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ABSTRACT

Adventitious virus testing assures product safety by demonstrating the absence of viruses that may have been unintentionally introduced during the manufacturing process.  The capabilities of next-generation sequencing (NGS) for broad virus detection in biologics have been demonstrated by the detection of known and novel viruses that were previously missed using the recommended routine assays for adventitious agent testing. A meeting was co-organized by the National Institute of Standards and Technology and the U.S. Food and Drug Administration on September 18-19, 2019 in Gaithersburg, Maryland, USA, to facilitate standardization of NGS technologies for applications of adventitious virus testing in biologics. The goal was to assess the currently used standards for virus detection by NGS and their public availability, and to identify additional needs for different types of reference materials and standards (natural and synthetic). The meeting focused on the NGS processes from sample preparation through sequencing but did not thoroughly cover bioinformatics, since this was considered to be the topic of a separate meeting. 
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1. Introduction 
NGS is a broad virus detection technology with demonstrated capabilities for detection of known and novel viruses. This was shown by the detection of porcine circovirus type 1 in a licensed rotavirus vaccine [1] and the discovery of a novel rhabdovirus in the insect Sf9 cells, which are generally used for baculovirus-expressed products [2]. Adventitious viruses may be unintentionally introduced during biomanufacturing from the host species, the use of non-qualified materials in the development of cell banks and viral seeds, the use of animal-derived raw materials (such as serum and trypsin), or environmental exposure (such as equipment, handling, and personnel). NGS offers the potential for replacing, supplementing, or complementing some of the currently recommended tests for adventitious viruses, which may be time-consuming or insufficient for detecting unexpected and unknown viruses. Additionally, the reduction in use of animals for in vivo testing will meet the 3Rs global objectives for more ethical use of animals by replacing, reducing, and refining animal use [3], which are already implemented in some countries. 
     This workshop discussed the development of different types of standards for supporting standardization of NGS for detection of adventitious viruses in biologics (including viral vaccines, gene therapies, and biotherapeutics) [4]. The workshop covered all aspects of the “wet lab” sequencing process from upstream sample processing, nucleic acid extraction, cDNA synthesis, library preparation, and sequencing.  Bioinformatics analysis of the sequence data generated using NGS was not covered by this workshop.  The meeting was attended by 79 participants and included representation from regulatory and other government agencies from the U.S. and U.K., industry including vaccines, biotherapeutics, and gene therapy, technology developers and providers, and academia. 
     This report presents the highlights of the talks and discussions held in the meeting. Details are available in the slides at: https://www.nist.gov/news-events/events/2019/09/workshop-standards-ngs-detection-viral-adventitious-agents-biologics-and.
Dr. Michael Tarlov (NIST) opened the meeting with welcoming remarks highlighting NIST’s history of collaborating with FDA on standards development. He also thanked Drs. Arifa Khan (CBER/FDA) and Megan Cleveland (NIST) for timeliness of co-organizing the meeting to address the current gaps for standards and reference materials for standardization of NGS. 

2. Perspectives on Standardization

      Dr. Arifa Khan (CBER, FDA) gave a brief introduction to provide the framework for the workshop and outlined the goals of the workshop:  to discuss currently used viral standards, to identify publicly available standards and current gaps, and to develop a priority list of types of NGS standards based on potential applications. She then presented “Regulatory Expectations for New Analytics: Considerations for NGS Standardization for Adventitious Virus Detection”.  Dr. Khan’s talk outlined the currently recommended in vivo and in vitro tests for infectious adventitious viruses, which are detailed in the 2010 FDA “Guidance for Industry: Characterization and Qualification of Cell Substrates and Other Biological Starting Materials Used in the Production of Viral Vaccines for the Prevention and Treatment of Infectious Diseases” [5].  She presented cases where NGS detected viruses that were “missed” by the current routine testing methods [1, 2] and noted the potential for NGS to replace or supplement some of these methods, she described the current practices for introducing new assays for qualification of biological materials and discussed the challenges for NGS standardization and current efforts to address the them. Dr. Khan described the establishment of the Advanced Virus Detection Technologies Interest Group (AVDTIG), sponsored by the Parental Drug Association, which provides an international scientific forum for collaborations and discussions to address the challenges of NGS applications in biologics [6]. She noted that AVDTIG has several subgroups, one of which is focused on standards for NGS. This subgroup has had ongoing discussions since 2014 on types of standards for different process steps during the NGS workflow such as whole virus, infected cells, and viral nucleic acids (natural or synthetic).  
     Dr. Khan provided examples of some of the new or improved assays that have been introduced for adventitious virus testing and further highlighted that the use of alternative approaches is indicated in U.S. FDA 2010 Guidance for [5]. Additionally, use of broad nucleic acid-based virus detection assays has been included in the updated documents on cell substrates and extraneous agent testing by the World Health Organization and European Pharmacopeia [7, 8]. It was further emphasized that a panel of representative, well-characterized model viruses should be used for standardization. Dr. Khan indicated her group’s efforts on development of well-characterized virus stocks for evaluation and standardization of NGS platforms, which was presented by Dr. Chin in session 2. She highlighted the importance of public availability and resource sharing. She concluded her talk by outlining the considerations for assay validation with reference to the ICH Q2(R1) [9].
     Dr. Megan Cleveland (NIST, USA) gave a brief overview of NIST and highlighted how the workshop fit into the NIST strategic priority area of the bio-economy. She then talked about the role of standards, which help to develop accurate methods of analysis. Dr. Cleveland defined the term “reference material” which is a generic term and describes a material which is sufficiently homogeneous and stable with respect to one or more properties and has been established to be fit for its intended use in a measurement process [10]. She explained that NIST reference materials are meant to be higher order standards, not intended for daily use, but instead to be used for calibration of working standards. Dr. Cleveland explained the difference between NIST Standard Reference Materials (SRMs) and Reference Materials (RMs) – both are stable and homogeneous but an SRM has at least one certified value along with a complete uncertainty analysis for that value.
     Dr. Cleveland described the process of producing a NIST SRM; material acquisition often causes a significant delay in the production of a NIST reference material. There are three main avenues for material acquisition – the material can be donated to NIST, NIST can purchase the material from a commercial source (if the commercial source will allow the material to be re-sold by NIST) or the material can be made at NIST. She then reviewed the current NIST viral reference materials: Cytomegalovirus (CMV, SRM 2366a) and BK Virus (BKV, SRM 2365). These materials were certified for copy number concentration using digital PCR (dPCR) and intended to be used for the calibration of standards for qPCR. CMV was certified with both chamber digital PCR (cdPCR) and droplet digital PCR (ddPCR), while BKV was certified with only ddPCR.  In both cases, multiple assays were designed to cover different regions of the genome and homogeneity and stability testing were performed. 
     Dr. Cleveland also mentioned a new class of materials that NIST is implementing, referred to as “Research Grade Materials” – these materials are homogenous and sufficiently stable for interlaboratory studies and could be useful in benchmarking measurements in rapidly emerging fields, so that stakeholders can begin to sort out measurement comparability problems. Research grade materials would be intended for the learning phase, whereas SRMs and RMs are meant for the regulatory phase.
     Dr. Jim Huggett (UK National Measurement Laboratory) presented “Digital PCR as a Reference Measurement Procedure for Viral Detection and Quantification”. He explained that dPCR uses the same components as a qPCR reaction, but the sample is partitioned into tens of thousands of smaller reactions, termed partitions. He stated that dPCR offers absolute quantification by using a sample concentration at limiting dilution across the partitions. The partitions containing positive reactions are counted as a proportion of the total number and Poisson distribution applied to account for the partitions that contain multiple copies of the target template. Dr. Huggett stated that dPCR does not require a standard curve, has reduced susceptibility to inhibitors, has high sensitivity when measuring rare variants and can give high confidence low level measurements. He also explained that dPCR is a form of PCR, so only known targets can be detected and primers and probes must be designed specifically for the target of interest. 
     Dr. Huggett gave supporting evidence for dPCR as a reference measurement procedure. He explained metrological traceability, primary and secondary reference materials and reference methods (ISO17511: 2003) Dr. Huggett reviewed several publications which showed that dPCR was highly reproducible between labs and across different platforms [11-14].  Dr. Huggett also described how dPCR revealed instability of the 8E5 HIV calibration standards, which could cause inaccuracy in quantification of HIV DNA [15]. Dr. Huggett concluded by stating the dPCR has been demonstrated to offer SI-traceable quantitative measurement (traceable to the unit 1) with unprecedented reproducibility.
     Dr. Javier Martin (NIBSC) presented “Standardization of next generation sequencing methods for quality control of live-attenuated vaccines”. He described the development of NGS methods for the molecular characterization of live-attenuated vaccines. NGS was assessed as an alternative to the current molecular Mutation Analysis by PCR and Restriction Enzyme Cleavage (MAPREC) assay for the quality control and lot release of live-attenuated oral poliovirus vaccine (OPV). The MAPREC test measures the reversion of the main OPV attenuating mutations located in the 5’ non-coding region of the poliovirus genome. Eleven type 3 OPV samples were analysed by eight laboratories in a collaborative study using their in-house NGS method. Intra-assay, intra-laboratory and inter-laboratory variability of NGS estimates across samples and laboratories were very low leading to excellent agreement between laboratories. A high correlation between NGS and MAPREC results was observed in all laboratories, with an overall Pearson correlation coefficient of r=0.996. The high consistency of NGS data and remarkable agreement between laboratories demonstrated that NGS analysis can be used as an alternative test to MAPREC and can also be developed as a high-resolution test providing whole-genome outlines that can be used to analyze OPV production consistency eventually eliminating the need for tests in animals [16]. Dr. Martin concluded that this type of NGS test would be very beneficial for the quality assessment of next generation polio vaccines and could also be adapted for other live-attenuated viral vaccines.    
     Dr. Martin also presented on behalf of Dr. Edward Mee (NIBSC) on the development of reference material that may be suitable for NGS performance evaluation, which consisted of mixture of 25 different human virus types, including DNA, RNA, enveloped and non-enveloped, at different concentrations, which were sent to 15 laboratories.  The laboratories used a variety of different detection methods. For this first generation of reference material, most of the methods detected 20 of the 25 viruses [17]. There were several limitations to the study: no ssDNA virus was included; there was no titration/limited quantification data; it was not suitable for the definition of LOD; matrix effects were not investigated; and the results for detection were limited to the set of viruses provided. A second generation of reference material is being prepared with a 7-virus panel, with representation from different virus structures. The material will be high-titer with defined background and will be lyophilized for easy distribution. Additionally, the material will be BSL-2 and the viruses will be distinct from vaccine viruses, where possible. 
     Dr. David Ussery (University of Arkansas for Medical Sciences) presented “Building Standardized Dendrograms for Viruses”.  First, he presented the current problems with using genomic sequences to identify viruses.  One problem is standardized nomenclature. Another major challenge is that disruptive changes in sequencing technologies have resulted in an explosion of viral genome sequences.  Many of these sequences represent potentially novel, uncharacterized viruses. Dr. Ussery stated that standardization is difficult against a background of rapidly growing sequences, with little or no annotation, and no clear matches to known viruses.  Next-generation (or 'second generation' sequencing, such as Illumina technology) yields relatively short reads of around 200 nucleotides in length, much smaller than a viral genome, and obtaining a complete viral sequence from a metagenomic mixture can be challenging.   Dr. Ussery noted that out of eight different databases on the NCBI web pages, the number of viral genome sequences available range wildly, from a bit less than ten thousand genomes to almost five million genomes.  
      In his presentation, Dr. Ussery described his group’s efforts on using long-read third-generation sequencing to obtain full-length viral genomes, from both DNA and RNA viruses.  They identified all the genomes in a mixture of RNA viruses within a few minutes, and in less than 2 hours obtained full length viral RNA sequences from all six genomes [18].  By utilizing a set of about six thousand reference genomes [from NCBI’s RefSeq], each representative of a known viral family, they built a dendrogram of all viral families in RefSeq [19].  They could reproducibly place novel viral genomes close to their nearest neighbors. The talk concluded that standardization is possible, but one must start with a well-curated and known set of reference genomes, and build from what is known, to infer possible nearest-neighbors for unknown viral genome sequences.

3. Current Viral Reference Materials

      Dr. Pei-Ju Chin (CBER, FDA) presented “Characterization of Reference Viral Stocks for NGS standardization” that were prepared by Arifa Khan’s laboratory through a contract with ATCC.   He first described a collaborative spiking study that was initiated as a part of the AVDTIG and involved FDA, GalaxoSmithKline (GSK), and Sanofi Pasteur.  Each used 4-5 purified viruses purchased from a commercial source to evaluate the breadth and sensitivity of virus detection with different NGS platforms. The details are described in the published study [20] and the datasets are available in NCBI.  The results of this study provided the basis for the large-scale development of 5 well-characterized stocks by the Khan lab in discussions with AVDTIG [6]. The virus stocks included viruses that were distinct based on physicochemical properties and represented some of the families of potential safety concern in biologics. They represented viruses in a range of sizes (16 nm - 300 nm), sensitivities to chemical treatment (enveloped and nonenveloped), and genome types (single-strand, double-strand, linear, circular, segmented, non-segmented) to evaluate the extraction efficiency in the sample preparation, which is critical for influencing the outcome of NGS detection. Dr. Chin described the characterization of the stocks which included determination of infectious titer, particle number, genome copy number, and residual host nucleic acid characterization by NGS.  Additionally, he described further analysis of the NGS data for characterizing the viral genomes and his efforts on developing ddPCR assays for each of the viruses. These virus stocks have been distributed for current studies in the ADVTIG to evaluate NGS for broad virus detection. They are available publicly for evaluation of NGS platforms for standardization through the FDA.
[bookmark: _Hlk26861718][bookmark: _GoBack]     Dr. Heather Couch (ATCC) presented “Exploring the Human Virome”. ATCC has developed whole virus and nucleic acid virome standards in the form of mock communities prepared from diverse RNA and DNA virus families including: Orthomyxoviridae, Flaviviridae, Paramyxoviridae, Reoviridae, Adenoviridae and Herpesviridae. The mock community, created in vitro, simulates a microbiome sample made up of a defined mixture of nucleic acids. These families were chosen as representatives of important human pathogens with varied nucleic acid type, genomic organization, envelope properties and genome sizes. The whole virus virome standard was created from the six chosen viruses grown as individual cultures. Each culture was quantified by ddPCR and mixed in equal proportions based on the genome copy number after a single extraction method. For the nucleic acid virome standard, each virus was extracted with an optimized method, quantified by ddPCR and then equal proportions were pooled based on the genome copy number. Quality control testing of the viral and nucleic acid mock communities showed that all six viruses could be detected with ddPCR and shotgun sequencing. To evaluate viral read recovery and individual viral family abundance, independent DNA and RNA libraries were prepared and sequenced on the MiSeq (Illumina) sequencing platform. All viruses were detected with a depth of coverage of >5000x. In collaboration with Diversigen, ATCC found that the nucleic acid standard gave more even genome coverage of each virus, compared to the whole virus standard, likely due to the limitations of using a single extraction method in the whole virus standard. 
     The virome standards can be used by researchers to optimize their sequencing and bioinformatics methods to recover sequences from diverse viral families. Differences are expected due to the diversity of genome organization and size, nucleic acid extraction methods, background host sequence content and library preparation biases; standards are needed to understand the results. The whole virus virome standard (MSA-2008) and the extracted nucleic acid virome standard (MSA-1008) are available from ATCC and applicable to virome assay development (optimization, verification and validation), evaluating reproducibility and use as a daily run quality control. 
[bookmark: _Hlk21350167]     Dr. Mike Brewer (Thermo Fisher Scientific) presented “Sensitivity of NGS Based Viral Detection Methods Using Viral Stocks Characterized for Genome Copy Number”.  He described development of a viral testing workflow, initially focused on CHO cell culture and designated as ViralSEQ NGS, which utilizes a highly automated workflow based on highly multiplexed (over 1350 primer pairs) targeted PCR, followed by analysis of the amplicons by NGS, and database comparison. Dr. Brewer further indicated that their current ultra-high multiplex PCR panels support detection of 119 DNA and RNA viruses, covering known CHO threats, their relatives, animal origin raw material viruses and selected human pathogenic virus. 
     The study presented at the workshop was a comparison of the targeted viral detection/identification approach with broad (“unguided”) NGS analysis of all the nucleic acid in a test sample. For this experiment, a panel of 11 viruses, both DNA and RNA was selected : Adenovirus serotype 5 (Ad5), Ectromelia virus, Human Herpesvirus 2 (HHV-2), Mouse Minute Virus (MMV), Kilham Rat Virus (KRV), H-1 Parvovirus, Human parainfluenza virus 3 (HPIV3), Vesivirus 2117, Reovirus 1, 2 and 3 (Reo1,2 and 3) that had been characterized for TCID50.  Either qPCR or dPCR was utilized to measure the genome copies present in the stocks, followed by spiking identical CHO bioreactor samples with 10,000 genome copies of each virus. The samples were then analyzed by both methods outlined above and the results compared. 
     Using the targeted approach all viral species were successfully detected and identified, with a large number of reads covering multiple amplicons for each virus. With the unguided approach,  detection of only 2 viruses was achieved, both with relatively large genomes [Ectromelia (209,771 bp) and HHV2 (164,576 bp)], and for both, most of the reads were short and of low complexity: only 9 reads over 90 bp could be confidently mapped to HHV2 (Herpesvirus group in NCBI) and 2 reads over 90 bp to Ectromelia. From this experiment, it was concluded that the targeted approach to viral detection improved the sensitivity and specificity of viral detection in CHO bioreactor samples. 
     Dr. Tom Morrison (Accugenomics) presented “NGS Internal Controls for Adventitious Agent Testing to Ensure Sensitivity for All Targets in Every Sample”.  He indicated that adventitious agent testing of master and working cell banks is one critical aspect of purity testing as it minimizes risk of upstream contamination.  Adventitious agent testing is moving away from the use of animal models to more in vitro tests such as cell culture and PCR-based methods. The challenge with adventitious agent testing is creating a robust testing procedure that ensures negative results did not arise from procedural mistakes.  Dr. Morrison reported work performed in a grant funded by the National Institute for Innovation in Manufacturing Biopharmaceuticals (NIIMBL) to create a streamlined NGS-based adventitious agent screen that ensures every target was measured with the required sensitivity. The test uses amplicon based NGS to detect 20 adventitious agents and spike-in controls and to ensure ten copy sensitivity for each agent.  The controls are synthetic naked RNA or DNA corresponding to agent amplicon sequence, and to approximate the agent nucleic acid length, flanked by at least 1000 bases of non-agent sequences.  The controls are spiked at limit of detection (LOD) into the sample lysate to provide sensitivity controls from purification through NGS detection.  The choice of nucleic acid isolation protocol is left to the user as the best method is cell line dependent.  The NGS library preparation is a five-hour process plus an 8 hour 2.5 million read/sample MiSEQ run. The expected test result for non-contamination should be positive for every spike-in target and negative for the native targets. Performance testing using limit of blank (LOB) and LOD, and detection of engineered failure was presented.  This approach for adventitious agent screening should increase the efficiency of adventitious agent detection by providing a positive control for negative results, a missing quality control that ensures a sensitive biosafety testing package for any biopharmaceutical product.  The existing reagents allow for additional primer sets to be added to meet future adventitious agent detection needs.  
     Dr. Bharathi Anekella (LGC-SeraCare) presented “AccuPlex Recombinant Virus Technology – A Tool to Generate Reference Material for Pathogenic Virus”. She reported on Sindbis AccuPlex, a proprietary technology, which is applied to manufacture controls for RNA viruses such as Ebola, HIV, HCV, Chikungunya, Dengue, Norovirus GII, Avian Influenza A H9N7 and Zika while Adeno AccuPlex technology is used to manufacture controls for DNA viruses. Both technologies produce recombinant products with rapid turnaround time, specificity, sensitivity, stability and manufacturability needed for molecular assay development. 
     Dr. Anekella noted that AccuPlex Recombinant controls containing target RNA/DNA sequences have many advantages over natural virus.  AccuPlex Recombinant viruses are replication defective and non-infectious, can accommodate up to 4kb of sequence of interest, are enveloped, mimic natural viruses and can be manufactured at high titers for multiple uses. AccuPlex Recombinant viruses are stable in various matrices and at different temperatures.  Furthermore, developers of in vitro diagnostic assays require access to technologies that enable rapid development and deployment of molecular assays for any viral infectious diseases. This was especially important for Ebola virus epidemic and is now important for Zika virus. SeraCare’s AccuPlex technology has been optimized to support rapid design, development and manufacture of full process and in-kit-controls. The recombinant products contain the target viral sequences and are stable as encapsulated non-infectious viral particles in commutable matrices. This technology is also used to make reference material for Next Generation Sequencing assays for HIV drug resistance genotyping. AccuPlex Recombinant viruses can be manufactured under ISO and GMP guidelines. Dr. Anekella concluded that coordinated efforts by industry, government, world health organizations and clinical labs are required to combat viral disease and will continue to be a top priority for all involved. 

4. Applications of standards for adventitious virus testing for biologics

[bookmark: _Hlk31531713]          Dr. Eric Delwart (VRI and UCSF) presented “Identification of Highly Divergent Viral Sequences”.  He started with a brief summary of viral metagenomics, including the limitation of recognizing only viral sequences with detectable homology to known viruses. Using the NIBSC 25-virus standard [17], his lab compared limits in NGS sensitivity to qPCR sensitivity. The use of viral sequence enrichment using biotin tagged RNA or DNA baits to improve NGS sensitivity was mentioned. Dr. Delwart explained that viral reads are frequently misclassified due to short repeats, particularly with members of nucleocytoplasmic large DNA viruses. 
      Dr. Delwart proposed different quality control standards based on selection of human or animal viruses in a variety of virion sizes, with and without lipid envelopes. He also mentioned the importance of including viruses with different nucleic acid genome types in NGS standards.  He concluded his talk by listing the advantages of using a synthetic viral nucleic acid standard such as: safety (not infectious), unlimited quantity, and flexibility in nucleic acid design (type and sequence). The ability to include different genome types and different genome sequences over an extensive range of concentration (for example, different dsRNA sequences from 10E9 to 10 molecules per reaction) would allow sensitivity to different types of nucleic acids to be measured. 
      Dr. Siemon Ng (Sanofi Pasteur) presented “Potential Controls for an NGS Adventitious Virus Detection Assay”. He noted that the implementation of new molecular assays such as NGS as safety tests requires suitable reference material to be available and controls to be implemented within the assay. Dr. Ng described the work in the Analytical Sciences department on the successful validation of both the Illumina HiSeq1500 sequencing system in a GMP environment as well as their in-house bioinformatics pipeline called “PhyloID” [21]. Using a well-characterized panel of viruses that were equivalent to those used in a systematic study comparing compendial in vivo and in vitro assays [22], Sanofi Pasteur determined the limit of detection of their assay within a viral seed matrix.  These equivalent stocks allowed for the bridging of the NGS results with Gombold et al.’s in vivo assay results. For Sanofi Pasteur, personnel and sample flow and physical separation similar to those used in PCR testing were implemented.  Both DNA and RNA pseudo-viral particles were added as controls to monitor the assay from extraction to data analysis.  Finally, all libraries were dual-indexed and sequenced with a known amplicon to ensure sequencing data is suitable for data analysis.
     Dr. Ng’s presentation highlighted the importance of suitable viral reference standards and assay controls for the use of NGS for adventitious virus detection testing.  The validation of NGS in a GMP environment further demonstrated its suitable for safety testing of biologicals and represents an opportunity to simplify the current adventitious virus testing. 
      Dr. Scott Jackson (NIST) presented “Standards for Microbiome and Metagenomics”.   His talk covered a recent workshop that was hosted at NIST titled “Standards for Microbiome Measurements” held on Sept. 9-10, 2019 [23].  This workshop focused on the need for standards to support the burgeoning biotech and pharma industries developing clinical applications that target the human microbiome. Informed regulatory decision making requires an understanding of the analytical performance of the assays being used to verify the identity, purity, potency and stability of these bio-manufactured, Live Biotherapeutic Products (LBPs).  Additionally, clinical microbiome laboratory tests must be validated before being used for donor screening, monitoring engraftment or evaluating other changes that occur in a patient’s microbiome before, during and after therapeutic intervention.   NGS-based (metagenomic) methods was a major emphasis but other analytical methods, such as those being used for enumeration and viability assessment, were also be addressed.   
     Dr. Jackson also discussed ongoing efforts in the Complex Microbial Systems Group that he leads at NIST.   This group develops advanced measurements and standards for exploitation of microbes to promote human health, precision medicine, advanced manufacturing and other industrial applications. The group uses genomic and metagenomic approaches to improve measurements on microbiomes and is developing reference materials for assessing the sensitivity and specificity of pathogen detection devices.  Advanced methods including microfluidics, predictive modeling of engineered microbes, bioinformatics and state-of-the-art imaging are being applied to critical areas such as combatting antibiotic resistance, food safety, clinical diagnostics, and engineering biology
[bookmark: _Hlk22544279]     Dr. Serge Monpoeho (Regeneron) presented “Background NGS data for Sample Matrix and Reference Control Standards Using Nanopore Sequencing”. He described the work in the QC Virology Department to develop an NGS method (from sample preparation to final results) for adventitious virus screening leveraging nanopore sequencing. This technology was adopted for its real-time visualization, long-read sequencing, and PCR-free nature.  
[bookmark: _Hlk26870085]          Dr. Monpoeho described three studies performed at Regeneron. The first study assessed the NGS background reads in Chinese Hamster Ovary (CHO), African Green Monkey (VERO), and human MRC-5 cell lines and included PBS and water as controls. The results from this study showed that many of the reads aligned to the host genome of each cell line. Additionally, the main contaminants that passed acceptance criteria were endogenous retroelements or retroviral-like particles in both VERO and CHO cell lines, respectively. There were also substantial reads that aligned well to SV40 sequences and Bosavirus, which will need further follow-up to determine if these are true viral hits.
     In the second study, gamma-irradiated fetal bovine serum (FBS) samples were prepared and sequenced following no enrichment, enrichment without nuclease treatment, or enrichment with nuclease treatment. The main artifacts recovered in this study originated from detection of endogenous elements/provirus, Bosavirus, BVDV, and Stealth Virus 1. After filtering for a minimum 10 reads and >60% coverage, only Bosavirus and Stealth Virus 1 would be considered real contaminants requiring further investigation. Follow-up information indicated that Stealth Virus 1 is known to contain non-viral sequences.
     The third study assessed the performance internal controls (ICs) during PCR-free nanopore screening of CHO-K1 cells. M13 and MS2 phages, were spiked into either CHO-K1 cells or PBS during  nucleic acid extraction. Results showed that the sample preparation method used can recover sequences from both ICs and that most reads corresponded to the ICs added at extraction. Interestingly, MS2 reads were ~7x less than that for M13 when spiked into CHO-K1 background, but in the PBS background, reads were relatively equal. This suggested inefficiencies either during extraction or during the reverse transcription step and that residual host RNA may out-compete the viral RNA template for reagents.  Artifacts were in low abundance (i.e.; <10 reads) or did not cover a substantial portion of the genome (i.e.; <60% coverage). Using this acceptance criteria, no true positive contaminations were observed.  
     Dr. Monpoeho concluded that these studies were initial attempts at analyzing potential artifacts in reagents, controls and cell lines, as well as assessing detectability of their spiked controls moving towards a final assay. 

5. Discussions on standards and moving forward 
     The discussions considered the currently used reference materials and standards and their limitations. Participants also discussed the need for additional standards based on their applications for various stages in the NGS workflow. Additionally, the workshop considered prioritization for the development of different types of standards.
     Synthetic Standards. The discussions were led by Drs. Megan Cleveland and Eric Delwart. 
This session focused on synthesized, naked nucleic acids and engineered particles. 
1.  Naked Nucleic Acids (NNAs).  These types of standards would normally be spiked in post
extraction unless they are very stable and would be expected to survive an extraction and treatment with nuclease or detergent (which is meant to decrease host cell DNA contamination). The advantages of NNAs are that they are not considered biohazardous, quantification is simplified (since extraction is not required) and the sequence can be completely synthetic (so that the spike-in material is not mistaken for an actual contamination event). A notable disadvantage of using NNAs is that they cannot be used for an extraction control, which is often one of the more difficult steps in the NGS viral detection process. 
1. Engineered Particles.  Compared to actual viruses, engineered particles can have a lower
biosafety level, less sequence heterogeneity, and can be more homogeneous. Like actual viruses, they can provide an extraction control and could survive treatments meant to reduce host cell DNA (such as nuclease or detergent). One disadvantage of engineered particles is that the products currently on the market (to the best of our knowledge) only have two types of capsids available to enclose the nucleic acid, and the capsid is a major factor in how difficult it is to extract a particular virus. Also, current products can only have either dsDNA or ssRNA as the nucleic acid. An advantage is that these particles can have completely synthetic nucleic acid sequences, which would allow the spike-in signal to be differentiated from an actual adventitious agent. Participants mentioned that, ideally, there would be two standards made from synthetic engineered particles – one with a capsid that is easy to lyse and one with a capsid that is difficult to lyse. 
     Natural Standards. The discussions were led by Drs. Arifa Khan and Siemon Ng and focused on the strengths and limitations of natural viral particles and extracted nucleic acids.
a. Viral Particles.  Most participants agreed that intact viral particles would be most
representative of actual viral adventitious agents and could evaluate performance of the entire NGS pipeline. By using actual viral particles, the full range of capsid and nucleic acid types could be represented and efficiency of extraction procedures and influence of nuclease treatment as wells as bioinformatics pipelines could be accurately evaluated for different types of potential viral contaminants. However, the use of actual viral particles can pose some challenges, such as import/export issues, GMP manufacturing concerns related to using live viruses, and potential biological heterogeneity related to preparation of virus stocks. Additionally, some participants expressed concerns that spiking with viral particles would not accurately mimic infected cells, and therefore, cell-based standards were also needed. 
b. Extracted Viral Nucleic Acids.  Extracted viral nucleic acids would be able to represent all
the nucleic acid types and would have simplified quantification. Additionally, naked nucleic acids are generally considered non-infectious. However, extracted viral nucleic acids would not be able to withstand nuclease treatment and it may be difficult to reproduce an exact replacement once the additional material is depleted.

6. Conclusions    

[bookmark: _Hlk32051336]Dr. Megan Cleveland summarized the main outcomes.  Participants discussed that different
standards may be needed for “method development” and “method validation” compared to routine testing. Developers could validate the sample preparation chemistry for consistent, efficient recovery of nucleic acids from a comprehensive set of viruses and then subsequently conduct sensitivity comparability studies between intact viruses and purified viral nucleic acids; this would enable the use of purified viral nucleic acid standards for validation at laboratories implementing the method. It was recognized that live viruses would be most appropriate to use for method validation since actual viruses could test the initial extraction step, which is usually the most variable step in the wet-lab process. However, it was noted that many stakeholders would not want to bring live viruses into their testing facilities and therefore development of other relevant reagents need to be considered.
[bookmark: _Hlk32051394]     It was generally agreed that different kinds of standards should be available for all types of viral genomes and a comprehensive testing strategy should include a virus with a difficult-to-lyse capsid.  In general, testing should include controls that verify the performance of all aspects of the workflow; ideally these controls would be distinct from actual viruses.  It was also suggested that digital PCR could be used to monitor the efficiency of various steps. The meeting was not able to discuss the establishment of criteria for characterization of standards.
     A summary of the meeting was presented at the 2nd Next Generation Sequencing for Adventitious Virus Detection in Human and Veterinary Biologics, held on November 13-14 2019, in Ghent, Belgium.
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