center Groningen. The y-axis depicts the total number of infections attributable to the viruses 

listed in the key. The x-axis shows epidemiological weeks. hMPV, human metapneumovirus 

Implications of testing for all possible targets 

Within a patient population, there can be significant differences between pathogen 

prevalence, severity and seasonality [3]. Critically ill or immunosuppressed patients are 

more likely to have uncommon or rare infections, which can result in more-severe 

clinical syndromes [34]. Furthermore, pathogens can become relevant that were not 

previously considered to be so. For instance, in a patient who has recently undergone a 

stem-cell transplant, the detection of a rhinovirus with a low viral load could provide 

crucial information regarding the patient’s background health status e.g., potentially 
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indicating a reduction in immune response. In this scenario, the patient would benefit 

from broad syndromic panel testing. It can therefore be argued that broad syndromic 

panels should only be used if patients’ clinical background and presentation support the 

use of this type of testing [27]. With the number of targets increasing in panels, the 

clinical background is invaluable to guide the diagnosis and aid in addressing clinical 

questions. By this rationale, a test should offer added value to the patient, i.e., providing 

information for their diagnosis and improving their outcomes. 

Conversely, immunocompetent patients with self-limiting diseases may benefit from a 

more targeted panel [4]. Furthermore, the inclusion of rare pathogens in syndromic 

testing for all patients could result in an increase in false-positive results [3]. The 

creation of custom panels has been discussed previously and could help to account for 

differences within patient populations [3]. For example, paediatric or transplant patients 

might benefit from specifically tailored panels. Additionally, it could be argued that 

testing for pathogens should be guided by infection risk factors, such as cystic fibrosis 

and lung diseases. However, the sole use of custom panels might result in missing 

potential targets due to fluctuations within patient populations. Challenges might also 

arise in standardization, if such panels were customized by different institutes or 

hospitals [3].  

The costs of multiplex versus singleplex or low-plex panels should also be considered, 

given that the addition of multiple targets could result in insurance challenges or greater 

reimbursement costs [28]. One question relevant to this consideration is whether 

patients may be charged on the basis of their panel results (e.g., positive or negative 

results) [27]. The increased number of potential targets could lead to a clinically 

‘irrelevant’ positive result. In this case, syndromic testing might not be cost effective for 

a patient who only had incidental findings. An overview of the advantages and 

disadvantages of syndromic testing for each factor is provided in Table 5. 
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Table 5. Syndromic testing advantages and disadvantages 
Factor Advantages Disadvantages  

Quality Generates high volumes of data which 
can be used to access background 
distribution in specific patient groups 
and to help link clinical relevance 
  

Challenges in designing assays which allow 
for a greater number of targets within a 
single thermal protocol may result in 
reduced sensitivity  

Fewer freeze-thaw cycles impacting 
sample quality as multiple targets are 
tested simultaneously 

Inter-platform differences can impact 
interpretation of results 
 
Additional quality and employee 
competences 
 
Reduced flexibility for variation in target 
organisms 

Turnaround 
Time 

Low time-to-result and hands-on-time Limited number of samples per hour 
(lower throughput)  
 

Enables optimised and rapid patient 
management decisions  
 

TAT is still limited by sample collection 
time 

Provides fast answers to hospital ward 
outbreaks 
 
Relief for the patient and unnecessary 
treatment 
 
High initial implementation costs can 
be compensated by the reduction of 
unnecessary antimicrobials or isolation  

High 
number of 
Targets 

Reduced need for continuous sampling 
and further testing  
 

Most targets will not have any specific 
treatment options  

Provides the clinician with more 
clinical information to make an 
informed therapeutic decision 
 

Challenges in clinical relevance and 
pathogen association with disease 

Can detect pathogens which have a rare 
or new pathogenicity and seasonality 
 

A higher number of targets could increase 
the probability for false positive results  

Specific patient populations such as 
transplant recipients would benefit 
from a broad-spectrum panel 

Addition of multiple targets could result in 
insurance challenges or greater 
reimbursement costs 

 

Implications of why and where the testing is performed 

Performing molecular testing on clinical material is not only crucial for diagnostics, but 

also for public health and infection control, as demonstrated by the on-going COVID-19 

pandemic. As the administration of the SARS-CoV-2 vaccine is still in its early stages, 

infection prevention efforts such as tracking and tracing are imperative to reduce 

transmission. Situations can arise where a clinician may only want to know if the patient 

is positive or negative for SARS-CoV-2. If the patient has a negative result, then only 

epidemiological information would be collected. Further testing, if warranted, would 
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then need to be performed to confirm the causative agent for the patient’s clinical 

syndrome. There are various reasons for clinical testing, including: (i) to answer a 

therapeutic question and determine whether antivirals may be given; (ii) to answer a 

public health question and determine whether infection control measures should be put 

in place; and (iii) to answer a diagnostic question, such as determining the cause of a 

clinical syndrome. In any case, the reasoning for a clinical test must be clearly defined. 

Syndromic panels can allow the simultaneous detection of pathogens directly from 

patient samples to aid in answering a clinical question (most likely a therapeutic, public 

health or diagnostic query). In recent years, syndromic panels have been increasingly 

integrated into many clinical laboratories [27,35]. However, the cost of syndromic 

testing is an important limitation. As a result, broad syndromic panels and high 

throughput could be limited by laboratory capabilities, due the expense of syndromic 

testing, restricting their use to reference laboratories or university hospitals 

[27]. Conversely, smaller panels or singleplex tests may be favoured by laboratories with 

lower throughput capacities. 

 

Prospects for the future of syndromic testing 

Understanding the prevalence and clinical relevance of different viral targets is crucial 

to answering a clinical question. Similarly to traditional routine testing, diagnostic 

stewardship should be included in syndromic testing to ensure the most appropriate test 

is performed for the patient, along with timely results, to guarantee the most appropriate 

management decision.[14,36] Moreover, diagnostic stewardship has been shown to play 

a large role in addressing issues such as clinical relevance and providing guidance to help 

interpret results.[4] More research is needed, however, to understand the relationship 

between the quantity of virus and its clinical relevance in different patient populations, 

with more international standards being made available. Standardization of assays plays 

a crucial role in molecular diagnostics and in shaping future diagnostic pipelines such 

as syndromic testing. Efforts should be made to ensure that quantified control materials, 

external quality assurance (EQA) panels and data on clinical relevance are shared. 

Additionally, by sharing data generated by syndromic panels such as the BioFire 

FilmArray, we can support public health by providing updates on the prevalence and 

emergence of infectious disease targets in real-time. Although challenges have emerged 

in syndromic testing, as with all new technologies, it is crucial to continually discuss and 

assess new innovations for the future of clinical diagnostics. 
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Abstract 

Point-of-care syndromic panels allow for simultaneous and rapid detection of 

respiratory pathogens from nasopharyngeal swabs. The clinical performance of the 

QIAstat-Dx Respiratory SARS-CoV-2 panel RP2.0 (QIAstat-Dx RP2.0) and the BioFire 

FilmArray Respiratory panel RP2.1 (BioFire RP2.1) was evaluated for the detection of 

SARS-CoV-2 and other common respiratory pathogens. A total of 137 patient samples 

were retrospectively selected based on emergency department admission, along with 33 

SARS-CoV-2 positive samples tested using a WHO laboratory developed test. The limit 

of detection for SARS-CoV-2 was initially evaluated for both platforms. The QIAstat-Dx 

RP2.0 detected SARS-CoV-2 at 500 copies/mL and had a positive percent agreement 

(PPA) of 85%. The BioFire RP2.1 detected SARS-CoV-2 at 50 copies/mL and had a PPA 

of 97%. Both platforms showed a negative percent agreement of 100% for SARS-CoV-2. 

Evaluation of analytical specificity from a range of common respiratory targets showed 

a similar performance between each platform. The QIAstat-Dx RP2.0 had an overall PPA 

of 82% (67–100%) in clinical samples, with differences in sensitivity depending on the 

respiratory target. Both platforms can be used to detect acute cases of SARS-CoV-2. 

While the QIAstat-Dx RP2.0 is suitable for detecting respiratory viruses within a clinical 

range, it has less analytical and clinical sensitivity for SARS-CoV-2 compared to the 

BioFire RP2.1. 

 

Introduction 

Respiratory infections are a significant source of morbidity and mortality in hospitals 

and in the community, accounting for numerous hospital admissions every year (1,2). A 

major challenge is that respiratory infections, regardless of pathogen, often present with 

similar symptoms rendering an initial diagnosis difficult (3). A timely diagnosis is crucial 

for patient management, optimizing length of hospital admission, and preventing 

transmission. This is particularly important for the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) pandemic. In addition, a shorter length of stay (LOS) can 

reduce incidences of nosocomial infections and unnecessary antibiotic use (4,5). 

The need for rapid syndromic testing has led to the rise of multiplex real-time PCR 

systems which are highly automated and perform all steps in a self-contained device. 

Systems such as the BioFire FilmArray (BioMérieux, Marcy-l’Étoile, France), Xpert 

Xpress (Cepheid, Sunnyvale, CA, United States), ePlex (GenMark Diagnostics, Roche, 

Basel, Switzerland), VERIGENE (Lumine DiaSorin, Saluggia, Italy), and the QIAstat-Dx 

(Qiagen, Hilden, Germany) are frequently used for patients exhibiting more than one 

respiratory symptom (3,6). Screening for multiple pathogens simultaneously not only 
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contributes to improving diagnostic stewardship and minimizing antibiotic use, but also 

enables seasonal tracking and identification of less common respiratory pathogens (7). 

Prior to the SARS-CoV-2 pandemic, the University Medical Center Groningen (UMCG) 

had incorporated the BioFire Respiratory Panel (RP) RP2.0 into routine diagnostics. 

Integration of point-of-care (POC) tests like the BioFire aid the “€hr” concept, where 

cost per sample is multiplied by the total turnaround time (8). However, amplification 

data such as cycle threshold (Ct) values are not reported in the automatic output results 

(9). Therefore, semi quantitative and qualitative information which may be useful for 

patient management is missing. The QIAstat-Dx Respiratory SARS-CoV-2 panel RP2.0 

(QIAstat-Dx RP2.0) (Qiagen, Germany) and the BioFire FilmArray Respiratory panel 

RP2.1 (BioFire RP2.1) have recently emerged in the market, generating results from 22 

different respiratory targets, including SARS-CoV-2 in approximately 1 h (10). While the 

BioFire RP2.1 offers relatively quicker results (45 vs. 70 min), the QIAstat-Dx RP2.0 also 

offers direct introduction of the nasopharyngeal swab into the cartridge, reducing 

hands-on-time. Furthermore, the QIAstat-Dx RP2.0 also offers cycle threshold (Ct) 

values as an automatic output result, providing additional qualitative information and 

permitting further comparison with the laboratory developed test (LDT) (11). As the 

QIAstat-Dx and the BioFire are prominent platforms in the market, it is important to 

understand their strengths and weakness to ensure the quality of data collected. 

Continually evaluating and implementing new products for routine testing is crucial for 

diagnostics to move forward. The aim of the study was to compare the QIAstat-Dx RP2.0 

with the BioFire RP2.1 in relation to analytical specificity, analytical sensitivity and 

clinical sensitivity for the detection of respiratory pathogens. 

 

Materials and Methods 

Distribution of SARS-CoV-2 Positive Samples at the University Medical 

Center Groningen 

To establish an overall baseline SARS-CoV-2 viral load in the samples, the distribution 

of Ct values [which are highly associated with viral load (12)] from the SARS-CoV-2 RT-

qPCR were retrospectively collected from January 2020 to May 2021. A study list 

including Ct values from three different populations was generated using the laboratory 

information management system (GLIMS): patients, hospital workers, and individuals 

utilizing public health services. All three populations offered different clinical 

backgrounds and could benefit from rapid testing. 
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Patient Inclusion for Syndromic Testing 

A retrospective study was conducted in patients admitted to the UMCG during the 

2019/2020 respiratory season from the patient database system (EPIC) (Supplementary 

Tables 1, 2). Patients who presented with two or more respiratory symptoms, including 

a cough, cold, sore throat, fever, or a temperature above 38°C were included. A total of 

137 patient nasopharyngeal swabs (NPS) previously tested through the BioFire RP2.0 

(not including the SARS-CoV-2 target) (BioMérieux), were retrospectively selected 

based on emergency department admission and co-detections (two or more respiratory 

targets detected). Rapid testing is crucial in emergency departments, coupled with the 

fact that this hospital is a major transplant center and caters for patients likely to have a 

higher number of infections/co-infections (13). In total, single respiratory infections (n 

= 104), multiple respiratory infections (co-infections) (n = 16) and negative respiratory 

samples (n = 17) were included. All negative specimens were additionally tested on the 

SARS-CoV-2 LDT to confirm specimens tested negative on all available platforms. 

Patients ranged from 0 to 97 years of age. Additionally, 33 SARS-CoV-2 positive samples 

from patients (33–88 years) with a symptomatic SARS-CoV-2 infection, as determined 

by the patient database system (EPIC), were tested through the LDT between March and 

May 2020 and were included in the study. All samples included were anonymized and 

aliquoted to ensure no differences in the number of freeze-thaw cycles. Discrepant 

results were repeated if there was sufficient sample volume available. The local UMCG 

Ethics Committee approved this non-WMO study under the waiver “METc-2009.169.” 

Laboratory Developed Test (SARS-CoV-2) 

Real-time reverse transcriptase PCR (RT-qPCR) testing was performed on NPS by 

targeting the envelope gene (E-gene) of SARS-CoV-2 using a reference assay from the 

World Health Organization (14). Briefly, nucleic acids were extracted from 190 μL of 

sample using the NucliSense EasyMag (BioMérieux) and eluted in 110 μL. A total of 10 

μL of phocine distemper virus (PDV), which severed as an internal control (IC), was 

added prior to isolation (15). The TaqMan Fast Virus 1-Step kit (ThermoFisher Scientific, 

Waltham, MA, United States) was used along with 10 μL of extracted RNA to create a 

total reaction volume of 25 μL. The following PCR cycling conditions were performed 

on an ABI 7500 (Life Technologies, Carlsbad, CA, United States): 15 min at 50°C, 20 s at 

95°C, followed by 45 cycles of 5 s at 95°C, 5 s at 50°C, and 45 s at 60°C. Analysis of LDTs 

was completed using the 7500 System SDS Software (v1.4). 

Laboratory Developed Respiratory Screen 

A RT-qPCR respiratory screen previously implemented at the UMCG is routinely used 

to screen and provide Ct values for 16 respiratory targets: Influenza A virus, Influenza B 

virus, parainfluenza virus 1-4, human rhinovirus/enterovirus, coronaviruses OC43, 
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NL63, 229E, HKU1, respiratory syncytial virus A and B, adenovirus, bocavirus, and 

human metapneumovirus. Briefly, nucleic acids were extracted from 190 μL of sample 

using the NucliSense EasyMag (BioMérieux) and eluted in 110 μL. PDV severed as an IC. 

A multiplex RT-qPCR using the TaqMan Fast Virus 1-Step kit (ThermoFisher Scientific) 

was performed using 10 μL of each extracted viral RNA in a total reaction volume of 25 

μL (Supplementary Table 3). Amplification was performed on an ABI7500 (Life 

Technologies) with the following PCR cycling conditions: 2 min 50°C, 20 s 95°C, 

followed by 45 cycles of 3 s 95°C and 32 s at 60°C. To differentiate between a rhinovirus 

and enterovirus following the BioFire RP2.0 or respiratory screen, a RT-qPCR targeting 

the 5’NTR region was performed (see Supplementary Methods). 

QIAstat-Dx RP2.0 

Retrospective testing of the 170 NPS was performed using the QIAstat-Dx, according to 

the manufacturer’s instructions (Qiagen, Hilden, Germany). Briefly, 300 μL of the 

sample was transferred into the main port on the cartridge which was then loaded into 

the QIAstat-Dx. Amplification signals were analyzed with the QIAstat-Dx Analyzer 

v1.3.0. Results for each of the 19 viral and 3 bacterial targets (Supplementary Table 4) 

were generated within 70 min. In addition to including an IC, the QIAstat-Dx also 

generates Ct values as an additional qualitative measurement (16). The QIAstat-Dx panel 

targets two genes in SARS-CoV-2, the Orfb gene and the E gene, which are detected with 

the same fluorescence channel. 

BioFire RP2.1 

Retrospective testing of the 50 NPS (33 SARS-CoV-2 and 17 clinically negative samples) 

was performed using the BioFire, according to the manufacturer’s instructions 

(BioMérieux). Briefly, 300 μL of the sample was added to 3 mL of viral transport medium 

and loaded into the BioFire pouches. Results for each of the 18 viral and 4 bacterial 

targets (Supplementary Table 4) were generated within 45 min. For quality control, the 

BioFire has its own IC. The BioFire has three independent assays to detect SARS-CoV-2: 

two regions in the Orf1ab gene and one region in the ORF8 gene. 

Evaluating Sensitivity 

The analytical sensitivity of a diagnostic assay typically describes the lowest point at 

which the pathogen of interest can still be accurately measured (17). To evaluate the 

analytical sensitivity of the QIAstat-Dx RP2.0 and the BioFire RP2.1 for SARS-CoV-2, the 

Analytical Quality Control for Molecular Diagnostics Panel 01 (SCV2AQP01-A), 

containing digital PCR data (in digital copies/mL [dC/mL]) (Qnostics, Glasgow, United 

Kingdom) was used and compared with the SARS-CoV-2 LDT. 
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The clinical sensitivity of a diagnostic assay additionally takes into account factors such 

as sample collection and composition of patient material. To evaluate the SARS-CoV-2 

clinical sensitivity of the QIAstat-Dx RP2.0 and BioFire RP2.1, patient samples with a 

positive LDT detection were selected from a range of Ct values (Ct 13–32) and tested in 

duplicate. Clinical sensitivity of the QIAstat-Dx RP2.0 for single (n = 104) and multi-

infections (n = 16), other than SARS-CoV-2, from patient samples was additionally 

evaluated. These infections had been initially confirmed through the BioFire RP2.0. 

Only the QIAstat-Dx RP2.0 was investigated as it had not been previously implemented 

into diagnostics. Clinical sensitivity and the limit of detection (LOD) of the QIAstat-Dx 

RP2.0 was additionally explored for dual infections by creating artificial co-infections 

from common respiratory pathogens (see Supplementary Material). 

Evaluating Specificity 

The analytical specificity of a diagnostic assay measures the presence of off-target 

pathogens (17). To evaluate the analytical specificity and cross-reactivity, two Q control 

panels (RTX1-5QC01-A and B) from Qnostics containing a combination of common (and 

genetically similar) respiratory pathogens were tested using the QIAstat-Dx RP2.0, 

BioFire RP2.1, and LDT respiratory panel as a gold standard. To evaluate the clinical 

specificity, patient samples (n = 17) previously found negative on the BioFire RP2.0 and 

the SARS-CoV-2 LDT, were also evaluated in the QIAstat-Dx RP2.0 and the BioFire 

RP2.1. 

 

Results 

SARS-CoV-2 Positive Samples at the University Medical Center Groningen 

Between January 2019 and May 2021, a total of 86,076 samples were tested for SARS-

CoV-2 using the LDT (UMCG patients, UMCG workers or Public Health Service users). 

A total of 6,035 (7%) samples had a Ct range from Ct 10 to 44 (Figure 1). Although SARS-

CoV-2 Ct values were normally distributed, UMCG patients tended to have higher Ct 

values, with an average Ct value of 29 and a highest frequency at Ct value 34. SARS-CoV-

2 Ct values from UMCG workers remained constant with few peaks (average Ct value of 

28). Meanwhile, SARS-CoV-2 Ct values from the Public Health Service tended to be 

lower, with an average Ct value of 25. 
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Figure 1. Distribution of Ct values of SARS-CoV-2 positive patients from January 2020 to May 

2021 (n = 6,035). RT-qPCR was performed by targeting the E gene of SARS-CoV-2. UMCG patient 

Ct values also contain follow-up samples (in-patients and out-patients). The Ct values plotted 

included both symptomatic and non-symptomatic detections. Abbreviations: UMCG, 

University Medical Center Groningen; Ct, cycle threshold. 

 

Evaluating SARS-CoV-2 on the QIAstat-Dx RP2.0 and the BioFire RP2.1 

Analytical Sensitivity of SARS-CoV-2 

The analytical performance of the QIAstat-Dx RP2.0 and the BioFire RP2.1 was evaluated 

using the Analytical Q panel for SARS-CoV-2 (Table 1). The QIAstat-Dx RP2.0 was able 

to detect SARS-CoV-2 at 1000 dC/mL (Ct 30.6) in duplicate and 500 dC/mL (Ct 31.9) 

singly (Table 1). Meanwhile, the BioFire RP2.1 could detect SARS-CoV-2 at 50 dC/mL (Ct 

35) in duplicate and was comparable to the LDT (Table 1). Both platforms did not detect 

SARS-CoV-2 in the negative control. 

Table 1. Analytical sensitivity of the QIAstat-Dx RP2.0 and BioFire RP2.1 for SARS-

CoV-2  

QCMD analytical 
panel 

dC/mL 
LDT (Ct 
value) 

QIAstat-Dx RP2.0 (Ct 
value) 

BioFire RP2.1 

SCVA2AQP01-S01 1000000 21.9 29.9/29.6 Detected 
SCVA2AQP01-S02 100000 24.7 30.5/34.2 Detected 
SCVA2AQP01-S03 10000 27.9 32.5/35.7 Detected 
SCVA2AQP01-S04 5000 28.5 35.5/36.7 Detected 
SCVA2AQP01-S05 1000 30.6 36.2/35.7 Detected 
SCVA2AQP01-S06 500 31.9 33.5/ND Detected 
SCVA2AQP01-S07 100 34.3 ND Detected 
SCVA2AQP01-S08 50 35.0 ND Detected 

SCVA2AQP01-S09*1 - ND ND ND 

Abbreviations: Quality Control for Molecular Diagnostics; QCMD, digital copies; dC, LDT, 
laboratory developed test, Cycle threshold; Ct, not detected; ND. *1 Negative control. 
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Clinical Sensitivity and Specificity of SARS-CoV-2 

The performance of the QIAstat-Dx RP2.0 and BioFire RP2.1 were evaluated using SARS-

CoV-2 positive samples (n = 33) and clinically negative samples (n = 17), previously tested 

through the LDT. Overall, the sensitivity for the QIAstat-Dx RP2.0 and the BioFire RP2.1 

was 85 and 97%, respectively. Four samples tested on the QIAstat-Dx RP2.0 (Ct 22, 29, 

29 and 32) and one sample tested on the BioFire RP2.1 (Ct 23) was found negative, 

despite repeat testing. Additionally, two samples tested in the QIAstat-Dx RP2.0 had 

system errors. Only one sample with a system error could be repeated and was 

subsequently found positive for SARS-CoV-2. Meanwhile, the overall specificity for the 

QIAstat-Dx RP2.0 and the BioFire RP2.1 was 100%. The Ct values for the QIAstat-Dx 

RP2.0 were subsequently higher than those reported by the LDT (28.25 ± 5.75 vs. 23.27 

± 5.33) (Figure 2). The IC in the QIAstat-Dx RP2.0 ranged from Ct 32 to 36.5. 

 

Figure 2. Comparison of SARS-CoV-2 Ct values from the LDT RT-qPCR and the QIAstat-Dx 

(RP2.0). The box represents the upper and lower quartiles, the horizontal line represents the 

median and the standard error is shown by upper and lower whisker lines. Abbreviations: LDT, 

laboratory developed test; Ct, cycle threshold. *Gold-standard. 

 

Analytical Specificity 

The analytical specificity of the QIAstat-Dx RP2.0 and BioFire RP2.1 could be evaluated 

by assessing two Q control multiplex panels containing combinations of common 

respiratory pathogens, including closely related viruses (Tables 2, 3). 
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Table 2. Qnostics respiratory panel 1 

Pool Targets in mix 
LDT  

QIAstat-Dx 
RP2.0 

BioFire RP2.1 

Ct value Ct value Detected 

1 

Parainfluenza virus 1 16.6 21.5 Detected 
Parainfluenza virus 2 25.0 ND Detected 
Parainfluenza virus 3 26.0 ND Detected 
Parainfluenza virus 4 28.7 ND Detected 

2 

Influenza A virus H1N1 31.4 32.0 Detected 
Influenza B virus (Victoria) 31.4 35.6 Detected 
Respiratory syncytial virus A 32.1 31.6 Detected 
SARS-CoV-2 26.5 33.5 Detected 

3 

Coronavirus OC43 27.0 28.6 Detected 
Coronavirus 229E 24.8 28.8 Detected 
Coronavirus NL63 24.6 28.9 Detected 
Coronavirus HKU1 26.4 32.3 Detected 

4 
Rhinovirus 5 21.2 31.2 Detected 
Enterovirus D68 25.3 31.2 Detected 
Adenovirus 1 30.3 34.9 Detected 

5 
Mycoplasma pneumoniae N/A 28.3 Detected 
Legionella pneumoniae* N/A 30.8 N/A 
Bordetella pertussis N/A 29.3 Detected 

Abbreviations: LDT, laboratory developed test (respiratory screen), Ct; cycle threshold, not 
detected; ND, not applicable; N/A. * The Legionella pneumonia target is not currently present 
in BioFire RP2.1. Pool 5 could not be directly compared as the bacterial targets are not present 
in the LDT respiratory screen. 
 

Table 3. Qnostics respiratory panel 2 

Pool Targets in mix 
LDT  

QIAstat-Dx 
RP2.0 

BioFire RP2.1 

Ct value Ct value Detected 

1 

Influenza A virus H1N1 32.0 37.0 Detected 
Influenza B virus (Victoria) 32.0 34.8 Detected 
Respiratory syncytial virus A 32.1 33.6 Detected 
SARS-CoV-2 26.5 34.9 Detected 

2 

Parainfluenza virus 1 25.8 28.7 Detected 
Adenovirus 1 ND 32.1 Detected 
Mycoplasma pneumoniae N/A 31.7 Detected 
Coronavirus OC43 29.4 33.2 Detected 

3 

Parainfluenza virus 2 24.9 28.7 Detected 
Metapneumovirus A2 27.5 30.4 Detected 
Enterovirus A16 23.1 30.9 Detected 
Coronavirus 229E 28.1 36.6 Detected 

4 

Parainfluenza virus 3 26.9 27.5 Detected 
Rhinovirus 16 26.9 32.7 Detected 
Legionella pneumoniae N/A 30.4 N/A 
Coronavirus NL63 28.4 31.9 Detected 

5 

Parainfluenza virus 4 26.6 30.7 Detected 
Adenovirus 14 33.8 34.8 Detected 
Respiratory syncytial virus B 24.5 29.4 Detected 
Enterovirus D68 24.9 31.9 Detected 

Abbreviations: LDT, laboratory developed test (respiratory screen), Ct; cycle threshold,            

not detected; ND, not applicable; N/A 
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Only parainfluenza virus 1 was detected by the QIAstat-Dx RP2.0 in pool 1, suggesting a 

potential problem in competition between the parainfluenza virus targets (Table 2). 

Repeat testing of pool 1 on the QIAstat-Dx RP2.0 yielded a similar result. All other viral 

mixes were detected by the QIAstat-Dx RP2.0 and the BioFire RP2.1. The QIAstat-Dx 

RP2.0, on average, reported 4.5 Ct values higher (−0.54 to 9.99), compared to the LDT. 

All virus targets were detected by the QIAstat-Dx RP2.0 and the BioFire RP2.0 in panel 

2 (Table 3). Similar to panel 1, Ct values on the QIAstat-Dx RP2.0 were on average 4.4 

Ct values higher (0.65–8.49), compared to the LDT. Parainfluenza viruses 1–4 were 

detected individually in panel 2, which suggests a problem with primer specificity within 

these targets. 

 

Evaluating Patient Respiratory Infections on the QIAstat-Dx RP2.0 

Single Respiratory Infections on the QIAstat-Dx RP2.0 

The performance of the QIAstat-Dx RP2.0 individual targets were evaluated in clinical 

samples previously run on the BioFire RP2.0 and contained single respiratory detections 

(n = 137) (Table 4). 

Table 4. Performance of the QIAstat-Dx RP2.0 on single infections 

 

*1 Internal control fail (n=1), *2 Miss-match (n=1) (should have been coronavirus NL63), *3 Fail 

(n=1), *4 internal control failure (n=1), *5 Cartridge failure (n=1). Abbreviations: PPA; positive 

percent agreement.   
 

Overall, a PPA of 82% (67–100%) was achieved for the QIAstat-Dx RP2.0, when 

compared to the BioFire RP2.0 (Table 4). Maximum concordance with the BioFire RP2.0 

was achieved in 9/16 respiratory targets: adenovirus (1/1), coronavirus 229E (1/1), 

Target 
Number of 
samples 

Positive results on the 
QIAstat-Dx RP2.0 

PPA 
(%) 

Adenovirus 1 1 100 
Coronavirus 229E 1 1 100 
Coronavirus HKU1 3 3 100 
Coronavirus NL63 6 4 67 
Coronavirus OC43 5 5 100 
Human metapneumovirus 9 9 100 
Human 
rhinovirus/enterovirus 

27 18*1,*2 67 

Influenza A virus H1N1 8 6 75 
Influenza A virus H3 16 15 94 
Influenza A virus 2 2 100 
Mycoplasma pneumonia 3 3 100 
Parainfluenza virus 1 8*3 6 75 
Parainfluenza virus 2 1 1 100 
Parainfluenza virus 4 3 3 100 
Respiratory syncytial virus A 11 9 82 
SARS-CoV-2 33 27*4,*5 82 

Total 137 113 82 
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coronavirus HKU1 (3/3), coronavirus OC43 (5/5), human metapneumovirus (9/9), 

influenza A virus (1/1), Mycoplasma pneumoniae (1/1), parainfluenza virus 2 (1/1), and 

parainfluenza virus 3 (3/3). However, some targets had a lower sensitivity (PPA < 80%). 

This was observed for human rhinovirus/enterovirus (18/27), coronavirus NL63 (4/6), 

influenza A virus H1N1 (6/8), and parainfluenza virus 1 (6/8). 

 

Multiple Respiratory Infections on the QIAstat-Dx RP2.0 

Patient samples were selected based on a co-infection result on the BioFire RP2.0 and 

tested on the QIAstat-Dx RP2.0 (n = 16) (Table 5). In cases of discrepancy from the 

BioFire RP2.0, samples with enough volume were repeated on the QIAstat-Dx RP2.0 

and LDT (respiratory screen). 

Table 5. Performance of the QIAstat-Dx RP2.0 on multiple infections 

Sample 
no. 

Targets previously 
detected on the 
BioFire RP2.0 

Targets detected 
on the QIAstat-
Dx RP2.0 

QIAstat-Dx 
RP2.0 
match to 
BioFire 
RP2.0 

Targets detected on 
the LDT following 
discrepancy 
(Ct value) 

Run 
1 

Run 
2 

1 HRV/EV and PIV1 PIV1 No N/A HRV (31), PIV1 (21) 
2 HRV/EV and PIV4 PIV4 No N/A HRV (28), PIV4 (22) 
3 HRV/EV and RSV HRV/EV and RSV Yes N/A HRV (28), RSV (26) 
4 HRV/EV and INFH3 INFAH3 No No HRV (43), INFH3 (23) 
5 HRV/EV and PIV4 HRV/EV No No HRV (22), PIV4 (38) 

6 HRV/EV and CoV-OC43 HRV/EV No Yes 
HRV (33), CoV-OC43 
(32) 

7 HRV/EV, AV and RSV RSV No Yes HRV (neg), RSV (17) 
8 HRV/EV and RSV Fail No N/A HRV (22), RSV (17) 

9 HRV/EV and INFH3 
HRV/EV and 
INFH3 

Yes N/A HRV (34), INFH3 (18) 

10 HRV/EV and BP HRV/EV and BP Yes N/A HRV (27) 
11 HRV/EV, AV and INFH3 INFH3 No N/A EV (34), INFH3 (17) 
12 HRV/EV and INFH3 INFH3 No N/A N/A 

13 CoV-OC43 and RSV CoV-OC43 No N/A 
CoV-OC43 (32), RSV 
(neg) 

14 
CoV-OC43, INFH3, 
CoV-HKU1 

INFH3 and CoV-
HKU1 

No No 
CoV-OC43 (neg), INFH3 
(18), CoV-HKU1 (28) 

15 CoV-NL63 and INFAH3 
CoV-NL63 and 
INFAH3 

Yes N/A 
CoV-NL63 (neg), INFH3 
(28) 

16 CoV-NL63 and INFAH3 
CoV-NL63 and 
INFAH3 

Yes N/A 
CoV-NL63 (29), INFH3 
(21) 

Abbreviations: Human rhinovirus/enterovirus; HRV/EV, Adenovirus; AV, Bordetella pertussis; 

BP, PIV1; Human Parainfluenza Virus Type 1, PIV4; Human Parainfluenza Virus Type 4, RSV; 

Respiratory syncytial virus, INFH3; Influenza A subtype H3, CoV-OC43; coronavirus OC43, AV; 

adenovirus, HKU1; Coronavirus HKU1, CoV-NL63; coronavirus NL63, Ct; cycle threshold. N/A; 

not available (not enough sample volume). Adenovirus and Bordetella pertussis targets are not 

present on the LDT respiratory screen.  
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The QIAstat-Dx RP2.0 had a 44% concordance with the BioFire RP2.0, with all multiple 

infections detected in 7/16 patient samples. However, in four patient samples (7, 13, 14, 

and 15), repeat testing using the LDT yielded a negative result for one of the targets 

identified with the BioFire (RP2.0). For two of these samples (13 and 14), the QIAstat-

Dx RP2.0 yielded a similar result to the LDT. A co-infection with HRV/EV occurred most 

frequently within this dataset with 75% (n = 12) of patient samples. A further LDT 

revealed only sample 11 had an enterovirus, while the remaining samples had a 

rhinovirus. As shown in Table 5, discordant results were found in combinations of 

HRV/EV with: PIV1, PIV4, INFH3, RSV, and AV. In each of these cases, the QIAstat-Dx 

RP2.0 failed to detect the HRV/EV target. These results indicate a potential problem 

with sensitivity or internal competition in samples with multiple respiratory detections. 

As a result of this finding, clinical sensitivity of dual infections was further evaluated by 

creating three artificial panels, each containing two common respiratory targets 

detected from patient’s samples (Supplementary Figure 1). The majority of viral targets 

had a LOD of Ct 37 (Ct 35.4–38.1) on the QIAstat-Dx RP2.0. However, detection was not 

always linear with the dilution factor fluctuating depending on the viral target, which 

could lead to discrepant results and challenges in detecting samples with higher Ct 

values (Supplementary Figure 1). 

 

Discussion 

Point-of-care testing is becoming more readily implemented in routine diagnostics, with 

infectious etiologies simultaneous screened within an actionable timeframe (18). 

Initially the QIAstat-Dx RP2.0 and the BioFire RP2.1 was evaluated for the detection of 

SARS-CoV-2 from NPS, covering a wide range of Ct values. To determine a baseline 

prevalence and viral load in the SARS-CoV-2 samples at the UMCG, the distribution of 

Ct values over a period of 17 months were initially plotted (Figure 1). Measuring Ct values 

are important to monitor the patient and assist infection and control, particularly as Ct 

values can fluctuate over time, depending on the pre-symptomatic and symptomatic 

phases (19). The high Ct values observed from UMCG patients and workers could have 

resulted from the increased frequency of testing and follow-up testing, regardless if the 

patient or worker had a milder disease, which can correspond to a higher Ct value 

(20,21). Alternatively, it could be that we are detecting the virus earlier, before the 

patient or worker was particularly ill and sought medical care. Patients tested through 

the Public Health Service appeared to have lower Ct values which could suggest they are 

detecting more acute infections at the time of sampling. 

The Analytical Q panel for SARS-CoV-2 from Qnostics was used to determine the LOD 

for the QIAstat-Dx RP2.0 and the BioFire RP2.1 (Table 1). While the BioFire RP2.1 had 
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100% concordance with the LDT (50 dC/mL), the QIAstat-Dx RP2.0 could only detect 

SARS-CoV-2 at 500 dC/mL. The fact that SARS-CoV-2 was not found by the QIAstat-Dx 

RP2.0 at these loads could be potentially problematic, given that this patient population 

has been shown to have relatively high Ct values for this target (Figure 1). This does 

suggest that some acute infections with higher Ct values (lower viral loads) could be 

missed. Differences in sensitivity between the two platforms could be due to the fact 

that BioFire RP2.1 is based on a nested PCR, which typically has higher sensitivity 

(Shaffaf and Ghafar-Zadeh, 2021), or variation in gene targets or chemistries. 

Nevertheless, the results achieved for the QIAstat-Dx RP2.0 have concordance with the 

LOD described in the instruction manual. In addition, a previous study which evaluated 

the GeneFinder™ COVID-19 Plus RealAmp kit using the ELITe InGenius platform found 

a LOD of 500 dC/mL (RdRp and E genes), which was similarly observed in the QIAstat-

Dx RP2.0 (23). 

A difference in clinical sensitivity in the QIAstat-Dx RP2.0 and the BioFire RP2.1 for 

SARS-CoV-2 was observed, with 85% and 97%, respectively. Clinical sensitivity of SARS-

CoV-2 in the QIAstat-Dx RP2.0 has been investigated previously, with one study 

determining 100% concordance with the LDT (n = 17 samples), while other studies 

reported a PPA of 90% (n = 120 samples) and 94.32% (n = 88 samples) (16,24,25). The 

latter study also reported a failure rate of 7.5% (n = 13) in the QIAstat-Dx RP2.0 (25), 

which was similarly observed in this study with 6.1% (2 samples). Additionally, four 

samples previously positive for SARS-CoV-2 in the LDT, were negative in the QIAstat-

Dx RP2.0, suggesting poorer sensitivity for samples with higher Ct values. A possible 

explanation for the false negative results in QIAstat-Dx RP2.0 (Ct 22) and in the BioFire 

RP2.1 (Ct 23) could be RNA degradation, too many freeze-thaw cycles or mutations at 

the primer binding sites (26,27). Other studies investigating SARS-CoV-2 in the BioFire 

RP2.1 have found a PPA of 100% (n = 25 samples) and 98% (n = 49 samples) in clinical 

samples (28,29). In this small cohort, the BioFire RP2.1 did not report any instrument 

failures; however, a previous study has reported a failure rate of 2% (n = 2 samples) (28). 

In comparison to the BioFire RP2.1, the QIAstat-Dx RP2.0 also reports Ct values for test 

interpretation. This can help toward estimating the viral burden and association with 

disease severity. Although Ct values are generally not comparable between platforms, 

the Ct values in the QIAstat-Dx RP2.0 differed substantially from the LDT and were 

approximately five Ct values higher (Figure 2). False positive results were not observed 

for SARS-CoV-2; therefore, this study can report a negative percent agreement (NPA) of 

100% for both platforms. False positives can lead to unnecessary isolation for the patient 

and delay a true diagnosis. Previous studies investigating the QIAstat-Dx RP2.0 have 

reported a NPA of 90.48% (n = 189 samples) and 93% (n = 29 samples) (16,25), while 
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studies investigating the BioFire RP2.1 have reported a NPA of 100% (n = 5 samples) 

(20), (n = 49 samples) (28). 

Multiplex panels from Qnostics were tested on both the QIAstat-Dx RP2.0 and the 

BioFire RP2.1 and exhibited a similar performance (Tables 2, 3). However, in pool 1, the 

QIAstat-Dx RP2.0 only detected PIV1. This could be accredited to competition, as single-

infections for PIV1, PIV2, and PIV4 were detected by the QIAstat-Dx RP2.0 (Table 4). 

As no other respiratory pathogen was detected in pools 1–4 other than what was 

indicated, it suggests there was no cross-reaction. 

The QIAstat-Dx RP2.0 detected 113/137 targets for single infections at first attempt 

(Table 4). The device presented a 2.81% (n = 4 samples) failure rate for various reasons 

(IC, cartridge or test failure). The QIAstat-Dx RP2.0 performed well in most of the single 

infections, obtaining an overall PPA of 82% (Table 4). However, for the HRV/EV target, 

the lowest PPA (67%) was obtained. This could be a problem as HRV/EV is our most 

frequently identified target (Supplementary Figure 2). Discrepant results among these 

targets on the QIAstat-Dx RP2.0 and other syndromic panels have been described 

previously (30,11). Although some of these targets are considered a low public health risk 

(CE-IVD) or linked to self-limited disease (31), the high prevalence of positive specimens 

could render these viruses relevant (Supplementary Figure 2). Similar results were found 

among the multiple infections, with HRV/EV being the most frequently found target 

with discrepancies (Table 5). Although a PPA of 91.2% for the HRV/EV target has been 

described in the QIAstat-Dx RP2.0 manual, this was not observed in this study. 

This study had some limitations. Firstly, as our data set is small for some respiratory 

targets, definitive conclusions are not necessarily able to be formed at this point. 

Secondly, as some samples did not contain enough volume, further comparisons or 

repeat testing, both on the QIAstat-Dx RP2.0 and BioFire RP2.1 could not always be 

performed. Thirdly, additional sample freezing or thawing could have impacted the 

results. Finally, non-SARS-CoV-2 viruses were not re-evaluated in the BioFire RP2.1, due 

to constraints in samples volume and time. However, according to the manufacturer, as 

the other respiratory targets were not altered in the update, it should not impact the 

results. 

 

Conclusion 

In conclusion, this study has shown that the QIAstat-Dx RP2.0 and BioFire RP2.1 offer 

comparative performances; however, differ slightly in analytical and clinical sensitivity 

for SARS-CoV-2. A rapid and accurate differential diagnosis will ensure the most 

appropriate patient management decision. Point-of-care platforms are the way to move 
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forward, however improvements are necessary such as the LOD and quantitative 

information. 
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Supplementary Material 

Supplementary Methods and Methods 

Laboratory developed test (human rhinovirus/enterovirus) 

To differentiate between a rhinovirus and enterovirus following the BioFire RP2.0 or 

laboratory developed respiratory screen, a RT-qPCR targeting the 5’NTR region was 

performed. Briefly, nucleic acids were extracted from 190μL of sample using the 

NucliSense EasyMag (BioMérieux) and eluted in 110µL. PDV severed as an IC. A 

multiplex RT-qPCR using the Fast Virus 1-Step kit (ThermoFisher Scientific, Waltham, 

USA) was performed using 10μL of extracted RNA in a total reaction volume of 25μL (1). 

Amplification was performed on an ABI7500 (Life Technologies, Carlsbad, USA) with 

the following PCR cycling conditions: 2min 50°C, 20s 95°C, followed by 45 cycles of 3s 

95°C and 32s at 60°C. 

Evaluating dual sensitivity 

The clinical sensitivity of dual infections on the QIAstat-Dx RP2.0 was evaluated by 

creating artificial co-infections from common respiratory pathogens within a single 

sample and determining the limit of detection. The artificial co-infections were created 

to increase the number of targets tested per cartridge. The following viral targets: SARS-

CoV-2, influenza A virus H3, rhinovirus, parainfluenza virus 1 and coronavirus OC43 

were preselected from patient samples collected between 2016 and 2020. Each sample 

containing the selected viral target had been previously tested on the LDT respiratory 

panel to determine the Ct value. Initially, samples containing the target respiratory 

pathogen were diluted to a Ct value of 24 and then combined together to create three 

separate panels. Panel 1 contained SARS-CoV-2 and influenza A virus H3, panel 2 

contained SARS-CoV-2 and rhinovirus and finally panel 3 contained parainfluenza virus 

1 and coronavirus OC43. A half log dilution series (102 to 106) was then performed to 

determine the LOD. Each artificial panel was run in duplicate on the QIAstat-Dx. 

Supplementary Material should be uploaded separately on submission. Please include 

any supplementary data, figures and/or tables. All supplementary files are deposited to 

FigShare for permanent storage and receive a DOI. 
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a Dutch University Medical Center and the necessity for routinely screening for respiratory viruses. J Clin 

Virol. 2015;62:1-5. doi:10.1016/j.jcv.2014.11.011 
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Supplementary Tables 

Table S1. Demographics of patients with detected single respiratory pathogens  

Respiratory target from 
BioFire (RP2.0) 

Total 
number 
included 

Gender Age range (years) 

Male Female <6 6-18 >18 

Adenovirus 1 0 1 0 0 1 

Bocavirus 0 0 0 0 0 0 

Coronavirus 229E 1 0 1 0 0 1 

Coronavirus HKU1 3 0 3 0 0 3 

Coronavirus NL63 6 4 2 0 0 6 

Coronavirus OC43 5 2 3 0 0 5 

Human Metapneumovirus A/B 9 5 4 0 0 9 

Human Rhinovirus/Enterovirus 27 11 16 0 1 26 

Influenza A 2 1 1 0 0 2 

Influenza A subtype H1 0 0 0 0 0 0 

Influenza A subtype H1N1/2009 8 4 4 0 0 8 

Influenza A subtype H3 16 9 7 1 0 15 

Influenza B 0 0 0 0 0 0 

Parainfluenza virus 1 8 3 5 0 0 8 

Parainfluenza virus 2 1 0 1 0 0 1 

Parainfluenza virus 3 0 0 0 0 0 0 

Parainfluenza virus 4 3 2 1 0 0 3 

Respiratory Syncytial virus A/B 11 7 4 0 0 11 

SARS-CoV-2 33 22 11 0 0 33 

Bordetella pertussis 0 0 0 0 0 0 

Legionella pneumophila 0 0 0 0 0 0 

Mycoplasma pneumoniae 3 1 2 0 0 3 

Total 137 71 66 1 1 135 
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Table S2. Demographics of patients with detected multi-respiratory pathogens  
Sample 
number 

Respiratory targets from  
BioFire (RP2.0) 

Gender Age range (years) 

Male Female <6 6-18 >18 

1 HRV/EV and PIV1 1 0 0 0 1 

2 HRV/EV and PIV4 1 0 0 0 1 

3 HRV/EV and RSV 1 0 0 0 1 

4 HRV/EV and INFH3 1 0 0 0 1 

5 HRV/EV and PIV4 1 0 0 0 1 

6 HRV/EV and CoV-OC43 0 1 0 0 1 

7 HRV/EV, AV and RSV 0 1 1 0 0 

8 HRV/EV and RSV 0 1 0 0 1 

9 HRV/EV and INFH3 1 0 0 0 1 

10 HRV/EV and BP 1 0 0 0 1 

11 HRV/EV, AV and INFH3 1 0 1 0 0 

12 HRV/EV and INFH3 0 1 0 0 1 

13 CoV-OC43 and RSV 0 1 0 0 1 

14 CoV-OC43, INFH3, CoV-HKU1 0 1 0 0 1 

15 CoV-NL63 and INFAH3 0 1 0 0 1 

16 CoV-NL63 and INFAH3 0 1 0 0 1 

Total 8 8 2 0 14 

Abbreviations: Human rhinovirus/enterovirus; HRV/EV, Adenovirus; AV, Bordetella Virus 
Type pertussis; BP, PIV1; Human Parainfluenza Virus Type 1, PIV4; Human Parainfluenza 4, 
RSV; Respiratory syncytial virus, INFH3; Influenza A subtype H3, CoV-OC43; coronavirus 
OC43, AV; adenovirus, HKU1; Coronavirus HKU1, CoV-NL63; coronavirus NL63, Ct; cycle 
threshold. 
 

Table S3. Primers and probes for the laboratory developed respiratory screen 
Target Oligo name Sequence (5′ → 3′) Primer 

Concentration 

Coronavirus 229E 229E-fwd-TM cgcaagaattcagaaccagag 10pmol/ul 

229E-PB-Cy5 ccacacttcaatcaaaagctcccaaat
g 

5pmol/ul 

229E-rev-TM gggagtcaggttcttcaacaa 15pmol/ul 

Adenovirus Adenoquant1 gccacggtggggtttctaaactt 10pmol/ul 

Adenoquant2 gccccagtggtcttacatgcacatc 45pmol/ul 

Adenoquant-
probe 

tgcaccagacccgggctcaggtactcc
ga 

5pmol/ul 

Bocavirus Boca-TM-fwd gcccgatccgacacagtg 45pmol/ul 

Boca-TM-
probe 

agagaggctcgggctcatatcatcagg
aa 

5pmol/ul 

Boca-TM-rev tgcaagacgataggtggctg 45 pmol/ul 

Coronavirus HKU1 HKU1_p cgcctggtacgattttgcctcaaggct 5pmol/ul 

HKU1_rv ttagaagcagaccttcctgagcc 15pmol/ul 

HKU1-fw cacttctaytccctccgatgtttc 15pmol/ul 

Human 
metapneumovirus A/B 

hMPV_P tgcaatgatgarggtgtcactgcngtt
g 

10pmol/ul 

hmpv-fwd-TM catataagcatgctatattaaaagagtc
tc 

30pmol/ul 

hmpv-rev-TM cctatttctgcagcatatttgtaatcag 30pmol/ul 
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Target Oligo name Sequence (5′ → 3′) Primer 

Concentration 

Influenza A infa_fwd cttctraccgaggtcgaaacgta 45pmol/ul 

infa_probe1 tcaggccccctcaaagccgaga 5pmol/ul 

infa_probe2 tcaggccccctcaaagccgaaa 5pmol/ul 

infa_rev tcttgtctttagccaytccatgag 45pmol/ul 

Influenza B infb-NSfwdB gracaacatgaccacaacacaaat 30pmol/ul 

infb-NSprobeB cgggagcaaccaatgccaccataaa 5pmol/ul 

infb-NSrevB cactccaraattcctgcttcaaa 45pmol/ul 

Coronavirus NL63 NL63-fwd gaa gcg tgt tcc tac cag aga 30pmol/ul 

NL63-PB-Cy5 aaatgttattcagtgctttggtcctcgtga 10pmol/ul 

NL63-rev gaatcccccatattgtgattaaa 45pmol/ul 

Coronavirus OC43 OC43TM_fwd1 cgatgaggctattccgactaggt 30pmol/ul 

OC43TM_prb1 tccgcctggcacggtactccct 5pmol/ul 

OC43TM_rev1 ccttcctgagccttcaatatagtaacc 45pmol/ul 

Parainfluenza virus 1 PARA-1-FWD-
TM 

tgatttaaacccggtaatttctcat 15pmol/ul 

PARA-1-probe-
TM 

acgacaacaggaaatc 5pmol/ul 

PARA-1-REV-
TM 

ccttgttcctgcagctattacaga 15pmol/ul 

Parainfluenza virus 3 PARA-3-FWD-
TM 

ggaccagggatatactayaaa 45pmol/ul 

PARA-3-probe-
TM 

atctgyaacacaactggrtgtccygggaa 5pmol/ul 

PARA-3-REV-
TM 

ttgaccatcctyctrtctgaa 45pmol/ul 

Parainfluenza virus 4 PARA-4-FWD-
TM 

atggtgggagayattgcaaa 30pmol/ul 

PARA-4-probe-
TM 

atatagcyaatgtcggaatgagygcgttcttt 10pmol/ul 

PARA-4-REV-
TM 

ccaagccgaacttaagygtaa 30pmol/ul 

Phocine distemper 
virus*1 

PDV fwd cgggtgccttttacaagaac 30pmol/ul 

PDV rev ttctttcctcaacctcgtcc 40pmol/ul 

PDV_MGB_NED aag ggc caa ttc t 5pmol/ul 

Parainfluenza virus 2 Piv2HNfwdA ctgcatcgctyttttacaggatc 30pmol/ul 

piv2HNrevA cttgttgcattrcatggcat 30pmol/ul 

piv2probeA tcattgaggctcaatgggtaccgtcctatc 10pmol/ul 

Human 
rhinovirus/Enterovirus 

Rhino-lna-pr2 yg+gg+ay+gggaccaact 12,5pmol/ul 

HRVHEVfw cggcccctgaatgygg 37,5pmol/ul 

Rhi-asense tggaaacacggacacccaa 37,5pmol/ul 

HEV1-lna-pr4 yg+tg+gcggaaccga 6,25pmol/ul 

HEV2-lna-pr2 yg+ca+gc+ggaaccgact 6,25pmol/ul 

Respiratory Syncytial 
virus A 

RSV-A-R-fw ctcaatttcctcacttctccagtgt 25pmol/ul 

RSV-A-R-probe tcccattatgcctaggccagcagca 10pmol/ul 

RSV-A-R-rv cttgattcctcggtgtacctctgt 25pmol/ul 
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Target Oligo name Sequence (5′ → 3′) Primer 
Concentration 

Respiratory Syncytial 
virus B 

RSV-B-R-drfly tcccattatgcctagacctgctgcattg 10pmol/ul 

RSV-B-R-fw ttcctaacttctcaagtgtggtccta 15pmol/ul 

RSV-B-R-rv ctggtttcttggcgtacctctatac 15pmol/ul 

SARS-CoV-2*2 E_Sarbeco_F acaggtacgttaatagttaatagcgt 20pmol/ul 

E_Sarbeco_P1 acactagccatccttactgcgcttcg 10pmol/ul 

E_Sarbeco_R atattgcagcagtacgcacaca 20 pmol/ul 

Abbreviations: SARS-CoV-2; severe acute respiratory syndrome coronavirus 2. *1 internal 
control *2 Target added to respiratory screen after completion of the study.  

 
Table S4. BioFire RP2.1 and QIAstat-Dx 2.0 targets 

Panel BioFire RP2.1 QIAstat-Dx 2.0 

Viruses 

Adenovirus Adenovirus 

N/A Bocavirus 

Coronavirus 229E Coronavirus 229E 

Coronavirus HKU1 Coronavirus HKU1 

Coronavirus NL63 Coronavirus NL63 

Coronavirus OC43 Coronavirus OC43 

Human metapneumovirus A/B Human metapneumovirus A/B 

Human rhinovirus/Enterovirus Human rhinovirus/Enterovirus 

Influenza A Influenza A 

Influenza A subtype H1 Influenza A subtype H1 

Influenza A subtype H1N1/2009 Influenza A subtype H1N1/2009 

Influenza A subtype H3 Influenza A subtype H3 

Influenza B Influenza B 

Parainfluenza virus 1 Parainfluenza virus 1 

Parainfluenza virus 2 Parainfluenza virus 2 

Parainfluenza virus 3 Parainfluenza virus 3 

Parainfluenza virus 4 Parainfluenza virus 4 

Respiratory Syncytial Virus A/B Respiratory Syncytial virus A/B 

SARS-CoV-2*1 SARS-CoV-2 

Bacteria 

Bordetella parapertussis N/A 

Bordetella pertussis Bordetella pertussis 

Chlamydia pneumoniae N/A 

Mycoplasma pneumoniae Mycoplasma pneumoniae 

 N/A Legionella pneumophila 

 *1 Not present in the BioFire respiratory panel, N/A; not applicable  
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Supplementary Figures 

 

Figure S1. Clinical sensitivity of selected viral targets from patient samples. a) Clinical sensitivity panel 

1.b) Clinical sensitivity panel 2. c) Clinical sensitivity panel 3. Overall, the majority of viral targets had a 

LOD of Ct 37 (Ct 35.4-38.1) on the QIAstat-Dx (RP2.0). However, detection was not always linear as 

influenza A virus H3 in panel 1 had a stronger viral load at log105.5, compared to log105. Similarly, SARS-

CoV-2 in panel 2, along with parainfluenza virus 1 and CoV-OC43 in panel 3, had a negative result prior 

to becoming detectable again. CoV-OC43 had the highest LOD with a Ct value of 38.1; meanwhile, 

rhinovirus had the lowest LOD with a Ct value of 35. *Only single detection (not in duplicate) 

 

 

Figure S2. The percentage of positive specimens at the UMCG during the 2019/2020 respiratory season 

week 40 of 2019 through to week 20 of 2020. Displayed by week of sampling. Abbreviations: hMPV; 

Human metapneumovirus, RSV; Respiratory Syncytial Virus 
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Abstract 

Rapid and sensitive diagnostic strategies are necessary for patient care and public health. 

Most of the current conventional microbiological assays detect only a restricted panel of 

pathogens at a time or require a microbe to be successfully cultured from a sample. 

Clinical metagenomics next-generation sequencing (mNGS) has the potential to 

unbiasedly detect all pathogens in a sample, increasing the sensitivity for detection and 

enabling the discovery of unknown infectious agents. High expectations have been built 

around mNGS; however, this technique is far from widely available. This review 

highlights the advances and currently available options in terms of costs, turnaround 

time, sensitivity, specificity, validation, and reproducibility of mNGS as a diagnostic tool 

in clinical microbiology laboratories. The need for a novel diagnostic tool to increase the 

sensitivity of microbial diagnostics is clear. mNGS has the potential to revolutionize 

clinical microbiology. However, its role as a diagnostic tool has yet to be widely 

established, which is crucial for successfully implementing the technique. A clear 

definition of diagnostic algorithms that include mNGS is vital to show clinical utility. 

Similarly to real-time PCR, mNGS will one day become a vital tool in any testing 

algorithm. 

 

Article highlights 

• A large proportion of samples remain culture-negative or specific-PCR-negative 

and could benefit from mNGS 

• Costs, turnaround time, sensitivity, specificity, validation and reproducibility are 

the main factors affecting the implementation of mNGS 

• Enrichment strategies have been developed to increase mNGS sensitivity and 

accuracy 

• Diagnostic laboratories should decide whether to develop an in-house mNGS 

workflow or employ a (partially) commercially provided solution 

• A diagnostic algorithm is proposed to choose samples for mNGS based on clinical 

presentation and patient history 

• Large-scale prospective cohort studies with mNGS should be performed to 

demonstrate clinical validity and accelerate mNGS implementation 
 

Introduction 

Rapid identification and characterization of microbial pathogens are the main goals of 

any new microbiological diagnostic technique. Rapid diagnostics of an infectious agent 

will ensure the most appropriate treatment option and patient management decision. 

In the last 50 years, several diagnostic approaches have been introduced in medical 
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microbiology, namely amplification-based (PCR), MALDI-TOF, DNA-microarray-based 

hybridization technology, T2 magnetic resonance and next-generation sequencing [1]. 

However, none of these methods could fully replace standard techniques (microscopy, 

culture, and serology) [2,3]. Molecular biology revolutionized the diagnosis of infectious 

diseases [4], especially for detecting viruses and identifying bacteria involved in sexually 

transmitted infections, gastrointestinal infections, and tuberculosis. Still, today’s clinical 

microbiology laboratories have not changed dramatically since the early 2000's. This is 

mainly due to the advantages of traditional standard techniques. Firstly, cost-

effectiveness and extensive clinical validation [3] and secondly, limitations of newer 

methods such as limited spectrum, sensitivity and specificity, the lack of differentiation 

between living and dead cells [5] and the importance of phenotypic antimicrobial 

susceptibility testing [1]. Moreover, one existing challenge in diagnostics remains; a 

priori knowledge of what to expect from a particular clinical sample or patient. In most 

cases, a priori knowledge is enough to request the most appropriate test, such as 

multiplexed panels or specific culture media, but this is not always the case. 

mNGS has the potential to surpass many limitations of current routine diagnostics 

methods. It can reveal information at different levels, including detecting and 

characterizing all microorganisms and viruses (DNA and RNA) without a priori 

knowledge from a single test (Figure 1). Identification of pathogens is the first level of 

information that may be sufficient for some diagnostic purposes. Rapid identification is 

also crucial to inform the attending clinician to stop/prevent unnecessary antimicrobial 

prescription, particularly if a virus has been determined to be the infectious causative 

agent. However, for most patients who would benefit from an mNGS-based diagnostic 

approach, additional information to guide proper treatment is critical. This includes the 

detection of virulence factors, such as Shiga-toxin genes in Escherichia coli to avoid 

antimicrobial treatment [6,7], while on the other hand, identification of antimicrobial 

resistance markers and the prediction of minimum inhibitory concentrations [8,9] may 

help in the future to guide the appropriate antimicrobial therapy and prevent treatment 

failure. Finally, typing and phylogenetic inference may be essential in outbreak scenarios 

with unknown and/or untypeable pathogens or rare clinical presentations. The 2019 

cluster of patients with pneumonia of unknown cause linked to a seafood wholesale 

market in Wuhan, China and later identified as SARS-CoV-2, is an excellent example of 

such a scenario [10]. 
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Figure 1. Different levels of information obtainable from mNGS data. The first level includes 

taxonomic classification, i.e., identification of pathogens, and may be sufficient for some 

diagnostic purposes. The second level includes detection of virulence factors, identification of 

antimicrobial resistance markers and typing. MIC prediction is included in the third level, 

although this is still in its early stages. Abbreviations: MIC, minimum inhibitory concentration 

 

This review starts by describing the expectations of mNGS and how these can be 

achieved, and concludes with how mNGS could be implemented in clinical laboratories. 

 

 

What to expect from metagenomics and how can we achieve the 

expectations? 

Why do we need metagenomics in the clinical setting? 

Over the years, new diagnostic techniques have been developed owing to constraints 

from current in-use techniques. Although there is strong evidence that an infectious 

agent is present (e.g., elevated synovial fluid leukocyte cell count [> 3000 cells/µl] in the 

diagnosis of a prosthetic joint infection), the reality is that up to 50% of the samples can 

be culture-negative. The proportion of culture-negative samples can differ between 

sample types (Table 1). 

Table 1. Proportion of culture-negative infections in different sample types 

Sample type 
Proportion of culture-negative 

infections 
References 

Synovial fluid 7-15%1 (11) 

Blood 30-50% (12) 

Cerebrospinal fluid ~50% (13) 

Respiratory material 25-47% (14) 

Urine 20% (15) 
1The proportion of negative infections depends on the site of infection. 
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Several reasons can account for culture-negative results: (i) true negative (ii) pre-

emptive antimicrobial therapy (iii) unculturable (e.g., Treponema pallidum), anaerobic 

or fastidious microorganisms (e.g., Mycobacterium tuberculosis), (iv) poor sampling, 

transport and storage conditions and finally (v) time between sampling and culturing 

[16]. Molecular tests (such as PCR) and serology are techniques used to replace or 

complement traditional culture techniques. This is particularly important in cases where 

a viral infection is suspected. These techniques rely on predetermined targets, which are 

usually limited to common infectious agents and require further testing if found 

negative. On the other hand, mNGS has the potential to detect all pathogens present in 

a sample. Therefore, it can be more suited when an etiological agent is suspected, but 

no pathogen is detected through conventional diagnostic approaches. In clinical cases 

that require detecting a broader spectrum of pathogens, most commonly for 

immunocompromised patients, mNGS could be applied [17]. Nevertheless, mNGS 

remains a challenging option compared to multiplexed molecular assays such as real-

time PCR or point of care (POC) syndromic panels in terms of cost, turnaround time, 

reproducibility and sensitivity/specificity (Table 2) [18]. 
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Costs 

The implementation of mNGS in routine diagnostics requires numerous considerations. 

The diagnostic laboratory will need to invest in IT infrastructure, separate 

sample/library preparation areas and equipment such as micropipettes, validation 
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processes, and NGS-specialized laboratory personnel [40]. The diagnostic laboratory 

may opt to (partially) outsource mNGS wet and dry lab processing to accredited and 

commercial service providers to negate infrastructure costs, such as dedicated 

laboratory space, high-performance e-infrastructure including networks, software 

stacks and large-scale storage resources [40–42]. However, at the same time, routine 

diagnostic labs may have existing areas for pre-PCR preparation that could be 

incorporated into the mNGS workflow. It is important to stress that the e-infrastructure 

should be designed and maintained in a collaborative effort between the diagnostic 

laboratory and the IT department. 

Processes such as nucleic acid extraction and library preparation would be ideally 

automated. Existing platforms such as extraction platforms, pipetting robots and 

thermal cyclers currently used for molecular diagnostics can also be integrated into the 

mNGS workflow. Several studies have evaluated the performance of available nucleic 

acid extraction platforms for mNGS and have found variable results [43–45]. Library 

preparation can initially be performed manually if the sample throughput is low. The 

sequencing approach and platform can be selected based on sample throughput. For 

example, most Illumina platforms require batching to be cost-effective [3]. However, 

these cases are most commonly used in reference laboratories or for surveillance and are 

less applicable in routine diagnostics where selected samples need to be immediately 

processed [46]. Yet, cost-effective platforms such as the MinION with the Flongle 

adaptor from Oxford Nanopore Technologies (ONT) which offer flexible operation, and 

the iSeq 100 from Illumina, which provides a low-to-medium output, may overcome 

such limitations. mNGS requires trained laboratory technicians and 

bioinformaticians/computational biologists, which can increase costs. User-friendly 

specialized software and pipelines (such as CLC Genomics Workbench [commercial], 

BaseSpace [commercial], Explify [commercial], EPI2ME [free], Galaxy [free], MG-RAST 

[free] or SURPI+ [free]) can be utilized for automated analysis. However, results must 

be validated and interpreted by a multidisciplinary team of medical microbiologists 

(with expertise in NGS) and clinicians. 

Turnaround time 

The turnaround time of a diagnostic test is desired to be within a clinically actionable 

time frame. A conventional diagnostic workflow can take a few hours to 2–7 days from 

sample collection to identification and antimicrobial susceptibility determination [1], 

compared to up to 5 days for mNGS (Table 2). Several factors affect the turnaround time 

of mNGS. For example, deeper sequencing by limiting the number of samples per run 

enables more detailed taxonomic resolution, antimicrobial drug resistance prediction, 

and phylogenetic analysis at the expense of extended turnaround time [47,48]. The 
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number of samples per run can impact the cost efficiency of mNGS. Running individual 

or few samples might be necessary in the event a rapid diagnosis is required. Low-

throughput platforms (such as the Flongle or the iSeq) can negate some of the extra 

costs, but are hampered by the inclusion of positive and negative controls in each run. 

Depending on the clinical situation, the implementation of mNGS in routine diagnostics 

can be advantageous compared to conventional testing by circumventing some 

limitations, e.g., in identifying uncultivable microorganisms or slow-growing bacteria. A 

good example is mycobacteria which can take up to 21 days to grow in culture and 

another 28 days for a first-line antimicrobial susceptibility test result [49], but can be 

recovered directly from clinical samples in 44/16 hours with Illumina MiSeq/MiniSeq or 

in 7.5 hours with ONT MinION sequencing [50,51]. Continuous technical advancements 

in sequencing technologies, particularly real-time ONT sequencing, could accelerate the 

clinically actionable results in under 6 hours following sampling, e.g. to identify 

pathogens based on circulating cell-free DNA from blood [52]. Therefore, depending on 

the intended clinical use, mNGS could be a favorable choice to perform actionable 

results within a reasonable time. 

Sensitivity/Specificity 

The targeted pathogen could impact the selection of the nucleic acid extraction method, 

sequencing strategy (RNA and/or DNA), target enrichment/host nucleic acid depletion 

requirement, sequencing depth, reference database design or data analysis tools [52]. 

Sequencing only one type of nucleic acid may decrease the overall sensitivity of the 

method, since some viruses may be missed (e.g. RNA viruses might be missed using 

DNA-sequencing and non-replicating-DNA viruses might be missed using RNA-

sequencing). Furthermore, the complete recovery of bacterial/fungal/parasitic genomes 

will be unlikely if using RNA-sequencing. To increase sensitivity, some laboratories may 

opt to sequence all the nucleic acids present in a sample (DNA and cDNA), however, 

this may increase the overall cost per sample (if sequenced separately or if higher 

sequence breadth is needed). 

The sensitivity of mNGS is hampered by several factors that are dependent on the 

specimen composition, material, volume (nucleic acid background/pathogen ratio), 

collection method, transport and storage. Sensitivity can also be affected by the 

efficiency of the nucleic acid extraction (bias toward some species), sequencing method 

(throughput, more reads ≈ higher sensitivity) and bioinformatics pipeline used for 

analysis (availability of appropriate reference sequences in databases) [53]. On the other 

hand, specificity is influenced by contaminating nucleic acids in clinical specimens, 

reagents or by the accuracy of taxonomical classification algorithms [53,54]. NGS-related 

phenomena such as index hopping (also named index switching) or crosstalk (also called 
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sample bleeding) can also introduce false-positive results, resulting in lower specificity 

[55]. The ratio between host and microbial DNA/RNA is a major determinant of the 

proportion of microbial reads obtained after metagenomics sequencing [53,54]. The 

unbiased nature of mNGS, particularly shotgun metagenomics, leads to the sequencing 

of background (host or commensal microorganisms), as well as pathogen nucleic acids. 

Challenges in sensitivity 

Microbial identification relies on the bioinformatics pipelines and databases used for 

classifying sequencing reads into taxonomies. As a result, bioinformatics tools can 

significantly affect sensitivity. Studies have evaluated different mNGS sequence 

classification methods [54,56]. They differ not only in the algorithm for detecting 

infectious agents but also in the databases used. This high variability leads to 

inconsistent results at the taxonomical classification level and when evaluating the 

relative abundance of these pathogens [56]. Taxonomical classification algorithms based 

on clade gene markers (e.g., MetaPhlAn2) may have lower sensitivity than k-mer based 

approaches [54] since the former depends on identifying specific genes, while the latter 

relies on entire genomes. This has a significant impact on low biomass specimens, where 

genome coverage is limited. Another critical factor is the database used for taxonomic 

classification. Incomplete and/or unreliable taxonomic databases can lead to false-

negative results or misclassifications. Hence, comprehensive, curated, and diverse 

reference databases are desirable [53]. The databases should only include genomes 

which are assessed for quality (e.g., coverage, ANI, GC content, assembly size), 

continuity (e.g. N50, L50, number of contigs), taxonomy and metadata (e.g. species 

name, isolation source, submitter, orthogonal reference method) metrics and should 

include genomes that are representative of the circulating lineages [57]. An option to 

increase the analytical sensitivity can be to select a platform which can offer higher 

outputs, such as the HiSeq (Illumina), NovaSeq (Illumina) or PromethION (ONT). 

However, this approach dramatically augments costs and turnaround time, precluding 

its use in clinical diagnostics. Finally, updated bioinformatics tools and/or databases can 

lead to changes in the results obtained. As a result, sequences should be kept safely and 

securely for long periods of time in case results need to can be reanalyzed if necessity 

arises (e.g., follow-up cases). 

Challenges in specificity 

Similarly to sensitivity, bioinformatics tools can significantly affect specificity. K-mer 

based approaches, for example, can incorrectly detect hundreds of species [54]. This 

poses a significant challenge when delivering reproducible results which generates 

uncertainty regarding the reliability of the derived information. In addition to 

establishing standardized public databases with quality-controlled reference genomes 
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[57], ‘syndromic databases’ according to specimen type and clinical presentation (e.g. 

SIQ-db: specific database of 74 sepsis-relevant pathogens [52]) can be an exciting option 

to achieve higher specificity. Reagent and laboratory contamination (known as the 

‘kitome’) are well-known and undesirable problems impacting specificity and should be 

considered before applying sequence-based techniques [58]. This issue should be 

mitigated by the sequencing of a negative control and by post-sequencing 

contamination removal. Contamination removal can be performed by either 

computational approaches, which consider the relative frequency of taxa in the samples 

compared to controls [59,60], or by manually filtering the taxa found in negative 

controls out from the samples [42]. The latter, however, involves careful considerations: 

i) a biological signal can be lost because of cross-contamination from biological samples 

into negative controls or ii) a taxon, which is closely related to typical contaminants, 

could unintentionally be removed [61]. Ultra-clean nucleic acid extraction kits such as 

the QIAamp UCP Pathogen (Qiagen) and ZymoBIOMICS DNA & RNA Miniprep have 

been introduced in the market and could reduce kitome contamination, according to 

the manufacturers. 

False positives can also result from residual nucleic acid of dead microorganisms or 

transient bacteria (for example, in the bloodstream), leading to poor result specificity. 

Additionally, DNA released from pathogens following an attack from the host immune 

system or an efficient antimicrobial therapy can persist in the circulation for several days 

[1], making the proper diagnosis clinically challenging. The broad nature of mNGS could 

invite questions into the actual cause of the infection, as detection does not necessarily 

indicate causation. The current limitations of data interpretation must be considered, 

and results must be evaluated within a clinical context [62,63]. This is particularly 

challenging in specific populations, such as immunocompromised patients, compared 

to generally healthy individuals, where the presence of a pathogenic microorganism 

usually signifies the source of the infection [64]. Quantification of the abundance of 

pathogens is possible with mNGS and can allow the distinction between infection and 

colonization or contamination [65]. Additionally, measuring the degree of host tissue 

injury from host–microorganism interactions can also be used to help differentiate 

between infection and colonization or contamination [66,67]. 

Enrichment and host depletion strategies 

To increase the analytical sensitivity of mNGS, several strategies have been developed 

(Table 3). Enrichment is often necessary to avoid samples consisting of 100% host 

nucleic acids and increases confidence in a true negative result (exclude infections). Pre-

lysis host depletion strategies rely on the integrity of microorganisms, as cells are 

separated using centrifugation [44,68]. Additionally, human cells can be lysed by 
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chaotropic buffers such as saponin [69] and osmotic pressure [70], followed by 

degradation of cell-free DNA by subsequent DNase treatment. Pre-lysis methods are 

usually cheap and efficient, with up to 99.99% of host DNA removal, depending on the 

sample type [69]. Several commercial kits are available that apply differential lysis, such 

as the QIAamp DNA microbiome kit (Qiagen) and the HostZERO Microbial DNA Kit 

(Zymo Research) [55,71]. Possible drawbacks of differential lysis need to be considered: 

limited suitability for viral enrichment [69], significant hands-on-time, reproducibility 

concerns [63], increased impact of reagent and laboratory contamination [72]. 

Additionally, microorganisms without a cell wall (such as Mycoplasma species) and 

parasites (i.e., protozoa) might be destroyed. Furthermore, cell-free nucleic acids from 

dead microbes (attacked by the immune system or antimicrobials) are degraded during 

the procedure [73]. Pelleting the intact cells prior to differential lysis could be an option 

to retain the supernatant containing cell-free DNA, particularly in culture-negative 

samples or for further viral analysis. The use of preservatives such as glycerol [70] or 

Sputasol [69] can reduce the bias of differential lysis on older or frozen samples as 

metagenomics is often applied retrospectively [3]. However, preservatives, in general, 

are used sparsely in routine bacterial diagnostics. 

Table 3. Enrichment and depletion strategies 

 Approach Advantages Disadvantages Refs 

Pre-
lysis 

Differential lysis  Highly effective for bacteria. Cheap 

Loss of cell-free nucleic acids 
Limited efficiency for viral 

enrichment 
Reproducibility concerns 

and cumbersome 

(18,40,
73,74, 
94-96) 

Centrifugation 

Rapid and cheap. 
Separation of bacteria-fungi-host 

cells from encapsidated viruses and 
cell-free nucleic acids 

Limited improvements in 
sensitivity 

Loss of integrated viruses 

(38,48,
97,98) 

Post-
lysis 

DNase/(RNase)1 
Simple and cheap. 

Staple for RNA-sequencing 

DNA viruses only detectable 
when expressed at the time 

of sampling 

(38,48,
72,97-

99) 

Amplicon: marker 
genes 

Sensitive 
16S rRNA for bacteria 

ITS for fungi 

Only detection of bacteria 
and fungi, no 

characterization 

(78,79,1
00) 

Amplicon: tiled 
primer schemes 
(single viral 
whole-genome) 

Highly sensitive for one target 
Genotyping of target virus 

Suitable for outbreak scenarios 

Limited to one organism. 
Sensitive to changes in 

target genome 
Prone to contamination 

(false positives) 

(80,83,
84,86,1
01,102) 

Spiked primer 
enrichment 

Increased sensitivity of targeted 
viruses. 

Retains metagenomic features 

Bias towards targets 
Variations in coverage and 

coverage of targets 
(85) 

Capture probes 
Increases sensitivity in a wide 

variety of targets: viruses; AMR; 
viruses, AMR and fungi 

Time and cost 
Bias towards targets 

(42,89,
91,92,1
03,104) 

rRNA depletion 
Flexibility for host and bacteria, 

depending on sample matrix 
Cost and limited targets 

(86, 
105) 

CRISPR-Cas9 
Flexibility for host and bacteria, 

depending on sample matrix 
Limited targets (87,88) 

1Can be applied pre- and post-lysis. Abbreviations: AMR, antimicrobial resistance. 
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For viral detection or retrospective analysis of old or frozen samples, targeted mNGS 

approaches can increase the sensitivity. However, targeted sequencing approaches can 

also limit the breadth of detectable pathogens. Targeted approaches can amplify 

conserved marker genes, such as 16S rRNA for bacteria and 18S/internal transcribed 

spacer (ITS) for fungi and are frequently applied in clinical diagnostics [85,86]. Whole-

genome sequencing using tiled primer schemes targeting the whole viral genome [87] 

has been proven to be highly sensitive to detect and characterize the targeted virus, as 

indicated during outbreaks of Ebola virus [88], Zika virus [89] and SARS-CoV-2 [90,91]. 

Recently, multiplexed spiked primer schemes that target several viruses (resembling 

conventional POC syndromic panels) have been introduced to retain the breadth of 

shotgun metagenomics, while increasing sensitivity for targeted organisms [92]. rRNA 

depletion is another strategy to increase sensitivity by depleting highly abundant host 

or bacterial rRNA sequences that offer little diagnostic value [93]. Similarly, CRISPR-

Cas9 based approaches have been emerging to enrich sequences of interest [94] or 

deplete host sequences [95]. Probe capture is another targeted approach based on the 

hybridization of nucleic acids to targeted organisms. It is less stringent when compared 

to amplicon sequencing and can cover a wide breadth of targets, including DNA and 

RNA viruses [96,97], antimicrobial resistance genes [98] and custom-based panels (i.e. 

Roche HyperDesign or Agilent SureSelect). Protocols were initially developed for 

Illumina sequencing, but recent approaches for other sequencing platforms are 

emerging [99]. Although probe-based approaches increase costs and add hands-on-

time, samples can be multiplexed in a run, reducing the cost per sample. New panels 

such as transposase-based library preparation are promising approaches that do not 

introduce extra hands-on-time compared to the standard library preparation procedure. 

For example, the recently developed CoronaHiT, which involves whole-genome 

sequencing of SARS-CoV-2 using ONT or Illumina technologies [100], is derived from 

transposase-based library preparation. 

Validation 

One of the biggest challenges of implementing mNGS is the validation of the test. As 

with other laboratory-developed tests, the requirements for validation depend on local 

and federal regulations. Validation is challenging due to the broad nature of the test and 

a large number of possible results. In addition, often, no reliable reference method with 

a similar scope is available. Validation is required for both the wet bench protocols, 

including accuracy, analytical sensitivity and specificity, reproducibility, stability, as well 

as bioinformatics protocols [40,42,53]. For the latter, in silico analyses using simulated 

samples can be performed. During validation of the wet bench, it is crucial to define and 

use proper external and internal controls, which are essential to bring standardization 
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and ensure the quality of the generated sequences in clinical settings [101]. Despite the 

challenges to validate mNGS, examples are available for successful implementation for 

routine testing, such as pathogen detection in cerebrospinal fluid [102] and detection of 

RNA and DNA viruses in respiratory samples [103]. 

Reproducibility 

Complex workflows like those for mNGS pose challenges for reproducibility [53], 

particularly if different laboratories implement entirely different workflows. Studies on 

the reproducibility and validation of mNGS assays are challenging and are limited to a 

few reports [53,102–104]. As such, reference standards and external/internal controls are 

required to warrant quality, reproducibility and consistency of mNGS workflows. mNGS 

QC metrics have been established and integrated into clinical microbiology laboratories 

previously [53,102]. Validated microbial community standards, regardless of the 

material type or species, are the ideal choice. To the best of our knowledge, ATCC® 

Microbiome Standards [105] and ZymoBIOMICS Microbial Community Standards [106] 

are the only currently available standards for mNGS in the market (not including 

viruses). Standards can be used as external and internal controls. Examples are whole 

microorganisms or viruses to monitor nucleic acid extraction efficiency for different 

pathogen classes or, when spiked into clinical samples, as process control for the entire 

workflow. The latter also allows the quantification of pathogens in clinical samples. 

Additionally, spike-in nucleic acids can be used as a control to detect the limit of 

detection or estimate the sequencing error rate (i.e., phiX). Current standards developed 

for nucleic acid tests can also be used for mNGS. Bal and colleagues, for example, applied 

the bacteriophage M2 kit as an internal standard for viral metagenomics (MS2, IC1 RNA 

internal control; r-gene, BioMérieux) [101]. Similarly, Miller and colleagues also applied 

MS2 (RNA) along with T1 (DNA) bacteriophages as internal controls to indicate 

microbial sensitivity [102]. However, careful consideration must be applied when 

including a microbial standard as an internal control. Depending on the concentration 

spiked, the microbial standard could take precious sequencing reads from the pathogen 

of interest. Sequencing of defined standards can also be used to assess different 

bioinformatics pipelines. As the currently available standards are designed for specific 

tasks, no universal and well-defined standard for metagenomics is available. 

Additionally, it is important to include negative controls to negate possible 

contamination, which can be introduced at any step, from sampling to sequencing. 

Possible negative controls can consist of a sampling blank, nucleic acid extraction blank 

and/or no-template control [107,109]. 
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How could the microbiology laboratory implement 

metagenomics? 
 

Implementation 

Before embarking on mNGS, diagnostic laboratories should decide whether to develop 

an in-house pipeline or implement a commercially provided solution. Commercial 

solutions include shipping the sample to an external laboratory that will either send the 

raw sequencing data back or perform the analyses and/or interpretation. Alternatively, 

laboratories could implement a commercial pipeline from sample preparation to 

reporting. Several commercial solutions have become available and are accredited either 

in Europe (IVD CE approved) [110] or in America (CAP approved) [111,112]. However, they 

may be restricted to specific regions/continents. 

Clinical conundrum 

Performing mNGS on patient samples currently relies heavily on a case-by-case basis. 

However, mNGS has the potential to become a cost-competitive option as it could be 

used as a direct “rule in’’ or ‘’rule out” test to confirm the presence or absence of an 

infectious etiology [3,113]. While mNGS may be more suited for immunocompetent 

individuals as a last resort option, with traditional methods performed first, specific 

patient populations could benefit from mNGS as a diagnostic complement or an 

alternative to conventional testing. In this respect, we propose a diagnostic algorithm 

that could be used to select samples for mNGS (Figure 2). For example, mNGS could be 

used for patients with negative results from conventional testing who are still presenting 

with symptoms or signs consistent with infectious disease. Additionally, mNGS may be 

used if an infectious agent is identified, but treatment failure is observed. It can then 

help to detect antimicrobial resistance or co-infections, which may be the actual cause 

of the symptoms. For immunocompromised patients such as neonates, transplant 

recipients, or critically ill patients admitted to the intensive care unit, mNGS can be 

considered an earlier option to prevent continued sampling or to provide extra 

information for patients with limited care options, such as those suffering from 

malignancy. In this respect, mNGS can, in some cases, have an impact not only on 

survival but also on the quality of life gained [114]. To be used in diagnostics, mNGS 

should have a direct impact on patient care or management. This can also involve 

confirming the patient no longer requires isolation, reducing the length of hospital days 

or medical treatment, therefore decreasing costs for both the patient and the hospital. 
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Figure 2. Diagnostic algorithm of potential workflow. Initially, a sample will be taken from the 

patient presenting with a clinical syndrome and run through conventional testing. In 

immunocompetent patients, usually the identified pathogen signifies the causative agent. If no 

pathogen is identified and the patient has continued symptoms and signs consistent with an 

infectious disease, another conventional test will usually be performed. If no infectious agent is 

found which corresponds to the clinical syndrome, mNGS could then be performed. 

Additionally, if antimicrobial therapy has already been initiated, mNGS could be performed to 

overcome the limitations of culture as fewer or no viable cells are left. Moreover, even when a 

positive result is achieved through conventional testing, mNGS could still be applied in the event 

of treatment failure (i.e., patient fails to respond to treatment), to identify co-infections and/or 

antimicrobial resistance genes. In immunocompromised patients, mNGS could be performed in 

an earlier step of the workflow since the likelihood of an infection with an unusual pathogen is 

higher. The patient’s clinical history should denote which workflow to follow and would most 

likely be on a case-by-case basis. 

Ethical considerations 

Sequencing data is usually stored locally or in the cloud. As the data contains the 

personal and genetic information of the patient (either unwanted background or host 

response), separation, anonymization, and secure data storage are key priorities. NGS 

assays acquire genetic data on the patient’s current health and/or future risk factors, 

along with their relatives and possible future children. The presence of human data can 

also pose privacy issues in relation to the use of online bioinformatics tools, such as 
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RAST [115], Genome Detective [116], EPI2ME (ONT) or Taxonomer [117]. Removing 

human nucleic acid sequences by mapping usually leaves traces behind and adds 

additional time to downstream analysis [42]. Another important ethical consideration 

is how to handle incidental findings, particularly HIV or other sexually transmitted 

diseases and should be part of the informed consent procedure. Recommendations 

regarding pre-test counseling, informed consent, and essential processes (ethical and 

clinically focused return of incidental findings) based on previous studies have been 

published elsewhere [42,118,119]. 

 

Conclusion 

This article reviewed the expectations of integrating mNGS in routine diagnostics and 

how this can be achieved. As many samples remain culture – or PCR-negative, clinical 

laboratories could benefit from mNGS. However, cost, turnaround time, variable 

sensitivity/specificity, validation and reproducibility remain hurdles to overcome before 

implementing mNGS in routine diagnostics. A commercial mNGS service provider could 

be applied to reduce costs before investing in infrastructures, equipment and NGS-

specialized laboratory personnel. The analytical sensitivity can be increased by several 

host depletion and microbial enrichment strategies. Reagent and laboratory 

contamination should be mitigated by sequencing a negative control and post-

sequencing contamination removal to increase specificity. Nevertheless, data must be 

interpreted and evaluated carefully within a clinical context. Furthermore, validated 

microbial community reference standards and external/internal controls are required to 

warrant quality, reproducibility, and consistency of mNGS workflows. Above all, the 

intended use of mNGS should be clearly defined and performed on a case-by-case basis 

as described in the proposed diagnostic algorithm. Additionally, careful consideration is 

needed to determine the most appropriate clinical approach as each have their own 

advantages and disadvantages (Table 4). mNGS can circumvent some of the limitations 

of conventional testing to obtain a clinically actionable result in a reasonable time frame. 

Considering the ability of some sequencing platforms to provide same-day results, 

mNGS can revolutionize routine diagnostics. 
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Table 4. Advantages and disadvantages of main diagnostic tools/approaches 

Approach Advantages Disadvantages Refs 

Culturing 

Economic, gold standard 
for antimicrobial 
susceptibility testing and 
taxonomic classification, 
in vivo experiments 

≥ 2 days for pure culture, anaerobes require 
specialized equipment, not all microorganisms 
are culturable, dead cells are not detectable, 
culturing of viruses/fastidious bacteria (e.g. 
Mycobacterium tuberculosis) can take weeks 

(12,16,58) 

PCR 
(single/ 
multiplex) 

Economic, rapid, low 
hands-on time, high 
multiplex potential, 
detects the majority of 
relevant clinical organisms 

Limited to the desired target(s). Mutations and 
recombination events can result in false 
negatives, relying on primer-target sequence 
matching 

(5,25-37) 

mNGS 

Enables the detection and 
characterization of all 
microorganisms within a 
single assay directly from 
the sample 

Wide range of costs, workflows and 
considerations. Lack of standardization, 
extensive wet and dry lab procedures, 
reproducibility concerns, sensitivity is 
impacted by nucleic acid background, Time to 
result can fluctuate 

(3,7,11,13, 
41,56,57, 
89,94) 

Expert opinion 

Looking at the reviews on real-time PCR applications in clinical microbiology from 15–

20 years ago, we can find several resemblances with the current mNGS situation. The 

implementation of real-time PCR also required careful consideration of facility and 

personnel requirements, along with workflow design [120]. Additionally, reports 

documenting the diversity of extraction methods, sample material, and protocols made 

a direct comparison of the methods challenging [120]. Since its initial introduction, real-

time PCR has been fully integrated into routine clinical diagnostics and has become a 

vital tool in any testing algorithm. Similarly, mNGS could become a standard 

microbiological method with a clearly defined role in diagnostics in the near future. 

However, our opinion is that large-scale prospective efforts to standardize and validate 

mNGS workflows should be taken by clinical laboratories that wish to implement mNGS. 

Such initiatives exist at the academic/reference and commercial level but most likely 

lack the financial capacity needed for such studies. Consequently, commercial 

companies that can secure large grants for development will probably be driving mNGS 

implementation. Additionally, economic data showing the cost-effectiveness of mNGS 

is needed to justify the use of such an expensive test. A clear definition of diagnostic 

algorithms, including mNGS, is vital to show clinical utility rather than the promise of 

mNGS replacing conventional techniques (at least for the time being). The need for a 

new diagnostic tool to increase the sensitivity of microbial diagnosis is clear. Although 

mNGS seems to be a promising candidate, it will still take time before it is widely 

applied. 
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Abstract  

Shotgun metagenomic sequencing (SMg) enables the simultaneous detection and 

characterization of viruses in human, animal and environmental samples. However, lack 

of sensitivity still poses a challenge and may lead to poor detection and data acquisition 

for detailed analysis. To improve sensitivity, we assessed a broad scope targeted 

sequence capture (TSC) panel (ViroCap) in both human and animal samples. Moreover, 

we adjusted TSC for the Oxford Nanopore MinION and compared the performance to 

an SMg approach. TSC on the Illumina NextSeq served as the gold standard. Overall, 

TSC increased the viral read count significantly in challenging human samples, with the 

highest genome coverage achieved using the TSC on the MinION. TSC also improved 

the genome coverage and sequencing depth in clinically relevant viruses in the animal 

samples, such as influenza A virus. However, SMg was shown to be adequate for 

characterizing a highly diverse animal virome. TSC on the MinION was comparable to 

the NextSeq and can provide a valuable alternative, offering longer reads, portability and 

lower initial cost. Developing new viral enrichment approaches to detect and 

characterize significant human and animal viruses is essential for the One Health 

Initiative. 

 

Introduction 

Genomic identification and characterization of viruses in both humans and animals play 

a central role in the diagnosis, monitoring and control of infectious diseases [1]. Clinical 

diagnostics remains a challenge in infections with indiscriminate clinical presentation, 

coupled with pathogen diversity and microbial abundance in clinical samples [2]. New 

approaches to identify potentially significant viruses in humans and animals (e.g., pigs, 

important mixing vessels) are a crucial part of the One Health Initiative. With the 

increasing global population and intensification of agriculture, zoonotic pathogen 

spillover at the human–animal–wildlife interface, such as the recent outbreaks of SARS-

CoV-2 [3] and swine influenza virus (SIV) [4], remains a challenge. 

Metagenomic testing allows for the detection of pathogens directly from clinical 

specimens without a priori knowledge of target sequences. Metagenomics uses genome 

sequencing and bioinformatics techniques to identify and characterize microorganisms, 

including viruses, fungi and bacteria [5,6]. The approach makes it a promising tool after 

targeted conventional methods fail [7]. On the other hand, the untargeted nature of SMg 

entails the sequencing of non-pathogenic, host and environmental nucleic acids, along 

with sequences of interest. This can result in an overall reduced sensitivity compared to 

conventional targeted approaches, such as qPCR [6]. 
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Pre-lysis enrichment procedures such as centrifugation and/or filtration have been 

reported to increase viral sensitivity [8]. However, pre-lysis procedures rely on the 

structural integrity of the microbial and host background cells. Due to the high costs of 

SMg, it is often applied retrospectively on selected and usually clinically relevant frozen 

samples after other diagnostic tests have failed. Alternatively, post-lysis enrichment 

procedures including DNase treatment [9], targeted PCR amplicon sequencing [7] and 

viral targeted sequence capture (TSC) offer depletion of background nucleic acids and 

improve the recovery of viral reads. Targeted capture probes are more tolerant of 

mismatches in target sequences than PCR primers, making them suitable for use with 

highly diverse targets such as RNA viruses, and have been reported to increase the 

number of viral reads and maintain viral diversity [10]. For example, the ViroCap share 

developer TSC panel from KAPA (Roche) contains approximately 2 million capture 

probes from all vertebrate viral genomes known in 2014 [11]. These oligonucleotide bait 

probes hybridize with target viral nucleic acids and isolate them from background 

nucleic acids using magnetic streptavidin-coated beads [7]. 

Currently, developed TSC panels such as those from KAPA (ViroCap) [11,12], Illumina 

and TwistBio are available for next-generation sequencing (NGS) Illumina platforms. 

Although highly adapted in clinical microbiology [13], Illumina sequencing is limited by 

short sequencing reads (≤2× 300 bp) [14]. Oxford Nanopore Technologies (ONT) 

sequencing platforms offer comparatively lower accuracy and output but provide long 

reads that can be analyzed in real-time. Moreover, with the low initial cost of the 

MinION sequencing device, ONT has steadily edged its way to the broader scientific 

community [15]. However, to the best of our knowledge, the only (commercial) sequence 

capture assay tested with ONT platforms is the Agilent SureSelect (Sequence capture 

(SQK-LSK109) Version: SCE_9075_v109_revO_14Aug2019) on human DNA cancer 

panels (https://nanoporetech.com/resource-centre/incorporating-sequence-capture-

library-preparation-minion-gridion-and-promethion-0) and custom TSC probes on 

spiked viruses in cell-culture samples [16,17]. 

In this study, the ViroCap TSC panel was evaluated for the detection and 

characterization of viruses in challenging human and animal samples using long-read 

sequencing (LRS) on the ONT MinION device - firstly, by comparing it to a shotgun 

metagenomic approach on the MinION and secondly, by comparing it with the 

established ViroCap workflow on the Illumina NextSeq as a gold standard. 
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Materials and Methods 

Sample Collection 

Human and animal samples were collected to evaluate the applicability of the ViroCap 

TSC panel which covers a broad range of viruses. Four samples from transplant patients, 

presenting either respiratory or gastrointestinal symptoms, were selected based on a 

positive qPCR result [18] for two clinically relevant viruses: enterovirus (n = 4) and 

norovirus (n = 1) (Table 1). Conventional routine Sanger sequencing was able to 

characterize norovirus as GII.4; however, genotypes could not be determined for the 

enteroviruses. Four pig samples (each consisting of 5 pooled pig samples) were collected 

from farms within the German/Dutch border region between 2017 and 2018 for the Food 

Pro-tec-ts project. Samples were selected based on clinically relevant qPCR results from 

both non-symptomatic (n = 2) and symptomatic pigs (n = 2) (Table 1). qPCR was 

performed to screen for SIV (VetMAX™-Gold SIV Detection Kit) (Life Technologies, 

Carlsbad, CA, USA) and porcine reproductive and respiratory syndrome virus (PRRSV) 

(Virotype® PRRSV RT-PCR Kit) (Qiagen, Hilden, Germany), according to the 

manufacturer’s recommendations. 

Table 1. Description of human and animal sample information 

Sample 
ID 

Sample type qPCR target Ct value Symptoms 
Sampling 

date 

H1 
Flockedswab 
nasopharynx 

Enterovirus 25 
Fever, dyspnea and 

coughing 
09/2018 

H2 Fecal Enterovirus 30 Chronic diarrhea 05/2016 

H3 Fecal 
Norovirus 

Enterovirus 
17 
29 

Fever, vomiting and 
abdominal pain 

11/2018 

H4 Fecal Enterovirus 21 
Fever, diarrhea and 

abdominal pain 
10/2016 

A1 Blood plasma PRSSV 1 - None 12/2017 
A2 Blood plasma PRSSV 1 26 (pool) None 10/2018 
A3 Blood plasma PRSSV 1 25 (pool) Respiratory 10/2017 

A4 Nasal swab SIV 2 19 
Respiratory (closed enteral 

system) 
10/2018 

1 PRRSV, porcine reproductive and respiratory syndrome virus; 2 SIV, swine influenza virus. 
Abbreviations: H, human; A, animal; Ct, cycle threshold. 
 

Nucleic Acid Extraction and cDNA Synthesis 

Human samples were initially centrifuged at 6000× g for 2 min. A total of 190 µL of the 

supernatant was isolated using the easyMAG (bioMérieux, Inc., Marcy l’Etoile, France) 

and eluted in 110 µL of elution buffer. Pig samples were centrifuged at 6000× g for 2 

min. A total of 240 µL of supernatant was isolated using the QIAamp Viral RNA Mini 

Kit (Qiagen), with carrier RNA replaced by linear polyacrylamide and eluted in 90 µL of 

elution buffer. Lysis buffer was used as a negative control. Nucleic acids were cleaned 

and concentrated to 8 µL using the RNA clean and concentrator kit (Zymo Research, 
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Irvine, CA, USA), including an in-column DNase treatment, according to the 

manufacturer’s recommendations. 

Sequence-Independent Single-Primer-Amplification (SISPA) offers amplification and 

recovery of low biomass samples [19], while offering great flexibility. It can be utilized 

for both Illumina and ONT platforms [14]. Reverse transcription and generation of the 

second strand cDNA were performed as described [8]. Amplification of cDNA was 

performed as previously described [14]. Briefly, 5 μL of cDNA was amplified with 

AccuTaq LA (Sigma, Poole, United Kingdom) and 1 μL (100 pmol/μL) Sol-Primer B (5′-

GTTTCCCACTGGAGGATA-3′) in a total reaction volume of 50 μL, according to the 

manufacturer’s recommendation. PCR reaction conditions were as follows: 98 °C for 30 

s; 30 cycles of 94 °C for 15 s, 50 °C for 20 s and 68 °C for 5 min, followed by 68 °C for 10 

min. The SISPA cDNA was then used as an untargeted basis for all three approaches; 

shotgun metagenomic sequencing on the MinION (M) (Figure 1a), viral TSC with 

ViroCap on the MinION (MV) (Figure 1b,c) and viral TSC with ViroCap on the NextSeq 

(NV) (Figure 1d). 

 

Figure 1. Workflow of the laboratory procedures evaluated in this study. (a) Shotgun approach 

for a baseline on Oxford Nanopore Technologies (ONT) platforms; (b) ViroCap on pooled 

barcoded library pools using a 20 min and 20 h hybridization time; (c) ViroCap on individual 

samples using a 20 h hybridization time; (d) standard ViroCap protocol on Illumina platforms. 

Abbreviations: ONT, Oxford Nanopore Technologies; SISPA, Sequence-Independent Single-

Primer-Amplification. 

Oxford Nanopore Technologies SMg and TSC 

To evaluate TSC for ONT platforms, the untargeted SISPA cDNA served as a baseline 

(Figure 1a). Sequencing libraries were generated with the Ligation Sequencing Kit (SQK-



108 
 

LSK109) (ONT) and native barcoding expansion (EXP-NBD104) (ONT) using a modified 

One-pot protocol [20] (for details see: dx.doi.org/10.17504/protocols.io.bbnmimc6). 

To create enriched long-read sequences using ONT, the ViroCap share developer panel 

(SeqCap EZ HyperCap Workflow User’s Guide version 2.1) from Roche NimbleGen 

(Madison, WI, USA) was used [11]. Viral TSC was evaluated on pooled samples (n = 8) 

(standard protocol) and individual samples (n = 8) (Figure 1b,c). For the pooled 

approach (Figure 1b), sequencing libraries were first generated from 8 samples using the 

PCR barcoding kit (SQK-PBK004) (ONT, Oxford, England) and pooled together prior 

to TSC. The captured library pool was then re-amplified using 0.4 µL of each of the 

respective barcode primers and sequenced using the MinION device. To reduce the 

overall turn-over time, the impact of a shorter hybridization time of 20 min was also 

evaluated to the recommended 20 h using the pooled cDNA (Figure 1b). 

For the individual approach (Figure 1c), the following changes were applied to the 

ViroCap TSC protocol to adjust for long-read cDNA. The user guide was followed 

starting from the hybridization procedure (chapter 5) using the SeqCap EZ Developer 

Reagent, while the blocking oligos (for the KAPA library prep adapters) were not added. 

Next, the initial denaturation time for the hybridization incubation was reduced from 5 

min to 45 sec (step 22). Washing and recovery steps were followed (chapter 6), ending 

with eluting the captured cDNA off the beads with 20 µL of water (step 29) prior to re-

amplification. Captured cDNA was re-amplified using the round B SISPA primer and 

amplification parameters, as described previously [14]. This was followed by sequence 

library generation with the Ligation Sequencing Kit (SQK-LSK109) (ONT) and native 

barcoding expansion (EXP-NBD104) (ONT) using a modified One-pot protocol [20]. 

Moreover, a 50% dilution of recommended reagents and sample input quantities (to 

keep the same probe/sample ratio) were applied for individual sample TSC reactions to 

reduce the cost per sample. The eight individual TSC libraries were pooled together by 

equal mass prior to sequencing on the MinION device. For each approach (TSC on 

pooled or individual samples), the same eight samples (Table 1) and a negative control 

were sequenced on a MinION device (ONT) on FLO-MIN106 R9.4.1 flow cells (ONT). 

Illumina TSC 

To create enriched short-read sequencing (SRS) libraries for Illumina, the ViroCap share 

developer panel from Roche NimbleGen (Madison, WI, USA) was also used (Figure 1d). 

The SeqCap EZ HyperCap Workflow User’s Guide version 2.1 was followed according to 

the manufacturer’s recommendation. Briefly, eight sequence libraries and a negative 

control library were pooled prior to a target sequence capture reaction. A probe 

hybridization time of 20 h was selected. The captured library pool was then sequenced 
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on an Illumina NextSeq 500 (Illumina, San Diego, CA, USA) with a medium output kit 

to generate paired-end 76 bp reads. 

Data Analysis 

ONT reads were base-called with Guppy v3.2.10 and trimmed using Porechop v0.2.4 

(https://github.com/rrwick/Porechop). Illumina reads were trimmed using CLC 

Genomics Server 20.0.3 (Qiagen) (referred to as CLC from here on) using the default 

settings, with the quality limit set to 0.05. SISPA primer sequences were then removed 

from ONT and Illumina reads using the Trim adapter list on CLC. Library quality control 

(QC) metrics were derived from BaseSpace for SRS and from FastQC for LRS. For read-

based taxonomic analysis, trimmed reads were uploaded using the web-based tool 

Taxonomer [21] and analyzed in full analysis mode. Additionally, the reads were mapped 

against an in-house viral database consisting of 67,324 complete viral sequences derived 

from GenBank on the 13/08/2019 using CLC with 80% nucleotide identity and 70% 

length fraction. The resulting consensus sequences were subsequently confirmed by 

NCBI BLASTn. To account for possible barcode cross-contamination and crosstalk, a 

cut-off was applied based on 0.1% of the total reads for that virus [22]. Coverage and 

read tracks were derived using CLC, by mapping the reads against the best viral hit using 

80% nucleotide identity and 70% length fraction. Antiviral susceptibility to influenza 

virus was investigated using the online tool Influenza Research Database 

(https://www.fludb.org). 

Ethics Statement 

The human samples used for this study were collected during routine diagnostics and 

infection prevention control. Oral consent for the use of such clinical samples for 

research purposes was routinely obtained upon patient admission to the UMCG, in 

accordance with the guidelines of the Medical Ethics Committee of the University 

Medical Center Groningen. All experiments were performed in accordance with the 

guidelines of the Declaration of Helsinki and the institutional regulations, and all 

samples were anonymized. The animal samples used for this study were collected within 

the Food Pro-tec-ts project, which has been classified as an animal study and was 

approved on 22.09.2017 by the respective state office for nature, environment and 

consumer protection (file reference: 84.02.05.40.17.079). 

Data Availability 

Sequencing reads from all the approaches have been deposited at Sequence Read 

Archive under the BioProject number: PRJNA670157. 
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Results 

Hybridization Time and Sample Pooling on the MinION 

The increased sample handling and hybridization time are important limitations of TSC. 

To evaluate the impact of probe hybridization time on the MinION, samples were pooled 

before a 20 min and 20 h hybridization time. Pooling samples prior to a 20 h 

hybridization time is recommended in the ViroCap User’s Guide v.2.1. TSC was also 

performed on individual samples (using a hybridization time of 20 h), as a result of 

unspecific binding observed after amplification of captured library pools. The individual 

sample fastq files were concatenated to compare the number of viral reads with the 20 

min and 20 h pools (Table 2). Sequence reads were mapped against an in-house viral 

database on CLC and normalized. 

 

Table 2. Sensitivity of detected viruses in pooled (20 min and 20 h hybridization) and individual 
TSC reactions. Sequencing reads were normalized against the total number of reads 

Type Detected viruses 20 min (pool) % 20 h (pool) % 20 h (individual) 1 % 

Human 
samples 

(n=4) 

Coxsackievirus A22 0.001 0.004 0.192 
Enterovirus A71 0.00004 0.00011 0.00028 
Enterovirus D68 0.003 0.027 0.775 
Norovirus GII.4 1.42 4.77 10.56 

Animal 
samples 

(n=4) 

Astrovirus wild boar (n=2) 0.002 0.010 0.001 

Bocavirus pig 0.001 0.007 0.003 

Influenza A virus* 55.31 51.15 9.39 

Mamastrovirus 2 0.0004 0.0017 0.0003 

Pasivirus A1 0.002 0.010 0.053 

PERV 2 (n=4) 10.63 11.83 11.34 

Porcine astrovirus 4 0.001 0.008 0.001 

Porcine bocavirus H18 0.009 0.029 0.016 

Porcine enterovirus B 0.0002 0.0002 4.75E-05 

Porcine kobuvirus 0.49 1.35 0.28 

Porcine respirovirus 1 3 0.019 0.064 0.033 

Porcine sapelovirus 1 0.0001 0.0019 0.0003 

PRRSV 4 (n=3) 9.75 6.82 15.75 

Rotavirus C* 0.00004 0.00005 0.00007 

Ungulate tetraparvovirus 3 10.02 0.44 5.24 
 Total viral reads % 87.66 76.53 53.64 

1 Sequencing reads from the individual TSC reactions were concatenated into one single file to 
provide a comparison to the pooled samples. 2 PERV, porcine endogenous retrovirus. 3 Porcine 
respirovirus 1 is also known as porcine parainfluenza virus 1. 4 PRRSV, porcine reproductive and 
respiratory syndrome virus; * Segments were combined into one single genome. 
 

Interestingly, a hybridization time of 20 min resulted in the highest percentage of viral 

reads with 87.66%, while 20 h resulted in 76.53%. TSC reactions of individual samples 

(that were loaded onto the MinION by equal mass) resulted in the lowest percentage of 

viral reads (53.60%). Differences in viral loads could account for the lower percentage 

of viral reads in the individual TSC reactions. Viruses with high loads (e.g., influenza A 
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virus (IAV) with a Ct of 19) could result in an overrepresentation bias in the pooled 

samples. Indeed, reads from IAV represented more than half of the total viral reads in 

both pooled reactions (20 min and 20 h). Meanwhile, in the individual capture reactions 

(in which libraries were loaded by equal mass), IAV reads accounted for 9.39% of viral 

reads. Therefore, the individual reaction had a more even IAV read representation. 

Some viruses benefited from the shorter hybridization time of 20 min, such as ungulate 

tetraparvovirus 3 (10.02% of viral reads after 20 min, 0.44% after 20 h and 5.24% after 

20 h individual). For other viruses, a shorter hybridization time seemed to have a 

negative impact, particularly in the human samples. Considerable differences were 

detected between the individual and pooled approaches in the human samples, with 

norovirus GII.4, enterovirus D68 (EV-D68), enterovirus A71 (EV-A71) and coxsackievirus 

A22 (CV-A22) yielding a higher percentage of viral reads from the individual approach. 

This study therefore highlights important differences to be considered when 

investigating different hosts and sample origins. 

Significantly, we also observed that post-capture re-amplification of library pools using 

the ONT PCR barcoding kit proved to be too unspecific, resulting in excessive barcode 

crosstalk. As a result, an individual sample reaction with 20 h hybridization time was 

selected as the best option to proceed. 

TSC and Taxonomic Binning 

To illustrate the impact of TSC on a microbial and host nucleic acid background, 

trimmed reads were uploaded to Taxonomer to obtain sample compositions. The 

following graph provides a comparison overview between the approaches; ONT MinION 

device (M), ONT MinION device with ViroCap (MV) and Illumina NextSeq with ViroCap 

(NV) (Figure 2). 

Shotgun metagenomic cDNA sequenced on the MinION (M) resulted in 1.17% viral 

reads, while MV increased the percentage of viral reads to 55.12%. Interestingly, NextSeq 

TSC resulted in a viral read count of 28.15%. This could suggest that longer 

unfragmented cDNA might be captured more efficiently. Prior to TSC, background host 

nucleic acid accounted for 34.48% of reads using the MinION. This decreased to 14.16% 

using TSC on the MinION. Meanwhile, background host nucleic acids accounted for 

24.32% using TSC on the NextSeq. Furthermore, while bacterial nucleic acids accounted 

for 46.09% of MinION sequencing reads, they accounted for only 36.99% of reads after 

using TSC. Additionally, MV reduced the number of unclassified reads, compared to NV. 

Finally, an increased Q score was found using captured libraries compared to 

metagenomic libraries on the MinION (Table S1). 
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Figure 2. Sample composition with and without TSC on the ONT MinION and with TSC on the 

Illumina NextSeq. Abbreviations: M, MinION; MV, MinION with ViroCap; NV, NextSeq with 

ViroCap. 

 

Viral Genome Coverage and Sequencing Depth 

TSC can not only be used to increase the sensitivity of virus detection, but also to 

increase the genome coverage and sequencing depth. Sensitivity is particularly 

important in challenging patient samples with a low viral load, or samples with a high 

viral diversity such as pig samples. To assess genome coverage and genome coverage 

depth (sequencing depth) between the three approaches, trimmed reads were mapped 

against representative genome references using CLC (Table 3). As the MinION device 

produces a lower output compared to the NextSeq, the data were not normalized to 

reflect a realistic outcome of sequencing runs using both approaches.  
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Table 3. Genome coverage (%) and sequencing depth of trimmed sequencing reads against the 

appropriate viral reference sequence 

ID GenBank 
Reference 

length 
Reference 

Genome 
coverage (%) 

 
Average  

sequencing depth 

M MV NV  M MV NV 

H1 MH341731.1 7345 Enterovirus D68 89 100 96  2 3342 2664 

H2 ─ ─ No virus detected ─ ─ ─  ─ ─ ─ 

H3 MK073885.1 7555 Norovirus GII.4 99 100 100  55 44148 374921 

H3 LR027546.1 7410 Enterovirus A71 20 39 40  < 1 1 4 

H4 DQ995647.1 7401 Coxsackievirus A22 35 100 85  < 1 898 152 

Average (human samples) 61 85 80  14 12097 94435 

A1 HM159246 8774 PERV 1 C 83 71 64  28 7536 608 

A1 NC_038546 5114 Porcine hokovirus HK7 18 41 74  1 977 6893 

A1 NC_035180 5533 Ungulate tetraparvovirus 3 100 100 96  773 35518 380898 

A2 NC_038537 4786 Bocavirus pig/SX/China 43 59 82  5 143 425 

A2 NC_038538 5267 Porcine bocavirus P18 39 56 61  5 130 479 

A2 HM159246 8774 PERV 1 C 100 100 92  408 37379 22903 

A2 NC_025402 15396 Porcine respirovirus 1 79 85 98  9 75 980 

A2 GU067771.1 15098 PRRSV 2 (Amervac) 89 100 100  21 21836 11949 

A3 NC_016896 6707 Astrovirus wild boar 10 17 32  60 1 144 

A3 NC_030653 10908 
Atypical porcine pestivirus 

1 
100 20 100  69 < 1 36 

A3 NC_018226 6916 Pasivirus A1 91 78 63  38 243 478 

A3 HM159246 8774 PERV 1 C 33 81 49  2 1627 62 

A3 KT344816.1 15095 PRRSV 2 (GER09-613) 99 100 96  85 17451 8459 

A4 NC_016896 6707 Astrovirus wild boar 98 81 76  20 12 128 

A4 NC_027711 6327 Dromedary astrovirus 83 44 38  5 5 23 

A4 KY250316-23 13200 Influenza A virus* 100 100 100  1512 24292 197905 

A4 NC_034974 6347 Mamastrovirus 2 83 39 51  4 5 22 

A4 NC_023675 6639 Porcine astrovirus 4 99 82 65  18 12 151 

A4 NC_023636 6500 Porcine astrovirus 5 46 41 76  1 1 4 

A4 NC_016647 5076 Porcine bocavirus 5 0 0 12  0 0 4 

A4 HQ540591 9182 PERV 1 A 73 96 58  1 7 6 

A4 KY214435 8043 Porcine enterovirus b 94 21 85  5 0.4 6 

A4 NC_016769 8210 Porcine kobuvirus 99 100 99  152 1457 4056 

A4 NC_003987 7491 Porcine sapelovirus 1 98 59 66  3 2 26 

A4 GU067771.1 15098 PRRSV (Amervac) 2 20 93 100  < 1 10 66 

A4 
MN102366-

75 
18286 Rotavirus A pig* 4 2 10  < 1 < 1 < 1 

A4 NC_003985 7117 Teschovirus A 23 41 62  < 1 1 13 

Average (animal samples) 67 63 71  120 5508 23582 
1 PERV, porcine endogenous retrovirus; 2 PRRSV, porcine reproductive and respiratory syndrome virus; * 

Influenza A virus and Rotavirus A segments were concatenated into a single contig, respectively. Near 

full-length genomes (>94% coverage). Abbreviations: H, human; A, animal; M, MinION; MV, MinION 

with ViroCap; NV, NextSeq with ViroCap. 

Overall, 27 viruses were detected; 4 in the human samples and 23 in the animal samples 

(Table 3). Despite a lower read count generated using the ONT platform (Table S1), only 

porcine bocavirus 5 was not detected, compared to the Illumina NextSeq. Moreover, 

viruses that were not part of the ViroCap panel were still detected, albeit with less reads 
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in some viruses (e.g., astrovirus wild boar/WBAstV-1 and atypical porcine pestivirus 1) 

following targeted capture. While the average genome coverage was lower in the MV 

animal libraries (63%) compared to the M libraries (67%), the sequencing depth of MV 

was considerably higher, indicating coverage bias (Table 3). Yet, MV yielded more 

clinically relevant near full-length genomes. Overall, ViroCap increased the average 

sequencing depth of 4/4 detected viruses in the human samples and 13/22 detected 

viruses in the animal samples on the MinION. Illumina sequencing (NV), compared to 

MinION with ViroCap, yielded the highest average sequencing depth. 
 

Viral Detection in Human Samples 

Four viruses were detected with each approach. Although the patient viruses were 

detected in routine diagnostics, the enteroviruses were recorded as untypeable. Both the 

shotgun metagenomic and TSC approaches enabled the characterization of 

enteroviruses in greater detail, highlighting a well-established advantage of NGS (7). 

ViroCap resulted in a substantial increase in the number of viral reads and sequencing 

depth in all human samples. Three full-length genomes were recovered by MV (EV-D68, 

norovirus GII.4 and CV-A22), while only one full-length genome (norovirus GII.4) and 

one near full-length genome (EV-D68) were recovered by NV. The shotgun 

metagenomic approach on the MinION (M) did not perform as well, with only one near 

full-length genome recovered (norovirus GII.4). None of the approaches were able to 

detect the enterovirus from the Ct 30 human fecal sample (H2), suggesting a limit of 

detection. Enterovirus A71 (Ct 29) was detected (albeit at lower coverage) with each 

approach, supporting a potential cut-off in fecal samples. A co-infection was detected in 

human sample 3; norovirus GII.4 and enterovirus A71. It is interesting to note that while 

a shotgun metagenomic approach covered 20% of the EV-A71 genome, this was in fact 

accounted for by only one single long read. TSC increased the genome coverage and 

sequencing depth on both ONT and Illumina platforms and could confirm the presence 

of EV-A71.  

Viral Detection in Animal Samples 

The animal samples on the other hand, proved to be highly diverse. We detected 22 

viruses using both ONT approaches, while we detected 23 viruses using Illumina. 

Indeed, porcine bocavirus 5 was only detected by TSC on the NextSeq. M yielded 4 full-

length genomes, while targeted capture yielded 6 and 4 using the MV and NV, 

respectively. Regarding near full-length genomes, M yielded 6, MV yielded 1 and NV 

yielded 4. Furthermore, MV increased the genome coverage in 9/23 viruses, compared 

to M. All approaches enabled us to determine in silico susceptibility of IAV (H1N1) to the 

neuraminidase inhibitors: Oseltamivir, Zanamivir and Peramivir with a 100% 

concordance.  
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ONT Accuracy  

To assess the accuracy of ONT sequencing, selected viral species with a high sequencing 

depth (≥ 1457) were compared to the corresponding Illumina consensus sequences, 

which served as a gold standard (Table 4). ONT achieved an accuracy of 98.71 - 99.89% 

(average 99.44%) compared to the NextSeq ViroCap consensus sequences. 

Table 4. Similarity of ONT consensus sequences compared to Illumina 

Detected virus Percentage identity (%) Average sequencing depth (MV) 

Norovirus GII.4 99.89 44148x 

Influenza A virus* 99.88 24292x 

Enterovirus D68 99.83 3342x 

Ungulate tateraparvovirus 3 99.37 35518x 

PRRSV 1 98.95 17451x 

Porcine kobuvirus 98.71 1457x 

Average 99.44 21035x 

1 PRRSV, porcine reproductive and respiratory syndrome virus. * Influenza A virus segments 
were concatenated into a single contig. 
 

Coverage Depth of Clinically Relevant Viruses  

To visualize and compare coverage patterns and sequencing depths between M, MV and 

NV, reads were mapped across clinically relevant viral genomes detected in our study. 

Figure 3 indicates differences between human and animal samples in terms of genome 

coverage, following TSC. 

Apart from IAV, in which the NextSeq showed a different pattern, most other viruses in 

Figure 3 displayed a similar pattern before and after enrichment. This indicates that the 

coverage pattern is somewhat more dependent on the SISPA approach than on 

enrichment or sequencing platform. Interestingly, after using TSC, a high sequencing 

depth was obtained for the previously untypeable Sanger Sequencing enterovirus target, 

VP1 (position 2300-3300 bp). 
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Figure 3. Visualization of the coverage depth for four clinically relevant viruses detected in our 

study. (a) Influenza A virus; (b) Porcine respirovirus 1; (c) Enterovirus D68; (d) Norovirus GII.4. 

Reads were not normalized and therefore actual depth was dependent on the number of total 

reads of the sample. *All 8 influenza A virus segments were concatenated into a single genome. 

Abbreviations: M, MinION; MV, MinION with ViroCap; NV, NextSeq with ViroCap; IAV, 

influenza A virus; PRV1, porcine respirovirus 1; EV-D68, enterovirus D68; NoV GII.4, norovirus 

GII.4. 

 

Discussion 

SMg has the potential for broad-range detection and characterization of viruses but is 

hindered by sample complexity, which can reduce viral sensitivity. Therefore, applying 

TSC such as ViroCap has been shown to increase virus detection (11, 12, 22). While 

current Illumina-based NGS platforms offer high accuracy and sequencing depth, factors 

such as speed, mobility, sequence-length and flexibility are disadvantageous compared 

to the ONT platforms.  

Here, we show that a viral target enrichment assay designed for 2nd generation SRS 

platforms, can also be used with LRS ONT platforms, with only slight modifications. To 

assess the performance of TSC on ONT platforms, we also ran Illumina deep sequencing 

as a gold standard on challenging clinical samples. Moreover, SMg without enrichment 
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was also performed using the ONT. The SISPA methodology was selected as it offers 

robustness and flexibility and can be used both for Illumina and ONT platforms (14). 

Due to the broad scope of ViroCap, it has also been reported to enrich uncommon 

viruses (11). Therefore, we also evaluated the benefits and drawbacks of TSC in highly 

diverse animal samples next to human samples. While a TSC panel was evaluated in 

farm animals on the Illumina platform previously (23), to the best of our knowledge, this 

is one of the first reports to sequence directly from animal samples using ONT and the 

first report that uses viral target enrichment using ONT with human and animal 

samples.  

Detecting viruses and obtaining full-length genomes directly from samples has several 

benefits. Firstly, it enables the detection of viruses without a priori knowledge, thereby 

allowing the detection of novel and unexpected viruses. For example, we detected full 

or near full-length genomes of bocavirus pig/SX/China/2010, porcine kobuvirus SH-W-

CHN/2010/China and porcine respirovirus 1 (24, 25) in this study. Secondly, it can be 

used to detect co-infections, such as norovirus and the previously untypeable 

enterovirus A71 in sample H3. Thirdly, due to the untargeted nature of SMg and the 58% 

variation within the ViroCap panel (11), both approaches do not rely solely on primer-

target identity. The latter can be problematic for highly diverse and evolving RNA 

viruses, such as PRRSV or enteroviruses (7). Using NGS, we were able to characterize 

enteroviruses that were previously untypeable using conventional targeted Sanger 

sequencing in our human cohort. Detection and characterization are essential in 

revealing prolonged infections (particularly in vulnerable patients), following 

immunosuppressive drugs and provide crucial patient management information for 

infections with unknown etiologies or co-infections. Finally, full-length genomes can be 

used to predict antiviral resistance in silico, e.g., the susceptibility of the detected IAV 

H1N1 to neuraminidase inhibitors.  

Genome coverage and sequencing depth (number of supporting reads) are essential to 

attain high-quality genome sequences. In this study, ViroCap increased the percentage 

of viral reads from 1.17% to 55.12% using ONT sequencing. ViroCap has been reported 

previously to improve viral detection in patient samples (11, 12). In this study, MV 

resulted in an overall better genome coverage in the human samples compared to NV 

(Table 3), despite a much lower sequencing depth (Table S1). Furthermore, ViroCap on 

the MinION had a considerably higher percentage of viral reads, compared to ViroCap 

on the NextSeq (Figure 2). This could be due to the Illumina workflow, in which cDNA 

is fragmented before generating libraries and performing hybridization. Therefore, more 

non-viral short fragments are likely to compete with viral cDNA for probe binding. 

Unfragmented long non-viral cDNA on the ONT is more likely to contain longer regions 
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that are not binding (or have weaker interactions) to the probes. These whole fragments 

are then captured less often and washed away. Unfragmented long non-viral cDNA will 

therefore be competing less for probe binding, resulting in a more efficient viral 

enrichment. 

Despite the improved viral sensitivity using ViroCap, a Ct 30 enterovirus was not 

detected on either platform from a fecal sample (sample H2). However, in sample H3 

(another fecal sample), ONT with TSC covered 39% of the EV-A71 genome (Ct 29). 

Similarly, Illumina covered 40% of the EV-A71 genome in sample H3, suggesting a 

detection cut-off in fecal samples. Fecal samples are notoriously difficult to sequence in 

an untargeted fashion, due to the vast amount of nucleic acid background. 

Consequently, even a fecal sample with a low Ct of 21 (sample H4) resulted in only 35% 

genome coverage of CV-A22 with SMg. TSC was therefore required to obtain both a 

better sequencing depth and whole-genome coverage, enabling a more accurate viral 

classification.  

Similarly to human samples, viral metagenomic sequencing has also been applied to 

farm animal samples. In a recent systematic review, only one publication used an ONT 

platform to sequence directly from animal samples, while Illumina was the predominant 

platform (26). Pigs are the most frequently sequenced farm animals (26). This is likely 

due to several global emerging swine viruses such as African Swine Fever (27), PRRSV 

(28) and zoonotic viruses such as IAV (29), which have been emerging in recent decades. 

Indeed, we detected an IAV that was closely related to a previously sequenced sample 

from a Dutch child presenting with a severe acute respiratory infection and requiring 

oxygenation (29). Furthermore, sequencing of pig samples in this study revealed a highly 

diverse virome (Table 3). NV detected porcine bocavirus 5, which was not detectable in 

either M or MV, likely due to the former’s higher sequencing output (Table S1). Although 

M and MV detected the same number of viruses in the animal samples, MV yielded the 

highest number of full-length genomes, similarly to the human samples. NV had, on 

average, a higher overall genome coverage compared to MV in the detected viruses 

within the animal samples. 

Sequencing errors remain a drawback in ONT platforms. Even in very high sequencing 

depths (≥ 1457), ONT achieved an average consensus accuracy of 99.44% (Table 4). This 

is likely the result of ONT sequencing errors which have not occurred randomly. As a 

result, high sequencing depths might not always improve the accuracy of consensus 

sequences.  

The animal samples highlight an inherent limitation of TSC panels, as highly divergent 

or new viruses which are neither present in the panel or share homology with viruses 
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covered in the panel will not be enriched (Table 3). This is particularly relevant as the 

animal virome is less explored than the human virome. While those viruses were not 

enriched, they were still detectable, albeit with less genome coverage, such as porcine 

sapelovirus 1 (Table 3). ViroCap did enrich clinically significant viruses such as IAV and 

PRRSV substantially. Nevertheless, a simple shotgun approach proved to be very suitable 

for the virome characterization in the animal samples in this study.  

Inherent limitations of TSC are the increased hours of sample handling and significant 

hybridization time before sequencing. Reported hybridization times in targeted 

sequence capture can range up to 72 h (12) or 16-20 h in the standard protocol. To reduce 

the turnaround time, we evaluated a hybridization time of 20 min. We found that a 20 

min hybridization time resulted in a higher percentage of viral reads compared to 20 h. 

However, several viral species were underrepresented compared to the 20 h 

hybridization time, and as a result, this hybridization time was not explored further. 

However, this study does show the potential of shorter incubation times, particularly if 

time is an essential factor. A further limitation of this study is the use of DNase treatment 

to improve viral sensitivity of RNA viruses in SMg. As a result, only actively transcribed 

DNA viruses would be expected to be detectable. Additionally, mapping using 80% 

identity can be a tradeoff between sensitivity and specificity as conserved regions of 

unknown viruses could map to database references in highly divergent samples. 

With the established protocol for Illumina libraries, pooling multiple sequence libraries 

per capture reaction decreases costs and ensures an efficient workload, compared to 

running samples individually. In this study, we found that barcode primers in the ONT 

PCR barcoding kit were not specific enough for re-amplifying captured library pools. As 

a result, we observed significant crosstalk and impossibility to demultiplex. 

Consequently, individual sample capture was used with 50% of the recommended 

ViroCap reagents to decrease the cost per reaction. Pooling of sequencing libraries prior 

to TSC using the ONT PCR barcoding kit might be feasible with the design of custom 

primers to enforce specificity during captured library pool re-amplification. 
 

 

Conclusions 

This study has shown that TSC on ONT platforms can be an alternative to Illumina 

sequencing, particularly if rapid results with few samples are required. Furthermore, 

ONT platforms can offer great flexibility as flow-cells can be washed and re-used. 

ViroCap substantially improved the viral sensitivity and reduced background noise in 

the human samples considerably, increasing both genome coverage and sequencing 

depth, compared to SMg. Although ViroCap did improve the sequencing depth for 

clinically relevant animal viruses such as influenza A virus, SMg alone was shown to have 
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a higher overall genome coverage. Importantly, viruses that did not exist on the ViroCap 

panel were still detectable. Developing and evaluating new viral enrichment approaches 

applicable to both human and animal samples may prove crucial for the surveillance, 

detection and characterization of known and unknown viral infections. 
 

 

Acknowledgments  

The authors would like to thank Christopher Erdmann, Liana Kafetzopoulou, Angelica 

Vittori and Erwin C. Raangs for expert technical support and each farm for their 

participation. 
 

 

References 
1. Trinh, P.; Zaneveld, J.R.; Safranek, S.; Rabinowitz, P.M. One health relationships between human, animal, 

and environmental microbiomes: a mini-review. Frontiers in public health 2018, 6, 235. 
https://doi.org/10.3389/fpubh.2018.00235. 

2. Wilson, M.R.; Sample, H.A.; Zorn, K.C.; Arevalo, S.; Yu, G.; Neuhaus, J.; Federman, S.; Stryke, D.; Briggs, B.; 
Langelier, C. Clinical metagenomic sequencing for diagnosis of meningitis and encephalitis. New England 
Journal of Medicine 2019, 380, 2327-2340. https://dx.doi.org/10.1056%2FNEJMoa1803396. 

3. Meredith, L.W.; Hamilton, W.L.; Warne, B.; Houldcroft, C.J.; Hosmillo, M.; Jahun, A.; Curran, M.D.; Parmar, 
S.; Caller, L.; Caddy, S.L. Rapid implementation of real-time SARS-CoV-2 sequencing to investigate 
healthcare-associated COVID-19 infections. medRxiv 2020. https://doi.org/10.1016/S1473-3099(20)30562-
4. 

4. Smith, G.J.; Vijaykrishna, D.; Bahl, J.; Lycett, S.J.; Worobey, M.; Pybus, O.G.; Ma, S.K.; Cheung, C.L.; 
Raghwani, J.; Bhatt, S. Origins and evolutionary genomics of the 2009 swine-origin H1N1 influenza A 
epidemic. Nature 2009, 459, 1122-1125. https://doi.org/10.1038/nature08182. 

5. Couto, N.; Schuele, L.; Raangs, E.C.; Machado, M.P.; Mendes, C.I.; Jesus, T.F.; Chlebowicz, M.; Rosema, S.; 
Ramirez, M.; Carriço, J.A. Critical steps in clinical shotgun metagenomics for the concomitant detection and 
typing of microbial pathogens. Scientific reports 2018, 8, 1-13. https://doi.org/10.1038/s41598-018-31873-w. 

6. Greninger, Alexander L. "The challenge of diagnostic metagenomics." Expert review of molecular diagnostics 
18.7 (2018): 605-615. https://doi.org/10.1080/14737159.2018.1487292. 

7. Quick, J.; Grubaugh, N.D.; Pullan, S.T.; Claro, I.M.; Smith, A.D.; Gangavarapu, K.; Oliveira, G.; Robles-
Sikisaka, R.; Rogers, T.F.; Beutler, N.A. Multiplex PCR method for MinION and Illumina sequencing of Zika 
and other virus genomes directly from clinical samples. Nature protocols 2017, 12, 1261. 
https://dx.doi.org/10.1038%2Fnprot.2017.066. 

8. Lewandowski, K.; Xu, Y.; Pullan, S.T.; Lumley, S.F.; Foster, D.; Sanderson, N.; Vaughan, A.; Morgan, M.; 
Bright, N.; Kavanagh, J. Metagenomic nanopore sequencing of influenza virus direct from clinical respiratory 
samples. Journal of clinical microbiology 2019, 58.  https://dx.doi.org/10.1128%2FJCM.00963-19. 

9. Lizarazo, E.; Couto, N.; Vincenti-Gonzalez, M.; Raangs, E.C.; Velasco, Z.; Bethencourt, S.; Jaenisch, T.; 
Friedrich, A.W.; Tami, A.; Rossen, J.W. Applied shotgun metagenomics approach for the genetic 
characterization of dengue viruses. Journal of Biotechnology: X 2019, 2, 100009. 
https://doi.org/10.1016/j.btecx.2019.100009. 

10. Briese, T.; Kapoor, A.; Mishra, N.; Jain, K.; Kumar, A.; Jabado, O.J.; Lipkin, W.I. Virome capture sequencing 
enables sensitive viral diagnosis and comprehensive virome analysis. MBio 2015, 6. 
https://doi.org/10.1128/mBio.01491-15. 

11. Wylie, T.N.; Wylie, K.M.; Herter, B.N.; Storch, G.A. Enhanced virome sequencing using targeted sequence 
capture. Genome research 2015, 25, 1910-1920. https://doi.org/10.1101/gr.191049.115. 

12. Wylie, K.M.; Wylie, T.N.; Buller, R.; Herter, B.; Cannella, M.T.; Storch, G.A. Detection of viruses in clinical 
samples by use of metagenomic sequencing and targeted sequence capture. Journal of clinical microbiology 
2018, 56. https://doi.org/10.1128/jcm.01123-18. 

13. Deurenberg, R.H.; Bathoorn, E.; Chlebowicz, M.A.; Couto, N.; Ferdous, M.; García-Cobos, S.; Kooistra-Smid, 
A.M.; Raangs, E.C.; Rosema, S.; Veloo, A.C. Application of next generation sequencing in clinical 
microbiology and infection prevention. Journal of Biotechnology 2017, 243, 16-24. 
https://doi.org/10.1016/j.jbiotec.2016.12.022. 

14. Kafetzopoulou, L.E.; Efthymiadis, K.; Lewandowski, K.; Crook, A.; Carter, D.; Osborne, J.; Aarons, E.; 
Hewson, R.; Hiscox, J.A.; Carroll, M.W. Assessment of metagenomic Nanopore and Illumina sequencing for 
recovering whole genome sequences of chikungunya and dengue viruses directly from clinical samples. 
Eurosurveillance 2018, 23, 1800228. https://dx.doi.org/10.2807%2F1560-7917.ES.2018.23.50.1800228. 



Chapter 6: Viral metagenomics  

121 
 

6 

15. McNaughton, A.L.; Roberts, H.E.; Bonsall, D.; de Cesare, M.; Mokaya, J.; Lumley, S.F.; Golubchik, T.; Piazza, 
P.; Martin, J.B.; de Lara, C. Illumina and Nanopore methods for whole genome sequencing of hepatitis B 
virus (HBV). Scientific reports 2019, 9, 1-14. https://doi.org/10.1038/s41598-019-43524-9. 

16. Eckert, Sabine E., Jackie Z-M. Chan, and Darren Houniet. "Enrichment by hybridisation of long DNA 
fragments for Nanopore sequencing." Microbial genomics 2.9 (2016). 
https://doi.org/10.1099/mgen.0.000087. 

17. Karamitros, T.; Magiorkinis, G. A novel method for the multiplexed target enrichment of MinION next 
generation sequencing libraries using PCR-generated baits. Nucleic acids research 2015, 43, e152-e152. 
https://doi.org/10.1093/nar/gkv773. 

18. Poelman, R.; Schölvinck, E.H.; Borger, R.; Niesters, H.G.; van Leer-Buter, C. The emergence of enterovirus 
D68 in a Dutch University Medical Center and the necessity for routinely screening for respiratory viruses. 
Journal of Clinical Virology 2015, 62, 1-5. https://dx.doi.org/10.1016%2Fj.jcv.2014.11.011.  

19. Chrzastek, K.; Lee, D.-h.; Smith, D.; Sharma, P.; Suarez, D.L.; Pantin-Jackwood, M.; Kapczynski, D.R. Use of 
Sequence-Independent, Single-Primer-Amplification (SISPA) for rapid detection, identification, and 
characterization of avian RNA viruses. Virology 2017, 509, 159-166. 
https://doi.org/10.1016/j.virol.2017.06.019. 

20. Quick, J. Josh Quick 2020. One-pot native barcoding of amplicons. protocols.io, 2020. 
https://dx.doi.org/10.17504/protocols.io.bbnmimc6. 

21. Flygare, S.; Simmon, K.; Miller, C.; Qiao, Y.; Kennedy, B.; Di Sera, T.; Graf, E.H.; Tardif, K.D.; Kapusta, A.; 
Rynearson, S. Taxonomer: an interactive metagenomics analysis portal for universal pathogen detection and 
host mRNA expression profiling. Genome biology 2016, 17, 1-18. https://doi.org/10.1186/s13059-016-0969-1. 

22. O'Flaherty, B.M.; Li, Y.; Tao, Y.; Paden, C.R.; Queen, K.; Zhang, J.; Dinwiddie, D.L.; Gross, S.M.; Schroth, G.P.; 
Tong, S. Comprehensive viral enrichment enables sensitive respiratory virus genomic identification and 
analysis by next generation sequencing. Genome research 2018, 28, 869-877. 
https://doi.org/10.1101/gr.226316.117. 

23. Oba, M.; Tsuchiaka, S.; Omatsu, T.; Katayama, Y.; Otomaru, K.; Hirata, T.; Aoki, H.; Murata, Y.; Makino, S.; 
Nagai, M. A new comprehensive method for detection of livestock-related pathogenic viruses using a target 
enrichment system. Biochemical and biophysical research communications 2018, 495, 1871-1877. 
https://doi.org/10.1016/j.bbrc.2017.12.017. 

24. Leedom-Larson, K.; Barber, E. Porcine parainfluenza virus 1. Swine Health Information Center and Center 
for Food Security and Pubic Health 2016. http://www.cfsph.iastate.edu/pdf/shic-factsheet-porcine-
parainfluenza-virus-1. 

25. Lau, S.K.; Woo, P.C.; Wu, Y.; Wong, A.Y.; Wong, B.H.; Lau, C.C.; Fan, R.Y.; Cai, J.-P.; Tsoi, H.-W.; Chan, K.-
H. Identification and characterization of a novel paramyxovirus, porcine parainfluenza virus 1, from deceased 
pigs. Journal of General Virology 2013, 94, 2184-2190. https://doi.org/10.1099/vir.0.052985-0. 

26. Kwok, K.T.; Nieuwenhuijse, D.F.; Phan, M.V.; Koopmans, M.P. Virus metagenomics in farm animals: a 
systematic review. Viruses 2020, 12, 107. https://doi.org/10.3390/v12010107. 

27. Gallardo, C.; Fernández-Pinero, J.; Arias, M. African swine fever (ASF) diagnosis, an essential tool in the 
epidemiological investigation. Virus research 2019, 271, 197676. https://doi.org/10.1186/s40813-015-0013-y. 

28. Bellehumeur, C.; Boyle, B.; Charette, S.J.; Harel, J.; L’Homme, Y.; Masson, L.; Gagnon, C.A. Propidium 
monoazide (PMA) and ethidium bromide monoazide (EMA) improve DNA array and high-throughput 
sequencing of porcine reproductive and respiratory syndrome virus identification. Journal of virological 
methods 2015, 222, 182-191. https://dx.doi.org/10.1016%2Fj.jviromet.2015.06.014. 

29. Fraaij, P.L.; Wildschut, E.D.; Houmes, R.J.; Swaan, C.M.; Hoebe, C.J.; de Jonge, H.; Tolsma, P.; de Kleer, I.; 
Pas, S.D.; Munnink, B.B.O. Severe acute respiratory infection caused by swine influenza virus in a child 
necessitating extracorporeal membrane oxygenation (ECMO), the Netherlands, October 2016. 
Eurosurveillance 2016, 21, 30416. https://doi.org/10.2807/1560-7917.ES.2016.21.48.30416. 
 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.2807/1560-7917.ES.2016.21.48.30416


122 
 

Supplementary files 
 

Table S1. Description of human and animal sample information with corresponding Illumina 

and ONT approaches: MinION (M), MinION with ViroCap (MV) and NextSeq with ViroCap 

(NV) 

Sample 
ID 

Approach 
Total reads 
(trimmed) 

Average sequence 
length (bp) 

Average quality 
score 

H1 
M 400,045 601 9.32 

MV 405,861 619 10.71 
NV 26,283,927 2x76 35.72 

H2 

M 248,570 762 9.15 

MV 509,945 763 10.70 

NV 15,751,626 2x76 35.76 

H3 

M 289,919 770 9.18 

MV 576,312 748 11.15 

NV 21,680,167 2x76 35.74 

H4 

M 374,101 570 9.69 

MV 673,011 693 10.95 

NV 20,042,629 2x75 35.79 

A1 
M 475,457 1.028 9.65 

MV 387,513 860 10.87 
NV 36.399.004 2x76 35.73 

A2 

M 200,087 642 9.60 

MV 1,136,036 818 10.99 

NV 21,117,574 2x76 35.20 

A3 

M 128,940 873 9.59 
MV 381,625 794 11.04 

NV 8,970,518 2x76 35.58 

A4 

M 567,188 809 9.24 

MV 430,525 818 11.25 

NV 60,152,651 2x76 35.69 
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Abstract 

Enteroviruses (EV) can cause severe neurological and respiratory infections, and 

occasionally lead to devastating outbreaks as previously demonstrated with EV-A71 and 

EV-D68 in Europe. However, these infections are still often underdiagnosed and EV 

typing data is not currently collected at European level. In order to improve EV 

diagnostics, collate data on severe EV infections and monitor the circulation of EV types, 

we have established European non-polio enterovirus network (ENPEN). First task of this 

cross-border network has been to ensure prompt and adequate diagnosis of these 

infections in Europe, and hence we present recommendations for non-polio EV 

detection and typing based on the consensus view of this multidisciplinary team 

including experts from over 20 European countries. We recommend that respiratory 

and stool samples in addition to cerebrospinal fluid (CSF) and blood samples are 

submitted for EV testing from patients with suspected neurological infections. This is 

vital since viruses like EV-D68 are rarely detectable in CSF or stool samples. 

Furthermore, reverse transcriptase PCR (RT-PCR) targeting the 5′noncoding regions 

(5′NCR) should be used for diagnosis of EVs due to their sensitivity, specificity and short 

turnaround time. Sequencing of the VP1 capsid protein gene is recommended for EV 

typing; EV typing cannot be based on the 5′NCR sequences due to frequent 

recombination events and should not rely on virus isolation. Effective and standardized 

laboratory diagnostics and characterisation of circulating virus strains are the first step 

towards effective and continuous surveillance activities, which in turn will be used to 

provide better estimation on EV disease burden. 

 

Highlights 

• European Non-polio Enterovirus Network established. 

• Collect respiratory, stool and CSF samples for EV testing from patient with 

neurological infection. 

• Sensitive PCR method should be used to diagnose EV infection. 

• Sequencing of VP1 capsid protein gene is recommended for EV typing. 

• Standardised laboratory diagnostics and characterisation key for effective 

surveillance. 

 

Introduction – why should we diagnose enterovirus infections? 

Enteroviruses (EVs) and human rhinoviruses (HRVs) are members of the Enterovirus 

genus of the virus family Picornaviridae. EVs infecting humans are classified into four 

species (A–D) and HRVs into three species (A–C) on the basis of genetic divergence [1]. 



Chapter 7: Enterovirus diagnostics 

129 
 

7 

The most well-known are polioviruses (PV), classified within species C enteroviruses and 

the target of a global polio eradication program. This guideline focuses on the detection 

and characterisation of non-polio enteroviruses. 

EVs are a common cause of self-limiting febrile illnesses in infants and young children 

but can occasionally cause severe disease including meningoencephalitis, myelitis, 

paralysis, myocarditis, sepsis-like syndrome, respiratory disease and acute hepatitis [[2], 

[3], [4]]. EVs are now recognised as the most common cause of meningitis, and 

infections with some EV types also been linked to acute flaccid myelitis (AFM) and 

paralysis (AFP) [5]. Whereas both AFM and AFP involve clinical signs of rapid limb 

weakness with low muscle tone, changes in the gray matter of the spinal cord 

demonstrated by magnetic resonance imaging [MRI] are typical for AFM cases only [[6], 

[7], [8], [9], [10], [11], [12], [13]]. Certain EV types, notably EV-A71 and EV-D68, have also 

been associated with outbreaks, occasionally resulting in significant morbidity and 

mortality [[6], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18]]. EV-A71 has been 

responsible for large hand, foot and mouth disease (HFMD) outbreaks associated with 

rare but severe cases of rhomboencephalitis in Asia and, more recently, in Europe [[9], 

[10]], whereas an EV-D68 epidemic has been associated with severe respiratory disease, 

occasionally leading to AFM in the Northern America and Europe [[6], [11], [12], [13], [14], 

[15], [16], [17], [18]]. The potential neurotropism of EVs and their ability to cause severe 

infections reinforces the need for the monitoring and characterization of EV types 

associated with these different clinical presentations. 

Enteroviruses have been recognised since the first image of poliovirus (PV) was taken in 

1952 by electron microscopy (EM) [19]. Since then, we have witnessed the transition 

from the use of EM or suckling mice to cell culture for propagation and detection of EV, 

followed by the replacement of cell culture by molecular methods. With every step, 

sensitivity has been improved, and faster turnaround times for establishing a clinical 

diagnosis have been gained. However, the virus culture is still used for detection of PV 

[20]. 

Proper and early detection, combined with genetic characterization of EVs in 

appropriately collected specimens, is essential both at the individual and the community 

levels for several reasons [[21], [22]]. Prompt laboratory diagnosis of an EV infection may 

reduce antibiotic usage, limit unnecessary and costly investigations, shorten the length 

of hospitalisation and minimise the risk of complications [[23], [24]]. In addition, it 

enables health care providers to respond in a timely fashion with infection control 

measures as well as to evaluate the usefulness of potential therapies such as novel 

antiviral or immunotherapies and provide clues for the further vaccine development. 
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Objectives for identification of the EV types involved, especially in patients with severe 

clinical presentations and for investigating outbreaks, include: 

1) To identify EV types associated with more severe conditions and monitor their 

associated disease burden; 

2) To identify the specific EV type associated with outbreak; 

3) To confirm the absence of circulation and importation of poliovirus; 

4) To monitor the molecular epidemiology and geographical distribution of EV types or 

strains known to be associated with severe or specific disease, such as EV-A71 and EV-

D68; 

5) To detect and monitor the appearance of new EV types or new recombinant forms of 

known EV types. 

Continuous surveillance will provide knowledge of EV infection outcomes and 

recognition of their disease presentations, allow monitoring the emergence of new EV 

strains, better estimation of EV disease burden and is also required for potential 

implementation of vaccination programmes (e.g. EV-A71 in China [25]). Although over 

7000 EV-positive samples were successfully typed by 24 EU/EEA countries in 2015, the 

extent of EV surveillance is variable across the region and the typing data is not currently 

collected at European level [26]. 

To achieve the objectives listed above, we have established the European Non-Polio 

Enterovirus Network (ENPEN) under the auspices of the European Society for Clinical 

Virology (ESCV) with founder participants from 22 European countries representing 

public health institutions, clinical specialities (paediatrics, neurology, internal medicine, 

microbiology and virology), national reference laboratories as well as academia. The 

ENPEN network aims to raise awareness across professional backgrounds as a 

prerequisite for more effective detection, and guide surveillance activities. In addition, 

a cross-border non-polio EV surveillance network is useful for harmonising diagnostic 

methods, obtaining and sharing epidemiological data as well as for the detection of 

outbreaks and emerging EVs. Such a network enables not only the exchange of 

knowledge and experience but also real-time alerts at the European level, as has been 

shown recently in the context of the global emergence of EV-D68 [12]. The development 

of these guidelines is the first task undertaken by the ENPEN. 

Aim and scope 

We summarized standardized recommendations for the detection and characterization 

of EVs based on a consensus view of the experts in the field. 
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Recommendations 

What clinical specimens should be obtained for testing if EV infection is 

suspected and why? 

1. Sampling should be performed according to the clinical manifestations, and as 

soon as possible after the symptom onset (Table 1). 

Table 1. Recommended clinical sample types for EV diagnosis in different clinical 

presentations. 

Presentation 
Sample 
types* 

Comments 

Meningitis/ 
meningoencephalitis 

CSF, 
stool AND  
respiratory 
sample, 
possible blood 

EV RNA detectable in CSF in the majority of 
meningitis cases by PCR but inconsistently in 
encephalitis cases; EV excretion in throat and 
stool samples is prolonged but detection does not 
automatically demonstrate aetiological link. 

Neonatal sepsis 

CSF, stool, 
blood AND  
respiratory 
sample 

Often difficult to distinguish from meningitis. 
Viral load can be higher in blood than in CSF, but 
requires further studies. Human parechovirus 
testing should also be performed, either as a first 
line investigation or if EV testing is not diagnostic. 

Acute flaccid 
paralysis/ 
myelitis 

Respiratory, 
CSF, stool  
AND blood 
sample* 

CSF sample should be tested for enteroviruses, but 
in many cases of EV-D68 and EV-A71 virus has 
been only detectable in respiratory tract specimen 
and/or stool specimen. Therefore, testing of 
respiratory specimen are necessary for any clinical 
case with CNS/paralysis/myelitis involvement. In 
cases of classical AFP (without myelitis), consider 
also possibility of polio and obtain stool sample 
for the virus detection. 

HFMD/other rash 

Vesicle fluid, 
respiratory 
sample and/or 
stool 

Usually high viral loads in vesicle fluid. CV-A6 has 
been associated with onychomadesis (nail 
shedding) and virus has also been recovered from 
finger nail in HFMD cases. 

Respiratory disease 
Respiratory 
sample, 
possibly stool 

Usually, nasopharyngeal aspirates or swabs 
recommended. Consider testing for both HRV and 
EV, and consider also cross-reactivity of PCR used. 

Myocarditis 

Stool and 
respiratory 
sample, blood 
and/or heart 
biopsy 

Typing might be helpful as CV-Bs are typically 
associated with myocarditis. Tissue biopsy can be 
used to confirm diagnosis. 

Conjunctivitis Eye swab 
Viral haemorrhagic conjunctivitis caused by 
enteroviruses is highly infectious. 

CNS, central nervous system; CSF, cerebrospinal fluid; CV, coxsackie virus; EV, enteroviruses, 

HFMD, hand, foot and mouth disease; PCR, polymerase chain reaction. * Primary sample type 

has been marked as bold. ** Base line blood sample should to be collected before any blood 

products (i.e., intravenous immunoglobulin) are administered. 
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2. In cases of neurological infections, respiratory specimen and stool in addition to 

the CSF sample and blood should be submitted for EV testing. 

Diagnostic stewardship consists of agreement on a diagnostic algorithm according to 

different clinical presentations and standardized collection of clinical, epidemiological 

and virological data. Close collaboration with the clinician raising a suspicion of EV 

infection and obtaining appropriate samples for diagnostic testing is vital so that these 

algorithms will be followed. Clinical virologists have an important role in promoting 

collection of appropriate samples in cases of EV infection, including a close liaison with 

several clinical specialities such as neonatology, paediatrics, neurology, dermatology and 

cardiology. 

EVs are transmitted via the faecal-oral or respiratory route and symptoms may develop 

after an incubation period of 3–21 days. Sample collection should be performed 

according to clinical manifestations (Table 1) and as soon as possible after the onset of 

symptoms. Specimen materials may include stool, CSF, nasopharyngeal aspirates (NPA), 

nasopharyngeal swabs, vesicular fluid, bronchoalveolar lavage (BAL), blood, 

conjunctival swabs, biopsy specimens (including nail tissue) and urine. Reasons for 

sampling include diagnosis of acute illnesses, outbreak investigations and surveillance, 

where specimens suitable for further typing are required. In case of suspected EV 

infection, multiple samples should be collected from different sites. The type of 

specimen that would be most suitable to detect EVs will vary according to the time from 

the symptom onset and clinical manifestations 

Since young age is associated with an increased risk of severe outcome of EV infection 

[27], patient age should be taken into account when considering the value of diagnostic 

sampling. In the neonate, EV infections can present as a sepsis-like illness with or 

without specific manifestations such as myocarditis, hepatitis and encephalitis [27]; EV 

can be detected in plasma, stool, respiratory secretions, as well as in CSF or tissue 

biopsies. 

Pleocytosis with increased lymphocyte count is often, but not always, present in patients 

with EV meningitis but acellular CSF is also common, especially in children under 3 

months old [28]. Patients suffering from aseptic meningitis, encephalitis or myelitis have 

detectable virus in stool and respiratory secretions for a longer period than spinal fluid, 

where virus remains sometimes undetectable. Furthermore, as viral loads are usually 

higher in stool, blood and respiratory samples than in CSF, these samples should be 

collected for EV identification. Respiratory specimens should always be collected from 

all AFM cases to exclude EV-D68 infection, as this virus has only rarely been detected in 

CSF or stool samples [[29], [30]]. Furthermore, stool samples should be obtained from 
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patients with suspected PV infection. For respiratory illnesses, virus can be found in 

throat swabs and NPA or BAL specimens. As EVs colonize the throat and gut for weeks 

to months, detection in these sites must be interpreted cautiously. In acute hemorrhagic 

conjunctivitis, a swab from conjunctiva can allow for detection of EV-D70 or 

coxsackievirus A24 (CV-A24) and, in HFMD cases, CV-A6, EV-A71 and CV-A16 can be 

identified in vesicular lesions, throat and stool. In epidemic pleurodynia (Bornholm 

disease), pleural fluid and stool samples should be investigated. In 

immunocompromised individuals, clinical presentation can be particularly non-specific 

and severe; therefore, the threshold for investigation should be low (especially in 

patients on IgG-depleting therapies such as rituximab). It should be noted that 

immunocompromised patients can shed EVs in stools for years [30]. 

 

Methods used for primary diagnosis 

1. Reverse transcriptase PCR (RT-PCR) assays targeting the 5′noncoding region 

(NCR) should be used for diagnosis of enteroviruses due to their sensitivity, 

specificity and a short turnaround time (Table 2). However, it is vital to ensure 

that the method used will detect all EV types and is frequently updated. All 

laboratories performing EV testing should be accredited. 

Table 2. Diagnostic and typing assays for non-polio enteroviruses. 

Test Target Characteristics 

Screening  
PCR 

5′UTR 
Recommended as primary assay for EV detection. Typically detects all EV 
types/species with equal sensitivity (but also potentially HRVs). Can 
provide semi-quantitation of viral loads. 

VP4, VP1 
Rapid screening for defined EV types only (e.g. EV-A71, EV-D68), most 
likely to be used in outbreak situations or for surveillance purposes. 

Virus 
typing 

VP1 

A minimum of 350nt long VP1 sequence is required for surveillance by 
reference laboratories. The complete VP1 sequence (∼900nt) is necessary 
when assigning new EV types. Anyone describing new EV types and 
species should consult with the Picornavirus Study Group 
(http://www.picornaviridae.com/) prior to publication to ensure use of 
correct nomenclature. 

VP4, 
VP2 

In case of VP1 region fails to amplify, other regions including VP2 and VP4 
can be also utilized as these are generally simpler to amplify. However, 
recombination within the VP4 region limits their efficacy for 
identification of species B EV types. 

http://www.picornaviridae.com/
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Test Target Characteristics 

Whole 
genome 

Next Generation Sequencing (NGS) methods are being developed in order 
to obtain the whole genome sequence of EVs, with or without prior 
amplification of genome. It is likely going to be used for EV typing in the 
near future. Sequencing the whole genome (or as a minimum the 3D 
polymerase gene region) is required for identification of new 
recombination events and the emergence of recombinant EVs. NGS 
method will also enhance the detection of mixed infections, especially 
caused by two EV types of same species. 

Virus  
isolation 

Whole 
virus 

Not recommended as a front-line screen. Competency in virus culture is 
required, useful for reference laboratories. 

Virus 
neutralisation 

Isolated 
virus 

Not recommended as typing antisera are increasingly unavailable and 
limited in range. Requires prior virus isolation. 

Serology IgM, IgG 

Not recommended for non-polio EVs as an IgM antibody response is 
not always detectable during acute disease, a second sample is often 
required to demonstrate the increase in IgG levels. Furthermore, there is 
a high prevalence of EV antibodies in the general population from 
previous exposure and, thus, serologic testing lacks clinical specificity. 
However, the diagnostic utility of intrathecal antibody detection using 
these available assays should also be explored. 

Abbreviations: EV, enterovirus; HRV, human rhinovirus; Nt, nucleotides; VP, viral protein.  

2. Virus isolation should not be used for routine diagnosis but can be used for 

further characterization of EVs. Virus culture skills should be maintained at the 

national level. 

3. Serological methods such as ELISA and neutralisation tests should not be used 

for diagnosis of acute EV infection routinely. 

The number of virology laboratories performing EV testing in each country varies from 

just one laboratory to over 100 laboratories per country [26], and hence the 

standardisation of testing as well as methods is vital. It is important that all laboratories 

have sensitive broad-spectrum molecular diagnostic assays for detection of all EVs to 

allow rapid detection of potential outbreaks (Table 2). 

Molecular methods 

RT-PCR has been shown to be far more sensitive than cell culture [[20], [31], [32]] for 

detection of EVs in clinical samples. RT-PCR-based assays for the detection of EV RNA 

mainly target the highly conserved 5′NCR and are, therefore, suitable for all EV types 

[[32], [33], [34], [35], [36]]. Correct sample preparation prior to nucleic acid extraction 

and detection is important, especially for stool samples, which should be disaggregated 

in buffer (e.g. saline) and clarified by centrifugation to avoid PCR inhibition. To identify 

the presence of inhibitory compounds in the extracted RNA, it is important to include 
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an internal control. Any EV detection in stool sample should be carefully evaluated as it 

does not automatically imply causation, and might simply reflect prolonged excretion. 

Despite their increased sensitivity and speed, some molecular detection methods may 

fail to detect certain EV types such as EV-D68, EV-C105 and EV-C109 [[37], [38], [39]]. 

It is important that primer and probe sequences are regularly reviewed to reflect the 

evolutionary and genomic changes of the viruses, and any assay used should be validated 

for the detection of a variety of different EV types (including at least one virus from each 

EV species). Several commercial real-time RT-PCR kits are now also available for the 

detection of EVs. More data is needed to confirm the sensitivity of commercial assays 

for the detection of EV types with divergent 5′NCR sequences [[37], [38], [39]]. Another 

complication of some 5′NCR-based RT-PCR assays is that their detection range may 

extend to human rhinoviruses, which potentially limits their usefulness for respiratory 

sample screening for EVs. For practical reasons, laboratories should use HRV and/or EV-

specific assays already at the screening stage as typing all EV/HRV positive samples in 

order to identify EV-D68 is labour intensive. 

During large EV outbreaks, such as those caused by EV-A71 in Asia, and EV-D68 in 

Europe and USA, type-specific RT-PCR assays have been developed to identify and type 

these EVs [[12], [40]]. Such type-specific assays allow rapid and effective identification 

of the emerging virus strain during outbreaks, which is crucial for clinical and public 

health responses. Type-specific assays need also to be updated and re-validated 

regularly. 

Cell culture 

Although cell culture should no longer be used for routine EV diagnosis, we encourage 

reference laboratories to maintain virus culture facilities, to collect EV strains and make 

them available for diagnostics developmental work. Cell culture can be used for 

confirmation of PCR-negative specimens in case of a suspected new variant, for 

detection of more than one viral strain in a specimen, for typing by neutralisation, for 

microneutralisation assays to measure serum neutralizing antibodies, for assessment of 

effects of antivirals as well as for quality control purposes. For specimen collection, 

preparation for cell culture and methodology in virus isolation see guidelines by the 

WHO [[41], [42]]. Antibody panels previously used to confirm EV serotype will no longer 

be provided by WHO collaboration with the National Institute for Public Health and the 

Environment, the Netherlands [26], but are still available via commercial routes. Many 

EVs can be isolated in cell cultures of mammalian cell lines [43]. Often, at least three 

different cell lines, usually including monkey kidney cells and human fibroblasts are 

used [42]. It should be noted that species A EVs including EV-A71 grow poorly in cell 
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cultures [36], and EV-D68 requires lower incubation temperatures than normally 

applied for EVs [44]. 

Serology 

For the laboratory-confirmation of acute EV infection, serological methods such as 

ELISA and neutralisation tests are obsolete. Although specific IgM and IgG assays for 

EVs have been described and are available, their clinical utility is limited due to the 

cross-reactivity of the antigens used between the different serotypes. The two-week 

interval between acute and convalescent samples makes diagnosis slow and often 

clinically irrelevant. However, when myocarditis, pericarditis or cardiomyopathy is 

suspected and direct sampling impossible, antibody detection can be useful for 

diagnosis. Neutralization assays can be used to quantify neutralizing antibodies against 

selected EV type [34]. They are useful for seroprevalence studies to assess population 

immunity or for individual serological examination of paired serum samples. A 4-fold 

increase in EV-specific antibody concentrations between the acute and convalescent 

samples is diagnostic of recent infection, and 1:8 titre in neutralisation test would 

indicate protective antibody levels. However, as neutralisation assays are necessarily 

serotype-specific, testing for several EV antibodies is time-consuming and laboratory-

intensive due to inherent requirements for different EV types. 

State-of-the-art–enterovirus typing 

1.  Sequencing part of the VP1 capsid protein gene is the gold standard for EV 

typing, and should be performed according to the WHO recommendations [45]. 

4.  5′NCR sequencing should not be used for EV type identification 

5. Use VP2 and VP4 capsid protein gene sequencing for EV typing if VP1 sequencing 

fails 

6. Consider sequencing additional parts of the genome or obtaining full genome 

sequence if a new recombinant form of EV is suspected. 

Within the EU/EEA region, EV typing is performed in most national reference 

laboratories (26/29 countries) but also at local virology laboratories (11/29 countries) 

[26]. The referral of samples to reference laboratories for virus typing or sharing typing 

data is essential for effective monitoring of EV circulation and the early detection of 

emerging virus types at a national level. Effective monitoring additionally requires that 

both screening assays and typing methods used are of comparable sensitivity and 

effectiveness for detection of different EV types and species. 

Sequence relationships in any genome region are predictive of EV species except the 

5′NCR. Originally, the assignment of EV types within species was based on cross-

neutralisation properties. Later, it was shown that these correlate well with sequence 
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divergence in VP1 region [46]. The term “type” can be used to describe both genotypic 

assignments and those based on neutralisation properties. 

Recombination is a frequent event between EV types within the same species and usually 

occurs between structural and non-structural regions in EV species A-C (but rarely if at 

all in EV-D or human rhinovirus species A–C) [47]. There are also further 

recombination’s in all species between the structural gene region and the 5′NCR. For 

these reasons, type identification should be based on VP1 (or potentially VP2 or VP3) 

sequences EV species A–C (and recommended for EV-D and HRVs). The use of VP4 for 

type identification is also acceptable for all species except EV-B. 

Sequencing all or part of the VP1 capsid protein gene is the gold standard for EV typing 

[[45], [48]]. A generic assay based on WHO recommendation is widely used in national 

laboratories [[45], [49]]. Molecular typing assays based on species-specific and type-

specific primers, or on other genomic regions (capsid proteins VP4-VP2) are also used 

[[50], [51], [52]], some of which have increased sensitivity. However, this will limit the 

comparability of the data between other centres using the VP1 typing. The complete VP1 

sequence (∼900 nucleotides) is used for formal type identification, and is required for 

assignment of new types. Sequencing multiple parts or the full-length genome is used 

to address specific epidemiological and research questions, including the emergence of 

recombinant EVs and the identification of recombination events [[47], [53], [54], [55]]. 

Several bioinformatics typing tools are available for EV type identification (Table 1, 

Supplementary Data). 

Future directions for enterovirus detection and characterisation 

It is crucial that, as technology advances, laboratories progress towards implementation 

of high throughput state-of-art genome sequencing assays to rapidly characterise and 

respond to EVs. By doing so, we may avoid the burden of design and implementation of 

type-specific RT-PCR assays. Many university hospitals are well equipped to enable them 

to detect and characterise EV strains collected from diagnostic specimens. These data 

should be collectively shared among the community. The roles of national laboratories, 

in this context, are: (1) coordinated response and support in management of outbreaks 

by rapid identification and characterisation of emerging EV strains; (2) continuous 

support to general clinical laboratories through development, standardisation, 

dissemination and support in quality control of first line broad-spectrum EV molecular 

diagnostics; and (3) maintenance of a repository of relevant up-to-date methods for 

detection and characterization of EVs. However, specific diagnostic skills including virus 

isolation and histopathological investigations should not be forgotten as they can 

provide vital tools to investigate newly emerging, less well-characterised or rarer 
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enteroviruses. Histopathological methods including in situ hybridisation or 

immunohistochemistry can also be used to investigate the pathogenesis and/or to 

confirm diagnosis (e.g., meningoencephalitis, myocarditis) in tissue biopsies [[56], [57], 

[58]]. 

With the establishment of the ENPEN and the successful collaborative efforts 

documented here, the goal of a strong future network is to provide Europe with a 

platform for EV surveillance and data sharing. A network with up-to-date-guidelines and 

real-time sharing of information (including sequences) on emerging EVs causing 

outbreaks and/or severe disease will strengthen cross-border threat detection and, 

hopefully, ensure rapid control of disease spread. Control of EVs is important in the era 

of future polio-eradication where other EVs than poliovirus are likely to become an 

increasing important cause of severe infections associated with potential devastating 

consequences. 
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Table 1. Publicly available typing tools for Enterovirus typing 

 
Typing tool 

 
Website 

Sequence required for 
assignment of type 

 
Remarks 

GenBank at 
NCBI 

https://blast.ncbi.nlm.nih.gov/Bla
st.cgi 

VP1  

RIVM 
http://www.rivm.nl/mpf/enterovi

rus/typingtool 
VP1  

VIPR 
https://www.viprbrc.org/brc/hom
e.spg?decorator=picorna_entero 

VP1  

EVIDENCE 
http://symbiont.iis.sinica.edu.tw/

evidence/static/html/ 
N/A 

Typing based on 
sequence context and 

phylogenetic inference. 
No specific sequence 

required. 
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Abstract  

Enterovirus infections are known to cause a diverse range of illnesses, even in healthy 

individuals. However, information detailing enterovirus infections and their severity in 

immunocompromised patients, such as transplant recipients, is limited. We compared 

enterovirus infections in terms of genotypes, clinical presentation, and severity between 

transplant and nontransplant patients. A total of 264 patients (38 transplant recipients) 

with 283 enterovirus infection episodes were identified in our hospital between 2014 

and 2018. We explored the following factors associated with enterovirus infections: 

clinical presentation and diagnosis on discharge, length of hospital stay, symptom 

persistence, and infection episodes in both children and adults. We observed some 

differences in genotypes between patients, with enterovirus group C occurring mainly 

in transplant recipients (P < 0.05). EV-associated gastrointestinal infections were more 

common in patients with a transplant (children [71%] and adults [46%]), compared to 

nontransplant patients (P < 0.05). Additionally, nontransplant patients had a higher 

number of hospital stays (P < 0.05), potentially reflecting more severe disease. However, 

transplant patients were more likely to have symptom persistence after discharge (P < 

0.05). Finally, children and adults with a transplant were more likely to have additional 

enterovirus infection episodes (P < 0.05). In our cohort, enterovirus infections did not 

seem to be more severe after transplantation; however, patients tended to present with 

different clinical symptoms and had genotypes rarely found in nontransplant recipients. 

Importance. Despite the high prevalence of enteroviruses in the community and the 

increasing demand for transplants from an aging population, knowledge on 

enteroviruses in solid organ transplant recipients is currently limited. Transplant 

recipients represent a significant patient population and require additional 

considerations in patient management, particularly as they have an increased risk of 

disease severity. Enteroviruses are known to cause significant morbidity, with a diverse 

range of clinical presentation from over 100 different genotypes. In this study, we aimed 

to provide a more comprehensive overview of enteroviral infections in transplant 

recipients, compared to nontransplant patients, and to bridge some gaps in our current 

knowledge. Identifying potential clinical manifestation patterns can help improve 

patient management following enterovirus infections. 

 

Introduction  

In recent years, improved antirejection treatment for solid organ transplantation has 

improved the outcome for transplant recipients (1). However, the suppression of the 

immune system, which is necessary for graft function, also leads to a greater 
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susceptibility to infections. Viral infections are well recognized complications of 

immune suppression and can occur through reactivation of latent viruses (2). 

Enteroviruses are ubiquitous in the community, with studies indicating an 11–13% 

prevalence even among healthy individuals (3, 4). In the majority of patients (90%), 

most enterovirus infections are asymptomatic or present with mild or indiscriminate 

respiratory or gastrointestinal symptoms (5). Some of these clinical syndromes are 

mostly associated with one or few enterovirus genotypes, while others are typical for a 

particular patient group, such as coxsackievirus B3 and neonatal sepsis (6). However, in 

an immunocompromised population, a simple gastroenteritis can have large 

consequences. These patients are more likely to have severe manifestations with longer 

hospital admissions, exposing them to other hospital acquired infections and longer 

recovery (7). Moreover, symptoms of infections often resemble rejection, one of the 

most important complications in transplant patients. As the treatment of rejection 

results in an increased immunocompromised condition, it is extremely important that 

symptoms compatible with infection are diagnosed accurately. Nevertheless, it is equally 

important that symptoms are not falsely attributed to a bystander, delaying the 

appropriate management of a vulnerable patient. 

Enteroviruses have vast variations in their genomes and can be categorized into four 

different family groups, A, B, C and D, each with their own subspecies, resulting in over 

100 different genotypes (8). Each genome is comprised of a single polyprotein, flanked 

by 5′ and 3′ untranslated regions, and encodes four structural proteins (viral proteins 1–

4) and seven nonstructural proteins (2A-2C and 3A-3D). Detection and confirmation of 

an enterovirus usually involves targeting the 5′ UTR during real-time reverse 

transcriptase PCR. To distinguish between genotypes, sequencing of the VP1 gene 

present on the viral capsid remains the gold standard (9). 

Enterovirus infections following transplantation are neither fully understood nor 

studied. Indeed, literature on enterovirus infections in transplant recipients consists 

mainly of case studies and small patient cohorts, involving either one type of organ 

transplant or specific enterovirus genotypes (10, 11). It has been revealed that different 

enteroviruses can target different cell receptors (4). While some are thought to cause 

direct damage from replication, such as enterovirus D68 (EV-D68), others appear to 

cause damage from secondary host inflammatory responses, such as coxsackievirus B4 

during myocarditis (12). Therefore, it could be reasoned that immunocompromised 

individuals or age groups could have a different clinical presentation or outcome 

following infection with different enterovirus genotypes. Identification of the genotype 

is important to be able to track trends in outbreak situations and link specific clinical 

presentation. As a result, continued surveillance and reporting of enterovirus infections 
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is important, not only for diagnostics and assay development, but also for patient 

management. 

A more comprehensive overview of enterovirus infections in solid organ transplant 

recipients, both in children and adults, may be required to bridge some gaps in our 

current knowledge. In this study, we compared transplant patients with nontransplant 

patients by (i) investigating the distribution of genotypes, (ii) exploring clinical 

manifestations, and (iii) determining potential differences in severity. 

 

Material and Methods 

Setting 

The University Medical Center Groningen (UMCG) is the largest transplant center in the 

Netherlands. The UMCG performs approximately 200 kidney (adults only), 60 liver, 35 

lung and 12 heart transplants annually. Approximately 3,000 transplant recipients are 

being followed-up. All patient information gathered during admission or outpatient 

visits were recorded and extracted from the electronic patient database system. 

Identification of enterovirus detections 

An enterovirus was initially detected through reverse transcriptase real-time PCR, 

followed by genotyping using Sanger sequencing by targeting the viral protein 1 gene 

(9). Sequences were analyzed with BioNumerics (v6.6) (Applied Maths NV). A study list 

was generated of all enterovirus positive samples between January 2014 and December 

2018, regardless of whether an enterovirus genotype had been obtained. Samples which 

had not achieved a genotype were referred to as “untypeable.” These samples were used 

to determine overall prevalence. 

Identification of transplant patients 

Patients were included in the study if they had been admitted to the UMCG for an 

overnight stay (≥ one night) or had symptoms during an outpatient appointment. Only 

patients with enterovirus detection after transplantation were included. An enterovirus 

infection episode was defined as a single clinical period, including clinical symptoms 

and viral detection. Repeated samples that yielded the same genotype from the same 

patient within a 3-week period were removed (34). If a patient relapsed from an infection 

after clinical improvement, it was defined as a new episode. The clinical outcome of an 

enterovirus infection could be determined by collecting the following data: additional 

hospital admissions, outpatient appointments or check-up phone calls from the 

attending physician. Symptom persistence was defined as the continuation of 

complaints which prompted the sample collection that were subsequently attributed to 
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an enterovirus. Once each study population had been established, patients with 

untypeable samples were excluded from further analysis (Fig. 1). 

Data collection 

A retrospective examination of all medical records from selected patients was 

performed. The following clinical information was collected: age, gender, comorbidities, 

enterovirus clinical presentation, final diagnosis on discharge, length of hospital stay co-

detections (microorganisms detected at the same time as the enterovirus), recovery and 

frequency of all enterovirus detections between January 2014 and December 2018. The 

following sample information was collected from BioNumerics: enterovirus genotype, 

sample material and viral load. Samples were collected depending on the clinical 

symptoms of the patients and tested in our syndromic panels for respiratory, 

gastrointestinal and neurological infections. If an enterovirus was detected in more than 

one sample, only the material with the highest viral load, i.e., the lowest cycle threshold 

value was used for sequencing. 

Distinction between clinical presentation and infection 

To investigate whether enteroviruses found in patients were thought to be the cause of 

the illness, we examined both the recorded clinical symptoms (which prompted the 

sampling) and the final diagnosis of the patient following a clinical investigation. The 

subsequent documented diagnosis was used to assess if the treating physician 

considered the detected enterovirus as incidental, or a contributing cause of the illness 

(either as a causative agent or part of an infection caused by more than one 

microorganism). Only detections where an enterovirus was deemed to be the causative 

agent were counted as an infection, leaving out the detections which were judged to be 

incidental findings. 

Statistical analysis 

Qualitative and quantitative data were analyzed using IBM SPSS (v23) and compared 

using chi-square tests, multinomial regression analysis and Mann-Whitney U tests to 

determine significant differences between transplant and nontransplant patients (P < 

0.05). 

Ethical statement 

This study was evaluated by the local UMCG Ethics Committee and a waiver “METc-

2021/143” was obtained. All samples and patient data were pseudonymized before 

analysis according to local guidelines. 
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Data availability 

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

 

Results 

Description of patients with enterovirus detection. 

A total of 264 patients with 283 enterovirus infection episodes, covering 33 genotypes, 

were included in the study. Overall, 23 transplant recipients (26 samples) and 128 

nontransplant recipients (148 samples) were excluded due to a poor sequencing result 

(Fig. 1). For the purpose of analysis and comparison, enterovirus genotypes were divided 

into their corresponding family groups: EV-A, EV-B, EV-C, or EV-D (Tables 1, 2 and S1) 

(8). The following tables depict the general patient and sample characteristics of each 

population (Tables 1 and 2). 

 

Figure 1. Overview of sample selection. EV, enterovirus. The license for the enterovirus particle 

illustration: CC BY SA 3.0. 

 

 

 

 

 

 



Chapter 8: Enterovirus infections in transplant patients 

149 
 

8 

Table 1. Clinical characteristics of patients without a transplant 

Clinical and sample characteristics 

Nontransplant recipients 

Children Adults 

0-5 yrs 6-15 yrs >15 yrs Total 

Patients Gender                 Male 65 30 29 124 

Female 44 23 35 102 

Total no. 109 53 64 226 

Comorbidities Category Pulmonary 9 15 8 32 

Cardiac 11 2 6 19 

Renal 0 1 1 2 

Abdominal 13 7 6 26 

Serve disability 9 12 2 23 

Malignancy 3 4 8 15 

Prematurity 22 3 1 26 

Diabetes 0 1 4 5 

Immune deficiency 3 1 5 9 

Neurological 6 2 3 11 

Total no. 67 48 44 168 

Samples Type*1                 Fecal 65 19 11 95 

Respiratory 40 34 28 102 

Cerebrospinal fluid*3 16 2 19 37 

Blister fluid 2 0 5 7 

Other*4 3 1 3 7 

Total no. 126 56 66 248 

Enterovirus 
detection 

Detected family 
group*2 

                 EV-A 41 15 9 65 

EV-B 55 16 23 94 

EV-C 3 4 13 20 

EV-D 17 21 19 57 

Total no. 116 56 64 236 

*1, Duplicate sample materials from the same infection were removed. *2, Duplicate detections 

from the same infection were removed. *3, It must be noted that for several of the patients, the 

enterovirus viral load in some of the CSF samples were too low for typing, and as a result, an 

alternative sample material had to be taken. *4, Other sample types consisted of plasma and 

heart tissue. Abbreviations: B EV-A, enterovirus group A. EV-B, enterovirus group B. EV-C, 

enterovirus group C. EV-D, enterovirus group D. 

 

 

 

 

https://journals.asm.org/reader/content/1814a92b66b/10.1128/spectrum.02215-21/format/epub/EPUB/xhtml/tab1.xhtml#ngtab1-1
https://journals.asm.org/reader/content/1814a92b66b/10.1128/spectrum.02215-21/format/epub/EPUB/xhtml/tab1.xhtml#ngtab1-1
https://journals.asm.org/reader/content/1814a92b66b/10.1128/spectrum.02215-21/format/epub/EPUB/xhtml/tab1.xhtml#ngtab1-1
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Table 2. Clinical characteristics of transplant patients 

Clinical and sample characteristics 

Transplant recipients 

Children Adults 

0-5 yrs 6-15 yrs >15 yrs Total 

Patients Gender Male 
Female 

2 3 15 20 

3 4 11 18 

Total no. 5 7 26 38 

Transplant Lung 0 0 12 12 

Liver 5 6 3 14 

Kidney 0 1 8 9 

Heart 0 0 2 2 

Multiorgan*1 0 0 1 1 

Total no. 5 7 26 38 

Sample Type*2 Fecal 7 8 16 31 

Respiratory 0 1 15 16 

Cerebrospinal 
fluid 

0 0 0 0 

Blister fluid 0 0 1 1 

Other*4 0 1 0 1 

Total no. 7 10 32 49 

Enterovirus 
detection 

Detected family group*3         EV-A 3 6 2 11 

EV-B 4 2 0 6 

EV-C 0 2 17 19 

EV-D 0 0 11 11 

Total no. 7 10 30 47 

*1, One adult patient had a lung and liver transplant. *2, Duplicate sample materials from the 

same infection were removed. *3, Duplicate detections from the same infection were removed. 

*4, Other sample types consisted of plasma and heart tissue. Abbreviations: EV-A, enterovirus 

group A. EV-B, enterovirus group B. EV-C, enterovirus group C. EV-D, enterovirus group D. A 

multinomial logistic regression analysis revealed the odds of having a group C (OR 15.67; 95% 

CI 5.58, 43.98; P < 0.05) and group D detection (OR 4.40; 95% CI 1.63, 11.89; P < 0.05), rather 

than a group B detection was statistically higher in transplant patients, compared to 

nontransplant patients. 

Patient characteristics  

Most patients included in our study were children younger than 16 years (174 children 

versus 90 adults), with an average age of 5 years in children and 45 years in adults 

(Tables 1 and 2). While the most frequent underlying condition in small children 

(<6 years) without a transplant was prematurity, it was pulmonary disease and severe 

disability in older children (6–15 years). Adults without a transplant, compared to 

children, had more varied underlying conditions, with malignancy and pulmonary 
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disease (including five cases of asthma) being the most frequent comorbidity. Of the 

adults without a transplant, only 23 (35.9%) were previously healthy, underscoring the 

tertiary care function of this hospital. Transplant recipients formed 14.4% of patients, 

with the majority being adults. Indeed, only 12 patients (average 6 years) under the age 

of 16 were transplant recipients (Table 2). In small children, only liver transplants (n = 5) 

were identified and in older children, six liver and one kidney transplant recipients were 

included. Meanwhile, in adults, lung transplant recipients (n = 12, 46.2%) represented 

the largest group, followed by kidney transplant recipients (n = 8, 30.8%). No significant 

differences were found between males and females (P = 0.79). 

Sample characteristics  

In small children, enteroviruses were most frequently found in feces (Tables 1 and 2). 

However, in older children without a transplant, enteroviruses had a significantly higher 

detection in respiratory material, compared to transplant patients of this age group 

(P = 0.009). In adults, enteroviruses were most commonly detected in fecal samples 

from transplant recipients and respiratory samples from nontransplant recipients, with 

63.3% and 42.4%, respectively. In comparison, only 16.7% of enteroviruses were detected 

in feces in nontransplant adults. Interestingly, of the 16 respiratory samples collected 

from transplant patients, 10 detections were from lung transplant recipients. Most 

strikingly, enteroviruses were only detected in cerebrospinal fluid (CSF) from 

nontransplant patients. 

Enterovirus detection and genotype distribution 

Although EV-A and EV-B were most commonly detected in children in both 

populations, EV-D68 was the most frequently identified genotype in children without a 

transplant (Table S2). Meanwhile echovirus 11 (n = 3, 17.5%) was the most frequently 

detected genotype in children with a transplant and occurred solely in liver transplant 

recipients (Table S2). Interestingly, EV-C were most commonly detected in adults with 

a transplant, comprising of 57% (n = 17) of detections. Coxsackievirus A22 (CV-A22) was 

subsequently identified as the most frequently detected EV-C genotype in transplanted 

adults (n = 8, 26.7%), occurring in all solid organ transplants included in the study 

(Table S2 and S3). In comparison, there were only 13 EV-C detections, including one CV-

A22 detection, in adults without a transplant (20% of adult detections). EV-D (in which 

the only genotype detected was EV-D68) were found in all ages in the nontransplant 

population and exclusively in adults in the transplant population (Tables 1 and 2). EV-C 

and EV-D detections occurred significantly more in transplanted individuals than in 

nontransplanted individuals, compared to EV-B detections (P < 0.05). A complete 

breakdown of the number of genotypes found in each sample material and transplant 

type can be found in Tables S2, S3 and S4. 
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Co-detections  

An enterovirus was the only pathogen identified in 21.3% (n = 10) of detections in 

transplant patients and 46.6% (n = 110) of detections in nontransplant patients. 

Rhinoviruses were found to be the most commonly identified co-detection (29.85%) 

associated with infections in the nontransplant population. Furthermore, co-detections 

with adenovirus (10.6%), along with other viruses associated with gastroenteritis, such 

as rotavirus (4.3%) and norovirus (4.3%), were additionally found in the nontransplant 

population. Similarly, co-detections with adenovirus were observed in the transplant 

population, along with norovirus (20%) and human parainfluenza type 3 (13.3%). A 

detailed overview of the co-detections found at the same time as the detected 

enterovirus are shown in Tables S5 and S6. 

Clinical manifestations from enterovirus infections  

Based on the documented clinical symptoms at presentation, patients were divided into 

four categories (usually directed by the type of clinical sample taken from the patient 

upon admission): respiratory, gastroenteritis, neurological or other (including HFMD, 

myocarditis, and sepsis) (Table 3). As age is known to be a significant factor in 

determining the disease prognosis, we also explored differences between children 

(<16 years) and adults. Only enteroviruses which were deemed to be the causative agent 

of the clinical manifestations were investigated (Table S7). 

Table 3. Clinical manifestations attributed to the detected enterovirus 

Clinical manifestations*1 

Nontransplant recipients Transplant recipients 

Children 
(n = 74) 

Adults 
(n = 43) 

Children 
(n = 6) 

Adults 
(n = 11) 

Enterovirus 
infections 

Clinical 
presentation 

Respiratory*2 37 (47%) 10 (23%) 2 (29%) 5 (38%) 

Gastrointestinal*3 12 (15%) 1 (2%) 3 (43%) 5 (38%) 

Neurological*4 8 (10%) 25 (58%) 0 2 (15%) 

Other*5 21 (27%) 7 (16%) 2 (29%) 1 (8%) 

Final diagnosis 
on discharge 

Respiratory 
infection 

30 (38%) 11 (26%) 2 (29%) 6 (46%) 

Gastroenteritis 10 (13%) 3 (7%) 5 (71%) 6 (46%) 

Neurological 
infection*6 

28 (36%) 21 (49%) 0 0 

Other 
infections*7 

10 (13%) 8 (19%) 0 1 (8%) 

  Total no. 78 43 7 13 

*1, Percentages were calculated from the total number of causative enterovirus infections for 

clinical presentation and final diagnosis on discharge. *2, Respiratory symptoms consisted of 

one or more of the following: cough, sore throat, breathing difficulties, cold or chills. *3, 

Gastrointestinal symptoms consisted of one or more of the following: diarrhea, abdominal pain 

or vomiting. *4, Neurological symptoms consisted of one or more of the following: headache, 
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neck pain/stiffness, photophobia, or convulsions. *5, Other presentation consisted of vesicular 

rash, particularly on the hands and feet, cardiogenic shock, febrile illness, and impaired 

functions during sepsis. *6, one enterovirus, associated with a neurological infection, was not 

included in Table 3 as it was part of a coinfection with human parechovirus 3 (HpeV-3). *7, Hand 

Foot and Mouth disease, myocarditis, sepsis, and fibril illness. 

Clinical manifestations in children 

Respiratory symptoms and subsequent respiratory infections were most commonly 

associated with enteroviruses detected in children without a transplant, with EV-D68 

causing the majority of infections (n = 24, 80%) (Tables 3 and S8). Indeed, EV-D68 

accounted for the majority of respiratory symptoms and infections both in patients 

without a transplant and in adults with a transplant in this study (P < 0.05). 

Interestingly, other than EV-D68, no other genotype was found to have caused more 

than one respiratory infection each, in the nontransplant population. In comparison, 

gastrointestinal symptoms (judged as an enterovirus gastrointestinal infection) were 

most commonly found in children with a transplant (P < 0.05) (n = 5 out of a total of 7 

infections), of which three infections were EV-A, one EV-B and one EV-C (Table S8). 

Clinical manifestations in adults  

Notably, enteroviruses in adults without a transplant were most frequently detected in 

cases of neurological symptoms and infections (49%) (Table 3). EV-B (n = 20 infections, 

95.2%) were found to result in the majority of neurological infections, with echovirus 30 

(E-30) (n = 5, 23.8%) and echovirus 16 (n = 4, 19%) observed to have the highest 

frequency (Table S8). In contrast, no neurological infections from enteroviruses were 

found in adults or children with a transplant. Meanwhile, enteroviruses found in adults 

with a transplant were most commonly associated with either respiratory infections 

(four EV-D and two EV-C) or gastrointestinal infections (five EV-C and one EV-D) (Table 

S8). Gastrointestinal infections were also more likely (P < 0.05) to occur in adult 

transplant patients, compared to nontransplant adults. Interestingly, CV-A22 (EV-C) 

was found to be the causative agent in 3/6 gastrointestinal infections in adult transplant 

patients (Table S8). 

 

Severity associated with enterovirus infections 

Enterovirus infections have significant variations, not only in clinical manifestations, but 

also in disease prognosis. In order to determine if patients with a transplant had any 

potential differences in severity following an enterovirus infection, we examined length 

of hospital stay, symptom persistence and enterovirus recurrence in children (<16 years) 

and adults (Table 4). 
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Table 4. Clinical severity attributed to the detected enterovirus 

Clinical severity factors*1 

Nontransplant recipients Transplant recipients 

Children 
(n = 74) 

Adults (n = 43) 
Children 

(n = 6) 
Adults 
(n = 11) 

Enterovirus 
infections 

Length of 
hospital 

stay 

Outpatient 
appointment 

13 (17%) 13 (30%) 2 (29%) 9 (69%) 

2-6 days 42 (54%) 23 (53%) 2 (29%) 3 (23%) 

7-30 days 20 (26%) 7 (16%) 3 (43%) 1 (8%) 

>30 days*2 3 (4%) 0 0 0 

Recovery 

Full recovery 67 (86%) 37 (86%) 4 (57%) 8 (62%) 

Persistence of 
symptoms 

11 (14%) 5 (12%) 3 (43%) 5 (38%) 

Mortality 0 1*3 (2%) 0 0 

 Total no. 78 43 7 13 

Patients 

Enterovirus 
recurrence*4 

One infection 
episode 

142 (88%) 62 (97%) 6 (50%) 21 (81%) 

Two infection 
episodes 

18 (11%) 2 (3%) 4 (33%) 4 (15%) 

Three infection 
episodes 

2 (1%) 0 2 (16%) 1 (4%) 

 Total no. 162 64 12 26 

*1, Percentages were calculated from the total number of causative enterovirus infections for 

length of hospital stay and recovery. *2, One child without a transplant was still in hospital after 

the study was completed. *3, Coxsackievirus B5 myocarditis. *4, The percentage of enterovirus 

recurrence was calculated based on the total number of patients with enterovirus detections 

detailed in Tables 1 and 2. 

Length of hospital stay  

The majority of enterovirus infections in children without a transplant required hospital 

admission (83%) (Table 4). A total of 54% (n = 42) of children without a transplant had 

a short-term stay of 2–6 days and 30% (n = 23) had a stay longer than 7 days. On average, 

these children were likely to have a hospital stay of 6.5 days, with infections most 

commonly caused by EV-B (n = 32, 49.2%) and EV-D (n = 22, 33.8%) (Table S9). Longer 

admission periods were strongly associated with neurological infections. Hospital stays 

of >30 days were reported from an enterovirus A71 infection causing meningitis and two 

EV-D68 infections, one causing acute flaccid myelitis (AFM) and the other causing 

pneumonia. In addition, 70% (n = 5) of infections in children with a transplant led to 

hospital admission of two or more days. In these five cases, enteroviruses were found to 

have caused gastrointestinal infections. Meanwhile, 50% (n = 5) of gastrointestinal 

infections in nontransplant children led to a hospital stay of two or more days. However, 

children with a transplant did not have a significantly longer length of hospital stay 

(LOS) than children without a transplant (P = 0.58). 
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The majority of adults without a transplant were also admitted to the hospital (70%) 

(n = 30) (Table 4) and tended to have a short-term hospital stay (average of 4.5 days), 

most commonly from neurological infections (n = 20, 66.7%). EV-D68 infections tended 

to be more severe, with six infections in children and three infections in adults resulting 

in a LOS of 7–30 days. Adults with a transplant were more likely to be seen in an 

outpatient setting with only 31% of enterovirus infections leading to hospital admission 

(average of 2.8 days). As there were only two group C infections in nontransplant adults, 

statistical power was not sufficient to determine differences in severity. However, it 

could be noted that three out of the four infections in adults with a transplant that 

caused a hospital stay of more than 2 days were caused by EV-C (Table S9). Overall, 

nontransplant patients tended to have a longer LOS compared to transplant patients, 

with an average of 5.2 days (most commonly from neurological infections) and 3.3 days 

(most commonly from gastroenteritis or respiratory infections), respectively (P = 0.014). 

Patient recovery  

Most patients with an enterovirus infection made a full recovery (82.3% infections) 

(Table 4). Overall transplant patients appeared more likely to have symptom persistence 

(P < 0.05). However, this was not found to be significant between children (P = 0.084) 

or adults (P = 0.104). Of note, adults with a transplant had symptom persistence from 

four EV-C infections: two cases of gastrointestinal symptoms from coxsackievirus A1 and 

two cases of respiratory symptoms from enterovirus C109 and EV-C105 (Table S10). An 

additional adult with a transplant had persistent respiratory symptoms from an EV-D68 

infection (Table S10). Meanwhile, adults without a transplant had no symptom 

persistence from EV-C infections, but persistent neurological (n = 4, 66.6%) and 

respiratory (n = 1, 16.6%) symptoms, from EV-B and EV-D (Table S10). An additional 

adult had lingering symptoms from a coxsackievirus B5 infection causing myocarditis. 

Children without a transplant had symptom persistence following EV-A (n = 3 

infections, 27.3%), EV-B (n = 2 infections, 18.2%), and EV-D (n = 6 infections [54.5%] 

including a child with AFM). 

Enterovirus recurrence 

 Although the majority of patients in this study had only one infection episode, patients 

with a transplant were more likely to have a second and third enterovirus infection 

(Table 4). Indeed, 50% of children and 19% of adults with a transplant had more than 

one episode, compared with 12.3% and 3.1% of nontransplant children and adults, 

respectively (Table 4). This was found to be significantly different between children 

(P = 0.002) and adults (P = 0.020). Although multiple infection episodes were rare, five 

patients were found to have had three separate infections with the same/different 

enterovirus genotype. Of note, in the transplant population, one child had three separate 
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E-11 infection episodes, while another had a CV-A4 infection followed by a co-

enterovirus infection from EV-C104 (respiratory sample) and CV-A6 (plasma sample). 

Finally, an adult with a transplant had three separate CV-A22 infection episodes, 

highlighting the possibility for chronic enterovirus infections. 

 

Discussion 

Enterovirus infections can cause a diverse range of illnesses, even in healthy individuals 

(13–15). However, information detailing the clinical impact of enterovirus infections in a 

broad spectrum of transplant recipients is sparse, despite the high prevalence of these 

viruses in the community. With an aging population and increasing demand for 

transplants (16), it is important to investigate how infections could differ or compare to 

other patient populations and age groups. To our knowledge, this is the first study to 

characterize and describe all enterovirus infections in a diverse range of solid organ 

transplant patients. 

Children (<16 years) without a transplant had the highest number of enterovirus 

detections, particularly in small children (0–5 years) (Table 1). This is not surprising as 

enterovirus infections are particularly common in children, especially newborns; with 

one study finding an incidence rate of 26–50 per 100,000 live births (17). We found 

prematurity to be the biggest risk factor for an enterovirus infection in small children, 

which has been found previously (17, 18) (Table 1). Interestingly, older children (6–

15 years) had at least one underlying condition in 70% of cases. Meanwhile, in adults 

without a transplant, pulmonary difficulties, such as asthma and malignancy, were the 

most frequently observed co-morbidities. One study has indicated that up to 70% of 

asthma exacerbation is associated with viral infections, with the majority of cases caused 

by rhinoviruses and enteroviruses (19). 

The population of children with transplants is small, as a result they represent the 

smallest group in this study. Enteroviruses were most frequently detected in liver 

transplants in small children presenting predominantly with gastrointestinal symptoms 

(n = 4, 80%). As our hospital performs approximately 30 pediatric liver transplants 

annually, it could account for the high number of liver transplants in this age group 

(Table 2). Conversely, in adults with a transplant, lung recipients had the highest 

number of enterovirus detections (Table 2). Again, this is not too surprising as these 

patients tend to be tested more for respiratory infections, even with mild symptoms, 

which might explain why enteroviruses were so frequently detected in respiratory 

samples. 
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Generally, the frequency of EV-A and EV-B detections, which include the majority of the 

coxsackieviruses and exclusively the echoviruses, declined with increasing age (Tables 1 

and 2). This has been similarly observed in other studies, with EV-A and EV-B typically 

found in children (20, 21). In contrast, while EV-C detections tended to increase with 

age, EV-D detections were consistently found across all age groups in the nontransplant 

group and exclusively in adults in the transplant group. In this study, we found a 

relatively high number of EV-C detections in the transplanted adult population. 

Furthermore, CV-A22 comprised of 50% of the total EV-C detections in adults with a 

transplant, detected solely in fecal samples and associated with gastrointestinal and 

respiratory presentation. EV-C infections have not been specifically investigated in 

transplant recipients, although in the general population these infections have been 

sporadically associated with severe disease (22–24). Our study suggests that transplant 

recipients are more likely to experience illness associated with EV-C compared to 

nontransplanted individuals (P < 0.05). Additionally, transplanted individuals tended to 

have more symptom persistence resulting from EV-C infections. 

The most detected enterovirus in this study was EV-D68 and was primarily associated 

with respiratory infections. We found EV-D68 to have caused the respiratory infection 

in 72.7% (n = 24) of detections in children and 67% (n = 10) of detections in adults 

presenting with respiratory illness, reiterating EV-D68 as a respiratory disease pathogen. 

However, in adults with a transplant, we found EV-D68 to have caused the respiratory 

infection in 40% (n = 4) of detections. Nevertheless, it must be noted that transplant 

recipients tended to have more co-detections and could account for the lower number 

of detections found to have solely caused the infection (Table S7). Overall, children had 

a more severe EV-D68 infection than adults in our study, with a higher number of 

hospital stays (P < 0.05). 

Neurological infections caused by enteroviruses were only observed in nontransplanted 

adults and children in our study. Interestingly, the genotypes resulting in infection were 

different in children and adults. While coxsackievirus B5 resulted in the majority of 

neurological infections in children, echovirus 30 was predominantly found in adults, 

followed by echovirus 16. These genotypes are classically associated with neurological 

infections, with multiple clinical reports and in vitro studies reporting echovirus 30 

particularly to be highly neurotropic (25–27). Neurological infections were observed to 

have a LOS of 2–6 days, underscoring the morbidity of neurological enterovirus 

infections. Remarkably, there appears to be an absence of neurological infections in 

transplant patients. Although the population of transplant recipients is small, based on 

these numbers it seems unlikely that transplant recipients have an increased sensitivity 

to enterovirus neurological infections. 
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There is an ongoing debate about enteroviruses as a cause for gastrointestinal illness 

(28). In immunocompromised individuals it is extremely important to distinguish true 

EV-gastrointestinal infections from bystanders, particularly as the same symptoms may 

also be caused by immunosuppressive medication or chemotherapy, for which the 

treatment would be therapy reduction (29). Enteroviruses are often asymptomatically 

present in feces (30). The distinction can often only be made on clinical grounds after 

excluding other possible causes. In this study, we determined the clinical relevance of 

enterovirus detections in feces based on clinician’s notes retrospectively. Indeed, while 

enteroviruses were most frequently detected in feces from children without a transplant 

(n = 86 detections), only 10 were determined to have caused the infection (11.6%). This 

suggests that while enteroviruses may cause gastrointestinal symptoms in nontransplant 

children, the vast majority of detections are not associated with clinical illness. In 

transplanted children enteroviruses were found to cause gastrointestinal infections in a 

third of cases. Although the number of patients in this category is small to draw a 

definite conclusion, it does appear that children with a transplant tend to experience 

more gastroenteritis associated with enteroviruses than their nontransplant 

counterparts. Furthermore, while we only detected seven enterovirus gastroenteritis 

cases, five required hospital admission, suggesting gastrointestinal infections can lead 

to considerable morbidity, which has been observed previously (31). However, as there 

were no significant differences in LOS between children, it suggests that once symptoms 

are serious enough to warrant admission, the severity is most likely similar in both 

groups. 

Adults with a transplant were also more likely to have an enterovirus gastroenteritis 

infection compared to nontransplant adults (P < 0.05). Additionally, they were also 

more likely to have a single outpatient appointment at the time of sampling and a 

shorter LOS, compared to nontransplant patients. This is not surprising as transplant 

patients are more likely to have a higher number of check-up appointments and any new 

symptom will be treated with urgency with the patient being tested, regardless of 

hospital admission. Nevertheless, the longer recovery time and enterovirus recurrence 

could suggest patients could benefit from additional care. More follow-up studies 

monitoring the prognosis of enterovirus infections could provide additional information 

for clinicians for patient management, particularly as studies investigating 

gastroenteritis in transplant recipients are currently limited (32, 33). 

This study has some limitations which need to be addressed. Although we 

retrospectively examined a major transplant center in the Netherlands over the course 

of 4 years, the small number of transplant recipients limited statistical analysis. 

Additionally, as enteroviruses are highly diverse (33 genotypes in this study alone), and 
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are associated with various clinical manifestations, it can render definitive conclusions 

challenging, due to the multiple comparisons required. Furthermore, as this study was 

carried out in a tertiary hospital, the overrepresentation of patients with complex 

medical histories or severe illness could imply that the nontransplant population were 

not necessarily previously healthy or immunocompetent. A future study could include 

non-university hospitals and primary care to provide a clearer picture of the clinical 

burden of enterovirus associated diseases. Finally, it should be noted that the 

enteroviruses described in this study are reflective of the circulation in the Netherlands 

during this 4-year period, including three outbreaks of EV-D68. As a result, fluctuations 

in enterovirus prevalence are to be expected outside this time frame and region. 

In spite of these limitations, it is possible to draw a few careful conclusions from this 

study. First, we have found that enteroviruses are not necessarily more severe in 

transplant patients. This is especially the case for neurological infections, which we did 

not detect in the transplant population. Second, it may be the case that some enterovirus 

genotypes are more pathogenic in transplant recipients. We showed that nearly all EV-

C detections occurred in the transplanted population. In contrast, EV-A and EV-B 

infections were more likely to affect younger children, with the transplant population 

not appearing to be especially vulnerable. Third, although the question of enteroviruses 

being regarded as a true gastrointestinal pathogen is not entirely solved, according to 

the clinician’s opinion, enteroviruses were more commonly thought to cause 

gastrointestinal infections in transplant individuals. 

 

Acknowledgments 

We thank Leonard Schuele for reviewing and providing comments on the manuscript. 

We declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. H.C. 

has received funding from the European Union’s Horizon 2020 research and innovation 

program under the Marie Sklodowska-Curie grant agreement 713660 (MSCA-COFUND-

2015-DP “Pronkjewail”). Additional supporting information may be found online in the 

Supporting Information section at the end of the article.  

 

 

 

 

 



160 
 

References 
1. Pilch NA, Bowman LJ, Taber DJ. 2021. Immunosuppression trends in solid organ transplantation: the future 

of individualization, monitoring, and management. Pharmacotherapy 41:119–131.  
2. Traylen CM, Patel HR, Fondaw W, Mahatme S, Williams JF, Walker LR, Dyson OF, Arce S, Akula SM. 2011. 

Virus reactivation: a panoramic view in human infections. Future Virol 6:451–463.  
3. Witsø E, Palacios G, Cinek O, Stene LC, Grinde B, Janowitz D, Lipkin WI, Rønningen KS. 2006. High 

prevalence of human enterovirus a infections in natural circulation of human enteroviruses. J Clin 
Microbiol 44:4095–4100.  

4. Wu Q, Fu X, Jiang L, Yang R, Cun J, Zhou X, Zhou Y, Xiang Y, Gu W, Fan J, Li H, Xu W. 2017. Prevalence of 
enteroviruses in healthy populations and excretion of pathogens in patients with hand, foot, and mouth 
disease in a highly endemic area of southwest China. PLoS One 12:e0181234.  

5. Schaenman JMD, Ho DY, Baden LR, Safdar A. 2019. Enterovirus infection in immunocompromised hosts. 
In: Safdar A. (ed) Principles and practice of transplant infectious diseases. Springer, New York, NY.  

6. Lee CJ, Huang YC, Yang S, Tsao KC, Chen CJ, Hsieh YC, Chiu CH, Lin TY. 2014. Clinical features of 
coxsackievirus A4, B3 and B4 infections in children. PLoS One 9:e87391.  

7. Vu DL, Bridevaux PO, Aubert JD, Soccal PM, Kaiser L. 2011. Respiratory viruses in lung transplant recipients: 
a critical review and pooled analysis of clinical studies. Am J Transplant 11:1071–1078.  

8. Fernandez-Garcia MD, Majumdar M, Kebe O, Ndiaye K, Martin J. 2018. Identification and whole-genome 
characterization of a recombinant enterovirus B69 isolated from a patient with acute flaccid paralysis in 
Niger, 2015. Sci Rep 8:2181.  

9. Harvala H, Broberg E, Benschop K, Berginc N, Ladhani S, Susi P, Christiansen C, McKenna J, Allen D, 
Makiello P, McAllister G, Carmen M, Zakikhany K, Dyrdak R, Nielsen X, Madsen T, Paul J, Moore C, von Eije 
K, Piralla A, Carlier M, Vanoverschelde L, Poelman R, Anton A, López-Labrador FX, Pellegrinelli L, Keeren 
K, Maier M, Cassidy H, Derdas S, Savolainen-Kopra C, Diedrich S, Nordbø S, Buesa J, Bailly JL, Baldanti F, 
MacAdam A, Mirand A, Dudman S, Schuffenecker I, Kadambari S, Neyts J, Griffiths MJ, Richter J, Margaretto 
C, Govind S, Morley U, Adams O, Krokstad S, Dean J, et al. 2018. Recommendations for enterovirus 
diagnostics and characterisation within and beyond Europe. J Clin Virol 101:11–17.  

10. Waghmare A, Pergam SA, Jerome KR, Englund JA, Boeckh M, Kuypers J. 2015. Clinical disease due to 
enterovirus D68 in adult hematologic malignancy patients and hematopoietic cell transplant 
recipients. Blood 125:1724–1729.  

11. Wali RK, Lee AH, Kam JC, Jonsson J, Thatcher A, Poretz D, Ambardar S, Piper J, Lynch C, Kulkarni S, Cochran 
J, Djurkovic S. 2015. Acute neurological illness in a kidney transplant recipient following infection with 
enterovirus-D68: an emerging infection? Am J Transplant 15:3224–3228.  

12. Bissel SJ, Winkler CC, DelTondo J, Wang G, Williams K, Wiley CA. 2014. Coxsackievirus B4 myocarditis and 
meningoencephalitis in newborn twins. Neuropathology 34:429–437.  

13. Puenpa J, Mauleekoonphairoj J, Linsuwanon P, Suwannakarn K, Chieochansin T, Korkong S, Theamboonlers 
A, Poovorawan Y. 2014. Prevalence and characterization of enterovirus infections among pediatric patients 
with hand foot mouth disease, herpangina and influenza like illness in Thailand, 2012. PLoS One 9:e98888.  

14. Chen BS, Lee HC, Lee KM, Gong YN, Shih SR. 2020. Enterovirus and Encephalitis. Front Microbiol 11:261.  
15.  Stalkup JR, Chilukuri S. 2002. Enterovirus infections: a review of clinical presentation, diagnosis, and 

treatment. Dermatol Clin 20:217–223.  
16. White SL, Hirth R, Mahíllo B, Domínguez-Gil B, Delmonico FL, Noel L, Chapman J, Matesanz R, Carmona 

M, Alvarez M, Núñez JR, Leichtman A. 2014. The global diffusion of organ transplantation: trends, drivers 
and policy implications. Bull World Health Organ 92:826–835.  

17. Hawkes MT, Vaudry W. 2005. Nonpolio enterovirus infection in the neonate and young infant. Paediatr 
Child Health 10:383–388. 19668644; PMCID: PMC2722558.  

18. Abzug MJ. 2004. Presentation, diagnosis, and management of enterovirus infections in neonates. Paediatr 
Drugs 6:1–10.  

19. Adeli M, El-Shareif T, Hendaus MA. 2019. Asthma exacerbation related to viral infections: an up to date 
summary. J Family Med Prim Care 8:2753–2759.  

20. Kim KW, Horton JL, Pang CNI, Jain K, Leung P, Isaacs SR, Bull RA, Luciani F, Wilkins MR, Catteau J, Lipkin 
WI, Rawlinson WD, Briese T, Craig ME. 2019. Higher abundance of enterovirus A species in the gut of 
children with islet autoimmunity. Sci Rep 9:1749.  

21. Hellferscee O, Tempia S, Walaza S, Variava E, Dawood H, Wolter N, Madhi SA, Du Plessis M, Cohen C, 
Treurnicht FK. 2017. Enterovirus genotypes among patients with severe acute respiratory illness, influenza-
like illness, and asymptomatic individuals in South Africa, 2012–2014. J Med Virol 89:1759–1767.  

22. Tokarz R, Haq S, Sameroff S, Howie SRC, Lipkin WI. 2013. Genomic analysis of coxsackieviruses A1, A19, A22, 
enteroviruses 113 and 104: viruses representing two clades with distinct tropism within enterovirus C. J Gen 
Virol 94:1995–2004.  

23. Tapparel C, Siegrist F, Petty TJ, Kaiser L. 2013. Picornavirus and enterovirus diversity with associated human 
diseases. Infect Genet Evol 14:282–293. 
 



Chapter 8: Enterovirus infections in transplant patients 

161 
 

8 

 
24. Townsend TR, Bolyard EA, Yolken RH, Beschorner WE, Bishop CA, Burns WH, Santos GW, Saral R. 1982. 

Outbreak of Coxsackie A1 gastroenteritis: a complication of bone-marrow transplantation. Lancet 1:820–
823.  

25. Huang HI, Shih SR. 2015. Neurotropic Enterovirus Infections in the Central Nervous System. Viruses 7:6051–
6066.  

26. Broberg EK, Simone B, Jansa J. 2018. The Eu/Eea member state contributors: uUpsurge in echovirus 30 
detections in five EU/EEA countries, April to September, 2018. Euro Surveill 23:1800537.  

27.  Mantadakis E, Pogka V, Voulgari-Kokota A, Tsouvala E, Emmanouil M, Kremastinou J, Chatzimichael A, 
Mentis A. 2013. Echovirus 30 outbreak associated with a high meningitis attack rate in Thrace, 
Greece. Pediatr Infect Dis J 32:914–916.  

28. Wells AI, Coyne CB. 2019. Enteroviruses: a gut-wrenching game of entry, detection, and 
evasion. Viruses 11:460.  

29. Tuncer HH, Rana N, Milani C, Darko A, Al-Homsi SA. 2012. Gastrointestinal and hepatic complications of 
hematopoietic stem cell transplantation. World J Gastroenterol 18:1851–1860.  

30. González Y, Martino R, Badell I, Pardo N, Sureda A, Brunet S, Sierra J, Rabella N. 1999. Pulmonary enterovirus 
infections in stem cell transplant recipients. Bone Marrow Transplant 23:511–513.  

31. Rojjanadumrongkul K, Kumthip K, Khamrin P, Ukarapol N, Ushijima H, Maneekarn N. 2020. Enterovirus 
infections in pediatric patients hospitalized with acute gastroenteritis in Chiang Mai, Thailand, 2015–
2018. PeerJ 8:e9645.  

32. chuster JE, Johnston SH, Piya B, Dulek DE, Wikswo ME, McHenry R, Browne H, Gautam R, Bowen MD, 
Vinjé J, Payne DC, Azimi P, Selvarangan R, Halasa N, Englund JA. 2020. Infectious causes of acute 
gastroenteritis in US children undergoing allogeneic hematopoietic cell transplant: a longitudinal, 
multicenter study. J Pediatric Infect Dis Soc 9:421–427.  

33. Faleye TO, Adewumi MO, Adeniji JA. 2016. Defining the enterovirus diversity landscape of a fecal sample: a 
methodological challenge? Viruses 8:18.  

34. Van Leer-Buter CC, Poelman R, Borger R, Niesters HG. 2016. Newly identified enterovirus c genotypes, 
identified in the Netherlands through routine sequencing of all enteroviruses detected in clinical materials 
from 2008 to 2015. J Clin Microbiol 54:2306–2314.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



162 
 

Supplementary Material 

Table S1. Overview of detected enterovirus genotypes 

Genotype*1 Family group 
Non-transplant recipients Transplant recipients 

Number Total % Number Total % 

CV-A1 C 3 1.3 3 6.4 

CV-A2 A 6 2.5 2 4.3 

CV-A4 A 16 6.8 3 6.4 

CV-A5 A 4 1.7 0 0.0 

CV-A6 A 22 9.3 3 6.4 

CV-A9 B 7 3 0 0.0 

CV-A10 A 8 3.4 0 0.0 

CV-A11 C 1 0.4 0 0.0 

CV-A14 A 1 0.4 0 0.0 

CV-A16 A 5 2.1 1 2.1 

CV-A19 C 0 0 1 2.1 

CV-A22 C 1 0.4 9 19.1 

CV-B1 B 1 0.4 0 0.0 

CV-B2 B 3 1.3 0 0.0 

CV-B3 B 5 2.1 0 0.0 

CV-B4 B 6 2.5 1 2.1 

CV-B5 B 15 6.4 0 0.0 

E-3 B 1 0.4 0 0.0 

E-5 B 0 0 1 2.1 

E-6 B 9 3.8 0 0.0 

E-7 B 0 0 1 2.1 

E-9 B 4 1.7 0 0.0 

E-11 B 10 4.2 3 6.4 

E-16 B 11 4.7 0 0.0 

E-18 B 6 2.5 0 0.0 

E-25 B 5 2.1 0 0.0 

E-30 B 10 4.2 0 0.0 

E-33 B 1 0.4 0 0.0 

EV-C104 C 4 1.7 1 2.1 

EV-C105 C 10 4.2 2 4.3 

EV-C109 C 1 0.4 3 6.4 

EV-A71 A 3 1.3 2 4.3 

EV-D68 D 57 24.2 11 23.4 

Total  236 100 47 100.0 

*1 Duplicate detections from the same infection were removed.  
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Table S3. Detected genotypes in all sample materials for each solid-organ transplant.   

*1 Other sample types consisted of plasma and heart tissue. *2 Duplicate detections from the 

same infection were removed, except if genotypes were found in more than one sample type. 

Two detections from adult transplant patients were included (n=1 EV-D68 and n=1 EV-C109). *3 

lung and liver transplant. 

 

 

 

 

 

 

 

 

 

Sample types*3 Genotype*2 

Solid-organ transplant 

Lung Heart Kidney Liver Multi organ*3 Total 

Fecal 

CV-A1 0 0 0 2 0 2 

CV-A16 0 0 0 1 0 1 

CV-A19 1 0 0 0 0 1 

CV-A2 0 0 0 2 0 2 

CV-A22 4 1 3 1 0 9 

CV-A4 0 0 1 2 0 3 

CV-A6 0 0 0 1 0 1 

CV-B4 0 0 0 1 0 1 

E-11 0 0 0 3 0 3 

E-5 0 0 0 1 0 1 

E-7 0 0 0 1 0 1 

EV-A71 0 0 1 1 0 2 

EV-C104 0 0 1 0 0 1 

EV-C109 1 0 0 0 0 1 

EV-D68 1 0 1 0 0 2 

Respiratory 

CV-A1 0 0 0 1 0 1 

EV-C105 2 0 0 0 0 2 

EV-C109 1 0 1 0 1 3 

EV-D68 7 1 1 0 1 10 

Blister fluid CV-A6 0 0 1 0 0 1 

Other*1 CV-A6 0 0 1 0 0 1 

Total 15 2 11 17 2 49 
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Table S4. Detected genotypes in children and adults for each solid-organ transplant. 

Solid-organ transplant Genotype*1 Child Adult Total 

Lung 

CV-A19 0 1 1 

CV-A22 0 4 4 

EV-C105 0 2 2 

EV-C109 0 1 1 

EV-D68 0 7 7 

Heart 
CV-A22 0 1 1 

EV-D68 0 1 1 

Kidney 

CV-A22 0 3 3 

CV-A4 1 0 1 

CV-A6 1 1 2 

EV-A71 0 1 1 

EV-C104 0 1 1 

EV-C109 1 0 1 

EV-D68 0 2 2 

Liver 

CV-A1 0 3 3 

CV-A16 1 0 1 

CV-A2 2 0 2 

CV-A22 1 0 1 

CV-A4 2 0 2 

CV-A6 1 0 1 

CV-B4 1 0 1 

E-11 3 0 3 

E-5 1 0 1 

E-7 1 0 1 

EV-A71 1 0 1 

Multi organ*2 
EV-C109 0 1 1 

EV-D68 0 1 1 

Total 17 30 47 

*1 Duplicate detections from the same infection were removed. *2 lung and liver transplant. 
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Table S5. Number of co-detections contributing to an infection along with an enterovirus 

Co-detection  
Non-transplant recipients Transplant recipients 

Number Total % Number Total % 

Acinetobacter pittii and Rhinovirus 1 2.13 0 0.00 

Adenovirus 5 10.64 1 6.67 

Adenovirus and Epstein-Barr virus 0 0.00 2 13.33 

Adenovirus and norovirus 2 4.26 0 0.00 

Adenovirus and rotavirus 2 4.26 0 0.00 

Adenovirus and sapovirus 0 0.00 1 6.67 

Adenovirus, CoV-OC43, HMPV and sapovirus 1 2.13 0 0.00 

Adenovirus, norovirus and rhinovirus 1 2.13 0 0.00 

Astrovirus and Pseudomonas aeruginosa 0 0.00 1 6.67 

Bocavirus 1 2.13 1 6.67 

Bocavirus and HPIV-1 1 2.13 0 0.00 

CoV-Nl63 and rhinovirus 1 2.13 0 0.00 

Epstein-Barr virus, rhinovirus and norovirus 0 0.00 1 6.67 

Enterobacter cloacae complex and HPIV-3   1 2.13 0 0.00 

Giardia lamblia  1 2.13 0 0.00 

HMPV and Staphylococcus aureus 1 2.13 0 0.00 

Norovirus 1 2.13 3 20.00 

Norovirus and sapovirus 1 2.13 0 0.00 

HPIV-2 2 4.26 0 0.00 

HPIV-3 0 0.00 2 13.33 

HPIV-1 and Staphylococcus aureus 1 2.13 0 0.00 

HPIV-2, rhinovirus and Staphylococcus aureus 1 2.13 0 0.00 

Rhinovirus 14 29.79 1 6.67 

Rhinovirus and HPIV-4 1 2.13 0 0.00 

Rhinovirus and Pseudomonas aeruginosa 1 2.13 1 6.67 

Rhinovirus and HRSV B 1 2.13 0 0.00 

Rhinovirus and Staphylococcus aureus  0 0.00 1 6.67 

Rhinovirus and Streptococcus pneumoniae 1 2.13 0 0.00 

HRSV A and B 1 2.13 0 0.00 

HRSVB 2 4.26 0 0.00 

Sapovirus 2 4.26 0 0.00 

Total 47 100 15 100 

Abbreviations: Human coronavirus OC43; CoV-OC43, Human metapneumovirus; HMPV, 

Human parainfluenza type 1; HPIV-1, Human coronavirus NL63; CoV-NL63, Human 

parainfluenza type 3; HPIV-3, Human parainfluenza type 2; HPIV-2; Human parainfluenza type 

4; HPIV-4, Human respiratory syncytial virus; HRSV 
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Table S6. Number of alternative pathogens found to be the causative agent according to the 

attending clinician 

Co-detections  

(enterovirus identified as innocent bystander) 

Non-transplant 

recipients 

Transplant 

recipients 

Number Total % Number 
Total 

% 

Influenza A virus 1 5.56 0 0.00 

Campylobacter jejuni 3 16.67 0 0.00 

Clostridium difficile  0 0.00 1 16.67 

Escherichia coli 2 11.11 2 33.33 

Haemophilus influenzae 1 5.56 1 16.67 

Klebsiella pneumoniae 1 5.56 0 0.00 

Norovirus 1 5.56 0 0.00 

HPIV-3 1 5.56 0 0.00 

Pseudomonas aeruginosa and Streptococcus pneumoniae  1 5.56 0 0.00 

Rhinovirus 0 0.00 1 16.67 

HRSV B 1 5.56 0 0.00 

Staphylococcus aureus 1 5.56 0 0.00 

Staphylococcus aureus and Streptococcus group A 1 5.56 0 0.00 

Staphylococcus aureus and Streptococcus pneumoniae 1 5.56 0 0.00 

Stenotrophomonas maltophilia 0 0.00 1 16.67 

Streptococcus pneumoniae 3 16.67 0 0.00 

Total 18 100 6 100 

Abbreviations: Human parainfluenza type 3; HPIV-3, Human respiratory syncytial virus; HRSV 

 

Table S7. Enterovirus detections versus infections according to the treating clinician  

 

Non-transplant recipients Transplant recipients 

Children  

(n=172 

detections) 

Adults  

(n=64 

detections) 

Children  

(n=17 

detections) 

Adults 

(n=30 

detections)  

Causative infection 78 (45.3%) 43 (67.2%) 7 (41%) 13 (43.3%) 

Co-infection*1 41 (23.8%) 6 (9.4%) 6 (35.3%) 9 (30%) 

Innocent bystander*2 50 (29.1%) 14 (21.9%) 4 (23.5%) 7 (23.3%) 

Missing 3 (1.7%) 1 (1.6%) 0 1 (3.3%) 

*1 Enteroviruses were thought to have contributed (as part of a co-infection with another 

microorganism) to the illness. *2 An alternative pathogen or illness was identified as the cause 

of the patients’ clinical symptoms.  
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Abstract 

Enteroviruses are highly diverse with a wide spectrum of genotypes and clinical 

manifestations. Coxsackievirus A22 (CVA22) has been detected globally from sewage 

surveillance; however, currently there is limited information on its prevalence in 

patients, as well as available genomic data. We aimed to provide genomic and relative 

frequency data on CVA22 from a regional hospital perspective between 2013-2020. 

Sanger sequencing was performed on all samples with a positive enterovirus RT-qPCR 

result (≤Ct 32). Viral targeted sequence capture (ViroCap) and next-generation 

sequencing (NGS) (Illumina NextSeq 500) was used to characterize and generate near-

complete CVA22 genomes for enteroviruses without genotyping results from Sanger 

sequencing. Epidemiological and phylogenetic analysis was performed using maximum 

likelihood trees on MEGA-11. A total of twenty detections derived from fecal material 

from sixteen patients were observed between 2013-2020. One transplant recipient had 

five different CVA22 infection episodes over five years, with phylogenetic analysis 

indicating possible reinfection with an additional prolonged infection (>3 weeks). 

Furthermore, we report the first two near-complete CVA22 sequences from Europe, 

which grouped with a strain previously isolated from Bangladesh in 1999. We show a 

highly diverse enterovirus genotype which causes infections annually, typically in 

autumn and winter, and is capable of recurrent infection in an immunocompromised 

patient. Furthermore, we highlight the use of NGS to complement conventional targeted 

Sanger sequencing. 

 

Introduction 

Enteroviruses are highly diverse with over 120 genotypes globally (1). Most patients 

present with asymptomatic, mild indiscriminate gastrointestinal (GI) or respiratory 

symptoms; however, some infections can lead to severe morbidity and mortality (2). 

Enteroviruses that infect humans are categorized into enterovirus groups A-D and 

typically characterized by targeting the viral protein 1 (VP1) gene on the viral capsid 

during Sanger sequencing (3). A total of twenty-three genotypes are classified into 

enterovirus group-C (EV-C) (1). Human coxsackievirus A22 (CVA22) is a group-C 

enterovirus consisting of 7,4 kb-long single-stranded RNA. EV-C can be divided into 

three distinct groups, depending on phylogenetics and replication properties (4). 

CVA22, together with CVA1 and CVA19, is classified within EV-C group II. Limited data 

currently exists on CVA22 prevalence and spectrum of disease, possibly due to the fact 

that EV-C group II is difficult to grow in laboratories and surveillance has been 

historically depended on cell culture (1, 4).  
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We present the first near-complete European CVA22 genomes using next-generation 

sequencing (NGS). Furthermore, we highlight the potential of a prolonged CVA22 

infection with reported GI presentation and provide phylogenetic analysis of twenty 

CVA22 sequences recovered from patients admitted to a regional university hospital in 

the Netherlands between 2013-2020. 

 

Materials and Methods 

Patients inclusion and laboratory developed GI screen 

Patients with GI symptom(s) are routinely screened for suspected viral GI infections at 

the University Medical Center Groningen (UMCG). Subsequent laboratory developed GI 

screens are performed and provide cycle threshold (Ct) values for enterovirus, 

adenovirus, norovirus, astrovirus, parechovirus and sapovirus (Supplementary materials 

1.1 and Table S1). A retrospective study was conducted on detected CVA22 sequences 

between January 2013 and December 2020 using BioNumerics v6.1 and the patient 

database system. An infection episode was defined as a single clinical period (≤3 weeks), 

including symptoms and viral detection (Supplementary materials 1.2) (5). 

Sequencing 

Sanger sequencing was performed on all samples with a positive enterovirus detection 

(≤Ct 32) (3). Viral targeted sequence capture (ViroCap) (6) and NGS (Illumina 

NextSeq500, 2x76bp) was performed on untypeable enteroviruses (7).  

Data analysis 

CLC Genomics Server v21.0.3 was used to perform trimming, alignment, calculate 

coverage depth, primer annealing analysis and annotation (Table S2). Trimmed reads 

were assembled using Genome Detective v1.136 (8) and typed using the Enterovirus 

Genotyping Tool v1 (https://www.rivm.nl/mpf/typingtool/enterovirus/). Maximum 

likelihood trees with 1,000 bootstraps were constructed using a Kimura-2 model (VP1) 

and GTR+G model (near-complete genomes) using MEGA-11 (Supplementary materials 

1.3) (9). To investigate recombination, bootscan analysis was performed using SimPlot 

v.3.5.1 (Table S3) (10). 

Ethical and data availability statement 

Waivers were obtained by the UMCG Ethics Committee: METc-2018/393 and METc-

2021/143. The sequencing data was deposited in the Sequence Read Archive under the 

BioProject number: PRJNA811787. 
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Results 

Overview of CVA22 at the UMCG 

Overall, we detected twenty different CVA22 infection episodes (from sixteen patients) 

between 2013-2020 (Table 1), with an overall relative frequency of 1.27% out of a total of 

1,569 enteroviruses (typed using VP1 gene). Using Sanger sequencing, we were able to 

recover seventeen partial VP1 sequences (from 14 patients). Three samples (NL11, NL14 

and NL17) were initially untypeable with Sanger and subsequently processed using NGS 

to generate two near-complete genomes (Table 2). For the third untypeable sample (Ct 

30), we recovered a partial genome, covering the VP1 region. All CVA22 were detected 

in fecal samples with Ct values ranging from 12-32 from patients between the ages of 1-

84 years. 

Table 1. Overview of CVA22 detections in the UMCG between 2013-2020.  

Sample 
ID*1 

Sex 
Age

*2 
Sample 

material 
Ct 

value*3 
Sequencing 

approach 
Sample 

collection 

Total no. of 
typed EV’s/ 

year (VP1) *4 

Relative 
frequency 
at UMCG 

NL 1 Male 37 Fecal 32 Sanger 06/2013 92 1.09% 

NL 2 Male 76 Fecal 21 Sanger 07/2014 

276 1.09% NL 3 Female 66 Fecal 23 Sanger 10/2014 

NL 4 Female 50 Fecal 14 Sanger 12/2014 

NL 5 Female 3 Fecal 17 Sanger 01/2015 

168 2.98% 

NL 6 Male 30 Fecal 13 Sanger 04/2015 

NL 7 Female 1 Fecal 23 Sanger 10/2015 

NL 8 Female 4 Fecal 26 Sanger 10/2015 

NL 9 (ep. 
1)* 

Female 53 Fecal 13 Sanger 12/2015 

NL 10 Male 3 Fecal 31 Sanger 01/2016 
250 0.80% 

NL 11 Male 45 Fecal 21 NGS 10/2016 

NL 12 Female 62 Fecal 14 Sanger 04/2017 263 0.38% 

NL 13 
(ep. 2)* 

Female 55 Fecal 18 Sanger 05/2018 

254 1.97% 

NL 14 Male 74 Fecal 30 NGS 07/2018 

NL 15 Male 84 Fecal NA Sanger 10/2018 

NL 16 Male 67 Fecal 27 Sanger 10/2018 

NL 17(ep. 
3)* 

Female 56 Fecal 12 NGS 10/2018 

NL 18 Male 70 Fecal 21 Sanger 07/2019 209 0.49% 

NL 19 
(ep. 4) 

Female 57 Fecal 15 Sanger 02/2020 
72 2.80% 

NL 20 
(ep. 5) 

Female 58 Fecal 16 Sanger 10/2020 

*1 NL 4 and NL 8 were below 250 bp and were not represented in the tree; *2Age at the time of 
sample collection; *3 Ct value from laboratory developed GI screen; *4 Only enteroviruses with 
successful genotyping results through VP1 Sanger sequencing were used to create the relative 
frequency. The infection episodes (ep.) depicted from the patient with the prolonged CVA22 
infection. *Clinical case/data described before (5). Abbreviation: EV; enterovirus, VP1; viral 
protein 1 gene, NA; not available, NL; Netherlands, Ct; Cycle threshold.  
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CVA22 was detected at least once per year between 2013-2020, most frequently in 

October (n=8), with the highest number of recorded detections in October 2018 (n=3) 

(Figure S1). We performed phylogenetic analysis of eighteen UMCG CVA22 sequences 

(partial VP1 gene) (Figure 1). Phylogenetic analysis revealed that 13/18 UMCG VP1 

sequences clustered within the same branch point, closely related to one Scottish strain 

from wastewater collected in 2015. The remaining five sequences had a high nucleotide 

similarity to Argentinian (2013) (n=1), Russian (2019) (n=1), Scottish (2015) (n=2) and 

Chinese (2010) (n=1) CVA22 strains. 

 

Figure 1. Phylogenetic analysis of partial VP1 CVA22 sequences. CVA22 sequences highlighted 

in bold are from the UMCG. Maximum likelihood trees with 1,000 bootstraps were generated. 

VP1 sequences shorter than 250 bp and highly similar sequences/clusters were trimmed. The 

tree features eighteen UMCG sequences, three outgroups (CVA1, CVA19 and recombinant 

CVA19/CVA22 species) and twenty-four reference sequences from GenBank. *CVA22 detection 

from the patient with the prolonged infection. Abbreviations: NA, not available; ep., infection 

episode from the patient with the prolonged infection. 
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CVA22 whole-genomes 

We report the first two near-complete CVA22 genomes from Europe, collected from one 

lung (2018) and one kidney (2016) transplant recipient presenting with GI symptoms 

(Table 2). The two obtained genomes, NL11 and NL17, were most closely related to a 

CVA22 virus detected in Bangladesh in 1999 (DQ995647) (90.1% and 89.5% Blastn 

similarity respectively), which was further confirmed by phylogenetic analysis (Figure 

S2, Table S4). Sanger primer-pair annealing analysis revealed high primer miss-matches, 

particularly at the 3’-end (Table S5). Bootscan analysis indicated no potential 

recombination events in NL11 or NL17 with other group II complete genomes. 

Table 2. Overview of NGS CVA22 sequences obtained from untypeable samples using Illumina 
sequencing (NextSeq 500).  

ID 
Length 

(bp) 
Genotype (VP1) 

assignment 
Genome 
coverage 

Avg. 
sequence 

depth 

Best hit on 
GenBank 

Identity to 
Best hit 

NL 11 7,264 CVA22 98.1%*2 3,579x CVA22 90.10% 

NL 14 5,395 CVA22 72.9%*3 12,0x CVA1 92.34% 

NL 17*1 7,376 CVA22 99.6%*2 153,706x CVA22 89.54% 

Typing (VP1) was performed using the enterovirus typing tool from the RIVM and Genome 
Detective. NCBI accession numbers were generated for the near-complete genomes, NL-11 
(OM963010) and NL-17 (OM963011). Annotation of the CDS and partial 5’ and 3’ regions was 
performed using CLC Genomics Workbench. Abbreviations: CVA22; coxsackievirus A22, Bp; 
basepairs. *1 infection episode 3 in the patient with prolonged infection *2 Genome coverage 
based on best hit: DQ995647.1 *3 Genome coverage based on best hit: JX174177.1 

 

Prolonged CVA22 infection 

We report a possible CVA22 reinfection with three episodes over three years (episodes 

1-3; 2015-2018), followed by a prolonged CVA22 infection lasting at least eight months 

with two additional infection episodes (episodes 4-5; 2020) from an adult lung 

transplant recipient (Table 3). The enterovirus was suspected to have contributed to GI 

symptoms and prompted sample collection during an outpatient appointment in three 

of the five infection episodes (episodes 1,3,5), with the remaining suspected to be 

secondary incidental findings. Comparing the similarities of the partial VP1 sequences 

(n=4) and near-complete genome (n=1) revealed nucleotide differences of 87.50%-

99.38% between infection episodes (Figure S3). 
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Table 3. Timeline and clinical description of the prolonged CVA22 infection 

Infection 
episode 

Sample 
name 

Collection 
date 

Sample 
Ct 

value 
Co-

detections 
Clinical 

presentation 
Diagnosis 

Length of 
stay 

1 NL-9 Dec 2015 Fecal  13 None 
Diarrhoea, 
abdominal 

pain 

Gastroenter
i-tis 

suspected 

Outpatient 
appointment 

2 NL-13 May 2018 Fecal  18 
Rhinovirus 

(RV) 

Diarrhoea, 
dyspnoea, 

fever 

RV 
pneumonia 

7 days (RV 
pneumonia) 

3 NL-17 Oct 2018 Fecal  12 None 
Diarrhoea, 
abdominal 

pain 

Gastroenter
i-tis 

suspected 

Outpatient 
appointment 

4 NL-19 Feb 2020 Fecal  15 
Influenza A 

virus H1 
(INFA H1) 

General 
malaise, fever, 

diarrhoea, 
nausea 

INFA H1 
pneumonia 

3 days (INFA 
H1 

pneumonia) 

5 NL-20 Oct 2020 
Fecal 

 
16 Sapovirus 

Diarrhoea, 
abdominal 

pain 

Gastroenter
i-tis 

suspected 

Outpatient 
appointment 

Abbreviations: RV; rhinovirus, INFA; influenza A virus 

 

Discussion 

Enterovirus typing and surveillance is important to track epidemiological trends and 

potentially link clinical presentation. In this study, we add to the current literature on 

CVA22, a relatively understudied enterovirus, and report to the best of our knowledge 

the first two near-complete genomes from Europe. CVA22 was detected sporadically 

between 2013-2020 at the UMCG, typically between autumn and winter.  

The enormous variations in enterovirus genomes can render genotyping with 

conventional targeted methods challenging (11-13). NGS and viral enrichment (for 

increased sensitivity) was used to complement traditional targeted approaches for 

genotyping, increase resolution and provide more in-depth phylogenetic analysis. 

However, currently the limited number of available whole-genome references can 

impact phylogenetic analysis. This is an important limitation; particularly as grouped 

sequences do not necessarily come from the same common ancestor.  

Although previous studies reporting CVA22 detections have been sparse, there have 

been some reports detailing GI and neurological presentation, including a patient with 

diabetes (5, 14). All detections included in this study, of which 80% (n=16) were from 

adult patients, occurred in fecal samples taken due to GI symptoms. Determining 

causation or ruling out detections as incidental findings can be challenging, particularly 

in tertiary hospitals where patients typically have co-morbidities. Enterovirus 

replication in the intestine is typically asymptomatic. Gastroenteritis caused by 

enteroviruses is usually mild and resolves within a few weeks, however, in some cases 

can cause significant morbidity to the patient, particularly if they are 

immunocompromised (5, 15). 
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One transplant recipient in our study had five different CVA22 infection episodes 

between 2015-2020. Phylogenetic analysis and sequence comparisons of the VP1 region 

revealed significant nucleotide changes over five years. While the first three infection 

episodes appeared to be three separate reinfections, the remaining two episodes 

appeared to be part of a prolonged infection. It could be that the patient had continued 

reinfection from a common source (e.g., shared facilities), particularly between the first 

(2015) and subsequent infection episodes, which were observed in different clusters. It’s 

likely the patients weakened immune system contributed to this persistent infection.  At 

the same time, as the VP1 interacts with the host immune system (16), a high proportion 

of nucleotide changes are to be expected, which could have also resulted in the failed 

Sanger sequencing result (e.g., high primer miss-matches), despite repeat testing and 

low Ct value. As yet, there is limited information on the mutation rate of CVA22, 

however CV-A enteroviruses are known to be prone to recombination and significant 

episodic positive selection (17). 

CVA22 is frequently found in sewage samples around the world (18-21). This could 

indicate that CVA22 is circulating within the community and is likely to be a GI 

pathogen, owing to its abundance in sewage. The frequent detection of CVA22 in 

wastewater could indicate that it is asymptomatic in healthy patients (rarely tested in 

GI screens) and rather becomes detected in severely immunocompromised individuals 

or patients with underlying conditions (undergoing GI screens more frequently) (5). We 

highlight that continual enterovirus surveillance, not only in molecular diagnostic 

laboratories but also in wastewater and in healthy control patients, is crucial to 

understand the burden and prevalence of GI pathogens within the community, 

particularly in patients with underlying conditions.  
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Supplementary Material 

Materials and Methods  

Laboratory developed GI screens 

Patients with at least one gastrointestinal symptom lasting more than three days, 

including diarrhea, abdominal pain, sickness and weight loss, or patients with 

underlying conditions exhibiting at least one of the above symptoms are routinely 

screened for suspected gastrointestinal infections following the collection of fecal 

material.  Briefly, fecal samples were centrifuged at 18,000 g for 2 min. Next, a total of 

110µL of nucleic acids were isolated from 100µL of supernatant using the easyMAG 

(bioMérieux, Marcy, France).  

Firstly, a multiplex real-time PCR (qPCR) targeting adenovirus was performed using the 

Universal PCR Master Mix (Thermofisher Scientific, Waltham, USA) with 20μL of 

extracted nucleic acids in a total reaction volume of 50μL (Table S1). A total of 10μL of 

phocid herpes virus (PhHV) was added prior to isolation and served as an internal 

control (IC). The following PCR cycling conditions were performed on an ABI 7500 (Life 

Technologies): 2min at 50°C, 10min at 95°C, followed by 45 cycles of 15 secs at 95°C, 

15sec at 53°C and 1 min at 60°C. Secondly, a multiplex reverse transcriptase qPCR (RT-

qPCR) targeting enterovirus/rhinovirus, norovirus, astrovirus, parechovirus and 

sapovirus was performed using the TaqMan Fast Virus 1-Step kit (ThermoFisher 

Scientific, Waltham, USA) and 10μL of each extracted viral RNA in a total reaction 

volume of 100μL (Table S1). A total of 10µL of phocine distemper virus (PDV) was added 

prior to isolation and served as an IC. The following PCR cycling conditions were 

performed on an ABI 7500 (Life Technologies): 15min at 50°C, 20s at 95°C, followed by 

45 cycles of 5s at 95°C, 5s at 50°C and 45s at 60°C. Analysis of each run was performed 

using the 7500 System SDS Software (v1.4). To differentiate between a rhinovirus and 

enterovirus following the gastrointestinal screen, a RT-qPCR targeting the 5 non-

translated region (NTR) was subsequently performed (1). 

Infection episode definition 

An enterovirus infection episode was classified according to Cassidy et al. 2022 (2). An 

episode was defined as a single clinical period, including symptoms and viral detection. 

Any repeated samples from the same patient which yielded the same genotype within a 
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3-week period were removed (3). If a patient relapsed from an infection after clinical 

improvement, it was defined as a new episode.   

Maximum likelihood trees 

To determine the phylogenetic relationship, the genome sequences in this study were 

aligned against known CVA22 genome sequences retrieved from GenBank (n=89; 

accessed 02/02/22). Sequences which had under 250 bps were removed (n=1 reference 

[KY909307] and n=2 patient samples [NL 4 and NL 8]). For the partial VP1 tree, only 

sequences which could align with a VP1 gene were included (n=67). Three outgroups 

(CVA1, CVA19 and recombinant CVA19/CVA22 species) were included, as reported 

previously (4). Sequences were aligned using CLC Genomics Workbench v21.0.5 with 

the “very accurate” setting. A total of 43 sequences were removed due to high similarity 

or clustering. A subsequent maximum likelihood tree with 1,000 bootstraps under the 

Kimura-2 model with gamma distribution was generated using MEGA-11 (5, 6). For the 

near-complete genomes, sequences were selected between 6,000 and 8,000 bp. A total 

of seven near-complete genomes were similarly aligned using the parameters for CLC 

stated above. A maximum likelihood tree with 1,000 bootstraps under the general time 

reversible model and gamma distribution was inferred using MEGA-11 for the near-

complete genomes (seven reference and two patient genomes). 

Table S1. Primer and probe sequences for gastrointestinal screen  

Target Oligo name Sequence (5′ → 3′) Primer Concentration 

Adenovirus Adenoquant1 gccacggtggggtttctaaactt 10pmol/µL 

Adenoquant2 gccccagtggtcttacatgcacatc 45pmol/µL 

Adenoquant-probe tgcaccagacccgggctcaggtactccga 5pmol/µL 

Norovirus 634NOROGI-MGB tygcgrtctcctgtcca 5pmol/µL 

637NOROGII-MGB agatygcgatcsccctc 5pmol/µL 

948NOROGII-s cargarbcnatgttyagrtggatgag 15pmol/µL 

949NOROGII-as tcgacgccatcttcattcaca 15pmol/µL 

967NOROGI-s cgytggatgcgnttycatga 15pmol/µL 

897NOROGI-as ccttagacgccatcatcatttac 30pmol/µL 

Rotavirus 639ROTA-TQ atgagcacaatagttaaaagctaacactgtca

a 

10pmol/µL 

882ROTA-s accatcttcacgtaaccctc 30pmol/µL 

883ROTA-as cacataacgcccctatagcc 30pmol/µL 

884ROTA-s accatctacacatgaccctc 30pmol/µL 

Astrovirus 900AstVs tctyatagaccgyattattgg 15pmol/µL 

901AstVas tcaaattctacatcatcaccaa 15pmol/µL 

638Ast-TQ ccccadccatcatcatcttcatca 5pmol/µL 

Parechovirus HPeV-WT aacactagttgtawggccc 17,5pmol/µL 

ParechoF31 ctggggccaaaagcca 25pmol/µL 

ParechoK30 ggtaccttctgggcatccttc 25pmol/µL 
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Target Oligo name Sequence (5′ → 3′) Primer Concentration 

Sapovirus SaV1245R ccctccatytcaaacacta 15pmol/µL 

SaV124F gaycasgctctcgcyacctac 15pmol/µL 

SaV124TP ccrcctatraacca 10pmol/µL 

SaV1F ttggccctcgccacctac 15pmol/µL 

SaV5F tttgaacaagctgtggcatgctac 15pmol/µL 

SaV5TP tgccaccaatgtacca 10pmol/µL 

Human 

rhinovirus/ 

enterovirus 

Rhino-lna-pr2 yg+gg+ay+gggaccaact 12,5pmol/µL 

HRVHEVfw cggcccctgaatgygg 37,5pmol/µL 

Rhi-asense tggaaacacggacacccaa 37,5pmol/µL 

HEV1-lna-pr4 yg+tg+gcggaaccga 6,25pmol/µL 

HEV2-lna-pr2 yg+ca+gc+ggaaccgact 6,25pmol/µL 

Phocine 

distempervir

us* 

PDVfwd cgggtgccttttacaagaac 30pmol/µL 

PDVrev ttctttcctcaacctcgtcc 40pmol/µL 

PDV_MGB_NED aagggccaattct 5pmol/µL 
*Used as an internal control 

 

Table S2. CLC Genomics Workbench (v21.0.5) workflow parameters 

Trimming 

Adaptor 

removal 

SISPA_F (GTTTCCCACTGGAGGATA), Reads: All, when an 
adapter is found: Trim 5' end, for reads without adapters: Keep 

the read, Score: [2: 3: 10: 4] 

SISPA_R (TATCCTCCAGTGGGAAAC), Reads: All, when an 
adapter is found: Trim 3' end, for reads without adapters: Keep 

the read, Score: [2: 3: 10: 4] 

Quality 

Removal of low-quality sequence. (limit = 0,01) 

Removal of ambiguous nucleotides: maximal 2 nucleotides 

allowed 

Expected primer annealing 

sites 

Using Sanger sequencing target VP1 (325 bp) 

‘Find Primer 

Binding Sites and Create Fragments’ tool 

Abbreviations: bp; basepairs 

 

Table S3. SimPlot parameters (default) 

Step 20 bp 

GapStrip On 

Reps 100 

Model/Method Kimura (2-parameter) 

T/t 2.0 

Statistical method Neighbor-Joining 

Abbreviations: bp; basepairs 
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Supplementary Results 

Table S4. CVA22 near-complete/complete genomes retrieved from GenBank to perform 

phylogenetic analysis. 

 
Seven complete and near-complete coxsackievirus A22 genomes recovered from GenBank and the Virus 

Pathogen Database and Analysis Resource (ViPR) (24/10/2021), in addition to an enterovirus recombinant 

of CVA19 and CVA22 strain (KX932039). *1 Year of sample collection. *2 Based on VP1 assignment 

supported with phylogenetic analysis and 1000 bootstraps (>= 70.0) - percentage 100%. *3 VP1 typing at 

the National Institute of Public Health and the Environment (RIVM) supported with phylogenetic analysis 

and 1000 bootstraps (>= 70.0). *4 Enterovirus C recombinant between CVA19 and CVA22. Abbreviations: 

EV; enterovirus, NIAID; National Institute of Allergy and Infectious Diseases, NIH; National Institutes of 

Health, Bp; basepairs, Nr.; number.  
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Table S5. Sanger sequencing primer pair annealing analysis 

Sample 
ID 

Forward 
primer (5’end) 

Reverse primer 
(3’end) 

Fragment 
length (nt) 

Forward primer 
miss-matches 

Reverse primer 
miss-matches 

Region 

NL-11 
AN89: 

CCAGCACTG
ACAGCAGYN
GARAYNGG 

AN88: 
TACTGGACCA
CCTGGNGGNA

YRWACAT 

367 5 12 
2531-
2897 

NL-17 354 5 12 
2424-
2787 

Abbreviations: nt; nucleotide 

Figure S1. Number of CVA22 detections per month between 2013-2020 at the University 
Medical Center Groningen, The Netherlands. 

  

Figure S2. Phylogenetic analysis of complete and near-complete CVA22 genomes. Currently, 

seven complete or near-complete genomes are available in NCBI (Table S4). CVA1, CVA19, 

recombinant CVA19/CVA22 and enterovirus C104 served as outgroups. 
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Figure S3. Pairwise alignment comparison of CVA22 partial VP1 sequences from the patient 

with the prolonged infection. Abbreviations: ep; infection episodes  
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Abstract  

Chronic enterovirus infections can cause significant morbidity, particularly in 

immunocompromised patients. This study describes a fatal case associated with a 

chronic untypeable enterovirus infection in an immunocompromised patient admitted 

to a Dutch university hospital over nine months. We aimed to identify the enterovirus 

genotype responsible for the infection and to determine potential evolutionary changes. 

Long-read sequencing was performed using viral targeted sequence capture on four 

respiratory and one faecal sample. Phylogenetic analysis was performed using a 

maximum likelihood method, along with a root-to-tip regression and time-scaled 

phylogenetic analysis to estimate evolutionary changes between sample dates. Intra-

host variant detection, using a Fixed Ploidy algorithm, and selection pressure, using a 

Fixed Effect Likelihood and a Mixed Effects Model of Evolution, were also used to 

explore the patient samples. Near-complete genomes of enterovirus C104 (EV-C104) 

were recovered in all respiratory samples but not in the faecal sample. The recovered 

genomes clustered with a recently reported EV-C104 from Belgium in August 2018. 

Phylodynamic analysis including ten available EV-C104 genomes, along with the patient 

sequences, estimated the most recent common ancestor to occur in the middle of 2005 

with an overall estimated evolution rate of 2.97 × 10−3 substitutions per year. Although 

positive selection pressure was identified in the EV-C104 reference sequences, the 

genomes recovered from the patient samples alone showed an overall negative selection 

pressure in multiple codon sites along the genome. A chronic infection resulting in 

respiratory failure from a relatively rare enterovirus was observed in a transplant 

recipient. We observed an increase in single-nucleotide variations between sample dates 

from a rapidly declining patient, suggesting mutations are weakly deleterious and have 

not been purged during selection. This is further supported by the persistence of EV-

C104 in the patient, despite the clearance of other viral infections. Next-generation 

sequencing with viral enrichment could be used to detect and characterise challenging 

samples when conventional workflows are insufficient. 

 

Introduction  

Chronic infections in immunocompromised patients can cause a significant burden in 

intensive care units (ICUs) within hospitals. Patients receiving immunosuppressive 

drugs, due to transplantation or undergoing chemotherapy, have an increased risk of 

developing infections, which may become chronic without appropriate immune system 

activation. Although enteroviruses are highly prevalent within the community, they are 

usually self-limiting and resolved within a few weeks (1). The majority of individuals 

present with mild symptoms, ranging from gastroenteritis to respiratory distress, 



Chapter 10: Viral evolution 

191 
 

10 

especially in children. However, enterovirus infections can be particularly problematic 

in patients with a weakened immune system. Indeed, studies have shown that some 

enteroviruses can persist for years in the body and can be continually shed in faeces (2). 

Enterovirus C104 (EV-C104) is a genotype within group C and has been associated with 

respiratory presentation and disease (3). Since its first identification from a sample 

collected in Switzerland in 2005, it has been reported sporadically worldwide, including 

in Italy and Gambia in 2013, Japan in 2012, and Belgium in 2020 (4,5,6,7). Other clinical 

presentations of EV-C104 have been reported previously, including seizures in a patient 

with leukaemia from the Netherlands in 2014 (3). Little is known about the persistence 

of EV-C104 in patients. However, poliovirus, one of the most well-studied group C 

enteroviruses, has been known to persist in the body for over 30 years (2). 

A rapid diagnosis of enterovirus infections is important to facilitate infection control 

and rule out other potential pathogens to prevent unnecessary empiric antibiotic 

treatment. Enteroviruses are ss-RNA viruses with approximately 7,500 nucleotides in 

length and are members of the Picornaviridae family (8). Real-time reverse-transcriptase 

polymerase chain reaction (RT-qPCR) is used for enterovirus detection, while Sanger 

sequencing remains the gold standard in routine molecular virology for genotype 

characterisation by targeting the viral protein 1 (VP1) or VP4 gene encoding the viral 

capsid (9). Enteroviruses are known to have vast variations in their genomes (10) and 

are prone to recombination events, which have been suggested to be a driving force for 

evolution (11). Untypeable samples can be increasingly troubling, particularly when 

linked to unique or severe clinical presentation. Next-generation sequencing (NGS) 

technology has been used previously to determine and characterise challenging patient 

samples (12,13). By obtaining complete or near-complete genomes, more information 

can be gathered on evolution patterns and variations in primer binding sites to refine 

targeted conventional assays, such as routine RT-qPCR and Sanger sequencing. 

Here, we describe a fatal case of a patient with a chronic untypeable (through Sanger 

sequencing) enterovirus infection over nine months. Viral targeted sequence capture 

was used in combination with Oxford Nanopore Technologies (ONT) sequencing to 

determine the enterovirus genotype responsible for the infection, to potentially link this 

genotype to disease progression and to reveal evolutionary changes. 

 

Patient clinical timeline 

The case describes a 69-year-old immunocompromised patient with atrial fibrillation 

and autologous stem cell transplantation (2009), following a multiple myeloma stage 2 

(IgG-k) diagnosis in 2008. The patient initially received thalidomide and velcade with 

dexamethasone treatment (VelDx) before achieving remission in 2013 and subsequent 
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treatment with lenalidomide with dexamethasone (LenDex). After a multiple myeloma 

relapse in 2015, the patient underwent an extensive seventh line therapy with 

daratumumab and dexamethasone until his death in 2019. In November 2018, the 

patient developed a fever along with a cough and was admitted for five days due to a 

suspected respiratory infection. A screen on the BioFire FilmArray v2.0 respiratory panel 

identified an enterovirus and human parainfluenza virus type 4 (HPIV-4) in the 

nasopharyngeal swab sample. Two weeks later, in December 2018, the patient was 

admitted again, this time for six days after presenting with dyspnoea and rectal bleeding. 

Only an enterovirus was identified in the nasopharyngeal swab sample. At the beginning 

of January 2019, the patient was admitted for another seven days for a suspected 

pneumococcal infection. Three weeks later, the patient was observed at the emergency 

department for another episode of dyspnoea from a suspected respiratory infection. A 

respiratory screen on the BioFire FilmArray identified an enterovirus and coronavirus 

OC43 (CoV-OC43) in the nasopharyngeal swab sample. 

Finally, in June 2019, the patient was diagnosed with a bilateral pneumonia after 

presenting with fever and dyspnoea in the emergency department. Only an enterovirus 

was identified at this time in the nasopharyngeal swab sample. The patient initially 

received piperacillin and tazobactam, followed by ciprofloxacin (which are routinely 

administered); however, respiratory insufficiency continued to increase. Following 

seven days in the ICU, the patient unfortunately died. From November 2018 to June 

2019, the patient had a positive enterovirus detection following each hospital admission. 

Five samples (collected over nine months) were selected for further analysis. Table 1 and 

S1 provide detailed clinical information, beginning with the first enterovirus detection 

and hospital admission. 
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Materials and methods 

Ethics statement 

Oral consent for the use of clinical samples for research purposes is routinely obtained 

upon patient admission to the University Medical Center Groningen (UMCG). This 

study was evaluated by the local UMCG Ethics Committee and a waiver was obtained, 

METc-2021/284. All experiments were performed in accordance with the guidelines of 

the Declaration of Helsinki and the institutional regulations. All samples and patient 

data were anonymised according to local guidelines. 

Sample selection 

A total of five samples (four respiratory and one faecal) were included in the study with 

a positive enterovirus detection (Table 1). Each sample was collected from the patient 

after respiratory symptoms were observed during hospital admission. The respiratory 

samples were initially tested on the FilmArray BioFire v2.0 respiratory panel 

(BioMérieux, Salt Lake City, Utah, United States of America), which includes seventeen 

viral targets and three bacterial targets. An RT-qPCR was then performed to distinguish 

between rhinovirus and enterovirus results generated from the FilmArray (14). A 

gastrointestinal screen was then performed on the faecal sample using a further RT-

qPCR. Sanger sequencing was subsequently performed on samples with a high viral load 

(Ct <30) by targeting the VP1 gene on the viral capsid to determine genotype 

characterisation (15). However, no genotype could be determined. 

ONT sequencing 

To obtain the complete/near-complete enterovirus sequences, a combination of viral 

enrichment using the ViroCap share developer panel (16) SeqCapEZ HyperCap 2.1 from 

Roche NimbleGen (Madison, WI, USA) and long-read sequencing was performed. 

Briefly, samples were first centrifuged at 6,000 × g for 2 min. Total nucleic acids were 

extracted from 190 µL of the supernatant using the easyMAG (BioMérieux, Inc., Marcy 

l’Etoile, France). Nucleic acids were concentrated to 8 µL using the RNA clean and 

concentrator-5 kit (Zymo Research, Irvine, USA), including an in-column DNase 

treatment using TurboDNase I (ThermoFisher Scientific, Waltham, USA), according to 

the manufacturer’s instructions. Complementary DNA (cDNA) was synthesised using a 

Sequence-Independent Single-Primer-Amplification (SISPA) approach using round A/B 

primers (5′-GTTTCCCACTGGAGGATA-N9-3′; 5′-GTTTCCCACTGGAGGATA-3′) as 

described previously (17). cDNA was subsequently enriched using the ViroCap share 

developer panel (NimbleGen, Madison, USA) following the modifications by Schuele 

and colleagues for ONT sequencing (13). Sequencing libraries were generated from 250 

ng of enriched cDNA using the Ligation Sequencing Kit (SQK-LSK109) (ONT, Oxford, 
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UK) and native barcoding expansion kit (EXP-NBD104) (ONT), according to the 

manufacturer’s instructions. Barcoded libraries were pooled together by equal mass and 

sequenced on an FLO-MIN106 R9.4.1 flowcell (ONT) using a MinION device (ONT). 

Data analysis 

Raw reads were first basecalled with a high accuracy mode, trimmed and demultiplexed 

with the double barcode option using Guppy (v4.0.9) (ONT) (Table S2). Reads were 

subsequently further trimmed by Porechop (v0.2.3) 

(https://github.com/rrwick/Porechop) (Table S2). CLC Genomics Workbench (v20.0.3) 

(CLC) (Qiagen, Aarhus, Denmark) was used to trim SISPA A/B primer sequences and to 

remove human reads (hg19). Next, Filtlong (v0.2.0) 

(https://github.com/rrwick/Filtlong) was applied to remove 10 per cent of the lowest 

quality reads and sequences <300nt (Table S2). Trimmed reads were uploaded onto 

Genome Detective (v1.132) (18), a web-based metagenomic tool to rapidly characterise 

enteroviruses in each sample and to determine co-detections. 

CLC was used to map the trimmed reads against an in-house enterovirus database 

(n = 2,237 sequences, 6,000–8,000 nt, from 1990 to 2019 and accessed 07 March 2019) 

from NCBI GenBank to determine the predominant genotype. A consensus sequence 

was generated from the read mappings (Table S3) and cross-referenced with NCBI 

BLAST. The consensus was then polished 3x using Racon (v1.4.13) 

(https://github.com/isovic/racon) (Table S2) and Medaka (v1.1.0) (ONT) (Table S2) 

prior to adding annotations using the Genome Finishing Module (CLC), to illustrate 

sequencing depth and potential genome coverage bias. The accession numbers for the 

four complete/near-complete genomes generated can be found in Table 2. 

To determine the phylogenetic relationships between the patient samples and the 

selected ten near-full (>95 per cent EV genome) reference genomes on NCBI, consensus 

sequences were aligned with MAFFT (v7.471). EV-C104 reference genomes were selected 

based on ≥99 per cent query cover and >95 per cent percentage identity. Three 

additional group C enteroviruses (EV-C109, EV-C105 and EV-C117) served as outgroups. 

The patient samples were manually edited to remove obvious sequencing errors in 

homopolymeric regions. This was similarly performed previously (19). A maximum 

likelihood phylogenetic tree was generated using the GTR + G + I model implemented in 

CLC with the robustness of 1,000 bootstrap replications (Table S4). FigTree (v1.4.4) and 

iTOL (v6) were subsequently used for visualisation (20,21). Next, we explored the 

temporal signal of our EV-C104 dataset using TempEST (v2.7.0) (22), which was 

designed to explore heterochronous data and determine the best fitting root. A 

maximum likelihood phylogenetic tree was similarly generated using the GTR + G + I 

model implemented in CLC with the robustness of 1,000 bootstrap replications without 
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the outgroups. We subsequently performed a time-scaled phylogenetic analysis using 

TimeTree v0.8.1 (23) and the augur pipeline implemented in Nextstrain (24). 

Phylodynamic analysis was performed on the maximum likelihood tree using a strict 

molecular clock, a coalescent Skyline tree prior and the best root fitted. The time-scaled 

tree was then visualised using auspice (v0.8.0) (24). 

Expected primer annealing sites from the Sanger sequencing targeting VP1 (325 bp) were 

evaluated using the ‘Find Primer Binding Sites and Create Fragments’ tool on CLC (Table 

S5). To determine the presence of intra-host single-nucleotide variant (SNVs), the 

variant finding tool on CLC was applied using the Fixed Ploidy algorithm with 80 per 

cent variant probability and 75 per cent minimum frequency (Table S6). Additionally, to 

determine positive or negative selection pressure, the MAFFT alignment (CDS regions 

only) was uploaded onto Datamonkey (v1.6.0) (25), and a Fixed Effect Likelihood (FFL) 

model (26) was performed on the patient sequences (host level), while a Mixed Effects 

Model of Evolution (MEME) (27) was performed on the patient and reference EV-C104 

sequences (population level) (n = 10) (posterior probability [PP] value = 0.1). 

 

Results 

Enterovirus characterisation 

Genomes recovered from long-read sequencing on the MinION were subsequently 

identified as EV-C104 following confirmation using Genome Detective and NCBI 

BLASTn. The EV-C104 genotype was retrieved in respiratory samples 1–4 but not in the 

faecal material (Table 2). Our results suggest that EV-C104 was responsible for the 

prolonged respiratory infection. Four complete or near-complete EV-C104 genomes 

were obtained with an average sequencing depth of 7,027 × (780–15,037) and an average 

read length of 889 nt (735–1,001 nt) per sample (Table 2). An NCBI BLASTn search using 

the obtained patient genome sequences revealed a 97.63 per cent to 98.08 per cent 

identity to an EV-C104 sequence from Belgium (MN481403.1) collected in 2018. Overall, 

four co-detections were identified: HPIV-4 (respiratory sample 1), torque teno virus 

(TTV) (respiratory sample 2), CoV-OC43 (respiratory sample 3) and human 

picobirnavirus (which consisted of 41.5 per cent of reads in faecal sample 1), using ONT 

sequencing (Table 3). Two of these detections, CoV-OC43 and HPIV-4 had also been 

identified through the BioFire FilmArray in routine diagnostics (Table 1). 
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Table 2. Enterovirus characterisation 

Sample 
ID 

No. of 
total 
reads 

No. of 
EV-C104 
reads 

Average 
sequence 
length 

Average 
seq. 
depth 

Consensus 
length (nt) 

Regions 
>30x*1 

EV-C104 
coverage*
2 (%) 

Accession 
number 

R1 555,998 5,761 1,000 780x 7,390 
194 - 
7,208 

100 MZ092702 

R2 559,943 54,050 735 5,507x 7,213 
22 - 
7,146 

98.4 MZ092703 

R3 677,389 114,059 977 15,037x 7,411 15 - 7,411 100 MZ092704 

R4 221,468 57,725 844 6,784x 7,154 
167 - 
7,121 

97.9 MZ092705 

F1 629,278 0 N/A N/A N/A N/A N/A N/A 

*1 Coverage depth parameter based on Munnink et al., 2020 (28) and Karst et al., 2021 (29). *2 

MN481403.1 was initially used as a best hit reference genome; followed by KC785524.1 (7332bp) 

for annotation, being the closest annotated reference. Abbreviations: R1; Respiratory 1, R2; 

Respiratory 2, R3; Respiratory 3, R4; Respiratory 4. 

 

Table 3. Co-detections 

Sample 
ID 

Significant co-detections 

Microorganism 
identified 

Number of 
reads 

Consensus 
length 

% of genome 
recovered  

Average 
sequencing depth 

R1 HPIV-4 15 2,418 14.3*1 0.7x 

R2 TTV 75 498 17.9*2 12.4x 

R3 CoV-OC43 411,196 30,736 100*3 12,311.2x 

R4 None detected N/A N/A N/A N/A 

F1 Human picobirnavirus 261,110 1717 100*4 118,511x 

Abbreviations: R1; Respiratory 1, R2; Respiratory 2, R3; Respiratory 3, R4; Respiratory 4, CoV; 

coronavirus, HPIV; Human parainfluenza virus, TTV; Torque teno virus. *1 Reference 

(MT118684) 16,896bp. *2 Reference (FJ392116) 2782bp. *3 Reference (MT118678) 30,737bp. *4 

Reference (KJ663816.1) 1717bp. Trimmed reads were uploaded onto Genome Detective then 

mapped against the best hit reference from NCBI using CLC to determine the number of reads, 

average sequencing depth and consensus length. 

 

Genome coverage and primer binding 

A similar genome coverage pattern was achieved for each patient sample, with a higher 

coverage of conserved genes 2C-3D and a lower coverage of genes VP4-VP1 (Fig. 1). To 

investigate the effect of viral enrichment on coverage bias, the sample with the highest 

coverage, Respiratory 3, was also sequenced without viral enrichment (Figure S1). 

Similar coverage patterns were achieved, with and without enrichment indicating no 

coverage bias after target sequence capture. As the EV-C104 sequences were previously 

untypeable using Sanger sequencing, primer binding sites and potential mismatches 

were investigated in silico. Despite the presence of degenerate primers to account for 
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enterovirus variation, mismatches were identified in the nested PCR primers used prior 

to Sanger sequencing (Table S7). In silico analysis of primer binding sites with closely 

related EV-C104 reference sequences (MN481403.1 and KR815824.1) also resulted in a 

similar mismatch result, indicating that alternative gene targets or primers may be more 

suitable for future EV-C104 typing using Sanger sequencing. 

 

Figure 1. EV-C104 genome coverage. Coverage depth across EV-C104 genomes. The y-axis 

depicts the number of reads and the x-axis depicts the genome position. Red, single read in 

reverse direction; Green, single read in forward direction. Open reading frame is depicted with 

blue arrows. Untranslated regions are depicted with red arrows. 

Phylogenetic analysis 

A maximum likelihood tree based on our four EV-C104 consensus sequences 

(Respiratory 1–4), along with ten complete or near-complete EV-C104 references from 

NCBI GenBank, was inferred (Fig. 2A). To create a rooted tree, three additional group C 

enteroviruses were used as outgroups. We found our four patient samples (shown in 

red) to cluster with the most recent EV-C104 sequence (MN481403.1) from Belgium in 

2018. Additionally, temporal aggregation was observed within the patient samples, with 

increasing substitutions per site, beginning with the first sample collected in November 

2018 (Figure S2). As yet, EV-C104 does not have specific subgroups; however, there 

appear to be two different monophyletic populations (which we have named genogroups 

A and B), one containing sequences from Switzerland (KR815824.1) and Belgium 

(MN481403.1), along with our patient sequences and another population, containing six 

sequences from Italy (JX982254.1–JX982259.1), along with sequences from Japan 

(AB686524.1) and Gambia (KC785524.1). Conversely, the sequences from the former 

population are all from immunocompromised patients (Table 4). 
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Figure 2. Phylogenetic reconstruction and genetic divergence of EV-C104. (A) Maximum 

likelihood phylogenetic tree inferred from EV-C104 complete/near-complete sequences. EV-

C104 reference genomes were selected with ≥99% query cover and >95% percentage identity. 

Patient samples (in red with the letter E to indicate they have been enriched), ten complete EV-

C104 genomes and three EV-C genomes from GenBank served as outgroups. CLC was used to 

generate the alignment and construct the tree. A General Time Reversible substitution model 

and a gamma distribution with invariant sites with 1000 bootstraps were used. The emergence 

of two distinct genogroups A and B can be observed. Bootstraps values are shown at the branch 

nodes. (B) A Maximum likelihood phylogenetic tree with a General Time Reversible substitution 

model and a gamma distribution with invariant sites with 1000 bootstraps was generated 

without the outgroups. A root-to-tip regression with the y-axis corresponding to branch 

distances of the phylogenetic tree (in units of substitutions per site) and the x-axis 

corresponding to time (year). Patient sequences are in red (n=4) and reference sequences (n=10) 

are in blue. Points below the regression line indicate sequences which are less divergent than 

 

A) 

B

B 

A 
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average (for their sampling date) and vice versa. Squares indicate sequences above the regression 

line and have more divergence; empty circles indicate sequences below the regression line and 

have less divergence. Abbreviations: Respiratory 1; R1, Respiratory 2; R2, Respiratory 3; R3, 

Respiratory 4; R4.  

To estimate the evolutionary changes of EV-C104 between the sample dates, branch 

lengths from an additional maximum likelihood tree without the outgroups were used 

to generate a root-to-tip-regression analysis (Fig. 2B). The EV-C104 phylogeny exhibits 

a strong association between genetic distances and sampling dates (R2 = 0.998). 

Moreover, the regression analysis confirmed heterogeneity among the EV-C104 

sequences with an estimated recent common ancestor in 2005 (middle of 2005) (Fig. 

2B). Meanwhile, the patient EV-C104 sequences alone were shown to have an estimated 

recent common ancestor in the middle of 2018. A time-scaled phylogenetic analysis 

estimated an evolution rate of 2.97 × 10−3 substitutions per year. The time-scaled 

phylogenetic tree is visualised in Figure S3. Furthermore, three EV-C104 sequences can 

be observed above the regression line: JX982254.1 (Italy), MN481403.1 (Belgium), and 

Respiratory 4, indicating a higher divergence. Interestingly, the EV-C104 from Belgium 

was also associated with a recurrent respiratory infection (Table 4). Meanwhile, two EV-

C104 sequences can be seen below the regression line, JX98258.1 (Italy) and Respiratory 

1, indicating a lower divergence. 

 

Table 4. Overview of complete EV-C104 genomes (n=10) from GenBank  

Abbreviations: Oxford Nanopore Technologies; ONT. *1 Illumina MiSeq for 1 × 150 cycles 

Viral evolution 

As the patient was shown to have an apparent chronic EV-C104 infection, it could be 

plausible that the virus may have a different evolutionary pattern, compared to an 
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immunocompetent patient with an intact immune system. As a result, we investigated 

single-nucleotide variants (SNVs) in the genome of the four patient samples, from the 

first sample collected in November 2018 to the last sample collected in June 2019, to 

determine intra-host variation (Fig. 3 and Table S8). SNVs were observed throughout 

the genome, in both structural and nonstructural segments of the polyprotein, with an 

increasing frequency over time (3.7-fold change from Respiratory 2 to Respiratory 4) 

(Fig. 3). Genome changes occurred predominantly in the 2C, VP3, and 3D genes, which 

make up approximately 3.6 per cent, 9.8 per cent, and 18.8 per cent of the viral genome, 

respectively, but harboured 19 per cent (n = 8), 16.7 per cent (n = 7), and 16.7 per cent 

(n = 7) of the observed changes. A total of ten nonsynonymous mutations were identified 

(Fig. 3 and Table S8), most commonly in the VP1 gene (the receptor-binding domain). 

Interestingly, two of these nonsynonymous mutations at genome positions 2,863 and 

6,204 were retained from Respiratory 2 to Respiratory 4 (Fig. 3). Firstly, a nucleotide 

(G2863) deletion in the VP1 gene led to a change in amino acid Asp723 and a frameshift 

mutation with a 75.7–78.7 per cent frequency. Secondly, a nucleotide substitution 

(T6204A) in the 3D gene led to a change in amino acid Asp1834Glu with a 93–94.2 per 

cent frequency. 

 

Figure 3. Intra-host variants between patient samples. A Fixed Ploidy algorithm was used with 

80% variant probability and 75% minimum frequency. To determine variation between 

sampling dates, Respiratory 2-4 were compared against Respiratory 1. Abbreviations: Respiratory 

2; R2, Respiratory 3; R3, Respiratory 4; R4, 

An FFL model was used to infer the type of selection acting on the nonsynonymous and 

synonymous substitutions for each codon site in the EV-C104 genomes and therefore 

more suited for studying samples from the same patient. Negative selection was 
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subsequently found at twelve sites (with the PP value set at 0.1—occurring 90 per cent 

of the time) scattered throughout the genome (Fig. 4), including sites involved in the 

viral capsid formation, viral replication, and maturation. A MEME model was used to 

determine the type of selection occurring at a population level (patient samples and 

references) by measuring the distribution of variation, not only from site to site 

(similarly to the FFL model) but also from branch to branch. Interestingly, a MEME 

model found evidence of an episodic positive or diversifying selection at four codon sites 

(PP value 0.1) using all EV-C104 sequences in the regression analysis in Fig. 2B, with two 

out of the four sites from the VP1 gene and the other two in the 2C and 3D genes (Fig. 

4). 

 

Figure 4. Positive and negative selection pressure on individual codon sites. Only the patient 

genomes were used to analyse negative purifying selection (PP value 0.1). All EV-C104 genomes 

(n=14) used in the regression analysis in Figure 2b were used to analyse positive diversifying 

selection (PP value 0.1) 

 

Discussion 

Here we describe an immunocompromised patient with a chronic enterovirus infection 

contributing to a fatal bilateral pneumonia. We applied viral targeted sequence capture 

and ONT long-read sequencing to determine EV-C104 as the responsible genotype for 

disease progression and to follow its evolution in an immunocompromised patient. To 

the best of our knowledge, this is the first study to report a persistent EV-C104 infection 

in a patient and the first complete EV-C104 genome from the Netherlands. 
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Since its first description in Switzerland in 2009 (32), EV-C104 has been reported 

sporadically worldwide (7). Currently, NCBI GenBank has only thirteen complete and 

twenty-one partial EV-C104 genomes. This study generated an additional four 

complete/near-complete EV-C104 genomes (GenBank accession numbers: MZ092702–

MZ092705). EV-C104 has been associated with respiratory disease both in children and 

in adults (4,5,6,7,31). However, it has also been speculated to infect the central nervous 

system (30). From the limited studies available, it appears that an advanced age and a 

compromised immune status may be a prerequisite for severe disease (Table 4). 

NGS approaches can characterise and detect all viruses directly from clinical samples 

(33) and have been applied previously to type enteroviruses (7,13). ONT sequencing 

platforms enable long-read sequencing, real-time analysis, and lower starting prices, 

opening up sequencing to a broader scientific community (34). However, ONT 

sequencing still generates a lower output and a higher error rate compared to Illumina 

sequencing (31). As a result, ONT reads and consensus sequences require further 

downstream processing to increase accuracy. Enrichment strategies are often needed to 

increase the sensitivity of NGS approaches (31,35). We applied viral enrichment using a 

broad panel of oligonucleotide capture probes to increase sensitivity, while retaining the 

breadth of metagenomic approaches (36). This enabled us to obtain high-quality 

consensus sequences with sufficient coverage depth for typing, SNV calling, and 

evolutionary analyses from a range of Ct values. Despite obtaining four complete/near-

complete genomes, we could not obtain a single enterovirus read from the faecal sample 

(Table 1). Interestingly, EV-C104 has not yet been reported in faecal samples previously. 

A possible explanation could be the over-representation of human picobirnavirus 

(41.5 per cent of total reads) (12) in the faecal sample and the high abundance of bacterial 

background, which may have led to fewer sequencing reads for EV-C104 (37). 

With the method used for this report, we also detected HPIV-4 and CoV-OC43, 

confirming the routine diagnostic results (Tables 1 and 3). No reads could be assigned 

from the negative control, which was run parallel to the patient samples. In addition, we 

also detected the expression of TTV and the presence of human picobirnavirus. TTV and 

human picobirnavirus are still under consideration as etiological agents as information 

regarding pathogenesis and involvement in disease remains unknown. However, TTV 

has been recently reported as a potential endogenous marker of immune function in 

transplant patients (38). The finding of this virus in our case could reflect the immune-

suppressed condition of this autologous stem cell recipient. 

Although human picobirnavirus has been associated with gastrointestinal disease (39), 

the gastrointestinal symptoms listed during the collection of Respiratory 2 and 3 were 

more likely a side effect from the antibiotic and immunosuppressive treatment. 
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Interestingly, only EV-C104 was consistently found throughout the sampling period, 

compared to CoV-OC43 and HPIV-4, suggesting that EV-C104 had a higher potential 

for causing chronic infection in this patient. 

Enteroviruses have vast variations in their genomes due to frequent mutations and 

recombination events (40), which may influence the significant variability in clinical 

presentation. Although Sanger sequencing is considered the gold standard, there has 

been a fluctuating success rate of enterovirus genotyping. Indeed, untypeable 

enteroviruses have been observed previously from 8.5 per cent to 24.8 per cent of 

samples (3,41,42). Genotyping is essential to link clinical manifestations with specific 

types, track outbreaks and guide the development of new diagnostic tests or potential 

therapies. Mismatches occurring at the 3′ end of the primer have been known to have 

the most detrimental effects in detection (43) and can lead to false negatives. Primer 

analysis (Table S7) indicated high mismatching in the 3′ end in both the forward and the 

reverse primers and could provide a possible explanation why the enteroviruses were 

unable to be genotyped using Sanger sequencing. Challenges in typing EV-C104 using 

VP1 primers have been observed previously due to nucleotide differences at the binding 

sites (31). However, as only four sequences from the same patient were investigated in 

this study, the numbers are too low to draw definitive conclusions for our inability to 

acquire a sequence by Sanger sequencing in this case. Nevertheless, the addition of 

subsequent EV-C104 sequences in the future onto public databases could facilitate the 

design of more appropriate primers. As it is not feasible to perform genotype-specific 

assays on all enteroviruses, which are rare or highly variable, NGS can be applied to 

complement diagnostics. 

Phylogenetic analysis of the patient samples indicated a high genetic similarity 

(97.63 per cent—98.08 per cent identity) to a Belgium sequence and subsequently 

clustered on the maximum likelihood tree (Fig. 2A). Temporal aggregation was observed 

between the patient samples with increasing substitutions per site over time (Figure S2). 

This is consistent with a persistent infection and has been observed previously in an 

immunocompromised patient with a chronic enterovirus infection (2). Phylogenetic 

analysis revealed two distinct genogroups, referred to as A and B in Fig. 2A. Remarkably, 

genogroup B was all sampled from immunocompromised patients (Table 4), suggesting 

a potential prerequisite for this particular genogroup. However, at this time, more 

complete genomes and clinical information are required to draw definitive conclusions. 

Time-scaled phylogenetic analysis and root-to-tip regressions can be applied to provide 

estimates on the evolutionary rate and divergence over time. TempEst uses distance to 

estimate the most recent common ancestor (MRCA) by generating a linear regression 

using the sample collection dates (Fig. 2B). Interestingly, the MRCA, which was 
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estimated to occur in the middle of 2005, coincided with the first detection of EV-C104 

from samples collected between 2004 and 2007 (32). We have reported the first 

substitution rate for EV-C104. Our estimated rate of 2.97 × 10−3 for the entire polyprotein 

was similar to that observed for the VP1 gene of enterovirus A71, ranging from 3.60 × 10−3 

to 5.345 × 10−3 (44,45) and the VP1 gene of enterovirus D68 with 4.93 × 10−3 (46). Further 

research is required, along with additional full-length EV-C104 genomes to investigate 

evolutionary patterns, particularly within intra-hosts. 

Previous studies have revealed that different enterovirus fragments evolve 

independently and can combine easily, allowing a high level of flexibility and capability 

for rapid evolutionary changes in response to an environmental stimulus (47,48). A 

chronic infection provides a unique snapshot of EV-C104 evolution. We investigated 

SNVs (variants occurring at the read level) to determine inter-host variability and track 

the evolutionary pattern of EV-C104 in our patient samples (Fig. 3). An increase in SNVs 

over time was observed, most frequently in VP3 (nt 1,716–2,438), 2C (nt 4,065–5,051) 

and 3D (nt 5,931–7,313) genes. Previous studies investigating enterovirus evolution have 

found that changes in the genome, such as recombination, are less likely to be randomly 

distributed and usually occur in ‘hotspots’, which are more likely to favour viable 

genomes (48). Interestingly, other studies investigating poliovirus found hotspots in the 

2C and 3D genes, along with sites in the 5′UTR and between VP1-2A and 2A-2B genes 

(48,49,50). The 2C gene (which transcribes ATPase) and the 3D gene (which transcribes 

RNA-dependent RNA polymerase) are highly conserved and are heavily involved in the 

enterovirus life cycle (51). Unsurprisingly, all but one mutation in the 2C gene was 

observed in the nonfunctional regions (52), suggesting a reason why the virus was still 

viable. The VP3 gene, on the other hand, is highly variable due to its role in host receptor 

binding and immune evasion. 

The majority of nonsynonymous mutations occurred in the VP1 gene, with an increasing 

frequency between sample dates (Fig. 3). This suggests the virus may well be adapted 

within the host, with mutations being weakly deleterious and not necessarily purged 

during selection. This may have contributed to the clinical decline, coupled with the 

patient’s other comorbidities. Additionally, it could reveal pressure from the patient’s 

immune system, however, not enough to clear the virus. Nonsynonymous mutations 

were also observed in the 2C and 3D genes and were similarly retained between sampling 

dates (Fig. 3). There appeared to be a frameshift mutation retained in the VP1 gene. 

Interestingly, the mutation occurred in the genome position 2,863 (codon 141 in the VP1 

gene), which contains the DE loop, known to be highly diverse and has frequent 

mutations (53). BC and DE loops in enteroviruses have been revealed to be putative 

epitopes for neutralising antibodies, indicating the patient’s limited immune response 
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may still have impacted EV-C104 evolution. An additional nonsynonymous substitution 

was observed in Respiratory 2 to 4 in the 3D gene at genome position 6,204 (codon 91 

in the 3D gene). Mutations in the 3D polymerase have been found to either negatively 

or positively affect recombination frequency but not necessarily affect viral fitness (48, 

54). Alanine substitutions in the 3D gene have also been observed previously; however, 

the one observed in the patient has not yet been described (55). 

Genome changes are usually retained in the progeny if they enable better survival or 

discarded if they have no added benefit (48). While Respiratory 1 appears to have less 

divergence, Respiratory 4 has higher variation than expected for the sampling date (Fig. 

2B). Lower divergence can occur through poor sequencing quality, an error in the 

alignment or a phylogenetic interference (22). Recombination or in our case mutation 

could account for an increased divergence (22). Similarly to Respiratory 4, the Belgian 

sequence also had a higher-than-average divergence and was also collected from an 

immunocompromised patient (Fig. 2B). This suggests favourable conditions for virus 

evolution and reflects the increasing SNV observed over time. By the time Respiratory 4 

was collected, the patient was in clinical decline and died five days later in the ICU. An 

inadequate immune response would allow the virus to replicate continuously at a 

significant level. 

It could be reasoned that an immunocompromised patient may have a different kind of 

selection shaping the evolution of EV-C104. Interestingly, an overall negative selection 

was determined for the EV-C104 sequences from the patient (host level) using an FFL 

model (Fig. 4). This could imply that while the virus has been allowed to replicate and 

spread, it is not necessary retaining new mutations in the progeny. This could be due to 

a reduced need, owing to the patient’s limited immune system, to preserve new 

mutations involved in host evasion or survival. Using a MEME model, selection was also 

investigated for all sequences including the references used in the regression analysis 

(population level) and identified a positive or diversifying selection in four codon sites 

(Fig. 4). As this analysis now includes sequences from immunocompetent patients 

(Table 4), with immune systems able to limit viral survival, it could account for the 

retention of new mutations. 

Our study does have some limitations. To obtain high-quality full-length consensus 

sequences for evolutionary analysis and SNV calling, time-consuming enrichment and 

bioinformatics procedures are required. Furthermore, despite enrichment, no 

enterovirus reads were obtained from the faecal sample, suggesting a detection limit. 

Finally, with the application of DNase treatment to increase viral sensitivity of RNA 

viruses, only DNA viruses that were actively transcribed during sampling, such as TTV, 

were detectable. 
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Conclusion 

This study highlights the potential for a persistent or chronic EV-C104 infection in a 

patient with an immunocompromised status. Despite the detection of clinically relevant 

viruses during the course of disease (CoV-OC43 and HPIV-4), the relatively uncommon 

EV-C104 was the only virus persistent in the patient during the whole period. The 

patient’s weakened immune system most likely contributed to viral diversification, with 

a negative selection pressure determined as the main evolutionary driver whereby new 

mutations were discarded. This study shows the possibilities of applying NGS to 

complement conventional diagnostics by adding further resolution to identify and 

characterise possible etiological agents. 

Data availability 

The EV-C104 genomes reported in this study have been deposited in the NCBI GenBank 

with accession numbers: MZ092702–MZ092705. The sequencing reads were deposited 

under the BioProject: PRJNA768768. 
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Supplementary files  

Materials and Methods  

Table S1. Biochemical and physical examination of the patient 

Sample ID 
Biochemical 
examination 

Physical examination 

Respiratory 1 
C-Reactive Protein: 124 

Leucocytes: 9.7 
Temperature: 38.3 °C 

Oxygen saturation: 97% 

Respiratory 2  
Temperature: 36.4 °C 

Oxygen saturation: 99% 

Respiratory 3  Oxygen saturation: 99% 

Respiratory 4 
C-Reactive Protein: 95 

Leucocytes: 2.7 

Temperature: 36.8 ° C 
Oxygen saturation: 100% 

CT scan:  bilateral infiltrative abnormalities 

Faecal 1 
C-Reactive Protein: 260 

Leucocyte: 5.0 

Temperature: 35.9 ° C 
Oxygen saturation: 93% 

Chest X-ray: extensive bilateral infiltrative 
abnormalities 

 
Table S2. Trimming and polishing parameters  

Mapping to reference 
parameters 

Values 

Guppy (MinKNOW interface) 
Standard parameters and selection of discard middle and 
require two barcodes 

Porechop 
porechop -i input_reads.fastq -b output_dir --discard_middle 
--require_two_barcodes 

Filtlong 
filtlong --min_length 300 --keep_percent 90 input.fastq > 
output.fastq 

Minimap 2 minimap2 -ax map-ont 

Racon 
racon input.fastq overlaps.sam target_sequences.fasta --no-
trimming -m 8 -x -6 -g -8 -w 500 

Medaka (default settings) 
medaka_consensus -i reads.fastq -d draft_consensus.fasta -o 
outdir -t 4 -m r941_min_high_g360 

 
 

Table S3. Mapping to the EV-C104 reference using CLC Genomics Workbench v20.0.3 

  Mapping to reference parameters Values 

Masking mode  No masking 

Match score  1 

Mismatch cost  2 

Cost of insertions and deletions  Linear gap cost 

Insertion cost  3 

Deletion cost  3 

Length fraction  0.7 

Similarity fraction  0.8 

Global alignment  No 

Non-specific match handling  Map randomly 

Output mode  Create stand-alone read mappings 

Create report  Yes 

Collect unmapped reads  No 
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Table S4. Creating a Maximum likelihood tree using CLC Genomics Workbench v20.0.3 

Maximum likelihood tree parameters Values 

Construction method Neighbor Joining 

Existing start tree Not set 

Nucleotide substitution model General Time Reversible 

Protein substitution model WAG 

Transition / transversion ratio 2 

Include rate variation Yes 

Number of substitution rate categories 4 

Gamma distribution parameter 1 

Estimate substitution rate parameter(s) Yes 

Estimate topology Yes 

Estimate gamma distribution parameter Yes 

Perform bootstrap analysis Yes 

Replicates 1,000 

 

Table S5. Creating primer binding sites and fragments using CLC Genomics Workbench v20.0.3 

Primer binding sites and fragments parameters Values 

Number of consecutive base pairs required in 3’ end  8 

Minimum number of base pairs required for a match  10 

Exact match  No 

Binding sites annotations  Yes 

Create binding sites table  Yes 

Create fragment table  Yes 

Min. fragment length  100 

Max. fragment length  4000 

Concentration of monovalent cations in buffer  100 

Concentration of primer or probe  200 

 
Table S6. Performing a Fixed Ploidy Variant Detection using CLC Genomics Workbench v20.0.3 

Fixed Ploidy Variant Detection parameter Values 

Ploidy 1 

Required variant probability (%) 80 

Ignore positions with coverage above 100000 

Restrict calling to target regions false 

Ignore broken pairs true 

Ignore non-specific matches Reads 

Minimum read length 20 

Minimum coverage 100 

Minimum count 75 

Minimum frequency (%) 75 

Base quality filter false 

Neighborhood radius 5 

Minimum central quality 20 

Minimum neighborhood quality 15 
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Fixed Ploidy Variant Detection parameter Values 

Read direction filter false 

Direction frequency (%) 5 

Relative read direction filter false 

Significance (%) 1 

Read position filter false 

Significance (%) 1 

Remove pyro-error variants false 

In homopolymer regions with minimum length 3 

With frequency below 0.8 

Table S7. Overview of primer binding analysis in Respiratory samples 1-4 

Assay 
Forward 
primer 
(5’end) 

Reverse primer 
(3’end) 

Fragment 
length (nt) 

Forward 
primer  

mismatches 

Reverse 
primer  

mismatches 

PCR 
primers 

Ent224:GCIATG
YTIGGIACICAY

RT 

Ent222:CICCIGGI
GGIAYRWACAT 

920 0 3 

Nested PCR 
primers 

AN89:CCAGCAC
TGACAGCAGYN

GARAYNGG 

AN88:TACTGGAC
CACCTGGNGGNA

YRWACAT 
378 2 7 

Sequencing 
primers 

AN233:TACTGG
ACCACCTGG 

AN232:CCAGCAC
TGACAGCA 

378 2 7 

 

 

Supplementary Results  

Table S8. Detected intra-host variants between sample dates. 

 Abbreviations: Respiratory 2; R2, Respiratory 3; R3, Respiratory 4; R4. Fixed Ploidy algorithm 
with 80% variant probability and 75% minimum frequency on CLC Genomics Workbench. 
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Figure S1. EV-C104 genome coverage of Respiratory 3 (non-enriched) sample. Read coverage 

obtained from read mappings. Red, single read in reverse direction; Green, single read in forward 

direction. Open reading frame is depicted with blue arrows. Untranslated regions are depicted 

with red arrows.   

 

 

Figure S2. Phylogenetic reconstruction with substitution rates. Maximum-likelihood 

phylogenetic tree inferred from EV-C104 complete/near-complete sequences. Patient samples 

(in red with the letter E to indicate they have been enriched), ten complete EV-C104 genomes 

and lastly, three EV-C genomes from GenBank served as outgroups. CLC was used to generate 

the alignment and construct the tree. A General Time Reversible substitution model and a 

gamma distribution with invariant sites and 1000 bootstraps were used.  
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Figure S3. Time scaled phylogeny of EV-C104 near-full genomes. The augur pipeline 

implemented in Nextstrain was run using the aligner MAFFT and the phylodynamic package 

TreeTime, followed by visualization using auspice. A coalescent skyline model with a strict 

molecular clock and best root fitted was performed. Enterovirus sequences are highlighted 

according to country: Sequences from the Netherlands (This study) are red, sequences from 

Belgium are black, sequences from Switzerland are turquoise, sequences from Japan are pink, 

sequences from Gambia are green and sequences from Italy are blue. The grey boxes at each 

node indicate the confidence intervals for the estimated TMRCA.  
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Abstract 

Enterovirus D68 (EV-D68) has emerged over the recent years, with large outbreaks 

worldwide. Increased occurrence has coincided with improved clinical awareness and 

surveillance of non-polio enteroviruses. Studies showing its neurotropic nature and the 

change in pathogenicity have established EV-D68 as a probable cause of Acute Flaccid 

Myelitis (AFM). The EV-D68 storyline shows many similarities with poliovirus a century 

ago, stimulating discussion whether EV-D68 could be ascertaining itself as the “new 

polio.” Increasing awareness amongst clinicians, incorporating proper diagnostics and 

integrating EV-D68 into accessible surveillance systems in a way that promotes data 

sharing, will be essential to reveal the burden of disease. This will be a necessary step in 

preventing EV-D68 from becoming a threat to public health. 

 

Introduction 

Enterovirus D68: The Virus 

Enterovirus D68 is a single-stranded positive-sense RNA virus of the Picornaviridae 

family, belonging to the species enterovirus D. EV-D68 was first isolated from 

respiratory samples in 1962 in California, United States from four pediatric patients 

presenting with acute respiratory symptoms. The four isolates obtained from the 

patients were referred to as the Fermon, Franklin, Robinson, and Rhyne strains, each 

presenting with similar antigenic properties. As a representative strain of the new 

serotype, the Fermon strain was selected (1). Since its first description, EV-D68 has been 

classified into three genetic clades, A, B and C. Subclades A1, A2, B1, and B2 have evolved 

and can be further identified depending on enterovirus typing, targeting either VP1 or 

VP4-2 capsid protein (2,3). EV-D68 was also previously known as rhinovirus 87 until it 

was re-classified in 2002 (4). EV-D68 is unusual in that it has shared characteristics 

from two key members of the Picornaviridae family; enterovirus and rhinovirus. Firstly, 

it has a lower optimal growth temperature of 33°C (the temperature of the nose), 

allowing better replication in the nasal cavity than other EV, and secondly it is acid 

sensitive, meaning it is unable to adequately survive during passage in the stomach (5). 

Phylogeny however, shows that EV-D68 is genetically more closely related to EV than 

to rhinoviruses. Studies into the cellular receptors of EV-D68 have shown that it targets 

the α2-6-linked sialic acid, which is present on cells in the upper respiratory tract, 

indicating tropism toward this area (6). This critical difference in tropism is significant 

when comparing EV-D68 to poliovirus, which predominantly reproduces in the 

gastrointestinal tract. It is likely that most EV-D68 infections are asymptomatic or 

present with a mild respiratory illness however, it is difficult to know it’s true circulation 
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and burden on the community. Nevertheless, studies have indicated that circulation of 

EV-D68 increases over the summer-autumn season like with other EV (7). 

The Beginning of Enterovirus Awareness – The Polio Era 

Enteroviruses are thought to have existed and coevolved with humanity for thousands 

of years. One of the oldest records of enterovirus is an Egyptian carving thought to 

illustrate a priest with a small, weakened limb, which is considered a typical feature of a 

past polio infection. The causative agent of poliomyelitis (poliovirus), was not 

discovered until 1908 (8). It was not only the first enterovirus to be discovered, but also 

caused the most devastating and widespread morbidity and mortality of all the 

enterovirus genotypes. Poliovirus infection can result in a variety of symptoms, of which 

AFP that can cause lifelong disability and may result in death, is the most typical clinical 

entity. Awareness of polio increased during the 20th century. This is largely attributed 

to President Franklin Roosevelt, himself paralyzed from polio, who was instrumental in 

founding the National Foundation for Infantile Paralysis which started mass worldwide 

vaccination campaigns (9). The first poliovirus vaccine was an inactivated injectable 

vaccine, developed by Jonas Salk in 1955. The second vaccine administered orally, was a 

vaccine developed by Albert Sabin in 1961 (9). These primary awareness programs, 

together with the vaccination campaign, initiated in the fifties, paved the way for the 

GPEI created in 1988, which aimed to eradicate the virus. Over the subsequent years, 

following the initial discovery of poliovirus, over 100 enterovirus serotypes have now 

been discovered with nearly 70 species infecting humans (10). Non-polio EV can cause 

a variety of clinical syndromes, ranging from hand-foot and mouth disease to aseptic 

meningitis. 

The introduction of the poliovirus vaccine dramatically reduced the incidence of 

infections globally, with only small clusters sporadically occurring. According to the 

GPEI, only two countries, Afghanistan and Pakistan still report endemic wild-type 

poliovirus in circulation in 2018 (The Global Poliovirus Eradication Initiative) (11). 

Recently, the GPEI also reported a few new cases of vaccine-derived poliovirus in the 

Democratic Republic of the Congo, Nigeria, Somalia and Papua New Guinea (11). 

Therefore, cases of AFP outside these countries have decreased to very low numbers. 

Remaining cases of AFP are also linked to GBS and neurological infections caused by 

other viruses such as WNV and more recently, non-polio EV. 

The Rise in Awareness of EV-D68 

In the majority of patients, EV-D68 only causes mild respiratory illness. However, the 

co-occurrence of EV-D68 and a predominantly severe respiratory disease on one side 

and neurological complications of “polio-like” paralysis on the other side has established 
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EV-D68 as an emerging pathogen (12). While EV-D68 has been known as a respiratory 

pathogen since its first description in 1962, the apparent change in pathogenicity into a 

virus capable of causing AFP over a relatively short period of time, has led to increased 

interest and awareness of the virus in recent years. This is reflected in the number of 

published papers. Figure 1 reveals the result of a PubMed search for Enterovirus-D68. 

With the disappearance of poliovirus as a major threat to public health, enterovirus 

networks such as the ENPEN, have been set up along with established networks such as 

the ESCV to focus on non-polio EV which may become new challenges (13). EV-D68 has 

become a compelling topic for research over the recent years, due to a mix of increased 

prevalence, pathology and awareness. This review will explore the EV-D68 story further. 

 

Figure 1. The number of published articles on PubMed describing Enterovirus-D68 from 
January 2002 to October2018. The number of published articles for each year is in accordance 
with EV-D68 interest from the previous year. ∗Until October. 
 

Epidemiology: From Sporadic Respiratory Virus to Emerging 

Neuropathogenic Threat 

Enterovirus D68 had only been reported sporadically worldwide since 2010. Indeed 

before 2014, only sporadic outbreaks were reported in the US, the Philippines, Japan and 

the Netherlands (14,15). Significantly, there were only 26 cases reported in the United 

States between 1970 and 2005 and only 699 cases described in Europe, Southeast Asia 

and Africa between 1970 and 2013 (12,16). However, it must be noted that specific testing 

for EV-D68 or routine typing for EV was and is not standard practice in the majority of 

laboratories and assuredly not for testing respiratory samples. Therefore, the true 

burden of disease is not known and trends have been likely to be missed. A study 

published in 2012 reports the analysis of trends in EV-D68 circulation across the United 
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States and in Africa over two decades (7). This was a direct result of increasing sporadic 

reports of respiratory disease associated with EV-D68 across North America, Europe and 

Asia. The study found the genome had undergone a rearrangement from the initial 

Fermon strain in the spacer region of the 5′UTR, which is known to affect the 

translational efficiency and thought to increase the virulence. Further rearrangement 

led to a separation into clades A, B and C, with additional deletions within each clade. 

Interestingly, another study (17) reported clade B had specific substitutions in the BC-

loop, which is found on the surface canyon of the VP1 protein, known to have a role in 

antigenicity. This evolution may have had significant implications in the run up to the 

2014 outbreak, but remains unclear so far. 

The 2014 Outbreak 

In August 2014, the United States and Canada experienced the first few cases of what 

resulted in the largest known EV-D68 outbreak in history. An unprecedented number 

of cases, particularly in young children, of severe-respiratory illness was linked to EV-

D68 infections. Unexpectedly, this outbreak of severe respiratory infections coincided 

with an upsurge in AFP. Many of the affected children were also shown to have 

concurrent EV-D68 infections. The Polio and Picornavirus Laboratory Branch of the 

CDC tested 56 respiratory samples and found EV-D68 to be the most commonly 

detected pathogen, with an overall rate of 20% (11/56) in samples tested. Furthermore, 

the detection increased to 47% (8/17) in samples collected near onset of respiratory 

illness (≤7 days) (18). Fifty-five CSF specimens were also tested and found to have one 

positive EV-D68 sample (also positive for Epstein-Barr virus) (18). The paralysis seen in 

patients infected with EV-D68 was clinically defined as AFM which was essentially, an 

acute onset of AFP with MRI scans showing motor neuron damage in the myelum. This 

will be discussed more in detail later in see section “EV-D68 Case Definition.” In 2014, 

in the United States alone, 120 children were reported with AFM which met the case 

definition (19). Furthermore, over a 1000 hospital admissions and 12 deaths were 

associated with an EV-D68 respiratory infection (20). A subsequent study found that 

most EV-D68 positive samples associated with AFM, clustered into the B1 subclade. 

Interestingly, the study found that five out of six coding polymorphisms present in the 

subclade B1 strains were associated with neuropathogenic poliovirus (21). These results 

suggested that the virus had changed in pathogenicity since the originally isolated 

Fermon strain, a hypothesis which was also supported by results of studies in mice 

models (22), which will be discussed later. 

At that time, severe respiratory outbreaks of EV-68 were reported from several countries 

across Europe in 2014. During these outbreaks, cases of AFM were identified, including 

one in France and in the United Kingdom and two in Norway (23,24,25,12). It is still 
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unclear how frequently EV-D68 causes AFM compared to the number of respiratory 

infections caused by this virus. Estimating this frequency is currently impossible, firstly 

as the background circulation of this relatively emerging virus is unknown and secondly, 

only children with severe respiratory illness were tested in the 2014 outbreak in the 

United States and in Canada, therefore there is no information on the frequency at which 

EV-D68 causes mild symptoms. One study investigated EV-D68 detection by country, 

mostly in Northern and Western Europe, during the United States outbreak (26). Out 

of 17,248 respiratory (majority) specimens tested, 4273 had confirmed picornavirus 

detection with 389 samples positive for EV-D68. In Southern and Eastern Europe, too 

few samples were tested to draw any conclusions. Hence, crucial information about how 

large the threat of EV-D68 could be, is still missing. 

Regarding poliomyelitis, studies have shown that 1 in 200 poliovirus infections led to 

irreversible paralysis, with 5–10% of paralysis cases resulting in death due to breathing 

difficulties (27). As AFP is not a reportable disease in many countries, as long as it is not 

caused by poliovirus, it is impossible to say how many potential cases of EV-D68 

associated AFM have occurred during upsurges of EV-D68 in the past few years. As the 

link between EV-D68 and AFM had not been established at that time, many children 

who presented with sudden paralysis were not adequately sampled to detect EV-D68. 

Subsequent data from the EV-D68 outbreak in the United States and Canada in 2014 

indicates that neurological complications could occur in 1 out of 100 symptomatic cases 

with a total of 1153 confirmed EV-D68 respiratory infections, and 12 EV-D68 positive 

AFM cases during this period (18). Similarly, in Europe, out of 389 confirmed positive 

samples in 2014, four AFM cases and one death were associated with EV-D68 (25,26). 

Limited EV-D68 detection was seen both in the United States and in Europe in 2015 (16). 

The 2016 Outbreak 

In 2016, a new upsurge in the number of EV-D68 cases was first reported from the 

Netherlands. The majority of patients presented with severe respiratory illness, but one 

case of AFM was seen in a 4-year-old boy (28). Phylogenetic analysis of the samples 

revealed a different clustering to the 2014 outbreak strains. Simultaneously, similar 

upsurges were described by groups in Norway, Denmark, Germany, France, Spain, 

Portugal, Sweden, Wales (United Kingdom), Scotland (United Kingdom) and in the 

United States (29,30,16). In addition, cases of EV-D68 were also linked with AFM in 

Wales (2 cases), Scotland (5 cases), England (1 case), Sweden (3 cases), Italy (2 cases), 

Spain (3 cases), France (at least 1) and Argentina (15 cases) with strains clustering with a 

divergent B3 lineage (31,29,30,32,33,34,35,36,37,38). A subsequent surveillance study 

(39) presented the results of a survey which found a total of 29 cases reported of EV-

D68 infections associated with AFM in Europe in 2016. Interestingly, a higher number 
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of EV-D68-associated AFM cases were reported in Europe in 2016 compared to 2014; 29 

versus four cases in 2014. This could suggest the “new” circulating B3 subclade is more 

neuropathogenic or perhaps more transmissible than the B1 clade, which was most 

frequently reported in 2014. However, this most likely is due to increased surveillance 

and awareness established in 2014. In the United States, 149 AFM cases were reported 

in 2016, yet the exact number of AFM cases associated with EV-D68 is not known. 

Although there were fewer reported EV-D68 infections in 2016 in the United States 

overall, some AFM cases associated with EV-D68 were reported by Wang et al., 2017 

(16). 

Diagnosing an Enterovirus D68 Infection 

Sample Collection 

Depending on the clinical picture, several diagnostic samples can and should be 

collected to detect EV, such as CSF, feces, respiratory material and serum/plasma (13). 

As most EV are transmitted via the fecal-oral route and replicate in the intestine, high 

viral loads are usually present in feces, therefore an effective material for detection and 

genotyping. Genotyping or serotyping are necessary and mandatory in cases of AFP to 

exclude poliovirus, and stool samples are essential to achieve this. However, EV-D68 is 

not readily detected in fecal samples, in addition it has a rhinovirus-like replication cycle 

in the nasal cavity. Indeed, the recently published PAHO/WHO report now 

recommends including a respiratory sample if AFP is suspected (40). Animal models 

have shown that EV-D68 can also disseminate to the CNS by retrograde axonal transport 

(41). Multiple material types should therefore be collected if a patient presents with CNS 

symptoms: stool, CSF, blood and respiratory samples (13). 

Molecular Testing for Pan-Enterovirus Detection 

Molecular testing is recognized as the gold standard for diagnosing an enterovirus 

infection. RT-PCR targeting the 5′UTR region has been established as a routine 

molecular test in many laboratories throughout Europe and other parts of the world (13). 

It is used as a broad-spectrum assay to detect the presence of EV, without regard to 

specific subtypes. The majority of assays are laboratory developed tests and can be used 

to screen a panel of suspected pathogens or to detect a specific target. Rapid and self-

contained specimen-to-result tests such as the FilmArray system (BioFire/bioMerieux, 

Salt Lake City, United States) have also been used to screen and identify enterovirus 

/rhinovirus simultaneously by combining a nested multiplex PCR with melting curve 

analysis (42). However, further tests would be needed as the Film-Array cannot 

distinguish enterovirus from rhinovirus. Additional FDA approved tests for enterovirus 

detection are the Cepheid GeneXpert and SmartCycler (Cepheid, Sunnyvale, California, 

United States). Finally, cell cultures can be used, however, they are not suitable for all 
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enterovirus strains and further identification is required, using serotyping methods or 

real-time RT PCR. 

A specific RT-PCR was developed to detect EV-D68 during a European surveillance 

project in 2014 (26). During an EV-D68 season (Summer-Autumn) or during an upsurge 

of the virus, a specific RT-PCR could be used for rapid diagnostics and patient 

management, and is particularly useful in the work-up of severe respiratory infections 

and AFM. During the 2014 outbreak, a study was carried out where the FilmArray system 

was used to detect positive enterovirus samples through its enterovirus/rhinovirus 

signals in a respiratory panel (43). It was consequently found that a positive detection 

in the Rhinovirus 1 and 4 targets led to a high association (13.1× more likely) of EV-D68 

found in subsequent samples sent to the CDC for confirmation. Further point of care 

tests were also evaluated during the outbreak. Similarly, the GenMark eSensor 

respiratory viral panel (Carlsbad, California, United States) was found to pick up low-

positive rhinoviruses which were later found to be EV-D68 in 67% of samples, with a 

94% sensitivity and 88% specificity rate (44). This was subsequently noted due to cross-

reactivity with rhinoviruses (44,45). 

Molecular Testing for Genotyping 

Sanger sequencing of the VP1, and occasionally VP4-2 structural proteins, following 

detection of a positive EV sample is considered the gold standard for the determination 

of specific EV genotypes, according to World Health Organization (WHO) guidelines 

and Nix et al., 2006 (2). Type specific RT-PCR and Sanger sequencing techniques have 

been used increasingly during outbreaks of EV-A71 in Asia and EV-D68 in the United 

States and Europe (46,47). Sequencing has transformed diagnostics, increasing the 

amount of knowledge on pathogens, their circulation and phylogeny. Phylogenetic 

analysis can be used more efficiently to look for genetic relationships within the EV 

subtype. However, typing enterovirus remains difficult due to vast variations in the 

genome (48). 

The development of these molecular tests has also allowed for the rapid detection and 

reporting of results in real time. A steady flow of epidemiological data should be 

available from health agencies or regional centers and fed back to the performing labs, 

and vice versa. This is not always optimal, and improvements could be achieved through 

for example the Antimicrobial, Infection and Prevention and Diagnostic stewardship 

model (49). 

Next-Generation Sequencing 

Next-generation sequencing, in comparison to the Sanger targeted approach, allows for 

the sequencing of multiple reads at once by reading optical signals after each base 
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addition (50). Useful information about changes in tropism or pathogenicity has been 

obtained by NGS. A retrospective study into the diversity of EV-D68 during the United 

States outbreak in 2014 using NGS technologies (metagenomic shotgun sequencing) 

revealed specific polymorphisms C3277A and A4020G, which triggered functional 

mutations at cleavage sites 2Apro and 3Cpro respectively (51). These amino acid 

substitutions are suspected to alter protease activity and increase replication and 

transmission rates. The group also found similar mutations in a 2013 strain (US/CO/13-

60), thought to be an ancestor of the 2014 outbreak strains. Indeed, these coding 

polymorphisms were found to be present in poliovirus, as mentioned previously (51). 

EV-D68 Association with Acute Flaccid Myelitis (AFM) 

The Strength of EV-D68 Association With AFM 

The upsurge in infection and awareness has led to the expansion of current scientific 

knowledge, with several groups now investigating the depth of the association of EV-

D68 with AFM. Many begin by describing the paralleling of numbers from the CDC for 

EV-D68 infections and the cases of AFM for 2014–2018 (Figure 2; 52,53). From looking 

at the literature, during and after the United States 2014 outbreak, similar upsurges of 

severe respiratory and neurological symptoms were found worldwide, most notably in 

Northern Europe. The association was further strengthened by a group (54) which found 

infection with EV-D68 resulted in a higher odds ratio than two control groups (10× and 

4.5× respectfully) for AFM presentation. Furthermore, the respiratory prodromal phase 

prior to paralysis in 65% of patients (55), along with a high involvement of the cranial 

and spinal cord, appear to be more specifically associated with an EV-D68 infection (53). 

Additionally, AFM mainly affects children, similarly to EV-D68, which indicates a 

specific target population (52). 

 

 

Figure 2. The number of confirmed United States AFM cases, published on the CDC by month 
of onset from August 2014-October 2018. The high number of confirmed AFM cases coincided 
with the 2014, 2016 and 2018 EV-D68 outbreaks. Figure taken from the NCIRD, AFM in the 
United States 2018 (56). CDC and NCIRD (57) retrieved from https://www.cdc.gov/acute-
flaccid-myelitis/afm-surveillance.html. 

https://www.cdc.gov/acute-flaccid-myelitis/afm-surveillance.html
https://www.cdc.gov/acute-flaccid-myelitis/afm-surveillance.html
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One of the challenges of the association is that EV-D68 is not always detected in clinical 

samples from AFM patients. One group (21) found EV-D68 in respiratory samples in 

approximately 48% of AFM patients (25 cases), where no other pathogen including EV-

D68, could be detected in CSF samples. Indeed, as discussed previously, detection of 

EV-D68 in CSF is uncommon. This has only been reported in a handful of cases (58,59, 

36,60). A recent paper (41) investigated this link through mouse models, deficient in 

interferon responses. Mice were challenged IP with EV-D68 of a known viral load. These 

researchers detected EV-D68 in the spinal cord just at early onset of paralysis, compared 

with the muscle injection site, which persisted for 6 weeks. The fact that the virus does 

not reside in the spinal cord for long could reflect the challenges in EV-D68 detection 

in CSF samples. Other viruses causing neurological disease including poliovirus, EV-A71, 

WNV and Rabies are similarly absent from CSF (61). Awareness of research in this area 

is particularly important for clinicians, as once an association is proven, they may be 

more inclined to take a respiratory sample and request for EV-D68 testing as well, during 

suspected AFM cases. 

Experiments Revealing the Neurotropic Nature of EV-D68 

The unprecedented upsurge in AFM associated with EV-D68 has led to many questions 

into why this emerging virus has become so pathogenic, leading to the polio-like 

paralysis observed. At present the exact mechanism which EV-D68 uses to instigate 

infection remains largely unknown. Studies have shown that poliovirus can gain access 

to the CNS through axonal transport and neuromuscular junctions (62, 61), and it could 

be possible that EV-D68 follows a similar mechanism. A recent study in an EV-D68 

mouse model, links paralysis to infections with EV-D68 through intramuscular injection 

by using various strains of the virus, including the 2014 outbreak strains. These 

injections resulted in the loss of motor neurons in the anterior horn of the corresponding 

spinal cord segments, leading to paralyzed limbs. The study goes on to suggest that 

replication of the virus in the motor neurons causes the damage, paralleling the 

development of neurological symptoms (22). Significantly, the study fulfills Koch’s 

postulates by activating paralysis in naïve mice from EV-D68 isolated from the spinal 

cord of a paralyzed mouse. 

Much is still unknown about the exact mechanism EV-D68 uses to gain entry and 

replicate. Recently, a group investigating the life cycle of EV-D68 has started to answer 

some of the questions (63). It was found that EV-D68 binds to synthetic glycoproteins 

through a terminally linked sialic acid. This binding induces a conformational change in 

the viral capsid, which commences the uncoating process, to inject the RNA and initiate 

the replication (63). Sialic acid has been understood to be a binding site for other EV, 
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such as Coxsackievirus A24, which was associated with acute haemorrhagic 

conjunctivitis (63). 

Wei et al. (64) identified ICAM-5 as a possible entry receptor for EV-D68. EV-D68 was 

believed to bind to the ICAM-5-Fc receptor, where sialic acid was thought to induce a 

conformation change. Crucially, the telencephalon region of the brain was found to have 

enhanced ICAM-5 expression, this receptor could help explain the neurotropism of this 

virus (64,53). Herpes Simplex Virus-1, another well-known neurotropic virus, also 

interacts with ICAM-5 to mediate cytokine secretion during infection (65). Although 

these studies shed a light on how EV-D68 may achieve its neuro-invasive capability, 

many more questions remain concerning the factors which determine the variability in 

disease severity which is seen in clinical cases. It is possible that changes in the genome, 

through mutational or selection pressure, led to an altered pathogenicity. Evidence in 

favor of this hypothesis has been shown by other authors, describing genogroup 

replacement between 2006 and 2014 (66), and specific mutations in the puff region (key 

neutralization site) of VP2 in EV-D68 strains, which were isolated from patients with 

severe respiratory infections. Xiang et al. (66) goes on to describe a mutational difference 

between the sequences obtained from the United States and China strains. In the United 

States strains there was a mutation in the pseudoknot structure in 3′-UTR, resulting in 

an altered phenotype comparatively to the Chinese strains. This could account for the 

differences in outbreaks between the United States and China in 2014. 

EV-D68 Case Definition 

Although EV-D68 has shown similar neurological presentation to poliovirus, as well as 

similar MRI features, it has its own specific case definition. In response to the increased 

number of severe respiratory infections and number of acute paralysis cases during the 

2014 outbreak the CDC proposed the case definition; “onset of acute limb weakness on 

or after August 1, 2014, and a magnetic resonance image (MRI) showing a spinal cord 

lesion largely restricted to gray matter in a patient age ≤ 21 years” (67). AFP patients who 

presented with pleocytosis (white blood cells >5 mm3) in their CSF who had a negative 

or no MRI result were recommended as a probable case. The terms AFM and AFP are 

used interchangeably in articles and reports from 2014. Adding to the confusion is the 

restriction of the AFM case definition to individuals younger than 21 years of age, as it is 

currently understood that AFM does occur in adults as well. Although mostly children 

with a chronic illness were affected, children and adults without any known underlying 

condition were also reported (33,38). Additionally, it must be updated in accordance 

with increased data gained from reports. 

The establishment of a case definition for AFM was particularly important as other 

diseases such as GBS, may also present with AFP. Although, paralysis tends to be more 
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symmetrical in GBS (68). Cases of EV-D68 associated AFM could be diagnosed as 

“atypical-GBS,” unless an MRI scan is made or electromyography examinations are 

carried out. Typically, EV-D68 associated AFM develops following acute febrile 

respiratory syndrome, up to 2 weeks prior to onset of weakness (69). Prodromal 

symptoms compatible with respiratory infections including shortness of breath (82%), 

cough (82%), and rhinorrhoea or nasal congestion (71%) (55) could be incorporated into 

the case definition. 

Clinical Characteristics and Diagnosis of EV-D68 AFM 

Patients presenting with a suspected EV-D68 associated AFM should undergo a series 

of examinations to confirm this diagnosis. One of the most valuable examinations, MRI, 

was used extensively during the 2014 outbreak to facilitate the establishment of a case 

definition. Patients can present with a variety of symptoms varying from cough, runny 

nose and diarrhea to muscles aches, fever and in some cases respiratory distress, 

particularly in children younger than five (70,39). AFM symptoms are typically 

described as asymmetric motor weakness mostly affecting the upper limbs in the 

majority of current known cases. The weakness is flaccid, with deep-tendon reflexes 

reduced or absent (71). The cranial nerves are commonly affected with symptoms such 

as facial weakness, dysarthria and dysphagia being described (69). Most patients did 

undergo a spinal tap on presentation, which showed cerebrospinal fluid pleocytosis in 

the majority of cases (69). An MRI scan is essential for the diagnosis, as it shows lesions 

in the anterior horn of the gray matter along the spinal cord and sometimes in the 

brainstem (69). As shown in the MRI images (Figures 3,4), these distinctive lesions point 

at the involvement of the spinal cord motor neurons. It must be noted that the lesions 

seen on the MRI scans during cases of EV-D68 associated AFM are identical to lesions 

in the spinal cord which are found in poliomyelitis. Diagnosing a case of AFM requires 

input from radiologists, clinical virologists, pediatricians and neurologists and 

highlights the need for communication between specialists to ensure a case is 

recognized, with the appropriate samples and tests requested, including PCR and MRI 

scans. 
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Figure 3. MRI of a suspected EV-D68 AFM patient. The MRI presents sagittal (A,C) and axial 
images (B,D) of the central nerves system. (A) Presents a case where the whole central gray 
matter was involved, producing a characteristic “H” pattern on axial image (B). (C) Presents a 
case where T2 hyperintensity was confined to the left anterior horn cells, which is demonstrated 
on the axial image (D). Taken from Maloney et al., 2015 (72). Order License Id: 4382500446364. 

 

 

Figure 4. MRI of a poliovirus AFM patient. The MRI presents a sagittal (A) and an axial image 
(B) of the central nerves system. (A) presents a case showing hyperintensities involving the 
anterior horn cells from C3 to C7. (B) demonstrates the same case as an axial image. Taken from 
Haq and Wasay (2006) (73). Order License Id: 4382500944212. 
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Treatment Options 

Increasing reports of enhanced pathogenicity and the severity of the paralysis in the 

affected individuals have led to urgency in finding an effective treatment for EV-D68. At 

present, there is no vaccine or therapy which exists against EV-D68. A study carried out 

by Rhoden et al. (74) evaluated several anti-viral candidates for EV-D68, with some 

promising results; V-7404, a protease inhibitor currently in development to treat 

poliovirus in immunodeficient patients; DAS181, similarly in development however to 

treat Influenza and Parainfluenza virus infections, and finally Rupintrivir, another 

protease inhibitor, not currently being developed further. Both V-7404 and Rupintrivir 

were able to inhibit all four tested EV-D68 strains (one Fermon and three 2014 outbreak 

strains). DAS181, which works as a sialidase was comparable in effectiveness, with a 

slightly EC50. However, these results were only obtained from in vitro testing, and 

clinical studies with these agents will not be available in the intermediate future. 

A further study (69) investigated the use of an already FDA approved drug, Fluoxetine, 

a serotonin inhibitor normally used as an antidepressant. The study found Fluoxetine 

inhibited the replication of EV-D68 in HeLa cells by a direct interaction with the 2C 

protein, which is thought to have a function in assembly. It is unknown if the tested 

strain was from the 2014 outbreak. However, Fluoxetine administration was noted to 

result in low maximal plasma levels, which could lead to problems in in vivo 

investigations (74). 

As EV-D68 is a relatively emerging pathogen in terms of increased pathogenicity in 

recent years, treatment options are still far off. Exploring existing treatments for viruses, 

other than EV-D68, which present with similar symptoms, is therefore an attractive 

strategy (75). Recently, investigations were carried out (76) into three different empiric 

therapies that could decrease the severity of paralysis in a mouse model. The mice were 

intramuscularly injected with one of the 2014 outbreak strains. Positive results were 

obtained with hIVIG, which reduced paralysis and spinal cord viral loads. Fluoxetine was 

shown to have a neutral effect, contrasting to Tyler, 2015 (69) and dexamethasone 

worsened outcomes for the mice, causing increased mortality, possibly due to reducing 

the immune response and increasing viral replication. Disadvantageous results of 

corticosteroid treatment were also seen when these agents were used in an outbreak of 

neuro-invasive EV-A71 in Cambodia (77). So far this research presents promising results 

for hIVIG therapy (pre and early post-infection) by providing potential protection 

against one of the most severe manifestations of an EV-D68 infection. Indeed, hIVIG 

therapy has been used previously and has arguably been successful in a least one 

suspected AFM case associated with WNV (78). However, a further study (79) found 
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hIVIG given to patients initially after onset of neurological symptoms, led to a poor 

prognosis. 

As permanent functional impairment appears to be common in EV-D68 associated AFM 

(19), solutions are also being sought to improve the outcome of patients after the 

paralysis has become irreversible. A potentially promising technique is nerve and muscle 

transfer, which was historically used for poliomyelitis associated paralysis (19). As such, 

one study (80) describes the results of a trial involving nerve transfers in several patients 

following AFM associated EV-D68. In most of the cases proximal nerves were 

transferred, with one case undergoing bilateral nerve transfers. The study showed 

promising results with some muscle strength regained over a 6-month follow-up. 

Non-polio Enterovirus Awareness and Its Subsequent Increased 

Surveillance 

In the United States, published results from various surveillance studies are presented 

through the CDC. However, EV-D68 is only voluntarily reported in most states in the 

United States and is not a national notifiable disease (81). Similarly, the ECDC does not 

have an active surveillance system in place and relies on member states to provide 

updates on circulation of various EV. Therefore, non-polio enterovirus surveillance in 

Europe can also depend on local interests of specific laboratories and national health 

institutes. As it is not mandatory to report EV-D68 in Europe (except Norway), and just 

in a few states in the United States, little real-time information is known on the exact 

numbers. This is a current challenge for EV-D68 data. However, this may change now 

that the PAHO/WHO has introduced the recommendation of including respiratory 

samples in suspected EV-D68 cases (40). 

Several surveillance systems are in place throughout Europe. One example is the 

enhanced non-polio EV surveillance system implemented in Denmark in which 

respiratory samples were included, along with clinical description and genetic 

characterisation of the viruses (82). Similarly, in collaboration with the Dutch National 

Institute of Health, the TYPENED initiative [Typing network Netherlands] is involved in 

sequencing and collection of data (83). In France, two EV National Reference 

Laboratories (in Clermont-Ferrand and Lyon) report the number of enterovirus 

infections and type of samples analyzed on a regular basis (84). Additionally, networks 

such as ENPEN exist to increase knowledge and communicate both epidemiological and 

clinical data during outbreaks, and to chart emerging infections. Such networks have 

been instrumental in raising awareness of EV-D68 and other non-polio EV through an 

email alert system and conferences (13). 
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Discussion 

Burden of Disease and the Problems of Underdiagnosing 

Enterovirus D68 made headlines worldwide in 2014 as a mysterious, relatively unknown 

virus was capable of causing severe illness. The CDC currently monitors and provides 

monthly updates on the incidence of AFM, which subsequently revealed another 

upsurge in 2016. Since no recent data has been published on the number of confirmed 

EV-D68 infections or the number of AFM cases in Europe, more testing and 

communication is required to understand both the EV-D68 infection patterns and the 

frequency at which this virus causes AFM. Specific EV-D68 assays have been developed 

to rapidly diagnose infections. Despite the existing evidence for the association between 

EV-D68 and AFM (22,53), EV-D68 is overlooked due to insufficient knowledge, 

sampling, laboratory testing and communication between healthcare professionals and 

little surveillance from public health authorities. 

Future Perspective and Directions 

The current surveillance systems for poliovirus such as GPEI, environmental and AFP 

surveillance have been instrumental in nearly eradicating polio. Integrating EV-D68 into 

these established surveillance systems, would be highly effective in understanding the 

true burden of disease and prepare hospitals and laboratories for upcoming outbreaks. 

NGS has the potential to be a powerful tool in investigating emerging and untypeable 

pathogens. It could also be used to understand the host-pathogen relationship during 

an infection and to understand the evolution of these viruses. However, there are still 

both technical and financial obstacles left to overcome before its used in routine practice 

(85). Further outbreaks of EV-D68 can be expected and could subsequently lead to an 

increase in EV-D68 associated AFM cases. EV-D68 numbers and AFM cases have 

increased in autumn of 2018. This has been communicated by the EV-D68 network 

made up of virologists and clinicians who collaborated during the 2014 and 2016 

outbreaks. This has included two recent AFM cases from the Netherlands. Preliminary 

typing results obtained from the University Medical Center Groningen, the Netherlands, 

have indicated that recent EV-D68 samples have clustered into the B3 and A2 subclades. 

It is imperative to have effective and streamlined diagnostic procedures along with 

stewardship models to deal with the potential increase in cases. As a result, awareness 

needs to be created targeting clinicians and hospital wards in order to make clinical staff 

are aware of the virus. Continued interdisciplinary communication is important to 

ensure EV-D68 is translated across each medical field appropriately. 

As effective treatment of EV-D68 infections and AFM are thus far unsubstantial, the 

focus may need to be placed on the development of a vaccine. Currently efficient 
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vaccines are available for a few members of the enterovirus genus i.e., poliovirus and EV-

A71 (86). These viruses however, have shown high incidences therefore it could be 

questioned whether a vaccine should be developed for EV-D68 at this time for economic 

reasons. Yet these vaccines have transformed the fight against these fatal EV. Using 

current knowledge and approaches, development of a vaccine against EV-D68 is 

technically achievable. A group recently published the results of a trial involving insect 

cell-expressed EV-D68 virus-like particle as a promising candidate for an EV-D68 

vaccine (87). At present, the number of infections and life-threating cases do not reflect 

those of poliovirus, possibly due to lack of reporting with the current voluntary reporting 

systems. Only increased surveillance and diagnosis will make it possible to expose the 

extent of the EV-D68 threat. 
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Abstract  

To explore an off-season enterovirus D68 (EV-D68) upsurge in the winter season of 

2019/2020, we adapted a whole-genome sequencing approach for Nanopore sequencing 

for 20 hospitalized patients with accompanying respiratory or neurological 

presentation. Applying phylodynamic and evolutionary analysis on Nextstrain and 

Datamonkey respectively, we report a highly diverse virus with an evolutionary rate of 

3.05 × 10−3 substitutions per year (entire EV-D68 genome) and a positive 

episodic/diversifying selection with persistent yet undetected circulation likely driving 

evolution. While the predominant B3 subclade was identified in 19 patients, one A2 

subclade was identified in an infant presenting with meningitis. Exploring single 

nucleotide variations using CLC Genomics Server showed high levels of non-

synonymous mutations, particularly in the surface proteins, possibly highlighting 

growing problems with routine Sanger sequencing for typing enteroviruses. Surveillance 

and molecular approaches to enhance current knowledge of infectious pathogens 

capable of pandemic potential are paramount to early warning in health care facilities. 

 

Introduction 

Enterovirus D68 (EV-D68) has been increasingly recognized as an emerging virus, with 

outbreaks occurring primarily in children (1,2,3). First reported in 1962 in California, EV-

D68 was sporadically reported worldwide until 2013, with small outbreaks described in 

the Philippines (2009-2011) (4), Japan (2010) (5), United States of America (USA) (1970-

2005) (6) and in the Netherlands (2010) (7). The largest known outbreak to date was 

reported in the USA in 2014, with over a thousand cases in children presenting with 

severe respiratory disease (8). During the 2014 outbreak, a number of EV-D68 cases were 

linked to acute flaccid myelitis (AFM), presenting with asymmetric flaccid limb 

weakness and cranial nerve dysfunction (9,10). In the same year, EV-D68 was also 

reported in Europe, Southeast Asia and Chile (11). Since 2014, EV-D68 outbreaks have 

occurred in a biennial pattern between 2016 and 2018, typically in even years in 

temperate climates (12) and emerging most frequently in the USA, Europe, Argentina 

and Taiwan (13,14). While EV-D68 typically peaks in late summer and autumn in 

temperate climates (15), an off-season upsurge was observed across Europe during the 

2019-2020 winter season (16).  

EV-D68 has been shown to have substantial genetic diversity (12, 17). Sequences can be 

separated into three main clades: A, B and C, which can be further divided into A1-A2 

and B1-B3 subclades (15). The EV-D68 genome is approximately 7,500 nucleotides in 

length and encodes a single polyprotein which consists of four structural proteins (viral 

proteins 1-4) and seven non-structural proteins (2A-C and 3A-D) (18,19). Generally, EV-
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D68 sequences have been investigated using the hypervariable viral protein 1 (VP1) gene, 

which is present on the viral capsid and has been used as a target for subtype 

differentiation (20). Since 2014, subclades B1 and B3 have become dominant (15). The 

emergence of the A2 subclade was additionally reported in East Asia in 2016 (16). By 

2018, clusters of subclades B3 and A2 appear to be predominating worldwide. 

Whole-genome sequencing (WGS) has been used previously to investigate the diversity 

and evolution of EV-D68 during the 2014 and 2016 outbreaks (19). Different subclades 

have been identified in respiratory and neurological samples, with varying rates of amino 

acid substitutions observed (21,22,15). In this study, we obtained near-complete EV-D68 

sequences from patients presenting with respiratory or neurological disease at a regional 

university hospital in the Netherlands during the winter season of 2019-2020. Using 

WGS, we aimed to explore our patient cohort, along with the circulating clades 

responsible for the rise in cases with the intention of contributing to a greater 

understanding of potential evolutionarily changes within EV-D68.  

 

Materials and Methods 

Patient selection 

Patients were selected following a positive EV-D68 detection through our laboratory 

developed test (LDT) real-time reverse transcriptase PCR (RT-qPCR) (23). Sanger 

sequencing targeting the VP1 gene (approx. 326bp) (24) was performed on samples with 

a Ct value below 32. Sanger sequencing data was analysed in BioNumerics v6.1, while 

patient information was extracted from the electronic patient database system.   

Nucleic acid extraction 

All samples were centrifuged at 6,000xg for 2 min. A total of 190μL of supernatant was 

used as input for extraction on the easyMAG (bioMérieux, Inc., Marcy l’Etoile, France), 

which was eluted in 110μL. Lysis buffer served as a negative control. A total of 70μL of 

isolated nucleic acids were cleaned and concentrated to 40μL using the RNA clean and 

concentrator kit-5 (Zymo Research, Irvine, USA), including an in-column DNase 

treatment using TurboDNase (Thermo Fisher Scientific, Waltham, USA), according to 

the manufacturer’s recommendations.   

cDNA synthesis  

Near full-length amplification was achieved using a one-step RT PCR and four 

overlapping fragments (approximately 2,000bp) from primers designed by Dyrdak and 

colleagues (19). Briefly, four separate reactions for each overlapping fragment contained; 

1μL of Superscript III RT/Platinum Taq HiFi Enzyme mix (Invitrogen, Stockholm, 

Sweden), 25μL of 2x reaction mix, 2.5μL of forward (0.5μM) and reverse (0.5μM) 
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primers, 0.5μL of random hexamers (1ng/μL) (Thermo Fisher Scientific) and 8.5μL of 

RNase-free water. Finally, 10μL of RNA template was added per fragment for each 

sample to attain a total reaction volume of 50μL. We adjusted the PCR cycling 

conditions to account for the increased cDNA input required by Oxford Nanopore 

Technologies (ONT) ligation library preparation kit: 30 min at 50°C, 2 min at 94°C, ×33 

(15s at 94°C, 30s at 50°C, 2mins at 68°C), 5 min at 68°C, ∞ at 4°C. Each fragment was 

adjusted to 25ng and pooled to achieve a total of 100ng for each sample. cDNA 

fragments with <25ng were re-amplified using the PCR reaction stated above with a 

modified PCR cycling condition to account for cDNA as an input: 1min at 98°C, ×29 (10s 

at 98°C, 30s at 50°C, 3mins at 72°C), 5mins at 72°C, ∞ at 4°C. 

Library preparation and sequencing  

Sequencing libraries were generated using the Ligation Sequencing Kit (SQK-LSK109) 

(ONT, Oxford, United Kingdom) and native barcoding expansion (EXP-NBD104) 

(ONT). The One-pot protocol was followed for native barcoding for amplicons (25). For 

details, see dx.doi.org/10.17504/protocols.io.bdp8i5rw. The libraries were pooled by 

equal mass and 25fM was loaded on FLO-MIN106 R9.4.1 flow cell on a MinION device 

for long-read sequencing (ONT). 

Assay validation 

An EV-D68 culture from the National Institute for Public Health and the Environment 

(RIVM) was used to validate the workflow prior to running the clinical samples 

(Supplementary Materials and Methods 1.1 and Figure S1).  

Data analysis  

Sequencing reads were first base-called with Guppy v6.0.1 (ONT) with high accuracy 

mode enabling the “trim barcodes”, “barcode both ends” and “mid-read barcode 

filtering” option (Table S1). Subsequent reads were uploaded onto the CLC Genomics 

Server 21.0.5 (CLC) (Qiagen, Aarhus, Denmark). Only reads with >300bp were kept and 

mapped against the human genome (hg19) to filter out human reads. To create a 

reference database, a total of 893 near-full length EV-D68 reference sequences (7,000-

8,000bp) were downloaded from the Virus Pathogen Resource (Supplementary 

Materials and Methods 1.2). The trimmed reads were mapped against this reference 

database using an 70% nucleotide identity and 80% length fraction on CLC to determine 

a best hit reference for each sample (Table S2). Consensus sequences were extracted 

with a coverage cut-off of >30x (26), with confirmation using NCBI BLAST and uploaded 

onto the online enterovirus typing tool (v0.1) to obtain sub genogroups 

(https://www.rivm.nl/mpf/typingtool/enterovirus/).  
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Phylogenetic and evolutionary analysis  

Patient consensus sequences and 893 reference genomes were aligned with MAFFT 

(v7.471) (see Supplementary Materials and Methods 1.2). A time-scaled phylogenetic 

analysis using the augur pipeline (v7.0.2) and TimeTree v0.8.1 (27) implemented in 

Nextstrain (28) was performed (Table S3). A maximum likelihood tree was inferred 

using a GTR + gamma distribution, a strict molecular clock and a coalescent Skyline tree 

prior (Table S3). The tree was rooted using GenBank accession number AY426531 (1962 

Fermon strain). The time-scaled tree was then visualised using auspice (v0.8.0) (28) and 

detailed with country of origin. To explore the temporal signal and heterochronous data, 

a root-to-tip regression analysis on TempEst (v2.7.0) (29) was applied for the maximum 

likelihood tree without a molecular clock. To determine the type of selection pressure, 

a Mixed Effects Model of Evolution (MEME) (30) was applied on Datamonkey (v1.6.0) 

using two MAFFT alignments, one including the 824 EV-D68 references (see 

Supplementary Materials and Methods 1.2) and patient sequences, and the other with 

only patients sequences (CDS regions only) (posterior probability [PP] value =0.05) 

(Table S4). Finally, single nucleotide variation (SNV) was investigated within the patient 

sequences using a Fixed Ploidy algorithm with 90% variant probability and 90% 

minimum frequency on CLC, with 100x minimum coverage and a Q score of 30 (Table 

S5).   

Ethics statement 

Oral consent for the use of clinical samples for research purposes is routinely obtained 

upon patient admission at the University Medical Center Groningen (UMCG), in 

accordance with the guidelines of the Medical Ethics Committee. All experiments were 

performed in accordance with the guidelines of the Declaration of Helsinki and all 

samples were anonymized. A waiver was obtained by the UMCG Ethics Committee: 

METc 2009.169. The sequencing data has been deposited in the Sequence Read Archive 

under the BioProject number: PRJNA865246. 

 

Results 

Off-season upsurge 

From January 2010 to March 2020, a total of 157 EV-D68 detections were recorded at 

the UMCG, typically peaking between July and September (Figure 1), with the highest 

number of cases in July 2016 (n=26 cases). Since 2014, there appears to be a general shift 

in the number of reported cases towards the late autumn months (Figure 1b). By the 

winter season of 2019-2020, a distinct rise in the number of cases (n=20) can be 

observed, which is both off-season and in an odd year, with a peak in December 2019 

(n=8 detections) (Figure 1a and 1b).  
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Figure 1. EV-D68 detection from January 2010 to March 2020 at the UMCG. a) EV-D68 

detection per month at the UMCG between 2010-2020. A distinct rise can be observed which 

does not follow the usual trend, shown in purple (2019) and red (2020). b) Heatmap of EV-D68 

detection per month at the UMCG between 2010-2020. 

 

Off-season EV-D68 clinical characterization  

The clinical characteristics of the twenty patients with an EV-D68 detection during the 

2019/2020 off-season upsurge are shown in Table 1. For four patients (1-3 and 16), only 

birth date, gender and sample collection information were recorded. Sample 16 had 

additional diagnosis information.   
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Table 1. Clinical characteristics of patients with an enterovirus D68 detection 

 
1 Enterovirus respiratory tract infection with bacterial superinfection. 2 Infection from 
Pseudomonas aeruginosa infection. Antibiotics were only given to adults who were subsequently 
diagnosed with either a primary or secondary bacterial infection. Abbreviations: LOS; length 
of stay, NA; not available, EV; enterovirus, AFM; acute flaccid myelitis, IVIG; Intravenous 
Immunoglobulin, SCT; Allogeneic Stem Cell Transplantation, TX; transplant, HSV; herpes 
simplex virus, NSAID; Non-steroidal Anti-inflammatory Drugs, RV; rhinovirus, RSV; Respiratory 
syncytial virus, CoV; coronavirus, HPIV; Human parainfluenza virus, AV; adenovirus, HSV; 
Herpes simplex virus, PVL; Periventricular leukomalacia, IVH; Intraventricular hemorrhage, 
URTI; Upper respiratory tract infection, KHE; Kaposiform hemangioendothelioma, PDA; Patent 
ductus arteriosus, KMP; Kasabach-Merritt phenomenon, Gd; Grade, IVH; Intraventricular 
hemorrhage, M. catarrhalis; Moraxella catarrhalis, H. influenzae; Haemophilus influenzae, P. 
aeruginosa; Pseudomonas aeruginosa.  
 

A total of thirteen children (<16 years of age) (median 1yr) and seven adults (median 

64yrs) were included in the study. Eight children (61%) were found to have an 

underlying medical condition, of which prematurity had the highest occurrence (n=6) 

(Table 1). All adults with available clinical information (n=5) had at least one underlying 

condition. Females accounted for 55% of the patient population (n=11).  

Of the eight children with a respiratory infection, four had a short length of stay (LOS) 

(2-3 days), one had a medium LOS (4-7 days) and three had a long LOS (>7 days). 

According to the attending clinician, EV-D68 was found to be the causative agent in five 

of the eight children. Of the four adults with a respiratory infection, one had a medium 

LOS and three had a long LOS (one adult died after 20 days in hospital). According to 

the attending clinician, EV-D68 was found to be the causative agent in only one adult 
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(Table 1). Of the three children with an EV-D68 neurological infection, one child (<1yr) 

was diagnosed with meningitis and two children (5yrs and 1yr) were diagnosed with 

AFM. The 5-year-old child was given antibiotics and intravenous immune globulin 

(IVIG) treatment prior to their AFM diagnosis. Within this small off-season cohort, there 

was no EV-D68 neurological presentation reported in adults.  

EV-D68 whole-genome sequencing    

Seventeen respiratory, two cerebrospinal fluid (CSF), and one fecal sample were 

included for WGS. Four samples (20%) had an unsuccessful Sanger sequencing typing 

result previously. Twenty near-full genomes were recovered (genome size range 7,173-

7,222bp), indicating a robust approach (Table 2). All but one sample (patient number 5) 

had sufficient sequencing depth (59.4x-66,459.4x) for SNV calling and phylogenetic 

analysis. Figure S2 illustrates an example of the genome coverage pattern achieved. 

 

Table 2. Metatable of sample information 

Abbreviations: CSF; cerebrospinal fluid, EV-D68; enterovirus D68, RT-qPCR; reverse 

transcriptase real-time PCR, Ct; cycle threshold. The average read length for each patient sample 

is presented in Table S6. Accession numbers for the patient consensus sequences can be found 

under the BioProject number: PRJNA900246. 

 

Phylogenetic analysis  

Phylodynamic analysis indicated that eighteen sequences from the off-season upsurge 

clustered within three distinct subgroups within the B3 lineage, with a most recent 

common ancestor (MRCA) estimated to have occurred in late 2018, following a period 

of high genetic diversity in mid-2017 (Figure 2 S4, S5). Clusters 1 and 2 had highest 

similarity to strains from the USA collected in 2018, with 99% (98.9-99.0%) and 98.9% 

(98.85 - 99.1%) identities respectively. Cluster 3 had highest similarity to strains from 

the Netherlands (99.4%) and Sweden (98.87%), collected in 2019. Patient 12 (Cluster 4) 
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clustered within the A2 lineage with a USA strain collected in 2017 (97.90% identity). 

To initially estimate the evolutionary changes of EV-D68, the temporal signal was 

explored using a root-to-tip regression analysis (Figure S3, Table S7). A strong 

association was observed between genetic distances and collection dates, highlighting 

heterogeneity between the EV-D68 sequences (R2=0.9544). Applying a time-scaled tree 

using the Nextstrain pipeline, we estimated the evolutionary rate for the entire EV-D68 

genome to have 3.05x10-3 substitutions per site per year. 

 

 

Figure 2. Time-scaled phylogenetic tree. The left panel indicates the corresponding countries 

to each EV-D68 sequence in the tree. The red arrows indicate the location of the four different 

clusters of our 2019/2020 patient samples. From the 892 references downloaded; 21 sequences 

were manually removed due to poor quality after the initial alignment (Table S8). A total of 872 

sequences were run through the Nextstrain pipeline. An additional 29 references were removed 

after a second alignment. The Nextstrain pipeline automatically removed problematic sequences 

during tree refinement (n=12 references) and uploading to auspice (n=7 references), this 

included EVD68_GR_05_02.12.19 (Table S8). A total of 824 EV-D68 references were included in 

the phylogenetic analysis. Figure S4 and Figure S5 illustrate zoomed in images of the clusters. 

The time-scaled tree had an estimated evolution rate of 3.05x10-3. 

Cluster 1 

n=12 

Cluster 2 

n=5 

Cluster 4 

n=1 

Cluster 3 

n=1 

Year 

B3 

B1 

B2 

C 

A2 

A1 
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Evolution analysis  

SNV’s (non-synonymous mutations only) were explored within all twenty patient 

samples, with the 1962 Fermon stain (accession number AY426531) used as a reference 

to allow comparisons with other studies (19). Non-synonymous mutations were 

scattered across the genome, both in structural and non-structural segments of the 

polyprotein, except in the 3B gene (essential for replication and comprises of 0.88% of 

genome). We observed a total of 836 non-synonymous mutations (in relation to the 

Fermon strain), with VP1 containing the highest number of variants (n=257) (Figure 3, 

Table S9). All variants detected were unique per genome position, and therefore we can 

report one EV-D68 infection per patient. Overall, 44 multiple and 92 single nucleotide 

variants were observed, with particularly high activity within the BC loop region 

(position 2659-2698) in the VP1 gene. The following frame-shift mutations in the VP1 

gene were of note: one deletion (removal of GA [His651] in position 2679-2680), two 

replacements (replacement of GGG to A [Gly649] in position 2677-2679 and C to TGA 

[Ser647] in position 2670) and one insertion (TA [ser647] in position 2669-2670). All 

non-synonymous mutations for each sample, along with their corresponding regions are 

detailed in Table S9. Although no shared variants were observed amongst all the off-

season sequences, eighteen did share variants in two regions (with 90% frequency) 

present in the VP2 gene (Figure 3, Table S9). No obvious variant patterns were observed 

in patients with CSF collection (Table S9) or neurological presentation (Figure S6). 

 

Figure 3. The frequency and distribution of single nucleotide variants per genome position 

between the patient samples (n=20) and the Fermon strain (accession number AY426531). Every 

blue dot represents a non-synonymous change on the sequence, with the gene position depicted 

above. Sample frequency denotes the percentage of samples in the data set with the non-

synonymous change. A Fixed Ploidy algorithm was applied on CLC Genomics Server v21.0.5 

using the following parameters: 90% variant probability, 90% minimum frequency, min 100x 

coverage, max 100,000x coverage, Q-score threshold=30. 
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To determine any potential changes in the type of selection pressure during our off-

season upsurge, two MEME models were used to explore the distribution of variation at 

the codon level within the EV-D68 population (n=824) and the patient sequences (n=19) 

(Figure 4). Exploring the whole population (shown in blue), we found evidence of 

episodic or diversifying selection at fifty-four codon sites (PP value=0.05 [occurring 

95%]), scattered throughout the genome, with high clustering within the viral capsid 

genes. Exploring within the patient population (shown in red), we found evidence of 

episodic or diversifying selection at ten codon sites, with the highest clustering in the 

3C gene, followed by the capsid genes.  

 

Figure 4. Selection pressure on individual codon sites. Blue dots represent the selection pressure 

on individual codon sites for all reference genomes (n=824), along with EV-D68 patients (n=19) 

(1962-2020). Red dots represent the selection pressure on individual codon sites for only EV-

D68 patients (n=19). MEME was used to determine diversifying selection (PP value <0.05). 

Individual sites are specifically indicated in Figure S10. 

 

Discussion  

In this study, we provide clinical and phylogenetic information from hospitalized 

patients from an off-season EV-D68 upsurge in the winter season of 2019-2020. Using 

a modified WGS approach, we were able to obtain near-complete EV-D68 genomes from 

a wide range of Ct values, including Ct values >30 and sample material, including CSF. 

The summer/autumn seasonal circulation is well recognized for all enteroviruses in 

temperate climates, with a biennial recurrence of EV-D68 observed in North America 

and Europe (31,32). Interestingly, our data shows a general shift towards the later 

months, with the upsurge emerging in an odd year (Figure 1). This off-season occurrence 

was also observed by other European countries (16). Although the seasonality of 

enteroviruses is likely determined by environmental factors such as temperature and air 

humidity (33,34), the biennial occurrence of EV-D68 is thus far not understood. While 

factors including herd immunity, human behavior and circulation of other (entero-) 

viruses may play a part, the role and occurrence of viral variants requires more 

investigation.   

The majority of patients in our study had underlying conditions, with prematurity 

highest among children and typically multiple comorbidities in adults, echoing previous 

studies (35,36). Overall, we observed thirteen cases (65%) of respiratory illness and three 
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cases (15%) of neurological illness (all in children) (Table 1), two of which had AFM and 

one had EV-D68 meningitis. In our small cohort, we found a relatively high number of 

cases requiring admission to hospital, with 75% of patients admitted for over 2 days. 

This most likely reflects the tertiary-care character of our hospital. A similar ratio of 

severe illness was additionally observed within Europe during the same time period (16). 

Interestingly, we identified one A2 subclade from a child (<1 year) with meningitis. 

Although detection of EV-D68 in CSF is rare (34), to the best of our knowledge, we 

report the first detection of an A2 subclade associated meningitis in CSF. EV-D68 was 

also detected from one fecal sample from a patient presenting with respiratory and 

diarrhea illness. Although EV-D68 detection from fecal samples is uncommon, it could 

provide an alternative for widespread population surveillance studies (38,39). It is 

important to note that the true burden and circulation within the community is difficult 

to estimate, given that community surveillance is not performed and subtype 

differentiation is typically only performed for severer cases following clinical 

consultation. 

Genotyping enteroviruses is important for understanding changes in epidemiology, 

which could aid outbreak preparedness and patient management (20). WGS has been 

previously used to explore viral dynamics, particularly during outbreak scenarios and 

especially during the SARS-CoV-2 pandemic (40). We adapted a previously applied EV-

D68 WGS method for ONT platforms to characterize our upsurge samples, including 

previously untypeable samples.  

Using the Nextstrain pipeline, we could perform more real-time tracking of EV-D68 

evolution and spread overtime (Figure 1). A high genetic diversity can be observed 

among the available EV-D68 sequences, indicating diversification and persistence even 

in low circulation years, similarly reported by Hodcroft et al., 2022. Interestingly, there 

appears to be continuous emergence in conjuncture with clade replacement prior to 

2018, with the rise of the predominating B3 subclade. In our study, eighteen samples 

clustered with the B3 subclade within three different branches, suggesting introduction 

at several different timepoints in the Netherlands, followed by local spread. Subclade B3 

exhibits high levels of geographical circulation (and mixing) since its emergence in 2016 

(22), having been found in several countries globally (16). The detection of the A2 

subclade additionally suggests an ongoing low-level (and potentially undetected) 

transmission in Europe. Given their increasing observation between 2014 and 2020 

(15,16, 35), it could render this finding potentially important for monitoring. Moreover, 

although the majority of sequences from our study appear to cluster with USA strains, 

as some countries deposit more sequences than others, it could also result in a 

geographical bias. Our time-scaled tree generated an estimated evolution rate of 
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3.05x10-3 for the near-complete genome, which is slightly lower than 3.8x10-3 in 2018 

(19), but higher than another estimate of 2.99x10-3 from 2017 (18). Some patient 

sequences (patients 1,4 and 12) appeared to have higher genetic diversity than average 

for the sampling date (Figure S3 and Table S7), suggesting a possible higher level of viral 

evolution within these patients.  

The generation of high-quality near-complete genomes potentially allows the 

investigation of inter- and intra-host relations of SNV (19, 41). As seen in the SARS-CoV-

2 pandemic, variants may explain changes in transmissibility and pathogenicity (42). 

We report a high level of variation within our study, particularly in the VP1 and 3C 

(transcribing the EV-D68-encoded protease) genes, however in this small cohort, any 

link between SNV and clinical outcome would not be statistically relevant. Moreover, 

coverage bias may have been introduced in our study with some samples generating a 

low volume of reads, while other samples obtaining sequencing depths higher than 

100,000x in some regions. This coverage bias was particularly prominent in regions with 

overlapping primer fragments (Figure S2). As a result, we applied a coverage cut-off of 

100,000x to reduce the chances of sequencing or PCR errors which could be called 

wrongly due to the sheer number of reads. Additionally, although continuous 

improvements in ONT error rate have been made over the recent years (43), the overall 

high error rate compared to Illumina sequencing could also be a limitation. Variants 

with the highest frequency (in 90% of patient sequences) were subsequently revealed to 

be highly conserved within the B3 and A2 subclades (>90% in our reference database). 

The high number of variants within the hypervariable VP1 gene could highlight the 

impact of immune pressure and its continual influence to shape this region (18, 44). 

Other studies have identified rapidly evolving neutralizing epitopes in the VP1 gene, 

particularly in the BC and DE loops, with higher amino acid substitution rates than the 

rest of the genome (15). With the emergence of new EV-D68 strains, given the high 

genetic diversity observed over time (Figure 2 and Figure 3), coupled with declining 

immunity (17), it could indicate a growing susceptible population. At the same time, the 

requirement of re-amplification in some sample fragments could increase the chances 

for PCR driven mutations (45).  

Finally, we show evidence of high levels of episodic positive diversifying selection events 

within the EV-D68 population and within our patient dataset scattered along the 

genome, particularly in the 3C and VP1 genes (referred to as “hotspot” regions) (46). As 

our patient samples are the most recently deposited (near-full) EV-D68 sequences, it 

could highlight the areas which are most likely being selected in the future. 

Interestingly, the 3C gene has a central role in inhibiting antiviral immunity (47). It has 

been speculated that the now dominant B3 subclade has arose from diversifying 
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selection and likely represents a newly emerging strain, as opposed to evolving from the 

B1 or B2 clades (15, 22). Given the strong selection pressure observed (in this case 

positive diversifying selection) of subclade B3, along with a potentially increasing naïve 

population, it could have driven its predominance since 2018. 

 

Conclusion  

We report an off-season EV-D68 upsurge likely caused by highly diverse subclades and 

associated with severe respiratory and neurological disease, particularly in children and 

immunocompromised adults. It could be that the positive episodic or diversifying 

selection, along with persistent yet undetected circulation may be driving EV-D68 

evolution, however at this point this is still a working hypothesis. Furthermore, high 

levels of non-synonymous mutations, particularly in the surface proteins, could suggest 

monitoring closely for potential challenges with routine Sanger sequencing. Applying 

WGS revealed a dynamic picture of EV-D68, highlighting evolutionary patterns. With 

the re-emergence of EV-D68 following the COVID-19 lockdown and poliovirus recently 

detected in non-epidemic countries, it is important to closely monitor this virus which 

may become a threat to public health. 
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Supplementary Materials  

Supplementary Materials and Methods 

Validation 

Initially, a 1/10 serial dilution of the EV-D68 culture was created using viral transport 

medium. The serial dilutions were isolated using the easyMAG (bioMérieux, Inc., Marcy 

l’Etoile, France) and eluted in 110µL. Lysis buffer served as a negative control. An EV-

D68 specific real time reverse transcriptase PCR (RT-qPCR) was performed to aid in 

selecting a representative Ct value (Ct 26) for the positive control. Near-full genome 

amplification was then performed as specified in the Materials and Methods section in 

the manuscript. Complementary DNA was run on the Agilent 2200 TapeStation system 
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to confirm the sizes of the fragments (average 1800bps). The rapid sequencing kit (SQK-

RAD004) (ONT) was selected for library generation and sequenced on a Flongle (FLO-

MIN106 R9.4.1) flow cell (ONT). Figure S1 illustrates the genome coverage pattern 

achieved for the positive control (Ct 26).  

Phylogenetic tree (Reference sequences) 

Virus Pathogen Resource (https://www.viprbrc.org/brc/home.spg?decorator=vipr) was 

used to download near-full length references for phylogenetic analysis using the 

following parameters: human origin, between >7,000 and <8,000 and collected 

between 1962 and 2019.  A total of 892 EV-D68 reference sequences were generated, 

along with the Fermon strain (accession number AY426531) (n=893). A total of 21 

sequences were subsequently removed following an initial alignment using MAFFT 

(v7.471), due to poor sequence quality (Table S7). This was similarly performed 

previously (Duchene et al. 2020). An additional 29 references were removed after a 

second alignment in the Nextstrain pipeline. The Nextstrain pipeline automatically 

removed sequences during tree refinement (n=12) and uploading to auspice (n=7) (Table 

S8). A total of 824 EV-D68 references were used in the phylogenetic tree and subsequent 

selection pressure analysis.   

Supplementary References  

Duchêne S, Lemey P, Stadler T, Ho SYW, Duchene DA, Dhanasekaran V, Baele G. 

Bayesian Evaluation of Temporal Signal in Measurably Evolving Populations. Mol Biol 

Evol. 2020 Nov 1;37(11):3363-3379 

Supplementary Tables  

Table S1. Trimming parameters 

Mapping to reference parameters Value 

Guppy v6.0.1 
Standard parameters and selection of discard middle and 
require two barcodes 

Table S2. Mapping to the EV-D68 reference using CLC Genomics Workbench v21.0.5 

Mapping to reference parameters Values 

Masking mode No masking 

Match score 1 

Mismatch cost 2 

Cost of insertions and deletions Linear gap cost 

Insertion cost 3 

Deletion cost 3 

Length fraction 0.7 

Similarity fraction 0.8 

Global alignment No 

Non-specific match handling Map randomly 

https://www.viprbrc.org/brc/home.spg?decorator=vipr
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Output mode Create stand-alone read mappings 

Create report Yes 

Collect unmapped reads No 

 
 
Table S3. EV-D68 Nextstrain Analysis using the augur pipeline v7.0.2 and TimeTree v0.8.1 

augur align –sequences --output 

augur tree –alignment –method iqtree –output --substitution-model 
GTR+G --nthreads 16 

augur refine –tree –alignment -metadata --output-tree –outputnode - 
data --timetree --coalescent 
skyline --covariance --precision 3 --date-confidence --date-inference 
marginal --gen-per-year 50 --branch-length-inference auto –clockfilter - 
iqd 4 --divergence-unit mutations --root AY426531_Fermon 

augur export v2 –tree –metadata --node-data -- 
output 

 
 
Table S4. Selection analysis using HYPHY v2.5.32 

Parameters Value 

Selection Analysis   MEME 

Genetic code Universal code 

Branches to select for analysis  Include all branches in the analysis 

P-value threshold Default (0.1) 

Perform parametric bootstrap resampling Default (50) 

Nucleotide substitution biases GTR 

Reduce zero-length branches Yes 

Perform branch length re-optimization under the full codon 
model 

Default (yes) 

 
 
Table S5. Single nucleotide variation using the Fixed Ploidy Variant Detection tool on CLC 
Genomics Workbench v21.0.5 
 

Fixed Ploidy Variant Detection Values 

Ploidy 1 

Required variant probability (%) 90 

Ignore positions with coverage above 100000 

Restrict calling to target regions  

Ignore broken pairs true 

Ignore non-specific matches Reads 

Minimum read length 20 

Minimum coverage 100 

Minimum count 90 

Minimum frequency (%) 90 

Base quality filter false 

Neighborhood radius 5 

Minimum central quality 20 

Minimum neighborhood quality 15 
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Read direction filter false 

Direction frequency (%) 5 

Relative read direction filter false 

Significance (%) 1 

Read position filter false 

Significance (%) 1 

Remove pyro-error variants false 

In homopolymer regions with minimum length 3 

With frequency below 0.8 

 
Table S6. Average read length using CLC Genomics Workbench v21.0.5 

Sample name Average read length 

EVD68_GR_01_22.11.19 533.78 

EVD68_GR_02_23.11.19 2,012.71 

EVD68_GR_03_23.11.19 713.44 

EVD68_GR_04_28.11.19 1,986.83 

EVD68_GR_05_02.12.19 1,220.10 

EVD68_GR_06_08.12.19 1,964.76 

EVD68_GR_07_09.12.19 1,969.33 

EVD68_GR_08_11.12.19 1,970.91 

EVD68_GR_09_14.12.19 1,958.64 

EVD68_GR_10_14.12.19 611.36 

EVD68_GR_11_17.12.19 1,978.86 

EVD68_GR_12_25.12.19 1,885.75 

EVD68_GR_13_13.01.20 1,252.64 

EVD68_GR_14_20.01.20 1,460.45 

EVD68_GR_15_21.01.20 369.21 

EVD68_GR_16_29.01.20 525.33 

EVD68_GR_17_19.02.20 624.46 

EVD68_GR_18_12.03.20 1,655.99 

EVD68_GR_19_13.03.20 1,683.92 

EVD68_GR_20_19.03.20 856.96 

 
Table S7. EV-D68 genetic divergence in off-season outbreak samples using TempEst v2.7.0 
 

Sample name*1 Date Distance Residual 
Regression 
line  

EVD68_GR_01_22.11.19 2019.057555 0.211451353 0.001686948 Above 

EVD68_GR_02_23.11.19 2019.060295 0.210464853 6.91E-04 Below 

EVD68_GR_03_23.11.19 2019.060295 0.207754783 -0.00201948 Below 

EVD68_GR_04_28.11.19 2019.073994 0.211845673 0.002022121 Above 

EVD68_GR_06_08.12.19 2019.019201 0.209611123 -1.53E-05 Below 

EVD68_GR_07_09.12.19 2019.021941 0.209137813 -4.98E-04 Below 

EVD68_GR_08_11.12.19 2019.02742 0.209309453 -3.47E-04 Below 
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EVD68_GR_09_14.12.19 2019.035639 0.209292013 -3.94E-04 Below 

EVD68_GR_10_14.12.19 2019.035639 0.209000363 -6.85E-04 Below 

EVD68_GR_11_17.12.19 2019.043858 0.209204093 -5.11E-04 Below 

EVD68_GR_12_25.12.19 2019.065776 0.218156203 0.008362218 Above 

EVD68_GR_13_13.01.20 2020.032789 0.211711133 -0.001562237 Below 

EVD68_GR_14_20.01.20 2020.051914 0.209684743 -0.003657442 Below 

EVD68_GR_15_21.01.20 2020.054647 0.210319973 -0.003032043 Below 

EVD68_GR_16_29.01.20 2020.076505 0.209043363 -0.0043873 Below 

EVD68_GR_17_19.02.20 2020.049184 0.209190503 -0.004141858 Below 

EVD68_GR_18_12.03.20 2020.03006 0.210008493 -0.00325506 Below 

EVD68_GR_19_13.03.20 2020.032793 0.210333013 -0.00294037 Below 

EVD68_GR_20_19.03.20 2020.049186 0.210241493 -0.003090875 Below 

*1 EV-D68 patients (n=19). The Nextstrain pipeline automatically removed problematic 

sequences during alignment, this included EVD68_GR_05_02.12.19. This alignment was used to 

generate the maximum likelihood tree without a molecular clock for TempEst v2.7.0.  

 
Table S8. Excluded reference sequences prior to phylogenetic analysis  
Removed after  
initial sequence 
alignment (MAFFT) 
due to poor quality 

Nextstrain pipeline (automatic removal)  

Total Removed after  
sequence 
alignment 

Removed after 
 tree refine 

Removed after  
uploading to 
auspice 

MF045413 MF045413 KU844179 MN240496  

MF045414 MF045414 KU844178 MH341730  

MF045415 MF045415 MN240508 MH341732  

MF045416 MF045416 MN240507 MH341734  

MF045417 MF045417 MN240498 MK419062  

MF045418 MF045418 KX433167 MK419066  

MF045419 MF045419 KX261825 MK419077  

MF045422 MF045422 KX255412   

KX351809 KX351809 KM892500   

KX351826 KX351826 KT725431   

KX433155 KX433155 KT803589   

KX433156 KX433156 MK419060   

KX433157 KX433157    

KX433160 KX433160    

KX433162 KX433162    

KX433163 KX433163    

KX789263 KX789263    

MH674118 MH674118    

MH674126 MH674126    

MN245445 MH674132    

KU242684 MN245445    

 MN935869    

 KU242684    

 MN240501    
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 MN240499    

 MN240510    

 KT285484    

 KY767820    

 MK419061    

21 29 12 7 69 

 

Table S9. Distribution of single nucleotide variants per nucleotide position per each off-

season patient sample (n=20) compared to the Fermon strain (GenBank accession 

number AY426531). Mutation including the gene, type and nucleotide(s) change are 

depicted in the excel document. Relevant clinical details, including clinical presentation, 

sample material, Ct value and subclade type are also shown. Abbreviations: nt; 

nucleotide, MNV; multiple nucleotide variation, SNV; single nucleotide variation, AFM; 

acute flaccid myelitis, CSF; cerebrospinal fluid, Ct; cycle threshold  

Table S10. Selection pressure on individual codon sites following a Mixed Effects Model 

of Evolution applied on Datamonkey (v1.6.0) (PP value <0.05). 

Condon site (Patients only)*1 Condon site (Patients and references)*2 

232 19 591 846 1708 

353 58 593 956 1721 

771 109 595 1044 1790 

948 143 607 1055 1797 

1433 194 613 1125 1852 

1606 220 649 1126 1856 

1625 283 669 1209 1869 

1657 377 700 1222 2068 

1899 405 709 1314 2187 

1965 419 746 1535  
 

523 771 1537  
 

524 788 1542  
 

551 818 1569  
 

553 819 1622  
 

584 841 1623  

*1 EV-D68 patients (n=19). The Nextstrain pipeline automatically removed problematic 

sequences during alignment, this included EVD68_GR_05_02.12.19. This alignment was used 

for selection analysis on HYPHY v2.5.32. *2 Reference genomes (n=824), along with EV-D68 

patients (n=19) 
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Supplementary Figures 

 

Figure S1. Genome coverage pattern achieved in the positive control (Ct 26)  

 

 

Figure S2. Example of genome coverage pattern in one of the clinical samples 
EVD68_GR_09_14.12.19 (Ct 19) 

 

 

Figure S3. EV-D68 genetic divergence. A root-to-tip regression analysis was generated using 

TempEST. The x-axis corresponds to the year of sampling and the y-axis corresponds to branch 

distances of the phylogenetic tree without a molecular clock (in units of substitution per site). 

Patient sequences are represented by red dots (n=19). The references are represented by black 

dots (n=824). Sequences above the regression line indicate higher divergence for the sampling 

date, whereas sequences below the regression line indicate less divergence for the sampling date. 

Table S7 provides an overview of patient root-to-tip regressions. While patient numbers 1, 4 and 

12 appear to be above the regression line, indicating higher divergence for the sampling date, 

the remaining patient sequences are below the regression line, indicating lower divergence for 

the sampling date (Table S7).  
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Figure S4. Time-scaled phylogenetic tree of EV-D68 clade A1 and A2 near-full genomes 

(zoomed in) by year. The red arrow highlights our EV-D68 clade A2 patient. The augur pipeline 

implemented in Nextstrain was run using the aligner MAFFT and the phylodynamic package 

TreeTime, followed by visualization using auspice. A coalescent skyline model with a strict 

molecular clock and rooted using the Fermon strain (AY426531). Enterovirus sequences are 

highlighted according to country.  

 

 

 

 

 

 

 

Figure S5. Time-scaled phylogenetic tree of EV-D68 clade B3 near-full genomes (zoomed in). 

The red arrows highlight our EV-D68 clade B3 patients. The augur pipeline implemented in 

Nextstrain was run using the aligner MAFFT and the phylodynamic package TreeTime, followed 

by visualization using auspice. A coalescent skyline model with a strict molecular clock and 

rooted using the Fermon strain (AY426531). Enterovirus sequences are highlighted according to 

country.  
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Figure S6. Bar graph depicting the percentage of SNV within the patients with respiratory (n=17) 

(in blue) and neurological (n=3) presentation (in green) with the corresponding region in the 

genome. Red boxes represent the regions which contain SNV from Clade A2.  For example, 65% 

of patients with a respiratory presentation had a SNV at genome region 783-784. 
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Summarising discussion and future perspectives 

Over the last decade, the landscape of viral diagnostics has changed significantly with 

the introduction of new rapid molecular approaches and innovative technologies for 

patient care (1,2). However, at the same time increasing global population and cross-

border movements have led to higher demands on health care systems, giving rise to 

upsurges and outbreaks of infectious pathogens (3). Viruses have long been intertwined 

with human evolution and will continue to do so, whether from human interaction, the 

environment or zoonotic origins and should therefore not be underestimated. As shown 

with the SARS-CoV-2 pandemic, and more recently with the emergence of monkey pox 

(May 2022) in previously non-endemic countries, clinical laboratories should be 

prepared for incidences of novel pathogens for rapid outbreak identification, 

characterisation and surveillance. The research performed in this thesis contributes to 

multiple fields within clinical virology, from public health awareness and evaluation of 

current and new technologies to revealing genomic and clinical data to the scientific 

community, with the aim of improving the molecular diagnostics of viral infections. 

 

Part 1: Improving viral diagnostics for patient care 

Communication is key  

Rapid sharing and communication between diagnostic and epidemiological data is 

essential to ensure the most appropriate plan of action for patient management and 

infection control (4,5). We live in a world where viruses (or other infectious agents) are 

not restricted by city boundaries or country borders and spread wherever and through 

whoever they can. Therefore, a multidisciplinary clinical network, consisting of 

clinicians, clinical microbiologists and public health specialists must utilize sharing 

platforms to inform and share infectious disease knowledge. In Chapter 2, we proposed 

a closer collaboration between stakeholders, with regional (likely smaller) laboratories 

acting as a focal point, and encouraged sharing of epidemiological, diagnostic and 

clinical data in real-time to create a positive feedback loop of information and help 

reveal the burden of disease. This wider communication network has also been explored 

previously (6). Programs such as ProMed, an open-source platform sharing emerging 

disease knowledge, and NCBI, housing large databases and bioinformatic resources, are 

freely available and used by a range of multidisciplinary experts globally. Accessibility 

for the scientific community is crucial, whether this includes being able to access 

genomic information to build comprehensive databases, or detailed clinical information 

to build appropriate case definitions, particularly in the event of unusual or rare clinical 

presentation. At the same time, major challenges still exist for data sharing and include 

lack of standardization, not only internationally but even nationally, with vast 
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differences in infrastructure and policies within public health institutes and testing 

facilities, along with funding, privacy and ownership problems (7). We also reported and 

raised awareness of the continued delay in the feedback of epidemiological data back to 

the diagnostic laboratories, which may cause difficulties for health care providers and 

microbiologists to anticipate potential prevention strategies, detect patterns and 

perform assay development.  

Over the recent years, open science has become increasingly more accepted, with the 

SARS-CoV-2 pandemic likely to have played a contributing role (5). Early sharing of 

SARS-CoV-2 genomic information, along with variants of concern allowed for rapid 

detection, surveillance and eventual vaccine research (7). Importantly, this was rendered 

possible through widespread support and mandates from key stakeholders (e.g., WHO, 

governmental and funding bodies, etc.) (7). Lessons learned from the SARS-CoV-2 

pandemic show that continued monitoring for infectious pathogens, known or 

unknown, and data sharing will contribute not only to the field of diagnostics, but also 

help the clinical outcome for the patient.   

The Clinical Conundrum  

Clinical testing is typically performed for the following three scenarios: (i) to answer a 

diagnostic question and reveal sample contents, (ii) to answer a therapeutic or patient 

management question and determine if any additional patient care/therapy needs to be 

introduced, and finally (iii) to answer a public health question and establish if pathogens 

need to be monitored or infection control measures need to be introduced. From 

performing rapid diagnostics (Chapters 3-4) to comprehensive and in-depth analysis 

(Chapters 5-6), a diagnostic test should answer a clinical question, with the intended 

use defined, and contribute to patient and/or public health.  

From benchtop to bedside  

In Chapters 3 and 4, we explored and examined the use of rapid syndromic point-of-

care (POC) panels in favour of traditional low-plex qPCR (Chapter 3). Syndromic POC 

testing has been increasingly integrated into routine diagnostics, offering simultaneous 

detection of up to twenty-four viruses and bacteria within a one-hour time-frame (8). 

The advantages of such a panel are clear, particularly for rapidly evolving clinical 

situations where time is of the essence. This could involve identifying or eliminating a 

possible causative agent, adapting a patient management plan or patient isolation (9,10), 

possibly even at the patient’s bedside, as shown by Monard et al. Another advantage of 

screening pathogens simultaneously is the wealth of epidemiological information that 

could be generated, providing baseline prevalence. At the same time, it is important to 

reflect and understand the factors that should be considered before favouring one 
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platform or approach over another, particularly when technologies are evolving at the 

current speed. This is true for any current or new technologies. A cost/benefit approach 

has been proposed previously, which takes into account the overall cost in relation to 

turnaround time (TAT) and can be used to determine cost effectiveness of implementing 

a syndromic test, the so called €hr concept (11).  

One challenge facing the implementation of syndromic testing is clinical relevance, with 

respect to some of the targets included in the panels (12). This is not a problem that can 

be solved overnight, however collecting and distributing information on the limit of 

detection, viral load distribution and associated clinical symptoms will help add valuable 

information for clinical relevance and provide baseline surveillance. With a lower 

throughput compared to qPCR, a recommendation would be to select certain patient 

populations which may benefit from a wider target selection (e.g., critically ill and/or 

transplant recipients) and apply qPCR for more large-scale screening during outbreak 

scenarios, which has been implemented previously (13-14).  

With the growing demand for faster results, along with increasing POC panels entering 

the market, it is important to communicate clinical performance and ensure the quality 

for patient care. In Chapter 4, we could reveal that the BioFire RP2.1 appeared to be the 

most appropriate POC panel for the detection of symptomatic SARS-CoV-2, along with 

other common respiratory pathogens, compared to the QIAstat-Dx RP2.0. The QIAstat-

Dx has had varied success in the literature, with some studies reporting very encouraging 

results (15,16) and other studies, like ours reporting acceptable results (17), highlighting 

the challenges of selecting the most appropriate platform. One of the reported 

advantages of the QIAstat-Dx is the additional reporting of Ct values, which could help 

towards estimating viral burden and association with disease – a highly debated topic in 

its own right (18). More studies are needed to explore this association further and will 

most likely have large impact on the field.   

We also identified vast differences in sensitivity between targets within a platform. 

Although these discrepancies have been observed previously (17) and are common 

within syndromic panels (owing to challenges in optimizing a high number of targets 

within a single PCR protocol), this is still a problem that needs to be addressed. It would 

have been unacceptable for the influenza A virus target to have a positive percent 

agreement (PPA) of 67%, this should not change for the rhinovirus/enterovirus target. 

In this respect, you could argue the quality and criteria of test sensitivity (and specificity) 

should be independent of the target (and clinical relevance). Studies have shown that 

enteroviruses and rhinoviruses have a high prevalence within respiratory samples from 

patients presenting with respiratory disease (19,20) -it was also the most frequently 

detected target in our study in Chapter 4. While these viruses are considered a low 
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public health risk (CE-IVD) (21) or typically present with self-limited disease, the high 

prevalence, coupled with our particular patient population (regional transplant center), 

adds additional relevance and suggests a need to update the panel.  

A place for mNGS in clinical diagnostics?  

In Chapters 5 and 6, we explored in-depth molecular testing through metagenomic 

next-generation sequencing (mNGS). While conventional molecular assays with specific 

pathogen targets are sufficient for the majority of patient cases, mNGS has the potential 

to surpass some of the limitations of current routine diagnostics methods (22,23). 

Although routine introduction is challenging, decreasing prices and increasing 

accessibility over the last ten years have played a role in their rising implementation 

(24).  

In Chapter 5, we explore the current applications, challenges and expectations of mNGS 

implementation into routine testing. At present and most likely in the near future, 

mNGS will be performed on a case-by-case basis, typically retrospectively, with careful 

consideration to determine the most appropriate laboratory approach (e.g., technology, 

platform, enrichment or depletion strategy) (23). The inherent characteristics of mNGS 

allows the detection of rare and unexpected pathogens (Chapters 9 and 10), variants of 

concern, exploration of infectious aetiologies (Chapters 10 and 12), enables viral 

discovery and improvement of current molecular diagnostic tests, for example primer 

refinement (23, 25, 26). At the same time, hurdles remain before mNGS can become 

fully integrated such as high costs, substantial TAT (including hands-on time), 

sensitivity/specificity concerns and finally the current lack of validation (including 

clinical utility studies) and standardization (Chapter 5) (23,27). A cost/benefit approach 

most likely will also be applied and led by the clinical situation. As suggested in Chapter 

5, patient histories and severity of illness will most likely play a role in mNGS selection. 

Future diagnostic algorithms could also add the addition of rare or unusual clinical 

presentation, not only in immunocompromised but also in immunocompetent patients 

influencing mNGS selection. Similarly to syndromic POC panels, causation remains a 

challenge – detection does not necessarily indicate infection. The availability of more 

complete references genomes and syndromic databases, according to specimen type and 

clinical presentation has been proposed previously and could also offer insights into 

causation and data interpretation (23,28). The benefits of interdisciplinary 

communication are additionally evident within mNGS, with clinical and public health 

specialists, along with clinicians working together to help determine the clinical 

relevance and selecting the most appropriate diagnostic workflow for a specific patient, 

from sample collection to result delivery (29).  
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Developing new genomic approaches to identify and characterise significant viruses 

both in humans and animals play a central role in the diagnosis and monitoring of 

infectious diseases and is a crucial part of the One Health Initiative (30,31). However, 

the broad nature of shotgun metagenomic approaches typically comes at the expense of 

sensitivity (23). An alternative approach could be the use of oligonucleotide capture 

probes, which specifically capture targeted viruses while simultaneously allowing for 

variation of viral nucleic acids to retain breadth of mNGS (32), as reported in Chapters 

6, 9 and 10. We applied and evaluated a target sequence capture (TSC) panel using 

Oxford Nanopore Technologies (ONT) in Chapter 6 in both challenging human 

(previously untypeable through Sanger sequencing) and animal (highly diverse) 

samples. With the possibility of onsite sequencing (in resource-limited settings) and 

real-time application of mobile ONT platforms, compared to illumina benchtop 

sequencers, will likely secure their place as a competitive alternative.  

In Chapter 6, limited sensitivity was observed in the fecal samples, presumably due to 

the high nucleic acid background, suggesting a Ct cut-off of 30. Interestingly, this is very 

much comparable to Sanger sequencing and indeed some qPCR tests. This does raise 

the question if we can or should continue to strive to detect viruses above Ct 30 in fecal 

(or respiratory) material. On the one hand, clinical relevance can be called into question, 

on the other hand it’s important to monitor viral load, partially in severe 

immunocompromised patients or in outbreak situations. Three years ago, a Ct 30 

coronavirus (for example CoV-OC43) in a patient with a mild respiratory presentation 

may not have flagged up much significance, however one year later a Ct 30 coronavirus 

(SARS-CoV-2) is now considered important. Furthermore, as high sensitivity is also 

beneficial for surveillance of sewage samples, further enrichment or depletion steps 

would be beneficial (such as centrifugation and ribosomal rRNA depletion) (33-36). 

 

Part 2: Exploration and characterisation of enterovirus 
infections 

In Chapters 7-12, we describe and apply several molecular techniques to explore 

enterovirus infections. Enteroviruses are ubiquitous within the community, most 

commonly in children (37). A strength of their continued survival is presumably to go 

unnoticed within the human population, as the majority of people will have non-

symptomatic or self-limiting infections (37,38). This may have led to an underestimation 

of their true burden. Similarly to other viruses (or infectious aetiologies), some 

enterovirus infections can present with severe morbidity or become involved in an 

outbreak, with the latter being increasingly observed (39-41). At the same time, this 

observation could be due to their increasing awareness over the last ten years, with 
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studies documenting their prevalence (42,43), clinical presentation (44,45) and 

genomic characterisation worldwide (46,47).  

The importance of respiratory viruses, such as enteroviruses may prove even more 

significant following the SARS-CoV-2 pandemic. Studies have shown the potential 

impact these viruses may have on quality of life (48-50). Strict lockdowns and behaviour 

changes, including better hygiene practices during the pandemic (specifically between 

2020 and 2021), has been reported to have led to an overall reduction in detection and 

transmission of non-SARS-CoV-2 respiratory viruses by studies worldwide (51,52). 

Interestingly, during this same period, studies have reported a reduction in asthma 

exacerbations (49), chronic obstructive pulmonary disease (50) and lung function 

decline in lung transplant recipients (typically lung capacity declines 4% per year) (48), 

suggesting viral infections may play a larger role in patient morbidity, quality of life and 

disease progression than previously thought.  

Collaboration is key  

In Chapter 7, we collaborated with ENPEN to establish a standardized workflow for 

enterovirus diagnostics and surveillance. At present, there is not an official European 

mandate or health organizational ownership for enterovirus surveillance, as a result the 

responsibility falls upon individual countries, laboratories or clinical networks (53). To 

provide a better estimation of enterovirus burden in Europe, a set of recommendations 

and gold standard approaches were presented, based on multi-disciplinary experts 

within the field (Chapter 7). The importance of data sharing and the exchange of ideas 

are paramount to exploring existing and emerging infections, as discussed previously in 

Chapter 2 (4, 54). In light of the SARS-CoV-2 pandemic, other networks similarly to 

ENPEN, will be important for ensuring the quality and reproducibility of our diagnostic 

data (now and in the future). Due to complexities in diagnostics (diverse clinical 

presentation and disease prognosis) and characterisation (significant genome variation 

and wide-spread geographical range), enteroviruses remain a challenge for clinicians, 

virologists and public health specialists (Chapters 8-12). 

The impact of an immunocompromised condition  

It has been well documented that immunocompromised patients, such as transplant 

recipients, represent a significant and growing patient population, with an increased risk 

of disease severity and management considerations (55,56). Surprisingly, information 

on enteroviruses within this population is limited, despite their high prevalence within 

the community (57). In Chapter 8, we begin to unravel this topic further by providing 

a more comprehensive overview, in terms of genotype distribution and clinical severity 

to the scientific community. While there has been some debate whether to type viruses 
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with no specific treatment options (58), characterisation is crucial for tracking trends in 

outbreak situations and linking to specific clinical presentation for more accurate 

diagnostics (5). Although enterovirus infections were not necessarily more severe in 

transplant patients, it appeared that some specific genotypes were more pathogenic or 

had a higher abundance than others (Chapter 8). A higher severity or abundance in 

specific patient populations is typically characteristic in enterovirus infections and has 

been observed previously, most commonly in infants and children (59,60). It’s equally 

important to understand how disease progression may differ in patients with a limited 

functioning immune system. For example, with SARS-CoV-2, the immune response can 

elicit two distinct phases (i) an initial viral response triggered by viral detection and (ii) 

an excessive inflammatory response which could induce tissue damage (61).    

The debate concerning enteroviruses as causative agents in gastrointestinal disease is 

equally interesting and challenging, partly due to the wide spectrum of pathogenic and 

non-pathogenic causes of gastrointestinal presentation (62,63), and partly due to the 

lack of specific causation studies. For example, if a clinician believes the clinical 

symptoms are consistent with rejection (64), rather than infection, a misdiagnosis could 

lead to an increase in immunotherapy and excessive immunosuppression. Rapidly 

identifying potential clinical manifestation patterns could help improve patient 

management, coupled with more studies investigating the impact of adjusting therapies 

such as antibiotic or rejection treatment (65).  

The problem of “untypeable” enteroviruses  

One of the major challenges in this thesis was the high prevalence of untypeable 

enteroviruses following Sanger sequencing. This problem has been increasingly 

observed within the literature (66,67,68). Reported reasons include (i) a low tolerance 

of mismatches in the primer sequences (ii) high levels of mutation or recombination in 

original primer binding, and (iii) possible false positives in qPCR (more research could 

be applied in this area). This thesis would like to raise awareness of this growing 

problem. 

Chapter 9 explores the surprisingly high relative frequency of coxsackievirus A22 

(CVA22) at the UMCG, initially reported in Chapter 8. By combining Sanger and 

Illumina sequencing, we were able to not only reveal previously untypeable 

enteroviruses, but also uncover the circulation pattern and characterisation of the first 

near-complete CVA22 genomes in Europe. Limited data in the literature exists on 

CVA22; firstly, likely due to historical dependence of cell culture (very difficult to grow 

CVA22) (69), secondly typically milder clinical presentation may have not warranted 

testing, and finally too many mismatches on primer binding sites leading to poorer 

detection. These factors may also be true for other enteroviruses. Interestingly one study 
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(70) does report an acute CVA22 infection prior to recent-onset type 1 diabetes, with a 

further study suggesting early phase of type 1 diabetes is associated with a low-grade 

infection by enteroviruses (71). While our study did not necessarily focus on CVA22 

infections in diabetic patients, this highlights we have only just begun to understand the 

possible significance of typically milder or rarely detected enteroviruses. Our study 

highlights the possibilities for severe morbidity from enterovirus gastroenteritis in a 

patient already suffering from underlying conditions, which is often not represented in 

the literature (Chapter 8 and 9). The additional testing, hospital admittance, 

medication and presumably stress to patients needs to be considered when discussing 

enterovirus burden. Surprisingly, the high prevalence of CVA22 in sewage samples 

reported from previous surveillance studies (72-75) does not seem to be reflected in 

diagnostic samples, suggesting CVA22 may only be detected or become a problem if the 

patient has underlying conditions and attains a gastrointestinal screen (not typically 

performed for the general population). This highlights the importance of molecular 

characterisation and surveillance in sewage samples, not only providing early warning 

but also contributing to our understanding of disease burden.   

Untypeable enteroviruses can also be challenging with respect to expenditure, time and 

loss of potentially important surveillance data (66,67,68). This can be deemed even 

more complicated with the presence of chronic infections with accompanying severe 

morbidity or mortality. In Chapter 10, we explored a fatal case of a chronic untypeable 

enterovirus infection over nine months using viral targeted sequence capture in 

combination with Oxford Nanopore Technologies. To the best of our knowledge, we 

were able to report the first complete EV-C104 genome in the Netherlands and a 

persistent EV-C104 infection in an immunocompromised patient. EV-C104 is a relatively 

rare genotype, it could be that other EV-C104 or indeed other genotypes are going 

undetected or unnoticed, along with associated severe clinical presentation, due to poor 

sequencing results. Interestingly, another case of EV-C104 presenting with severe 

respiratory disease was reported in Belgium only the year prior, suggesting there could 

be more cases (47). Retrospectively exploring infections over a particular period offer 

snapshots in time, revealing mutational patterns, and has been performed previously 

(76,77). For example, in the future we may be able to predict patient deterioration from 

specific mutations (in combination with clinical information) or predict potential 

problems in typing using current assays, allowing adaption to clinical workflows. Our 

work in Chapter 10 highlights the possibilities to complement and expand routine 

diagnostics, with our approach being applicable to other novel or rare viruses. Exploring 

the host expression at the same time as viral evolution could be an interesting future 

project and could offer additional insights into causation.  
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Enterovirus D68, the new polio? 

Enterovirus D68 heavily features in this thesis; appearing in reviews (Chapters 7 and 11) 

to research projects (Chapters 4, 6, 8 and 12) to reporting off-season upsurges (Chapter 

12). With its apparent change from a relatively rare virus (only 699 cases described 

between 1970 and 2005) with mild respiratory illness, to an emerging pathogen causing 

several outbreaks worldwide, with severe respiratory presentation and associated acute 

flaccid myelitis (AFM) (78,79). Although several enterovirus genotypes can cause AFM, 

in recent years EV-D68 has become the most frequently associated genotype with this 

clinical entity in Western Europe and North America. Moreover, these cases are 

occurring in countries where polioviruses are no longer in circulation and poliomyelitis 

has not occurred in decades. The apparent change in severity and seasonality has led to 

a significant boom in interest in EV-D68, along with a sharp rise in the number of articles 

(Chapter 11).  

EV-D68 has been reported to have a higher disease severity in children (80,81), with 

severe respiratory illness and subsequent association with AFM, as discussed in Chapter 

11. Indeed, several studies have reported neurological cases predominantly in children 

(<16 years) (45, 82). While this was similarly observed in our upsurge report in Chapter 

12, we did report EV-D68 neurological infections in adults in our enterovirus comparison 

in Chapter 8, highlighting a potential underreporting. Continued awareness of AFM 

amongst clinicians, incorporating comprehensive diagnostics and integrating EV-D68 

into accessible surveillance systems which promotes data sharing will be crucial to reveal 

the burden of disease and possible threats to public health. Just recently, a cluster of 

genetically linked ‘vaccine-derived’ poliovirus type 2 (VDPV2) from routine sewage 

surveillance has been reported in London (Public Health England June 2022), as well as 

a case of paralytic polio in an unvaccinated individual New York (Centers for Disease 

Control and Prevention July 2022). This reveals a stark picture of widespread, but silent 

circulation of poliovirus in previously non-endemic countries. The advantage of 

surveillance and early warning is clear in this case – we need to prepare and warn 

diagnostic laboratories, clinicians, hospital wards and even governmental bodies of what 

to consider and implement.  

Using a modified whole-genome sequencing (WGS) approach in Chapter 12, we were 

able to obtain near-complete EV-D68 genomes from patients admitted with severe 

respiratory and neurological illness during an off-season upsurge in the winter season of 

2019-2020. As approximately 20% of these samples were previously untypeable with 

routine Sanger sequencing, WGS was not only able to provide subclades for all EV-D68 

samples, but could also be used to explore phylogenetic analysis, viral evolution and 

variant calling. We could report a highly diversifying virus, with a high number of 
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variations, most commonly in regions associated with immune recognition. These 

patterns of hidden diversification in combination with significant underreporting of 

persistent circulation, even in low transmission years, most likely contributed to the off-

season upsurge, not just at the UMCG but throughout Europe (46). One of the reported 

challenges of EV-D68 surveillance is that it is most commonly detected in respiratory 

material and therefore community surveillance from sewage will not be as efficient- this 

could also be one of the reasons EV-D68 had limited detection prior to 2014. 

Nevertheless, reports of detecting EV-D68 in sewage by NGS has been observed and 

could offer additional insights (83), particularly with the SARS-CoV-2 measures lifting 

in the majority of the world, exposing a larger naive population than in previous years. 

 

Part 3: Future prospectives and concluding remarks  

It is clear that molecular techniques have revolutionized viral diagnostics, particularly 

over the last 10 years. The fact that it is now possible to rapidly detect and determine the 

probable cause of a clinical presentation while the patient is still in the waiting room 

(e.g., POC syndromic panels) has considerable implementations for patient 

management, given the overuse of unnecessary antibiotics and the expense of isolation 

rooms. With the introduction of NGS technology, molecular testing (e.g., ONT 

sequencing) can now be performed within a single day without prior knowledge of a 

patient’s clinical presentation. The selection of a molecular workflow depends on the 

clinical question, the infrastructure and the patient population – ultimately diagnostic 

stewardship must be applied (Chapter 1). Nevertheless, regardless of the era or 

complexities in approaches (both in the wet and dry-lab), molecular technologies face 

similar challenges prior to integration in diagnostic laboratories. 

The strive for integration 

Standardization and quality control are essential for reproducibility and reliability in 

routine clinical virology. From sample preparation to data analysis, standardization and 

quality control have and will always be paramount to ensure an accurate interpretation 

of results and ensure a robust workflow. From ensuring the most appropriate reference 

standards (e.g., QCMD) and controls to performing ring-trials (at an international level), 

diagnostic laboratories (both regionally and internationally) should aim to continually 

standardize workflows to (i) create baseline prevalence, (ii) compare upsurges in patient 

populations and (iii) compare results between diagnostic and public health 

institutes/reference laboratories. This must be a collaborative effort from all concerned 

stakeholders.  

Significant progress has been made to integrate NGS into (routine) virology diagnostics: 

from the introduction of quality control steps (84) and time-efficient wet lab protocols 
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(85,86) to the incorporation of automation (87), commercial pipelines and visualization 

pipelines (e.g., Nextstrain) (https://nextstrain.org/). Simultaneously, the continually 

increasing accuracy and low acquisition cost (along with real-time analysis) of ONT 

platforms have opened up NGS to the wider scientific community (88). With the SARS-

CoV-2 pandemic accelerating development, applicability and data sharing options, it is 

likely it will only fuel integration of NGS into routine diagnostics. The formation of 

regional NGS laboratories (or centers) could offer the best of both worlds (i) it would 

ensure more standardization within workflows and (ii) provide a collection point for 

samples/sequences and experts within the field, whilst maintaining communication 

with the other diagnostic laboratories in the region.      

Causation and clinical relevance have always been a challenge for medical and public 

health specialists. Whether we find one microorganism (using targeted single-plex PCR) 

or hundreds of microorganisms within a sample (using mNGS), we must be able to 

distinguish the causative agent (if any) within the clinical material from purely 

detection. Data sharing (both clinical and genomic information), along with 

interdisciplinary collaborations, consisting of clinicians, clinical scientists, 

epidemiologists and bioinformaticians will most likely play a large role in advancing this 

field forward. Clearer communication between the clinicians (along with more training 

of what is possible in terms of clinical testing) and diagnostic laboratories could ensure 

a more streamlined workflow in terms of what is expected and what can be done. 

Importance should be placed on implementing more complete (and curated) genomic 

infectious disease databases, with accompanying clinical information (such as gender, 

age, co-morbidities, clinical presentation, severity and clinical outcome etc.) to facilitate 

faster and more accurate clinical associations and subsequent case definitions during 

outbreak scenarios. mNGS could prove a powerful diagnostic tool in this area, 

generating a wealth of data for such databases, complementing traditional routine 

sequencing data. The intrinsic features of NGS approaches brings with it questions into 

the number of viral (or bacterial) reads, including cut-off values and association with 

disease. This is not a new question, as with qPCR, Ct values (heavily associated with 

pathogen load) has similarly been examined previously and have been watched very 

closely. The wide clinical presentation of enteroviruses renders it especially challenging 

to determine causation, particularly for gastrointestinal presentation, as discussed in 

Chapters 8 and 9.  

Outlook for enterovirus diagnostics  

In our routine sequencing, untypeable enteroviruses has been a growing problem and 

similarly observed in other laboratories (66,67,68). The current routine enterovirus 

workflow (consisting of POC syndromic panels or in-house qPCR screens, followed by 

https://nextstrain.org/
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RT-qPCR and Sanger sequencing), is an inexpensive, relatively quick and in the majority 

of time, sufficient for detection and genotyping. This will most likely remain the 

standard approach for the majority of laboratories (both in Europe and beyond), given 

the added expense, time, space and expertise required to implement additional 

approaches and technologies. At the same time, laboratories with the means to perform 

NGS (for the foreseeable future, likely academic hospitals and reference institutes) have 

the potential to not only add resolution and fill in gaps in our current knowledge of 

enterovirus infections (e.g., recombination events and evolution, as shown in Chapters 

9, 10 and 12), but also update traditional workflows by designing, developing and sharing 

new primers to improve targeting of the highly variable enterovirus genome. With 

studies indicating a potentially higher severity in co-enterovirus infections (89,99) (not 

picked up by traditional Sanger sequencing), NGS could be additionally applied to 

investigate in higher resolution. Given that the primers, by Nix and colleagues, are used 

by many laboratories (including our own) were published in 2006 (91), it may be time 

to update the primer sequences or targets. Furthermore, we may need to add more 

primers/probes to the current multiplex assay, firstly to potentially hinder cross reaction 

with rhinoviruses, and secondly to account for enteroviruses known to have specificity 

issues such as the “high C’s” (e.g., EV-C104). Continued awareness and development of 

molecular approaches for the diagnosis and surveillance of viruses capable of causing 

severe disease and morbidity are important for public health. This has been uniquely 

shown by the SARS-CoV-2 pandemic, with coronaviruses, typically only presenting with 

mild respiratory disease, causing a global health and economic burden. We can only 

uncover the next global pandemic by looking for it first. 

Final remarks  

At the end of the day, clinical professionals strive for fast, cheap and accurate tests, along 

with high-throughput capabilities for screening purposes during outbreak scenarios. 

This may not always be the case, especially at the beginning of development. However, 

for this reason, it’s important to continually develop and evaluate molecular testing for 

patient care. Syndromic POC panels emulate these desired traits from clinical 

professionals and will most likely dominate clinical laboratories and indeed emergency 

wards in the future. If syndromic POC panels were to increase their current sample 

throughput (which additionally offsets costs) and sensitivity (to compete more with 

qPCR), it would further drive their application within clinical diagnostic laboratories. 

With more emphasis being placed on “healthy aging”, possible future applications in 

viral diagnostics may involve “personalized” testing using precision metagenomics, with 

specific workflows (including the generation of syndromic-like panels or probes) 

tailored to particular patient groups, clinical presentation, sample types or pathogens. 
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For this to happen, clinicians would need to have a pivotal role, with additional training 

to understand what can be achieved and their limitations. 

With air, land and water travel becoming more accessible, coupled with global warming 

and rising conflicts leading to human mobility, even within the last decade, emerging 

viruses of pandemic potential are and will become more frequent. While we cannot 

necessarily prevent viruses to emerge, we can better prepare society and health care 

institutes by applying One Health surveillance, rising awareness amongst the general 

public and health care professionals and ensuring enough testing can be carried out 

(including individual test kits) in the event of upsurges in infections. At present it is 

unknown the full extent of the SARS-CoV-2 pandemic has had on the seasonality, 

evolution and transmission of previously circulating viruses within populations with 

now adapted behavioural changes, however, what is known is a greater awareness of the 

importance of testing and that a simple cough could mean much more than previously 

thought. 
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Summary 

With the brewing global threat of SARS-CoV-2 and recent emergence of monkey-pox 

virus, the need to monitor viral trends both inside and outside the hospital has been 

abundantly clarified in recent decades. Coincidentally, molecular virological methods 

have witnessed an unprecedented boost in this timeframe. While Sanger sequencing 

provides a cheap and sturdy backbone, the emergence of point-of-care panel hints at a 

future where dozens of viruses can be detected and quantified at the patient’s bedside. 

At the same time, next-generation sequencing approaches have the potential to 

sequence millions of nucleic acids fragments in parallel to screen all microbes and the 

host within an all-in-one assay. While this thesis focuses on the diagnostics of viral 

infections (Part 1), with a specific interest on enteroviruses (Part 2), the molecular 

applications and recommendations presented here are highly applicable to emerging 

infectious diseases. The impact of the SARS-CoV-2 pandemic will most likely play a 

significant role in how we view diagnostics, not only as healthcare scientists, but as a 

society -how prepared can we be? Do we know what we are looking for? Have we got 

enough test capacity?  

In Chapter 2, we explored the current relationship between diagnostic laboratories and 

public health agencies within Europe, in terms of stakeholders, data accessibility and 

intrinsic communication. With our prospective, we aimed to raise awareness for 

improved multidisciplinary collaboration and surveillance in real-time. Currently, 

generated diagnostic and epidemiological data is not reaching its full potential, due to 

delays in data sharing and the absence of clinical information, which is necessary to 

access the burden of disease and shape case definitions. Although largely at a national 

or regional level, several platforms and tools do exist to share epidemiological data and 

can be used as a blueprint for future programs. However, at present these platforms can 

be limited by the number of relevant pathogens or time delays. We proposed a more 

optimized system where diagnostic laboratories could act as the designated stakeholder 

to take the lead and act proactively within this network. This can include local initiatives, 

which share data with the other stakeholders, including reference and university 

laboratories, as well as public health institutes on a weekly or biweekly basis. Public 

health institutes, which can act as a focal point, should then ensure this data is available 

and accessible in real-time for relevant stakeholders, thus creating a feedback loop of 

information. Clear and coherent visualization of this data would be instrumental for 

preparedness and outbreak response, particularly for lesser-known but potentially 

clinically relevant pathogens.  

In Chapter 3, we examined the implications of incorporating syndromic point-of-care 

panels in routine diagnostics. We aimed to discuss some of the most important factors, 
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such as quality, turnaround time and the number of targets which should be considered 

prior to performing syndromic panels over traditional low-plex testing. While single and 

multiplex real-time PCR assays offer high specificity and sensitivity, the increasing 

demand for assessing a higher number of potential targets, coupled with pathogens 

typically presenting with similar presentations, have led to syndromic point-of-care 

panels being increasingly integrated into routine diagnostics. On the one hand, the 

generation of high volumes of diagnostic data can be used to access the background 

distribution in different patient populations. Additionally, the low time-to-result and 

hands-on-time enables rapid and optimized patient management decisions. On the 

other hand, the high number of targets can result in reduced test sensitivity and lead to 

challenges in clinical relevance. With a central role in routine diagnostics highly likely 

in the future, it is important to access and understand the suitability of syndromic panels 

to answer a clinical question and aid diagnostic stewardship.  

Respiratory infections represent a considerable source of morbidity and mortality in 

hospitals. Rapid diagnostics can not only provide optimal care for the patient, but can 

reduce the spread of infection and limit unnecessary antibiotics. In Chapter 4, we aimed 

to compare the clinical performance of the QIAstat-Dx RP2.0 and the BioFire RP2.1 for 

the detection of SARS-CoV-2, along with other common respiratory pathogens. Our 

results indicate that while the QIAstat-Dx RP2.0 and BioFire RP2.1 respiratory panels 

can be used to detect acute cases of SARS-CoV-2, the QIAstat-Dx RP2.0 has less 

analytical and clinical sensitivity compared to the BioFire RP2.1. Furthermore, the 

QIAstat-Dx RP2.0 had a variating rate of clinical sensitivity for a range of common 

respiratory targets, with a particularly poor sensitivity for the enterovirus/rhinovirus 

target (67%). Our study adds further information regarding two leading point-of-care 

tests currently circulating in the market and provides additional SARS-CoV-2 diagnostic 

data, which not only adds to our current literature on the virus, but could also help in 

future clinical utility studies. 

Conventional molecular assays are sensitive and generally effective, however, still rely 

heavily on a restricted panel of infectious targets. Metagenomic next-generation 

sequencing (mNGS) has the potential to detect all pathogens within a sample and could 

be used to complement or replace traditional routine molecular assays. In Chapter 5, 

we review the current literature and provide our insights on mNGS as a diagnostic tool 

by exploring the advances and challenges, along with its current applications. The 

intended application of mNGS must be clearly defined and most likely will be performed 

on a case-by-case basis, as highlighted in our proposed diagnostic algorithm. 

Additionally, careful consideration must be applied prior to selecting the most 

appropriate approach (e.g., shotgun, targeted enrichment, whole-genome sequencing), 
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as each have their own advantages and disadvantages. Finally, standardization of wet 

and dry lab procedures, along with more clinical utility and validation studies are key 

for mNGS to become more integrated into routine clinical microbiology.  

As discussed in Chapter 5, the broad-range nature of mNGS can lead to reduced 

sensitivity for the detection and characterization of viruses, particularly if there is a high 

level of background nucleic acids. In Chapter 6, we modified and evaluated a viral 

targeted sequence capture (TSC) panel (ViroCap) for Nanopore long-read sequencing 

directly from challenging human and animal samples. A shotgun metagenomics 

approach (no viral enrichment), along with a gold standard TSC on Illumina NextSeq 

were additionally performed for the comparison. Viral TSC increased the viral read 

count in both human and animal samples, generating high-quality near-full genomes. 

This included viruses which were unable to be typed using conventional Sanger 

sequencing, along with several viruses of public health importance directly from 

complex porcine samples. Although we observed some protocol limitations, we showed 

that TSC on the MinION is comparable with the Illumina NextSeq, and could provide a 

valuable alternative. Developing and evaluating new viral enrichment approaches 

applicable to both human and animal samples may prove crucial for the surveillance, 

detection and characterization of known and unknown viral infections, as part of the 

One Health initiative. 

Enteroviruses have a large spectrum of clinical presentation and severity, with over 100 

different genotypes, rendering an initial diagnosis challenging. This is made even more 

difficult with the apparent challenges in typing using conventional molecular testing, 

most likely due to their high level of variation within their genomes. In Chapters 7-12, 

we investigate enteroviruses in more detail to gain a better understanding of disease 

prognosis and molecular testing techniques in our regional university hospital.  

In Chapter 7, we collaborated with ENPEN (European non-polio enterovirus network), 

comprising of clinical specialists from public health institutions, national reference 

laboratories and academia to provide recommendations and raise awareness for 

enterovirus diagnostics. Currently, underreporting and missing clinical information 

most likely have impacted our estimation of the true burden of enterovirus infections in 

Europe. The addition of gold standard sample materials, along with standardization of 

molecular methods and gene targets are essential for successful surveillance.  

Despite the high prevalence of enteroviruses in the community and the increasing 

demand for transplants from an ageing population, knowledge on enteroviruses in solid 

organ transplant recipients is currently limited. In Chapter 8, we aimed to provide a 

more comprehensive overview of enterovirus infections to bridge some gaps in our 
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current knowledge. Additionally, we aimed to investigate the distribution of enterovirus 

genotypes, explore clinical presentation and determine potential differences in severity 

between solid organ transplant recipients and non-transplant recipients admitted to the 

UMCG. Enterovirus infections were not found to be necessarily more severe after 

transplantation, however patients were more likely to present with different clinical 

presentations and had genotypes rarely found in non-transplant recipients. Enterovirus 

group C was found to be significantly higher in transplant patients, with a higher 

number of gastroenteritis infections observed by clinicians. By identifying potential 

clinical manifestations patterns, we can help to improve patient management following 

an enterovirus infection. 

In Chapter 9, we investigated and explored coxsackievirus A22 (CVA22), a group C 

enterovirus which had a high relative frequency (26.7%) amongst the adult transplant 

population in Chapter 8. We provide genomic and frequency data on CVA22, a 

relatively understudied enterovirus, from a regional hospital perspective over an eight-

year period, with the aim of expanding the current literature in the field. Additionally 

using Illumina sequencing, we were able to generate the first near-complete CVA22 

sequences from Europe. CVA22 was detected sporadically throughout the year, 

increasing in the autumn and winter months. Interestingly, we identified a CVA22 

infection occurring over five years, with accompanying gastrointestinal presentation in 

a transplant recipient. Phylogenetic analysis indicated three possible reinfections, 

followed by a prolonged infection, highlighting the possibility of severe morbidity in an 

immunocompromised patient. 

In Chapter 10, we further demonstrate the potential of complementing routine 

diagnostics with NGS to add further resolution to a chronic infection in an 

immunocompromised patient. We applied our modified method from Chapter 6 to 

explore a fatal case of a prolonged enterovirus infection with an unsuccessful typing 

result from Sanger sequencing over nine months. Using targeted mNGS, we were able 

to obtain near-complete sequences of a rare enterovirus C104 (EV-C104), explore 

evolutionary changes and viral dynamics during a persistent infection and finally to 

potentially link EV-C104 to disease progression. The patient’s weakened immune system 

most likely contributed to viral diversification, with a negative selection pressure 

determined as the main evolutionary driver whereby new mutations were discarded. 

Crucially, we show the potential of a chronic infection from a relatively rare virus with 

only limited literature currently existing.  

Enterovirus D68 (EV-D68) has gained interest over the last 10 years, with large 

outbreaks of severe respiratory disease, and its association with acute flaccid myelitis. In 

Chapter 11, we review EV-D68 emergence and apparent change in pathogenicity since 
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its initial discovery in 1962. We aimed to raise awareness of this potentially severe virus 

and help increase our understanding of the current debate into causation with 

neurological disease. With its increased incidence and similar presentation to poliovirus, 

questions have been raised if EV-D68 could overtake poliovirus as the enterovirus to 

watch, particularly in North American and Europe. The more information that is 

gathered and shared translationally with all clinical disciplines on EV-D68, the more 

prepared we can be to determine the threat and impact it could have on society.   

As discussed in Chapter 11, EV-D68 has shown the potential for severe morbidity, with 

outbreaks predicted to typically occur biyearly in summer and autumn. In the winter 

season of 2019/2020, an off-season upsurge of EV-D68 with accompanying severe 

respiratory and neurological presentation was detected at the UMCG. In Chapter 12, we 

modified a whole-genome sequencing approach for Nanopore sequencing with the aim 

of obtaining near-complete genomes (including previous untypeable samples from 

Sanger sequencing) for phylogenetic and evolutionary analysis. Our findings of a B3 

subclade, along with a single detection of an A2 subclade were in-keeping with European 

reports, along with high hospitalizations rates, highlighting predominance and potential 

severity of the clades. Although we found a steady evolution rate, we could report a 

highly diverse virus, showing patterns of hidden diversification and circulation in off-

season years. We additionally identified high levels of positive episodic selection, along 

with single nucleotide variations at regions known for immune recognition. This study 

provides a unique example of combining syndromic testing and NGS to add further 

resolution and create a clearer picture of not only what is causing the infection, but 

possibly why this upsurge occurred.  

In this thesis, we evaluate, modify, discuss and apply recent backbone-conventional 

testing, along with cutting edge virological methods in both the wet and dry lab. We 

hope that the work in this thesis will contribute to the challenges and understanding of 

viral diagnostics and improvements in the surveillance of known, emerging and highly 

diverse viruses. 
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Samenvatting 

Met de opkomende wereldwijde dreiging van SARS-CoV-2 en de recente opkomst van 

het apenpokkenvirus is de noodzaak om virale trends binnen en buiten het ziekenhuis 

te volgen de afgelopen decennia overduidelijk geworden. Tegelijkertijd hebben 

moleculaire virologische methoden in deze periode een ongekende impuls gekregen. 

Terwijl Sanger-sequencing een goedkoop en stevig fundament biedt, wijst de opkomst 

van point-of-care panels op een toekomst waarin tientallen virussen aan het bed van de 

patiënt kunnen worden opgespoord en gekwantificeerd. Tegelijkertijd biedt next-

generation sequencing het potentieel om miljoenen nucleïnezuurfragmenten parallel te 

sequencen om alle microben en de gastheer te screenen in een alles-in-één-assay. 

Hoewel dit proefschrift gericht is op de diagnostiek van virale infecties (deel 1), met 

specifieke aandacht voor enterovirussen (deel 2), zijn de hier gepresenteerde 

moleculaire toepassingen en aanbevelingen in hoge mate toepasbaar op opkomende 

infectieziekten. De gevolgen van de SARS-CoV-2 pandemie zullen hoogstwaarschijnlijk 

een belangrijke rol spelen in hoe wij tegen diagnostiek aankijken, niet alleen als 

wetenschappers in de gezondheidszorg, maar ook als samenleving - hoe voorbereid 

kunnen wij zijn? Weten we wat we zoeken? Hebben we voldoende testcapaciteit?  

In hoofdstuk 2 onderzochten we de huidige relatie tussen diagnostische laboratoria en 

volksgezondheidsinstanties binnen Europa, met betrekking tot stakeholders, 

toegankelijkheid van gegevens en inhoudelijke communicatie. Met ons prospectief 

onderzoek beogen wij een betere multidisciplinaire samenwerking en surveillance in 

real time. Momenteel worden de gegenereerde diagnostische en epidemiologische 

gegevens niet ten volle benut door vertragingen bij het delen van gegevens en het 

ontbreken van klinische informatie die nodig is om toegang te krijgen tot de ziektelast 

en om gevalsdefinities vorm te geven. Hoewel dit grotendeels op nationaal of regionaal 

niveau gebeurt, bestaan er verscheidene platforms en instrumenten om 

epidemiologische gegevens uit te wisselen, die als blauwdruk voor toekomstige 

programma's kunnen dienen. Momenteel kunnen deze platforms echter worden beperkt 

door het aantal relevante ziekteverwekkers of door vertragingen. Wij hebben een meer 

geoptimaliseerd systeem voorgesteld waarbij diagnostische laboratoria als aangewezen 

belanghebbende het voortouw kunnen nemen en proactief kunnen optreden binnen dit 

netwerk. Dit kan lokale initiatieven omvatten, die wekelijks of tweewekelijks gegevens 

delen met de andere belanghebbenden, waaronder referentielaboratoria en universitaire 

laboratoria, alsmede volksgezondheidsinstituten. Volksgezondheidsinstituten, die als 

centraal punt kunnen fungeren, moeten er vervolgens voor zorgen dat deze gegevens in 

real time beschikbaar en toegankelijk zijn voor de belanghebbenden, zodat er een 

feedbackloop van informatie ontstaat. Een duidelijke en coherente visualisatie van deze 
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gegevens zou nuttig zijn voor de paraatheid en de reactie op een uitbraak, met name 

voor minder bekende maar potentieel klinisch relevante pathogenen.  

In hoofdstuk 3 onderzochten we de implicaties van de integratie van syndromic point-

of-care panels in de routinediagnostiek. We wilden enkele van de belangrijkste factoren 

bespreken, zoals kwaliteit, doorlooptijd en het aantal targets, die moeten worden 

overwogen voordat syndromic panels worden uitgevoerd in plaats van traditionele low-

plex tests. Hoewel single en multiplex real-time PCR assays een hoge specificiteit en 

gevoeligheid bieden, heeft de toenemende vraag naar de beoordeling van een groter 

aantal potentiële targets, in combinatie met pathogenen die zich typisch presenteren 

met vergelijkbare presentaties, ertoe geleid dat syndromic point-of-care panels steeds 

vaker worden geïntegreerd in routinediagnostiek. Enerzijds kan het genereren van grote 

hoeveelheden diagnostische gegevens worden gebruikt om toegang te krijgen tot de 

achtergrondverdeling in verschillende patiëntenpopulaties. Bovendien maakt de lage 

time-to-result en hands-on-tijd snelle en geoptimaliseerde beslissingen inzake 

patiëntenbeheer mogelijk. Anderzijds kan het grote aantal targets leiden tot een 

verminderde testgevoeligheid en uitdagingen op het gebied van klinische relevantie. 

Aangezien een centrale rol in de routinediagnostiek in de toekomst zeer waarschijnlijk 

is, is het belangrijk toegang te krijgen tot, en inzicht te krijgen in de geschiktheid van 

syndromale panels om een klinische vraag te beantwoorden en diagnostic stewardship 

te ondersteunen.  

Respiratoire infecties vormen een aanzienlijke bron van morbiditeit en mortaliteit in 

ziekenhuizen. Snelle diagnostiek kan niet alleen zorgen voor optimale zorg voor de 

patiënt, maar kan ook de verspreiding van infecties tegengaan en onnodig gebruik van 

antibiotica beperken. In hoofdstuk 4 vergeleken we de klinische prestaties van de 

QIAstat-Dx RP2.0 en de BioFire RP2.1 voor de detectie van SARS-CoV-2, samen met 

andere veel voorkomende respiratoire pathogenen. Onze resultaten geven aan dat, 

hoewel de QIAstat-Dx RP2.0 en BioFire RP2.1 respiratoire panels kunnen worden 

gebruikt om acute gevallen van SARS-CoV-2 op te sporen, de QIAstat-Dx RP2.0 minder 

analytische en klinische gevoeligheid heeft dan de BioFire RP2.1. Bovendien had de 

QIAstat-Dx RP2.0 een wisselende klinische gevoeligheid voor een reeks veel 

voorkomende respiratoire targets, met een bijzonder slechte gevoeligheid voor de 

enterovirus/rhinovirus target (67%). Onze studie voegt nadere informatie toe over twee 

toonaangevende point-of-care tests die momenteel op de markt zijn en levert 

aanvullende diagnostische gegevens over SARS-CoV-2, die niet alleen een aanvulling 

vormen op onze huidige literatuur over het virus, maar ook van nut kunnen zijn bij 

toekomstige studies naar klinische bruikbaarheid. 
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Conventionele moleculaire tests zijn gevoelig en over het algemeen doeltreffend, maar 

zijn nog steeds sterk afhankelijk van een beperkt panel van infectieuze doelwitten. 

Metagenomic next-generation sequencing (mNGS) heeft het potentieel om alle 

pathogenen in een monster te detecteren en zou kunnen worden gebruikt als aanvulling 

op of ter vervanging van traditionele routinematige moleculaire assays. In hoofdstuk 5 

bespreken we de huidige literatuur en geven we onze inzichten over mNGS als 

diagnostisch instrument door de vorderingen en uitdagingen te verkennen, samen met 

de huidige toepassingen. De beoogde toepassing van mNGS moet duidelijk worden 

gedefinieerd en zal waarschijnlijk per geval worden uitgevoerd, zoals wordt benadrukt 

in ons voorgestelde diagnostische algoritme. Bovendien moet zorgvuldig worden 

nagedacht over de meest geschikte aanpak per situatie (bv. shotgun, gerichte aanrijking, 

genoomsequencing), aangezien elk zijn eigen voor- en nadelen heeft. Ten slotte zijn 

standaardisatie van wet- en dry laboratoriumprocedures, samen met meer klinische 

bruikbaarheids- en validatiestudies, van essentieel belang voor een betere integratie van 

mNGS in de routinematige klinische microbiologie.  

Zoals besproken in hoofdstuk 5, kan het brede karakter van mNGS leiden tot een 

verminderde gevoeligheid voor de detectie en karakterisering van virussen, met name 

als er een hoog niveau van achtergrondnucleïnezuren is. In hoofdstuk 6 hebben we een 

virale gerichte sequentievastlegging (TSC) paneel (ViroCap) aangepast en geëvalueerd 

voor Nanopore long-read sequencing direct van uitdagende menselijke en dierlijke 

monsters. Een shotgun metagenomics aanpak (zonder virale aanrijking), samen met een 

gouden standaard TSC op Illumina NextSeq werden aanvullend uitgevoerd voor de 

vergelijking. Virale TSC verhoogde de virale leestelling in zowel menselijke als dierlijke 

monsters en genereerde hoogwaardige bijna volledige genomen. Dit omvatte virussen 

die niet konden worden getypeerd met behulp van conventionele Sanger-sequencing, 

samen met verschillende virussen van belang voor de volksgezondheid rechtstreeks uit 

complexe varkensmonsters. Hoewel we enkele protocolbeperkingen hebben 

geconstateerd, hebben we aangetoond dat TSC op de MinION vergelijkbaar is met de 

Illumina NextSeq, en een waardevol alternatief kan zijn. Het ontwikkelen en evalueren 

van nieuwe virale aanrijkingsmethoden die zowel op menselijke als dierlijke monsters 

toepasbaar zijn, kan van cruciaal belang blijken voor de surveillance, detectie en 

karakterisering van bekende en onbekende virale infecties, als onderdeel van het One 

Health-initiatief. 

Enterovirussen hebben een breed spectrum van klinische presentatie en ernst, met meer 

dan 100 verschillende genotypen, waardoor een eerste diagnose een uitdaging is. Dit 

wordt nog bemoeilijkt door de duidelijke problemen bij het typeren met conventionele 

moleculaire tests, waarschijnlijk door de grote variatie in het genoom. In de 
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hoofdstukken 7-12 onderzoeken we enterovirussen in meer detail om een beter inzicht 

te krijgen in de ziekteprognose en moleculaire testtechnieken in ons regionale 

academische ziekenhuis.  

In hoofdstuk 7 hebben we samengewerkt met ENPEN (European non-polio enterovirus 

network), bestaande uit klinische specialisten van volksgezondheidsinstellingen, 

nationale referentielaboratoria en de academische wereld, om aanbevelingen te doen en 

het bewustzijn voor enterovirusdiagnostiek te vergroten. Momenteel hebben 

onderrapportage en ontbrekende klinische informatie hoogstwaarschijnlijk onze 

schatting van de werkelijke last van enterovirusinfecties in Europa beïnvloed. De 

toevoeging van gouden standaardmonstermateriaal en de standaardisatie van 

moleculaire methoden en genentargets zijn essentieel voor een succesvolle surveillance.  

Ondanks de hoge prevalentie van enterovirussen in de gemeenschap en de toenemende 

vraag naar transplantaties van een vergrijzende bevolking, is de kennis over 

enterovirussen bij ontvangers van transplantaten van vaste organen momenteel beperkt. 

In hoofdstuk 8 wilden wij een uitgebreider overzicht geven van enterovirusinfecties om 

enkele gaten in onze huidige kennis te dichten. Daarnaast wilden we de verspreiding 

van enterovirusgenotypen onderzoeken, de klinische presentatie verkennen en 

mogelijke verschillen in ernst vaststellen tussen ontvangers van vaste-

orgaantransplantaten en niet-transplantatieontvangers die in het UMCG zijn 

opgenomen. Enterovirusinfecties bleken niet noodzakelijkerwijs ernstiger te zijn na 

transplantatie, maar patiënten presenteerden zich vaker met verschillende klinische 

presentaties en hadden genotypen die zelden werden aangetroffen bij niet-

transplantatieontvangers. Enterovirusgroep C bleek significant vaker voor te komen bij 

transplantatiepatiënten, met een hoger aantal gastro-enteritisinfecties door clinici 

waargenomen. Door potentiële patronen van klinische manifestaties te identificeren, 

kunnen we helpen de behandeling van patiënten na een enterovirusinfectie te 

verbeteren. 

In hoofdstuk 9 hebben wij coxsackievirus A22 (CVA22) onderzocht en bestudeerd, een 

enterovirus van groep C dat in hoofdstuk 8 een hoge prevalentie (26,7%) had onder de 

volwassen transplantatiepopulatie. Wij verstrekken genomische en frequentiegegevens 

over CVA22, een relatief weinig bestudeerd enterovirus, vanuit een regionaal 

ziekenhuisperspectief over een periode van acht jaar, met als doel de huidige literatuur 

op dit gebied uit te breiden. Met behulp van Illumina sequencing konden we bovendien 

de eerste bijna volledige CVA22 sequenties uit Europa genereren. CVA22 werd het hele 

jaar door sporadisch gedetecteerd, met een toename in de herfst- en wintermaanden. 

Interessant is dat we een CVA22 infectie identificeerden die zich gedurende vijf jaar 

voordeed, met bijbehorende gastro-intestinale presentatie in een transplantatie 
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ontvanger. Fylogenetische analyse wees op drie mogelijke herinfecties, gevolgd door een 

langdurige infectie, wat de mogelijkheid van ernstige morbiditeit bij een 

immuungecompromitteerde patiënt benadrukt. 

In hoofdstuk 10 tonen wij de mogelijkheden aan van aanvulling van routinediagnostiek 

met NGS om een chronische infectie bij een immuungecompromitteerde patiënt verder 

op te lossen. We hebben onze gewijzigde methode uit hoofdstuk 6 toegepast om een 

fataal geval te onderzoeken van een langdurige enterovirusinfectie met een mislukt 

typeringsresultaat van Sanger-sequencing gedurende negen maanden. Met behulp van 

gerichte mNGS konden we bijna volledige sequenties van een zeldzaam enterovirus 

C104 (EV-C104) verkrijgen, evolutionaire veranderingen en virale dynamiek tijdens een 

aanhoudende infectie onderzoeken en ten slotte EV-C104 mogelijk in verband brengen 

met ziekteprogressie. Het verzwakte immuunsysteem van de patiënt droeg 

hoogstwaarschijnlijk bij tot de virale diversificatie, met een negatieve selectiedruk als 

belangrijkste evolutionaire drijfveer waarbij nieuwe mutaties werden verworpen. 

Cruciaal is dat we het potentieel aantonen van een chronische infectie vanuit een relatief 

zeldzaam virus waarover momenteel slechts beperkte literatuur bestaat.  

Enterovirus D68 (EV-D68) heeft de laatste 10 jaar aan belangstelling gewonnen, met 

grote uitbraken van ernstige ademhalingsziekte, en de associatie met acute flaccid 

myelitis. In hoofdstuk 11 bespreken we de opkomst van EV-D68 en de duidelijke 

verandering in pathogeniteit sinds de ontdekking ervan in 1962. We wilden de aandacht 

vestigen op dit potentieel ernstige virus en bijdragen tot een beter begrip van het huidige 

debat over het oorzakelijk verband met neurologische aandoeningen. Met zijn 

toegenomen incidentie en vergelijkbare presentatie als het poliovirus is de vraag gerezen 

of EV-D68 het poliovirus zou kunnen inhalen als het enterovirus dat in de gaten moet 

worden gehouden, met name in Noord-Amerika en Europa. Hoe meer informatie over 

EV-D68 wordt verzameld en gedeeld met alle klinische disciplines, hoe beter we 

voorbereid kunnen zijn om de dreiging en de gevolgen ervan voor de samenleving te 

bepalen.   

Zoals besproken in hoofdstuk 11, heeft EV-D68 het potentieel voor ernstige morbiditeit 

aangetoond, met uitbraken die volgens de voorspellingen tweejaarlijks voorkomen in de 

zomer en de herfst. In het winterseizoen van 2019/2020 werd in het UMCG een opleving 

van EV-D68 buiten het seizoen met bijbehorende ernstige respiratoire en neurologische 

symptomen vastgesteld. In hoofdstuk 12 hebben we een whole-genome sequencing 

aanpak aangepast voor Nanopore sequencing met als doel het verkrijgen van bijna 

volledige genomen (inclusief eerdere ongetypeerde monsters van Sanger sequencing) 

voor fylogenetische en evolutionaire analyse. Onze bevindingen van een B3 subclade, 

samen met een enkele detectie van een A2 subclade waren in overeenstemming met 
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Europese rapporten, samen met hoge hospitalisatiecijfers, die de predominantie en 

potentiële ernst van de clades benadrukken. Hoewel we een gestage evolutie aantroffen, 

konden we een zeer divers virus rapporteren, dat patronen van verborgen diversificatie 

en circulatie vertoonde in jaren buiten het seizoen. Bovendien identificeerden wij hoge 

niveaus van positieve episodische selectie, samen met enkele nucleotidevariaties in 

gebieden die bekend staan om hun immunoherkenning. Deze studie biedt een uniek 

voorbeeld van het combineren van syndromale testen en NGS om verdere resolutie toe 

te voegen en een duidelijker beeld te creëren van niet alleen wat de infectie veroorzaakt, 

maar mogelijk ook waarom deze opleving plaatsvond.  

In dit proefschrift evalueren, wijzigen, bespreken en passen we recente backbone-

conventionele testen toe, samen met geavanceerde virologische methoden in zowel het 

wet als het dry lab. Wij hopen dat het werk in dit proefschrift zal bijdragen aan de 

uitdagingen en het begrip van virale diagnostiek en verbeteringen in de surveillance van 

bekende, opkomende en zeer diverse virussen. 
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List of Abbreviations 

AFM   Acute Flaccid Myelitis 

AID   Antimicrobial, infection prevention and diagnostic 

CDC    Centers for Disease Control and Prevention 

CLC   CLC Genomics Workbench 

CSF   Cerebrospinal fluid 

Ct   Cycle threshold 

CVA22  Coxsackievirus A22 

ECDC   European Centre for Disease Prevention and Control 

EV   Enterovirus 

EV-C104  Enterovirus C104 

EV-D68  Enterovirus D68  

GI   Gastrointestinal 

ICU   Intensive Care Unit  

LDT   Laboratory developed test 

LOD   Limit of detection  

LOS   Length of stay 

LRS    Long-read sequencing  

mNGS  Metagenomic next-generation sequencing 

NGS    Next-generation sequencing 

NL   Netherlands  

ONT    Oxford Nanopore Technologies  

POC   Point-of-care 

qPCR   Real-time polymerase chain reaction 

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2 

SISPA   Sequence-Independent, Single-Primer-Amplification  

SMg    Shotgun metagenomic sequencing  

SNV   Single nucleotide variation 

SRS    Short-read sequencing  

TAT   Turnaround time 

TSC    Targeted sequence capture 

UMCG  University Medical Center Groningen 

VP1   Viral protein 1 

WGS    Whole-genome sequencing  
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