
Citation: Campbell, J.J.; Almond, N.;

Bae, Y.-K.; Bhuller, R.; Briones, A.;

Cho, S.-J.; Cleveland, M.H.; Cleveland,

T.E., IV; Galaway, F.; He, H.-J.; et al.

Standards and Metrology for Viral

Vectors as Molecular Tools: Outcomes

from a CCQM Workshop. Biologics

2024, 4, 187–201. https://doi.org/

10.3390/biologics4020013

Academic Editor: Gary McLean

Received: 3 April 2024

Revised: 16 May 2024

Accepted: 20 May 2024

Published: 24 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Conference Report

Standards and Metrology for Viral Vectors as Molecular Tools:
Outcomes from a CCQM Workshop
Jonathan J. Campbell 1,*, Neil Almond 2 , Young-Kyong Bae 3, Ravneet Bhuller 2, Andrea Briones 4,
Sang-Joon Cho 5 , Megan H. Cleveland 6 , Thomas E. Cleveland IV 6,7 , Francis Galaway 8, Hua-Jun He 6,
Ulrike Herbrand 9, Jim F. Huggett 1, Sarah Kempster 2 , Ibolya E. Kepiro 4 , Arifa S. Khan 10, Edward Kwee 6 ,
Wilson Li 11, Sheng Lin-Gibson 6, Luise Luckau 1, Caterina Minelli 4 , Maxim G. Ryadnov 4 , Isobel Searing 12,
Lili Wang 6 , Alexandra S. Whale 1 and Julian H. Braybrook 1,*

1 National Measurement Laboratory Hosted at LGC Limited, Queens Road, Teddington TN1 10LY, UK
2 Medicines and Healthcare Products Regulatory Agency, Blanche Lane, South Mimms, Potters Bar,

Hertfordshire EN6 3QG, UK
3 Korea Research Institute of Standards and Science, 267 Gajeong-Ro, Yuseong-Gu,

Daejeon 34113, Republic of Korea
4 National Physical Laboratory, Hampton Road, Teddington TW11 0LW, UK
5 Park Systems Corp., 109, Gwanggyo-ro, Yeongtong-gu, Suwon-si 16229, Republic of Korea
6 National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, MD 20899, USA;

jun.he@nist.gov (H.-J.H.)
7 Institute for Bioscience and Biotechnology Research, Rockville, MD 20850, USA
8 Medicines and Healthcare Products Regulatory Agency, 10 South Colonnade, Canary Wharf,

London E14 4PU, UK
9 Charles River Laboratories Germany GmbH, Max-Planck-Straße 15 A, 40699 Erkrath, Germany;

ulrike.herbrand@crl.com
10 Center for Biologics Evaluation and Research, U.S. Food and Drug Administration, 10903 New Hampshire

Avenue, Silver Spring, MD 20993, USA
11 Cell and Gene Therapy Catapult, 12th Floor Tower Wing, Guy’s Hospital, Great Maze Pond,

London SE1 9RT, UK
12 Oxford Biomedica (UK) Ltd., Windrush Court, Transport Way, Oxford OX4 6LT, UK
* Correspondence: jonathan.campbell@metbio.co.uk (J.J.C.); julian.braybrook@lgcgroup.com (J.H.B.)

Abstract: Viral vectors are agents enabling gene transfer and genome editing and have widespread
utility across the healthcare and biotechnology sectors. In January 2023, the International Bureau for
Weights and Measures’ Consultative Committee for Amount of Substance (CCQM) held a workshop
on Metrology for Viral systems as molecular tools. The workshop brought together international
leaders from across regulatory, industry, government science, and metrology sectors to better un-
derstand key challenges for the community: Exploring current limitations in the measurement of
virus-derived, virus-based, and virus-like systems in terms of quantification and characterisation;
surveying the state-of-the-art in analytical methods and reference material provision for these entities;
and initiating a dialog for the strategic development and implementation of suitable standardisation
approaches for this sector. This article presents the workshop background and rationale, presentation
summaries, conclusions, and recommendations.

Keywords: viral vectors; metrology; standards; measurement; analytical methods; characterisation;
physical titre methods; functional titre methods; quantification; reference materials

1. Introduction

Viral systems, including viral vectors derived from native viruses, can be utilised as
molecular tools to facilitate the efficient transfer of nucleic acid sequences (i.e., DNA, RNA,
siRNA, etc.) into cells to modify their function and achieve a desired clinical effect. As
such, they are key components in ‘the genomics toolbox’, and improving their characteri-
sation to enable their robust manufacture is a subject of intense interest to multiple arms
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of biotechnology. Despite considerable societal and commercial potential, there remain
challenges to realising the full potential of these technologies, including enhancing product
quality (safety and efficacy), managing regulatory scrutiny, and improving the provision
and efficiency of manufacturing capacity worldwide [1,2]. More specifically, difficulties
in the purification of viral vectors alongside the removal of cellular impurities, a lack of
standardisation due to differences in viral capsid variants, and inherent batch-to-batch
variation of products can impact production [3,4]. Alongside these manufacturing chal-
lenges is a need for better vector quality assessment through standardised, and potentially
quantitative, methods. These can help improve scrutiny by critical quality attributes (CQAs)
and increase yield production and safety advantages, such as enabling accurately defined
lower dose concentrations through the consistent production of more potent vectors or the
ability to manage patient immune responses under treatment.

Comparability of measurement with agreed metrological traceability is achieved
through the development of standardised reference measurement systems through ref-
erence measurement procedures and, where appropriate, certified reference materials
(CRMs) with known quantities of analytes with high purity and stability. These products
are qualified and distributed through a network of metrological laboratories, allowing
more precise and accurate estimation of values with uncertainty estimates for routine
laboratory measurements through an unbroken chain of calibrations. In order to realise
quantitative measurements, we need to define the measurand—a quantity intended for
measurement—in clear and unambiguous terms. Yet, this is extremely challenging for
biological macromolecules and larger entitiessuch as cells or related subcellular structures,
due to their complexity, dynamic properties, inherent variability, and limited stability.
Furthermore, refinement of analytical methods is equally challenging, where even subtle
variation in reagents due to stability or availability may yield non-comparable results of
the same analyte with the same method, or where different analytical methods are used
that measure related but separate phenomena.

Considering these challenges and the well-placed position of viral vector biotechnolo-
gies as transformative to healthcare and the wider bioeconomy, the Consultative Committee
for Amount of Substance, Metrology in Chemistry and Biology (CCQM) of the International
Bureau of Weights and Measures (BIPM) held a workshop in January 2023 with the follow-
ing objectives; to survey the state-of-the-art in analytical methods and reference materials
for viral vector quantification and characterisation; to collate and explore understanding of
the measurement of viral vector entities and related components with integration to the SI
system where possible; to consider a strategy for the international metrology community to
start delivering measurement services for a wide variety of viral vector product stakehold-
ers; and to consider wider challenges and opportunities for collaboration across sectors
(government, regulatory, industry and academic) and applications (clinical, biotechnology
and research). The workshop touched on many topics and guidance to instances in the
following text is given in Table 1.

The opening workshop session, “Background Challenges and Opportunities”, was
intended as scene setting and presented a series of regulatory and industry perspectives.
Dr Francis Galaway (MHRA, UK) outlined gene therapy products from the point of view of
the UK regulator (MHRA), which adopts a risk-benefit approach to their licensing. These
are classified as advanced therapy medicinal products (ATMPs) where the mechanism of
action (MoA) is related to a recombinant nucleic acid that changes gene expression in a
cell. A clear understanding of MoA is required to enter clinical trials, where an increasing
understanding of drug and manufacturing processes is expected through characterisation
testing. This provides knowledge of product heterogeneity and CQAs, which can be
controlled using a set of measures demonstrable through validated analytical methods
during authorization.

During the long development phase and post-authorization, it is typical that changes
to the manufacturing process occur. Analytical methods should develop in parallel and
must be able to maintain control of product attributes. New facilities may be added, and
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dramatic changes in scale may occur, requiring analytical methods suited to manufacturing
rather than research. Strong applications will adopt appropriate analytical methods early
in development and plan for change. The most common objection to a marketing autho-
rization on quality grounds is failure to demonstrate comparability. The regulator requires
assurance that the manufacturing process can consistently produce a commercial product
comparable to that used in the pivotal clinical trial. A strong comparability study uses
in-process monitoring, release testing, and stability data and will include well-designed
potency assays that reflect the MoA and are able to detect meaningful changes in the
product. With sufficient product knowledge, appreciable differences between clinical trial
material and commercial products can be justified.

Table 1. Topics covered by presenter and section.

General Topics Presenter (Initials)/Section

Product development and manufacturing aspects FG, IS, WL, UH, JHB, ASK, LW, IEK, General Discussion

Characterisation.
Physical/Biochemical WL, EK, ASW, RB, TEC, S-YC, LL, H-JH

Characterisation.
Function/Activity UH, LL, TC, S-YC, LW

Bioinformatics and Data analysis RB, TEC, S-YC

Documentary Standards and Harmonization ASK, JHB, SK

Quality Control FG, WL, EK, ASW, ASK, RB, LL, H-JH, SK, General Discussion

Vaccine development LW, JHB, IEK

Metrology

Inter-lab studies EK, H-JH, SK

Strategy and general aspects WL, H-JH, AB, IEK, General Discussion, Conclusions

Purities, Impurities WL, ASK, RB, LL

Reference Materials EK, RB, AB, H-JH, IEK, SK

Entities

Virus-like particles AB, IEK

AAV EK, ASW, TEC, LL

LV IS, UH, EK, H-JH

Methods

Electron microscopies TEC, IEK

Scanning probe microscopies and related S-YC

Flow cytometry LW

Immunoassays EK

Quantitative PCR, Digital PCR EK, ASW, H-JH

High-throughput Sequencing WL, ASK, RB

Mass-based techniques LL, AB, IEK

For gene therapies using viral systems, there are three key areas that must satisfy the
regulator: the risk of in vivo recombination potential must be characterised, the risk of
oncogenic insertions requires extensive study and minimization strategies, and the presence
of replication-competent viruses must be characterised using a test capable of detecting a
single particle per dose of medicinal product. The early establishment of in-house reference
standards and reagents is encouraged, which help with bridging studies and managing
changes during development.
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Isobel Searing (Oxford Biomedica, UK) considered key CQAs and analytical methods
for the characterisation of lentiviral vectors (LVs), as well as highlighting key challenges.
The challenging requirements for analytical methods capable of providing appropriate
levels of understanding of both vector attributes and process performance for complex
products, like LV-based gene therapeutics, require specialist knowledge, techniques, and
equipment. Variability between methods and expression of data in different units provides
a challenge when detecting, for instance, the amount of host–cell protein (HCP) present
within the viral vector product as a measure of residual contaminants from the manu-
facturing process or the analysis of the infectious titre of the lentiviral vectors through
transduction of a permissible cell line to allow calculation of dosages of the vector product and
assessment of product stability over its shelf life. The utilisation of modern analytics, such as
mass spectrometry, next-generation sequencing (NGS), and HPLC-based vector quantification,
may offer greater levels of understanding but still require exhaustive validation.

The importance of considering any inherent laboratory method variations between
test centres, particularly for more complex multi-step biological assays that test products
manufactured at multiple sites, should also be considered carefully. Key factors might
include the choice of cell line or primer/probe sequence selection and assurance over
the availability of critical reagents with unchanged specifications over time. Some of
these challenges can be resolved by specific techniques or instrumentation, for example,
employing droplet digital polymerase chain reaction (ddPCR) technology to overcome
variability attributed to the preparation of a calibration standard. A particular challenge
is the finite size of any batch of antibodies and the variation between batches due to their
polyclonal nature. However, strategies for moving away from commercial kits to reduce
demand for antibody stocks are likely to require cross-over studies. The inclusion of well-
characterised reference standards has a crucial role to play in controlling consistency and
the comparison of data.

Dr Wilson Li (Cell and Gene Therapy Catapult, UK) presented challenges and oppor-
tunities for adenovirus-associated viral vector (AAV) characterization and how analytics
can be applied to the control of manufacturing processes. The importance of AAVs to the
gene therapeutics sector was highlighted given their application in circa 80% of worldwide
clinical trials in 2021; over 90% in UK/Europe, 80% in the US, and 60% in Asia [5]. The
levels of drug substances and impurities can change throughout manufacturing, and there
is a key role for analytics in process control, characterisation, and drug release. CQAs of
importance to AAV characterisation were described, alongside measurements including
capsid titre, genome titre, biological titre, infectious units, and transduction units. The
importance of a comprehensive impurity assessment within the bioprocess was also dis-
cussed. For each highlighted CQA, the analytical technologies available to both research
and development and quality control (QC) laboratories were described, such as the more
conventional use of AUC and the increasingly popular use of mass photometry to assess
the AAV empty/full particle ratio.

Specific challenges and strategies for AAV characterisation were outlined, including
the use of hybrid serotypes of varying capsid structure as well as the importance of checking
the presence and position of inverted terminal repeat (ITR) target sites, as these can vary by
assay. Again, opportunities for how the metrology community could help were expressed,
such as the availability of well-characterised reference materials (RMs), greater access
and participation in interlaboratory comparison studies, and the general need for more
reference methods of value to bench-mark in-house assays.

Dr Ulrike Herbrand (Charles River Laboratories, Germany) concluded the first session
by presenting on challenges during the development of fit-for-purpose bioactivity assays
as part of mandatory release and stability testing for large molecules, protein therapeu-
tics, and ATMP products. Bioassays are never platform assays or off-the-shelf assays but
instead require custom setup and transfer protocols to support clinical studies and clinical-
to-commercial lot release and stability testing. Regulations require that fit-for-purpose
bioassays be quantitative and stability-indicating, have established and documented accu-
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racy, sensitivity, specificity, and reproducibility, be amenable to validation processes, and
have pre-defined acceptance and rejection criteria. It was also recommended that bioassay
design start as early as possible within the development programme.

The measurement of bioactivity for gene therapies can be affected by batch variability,
transduction efficiency, gene vectors, cell culture conditions, batch size, and the shelf life
of both RMs and control materials. Even when MoA is well reflected within the method
design, it is often the case that high variability within the chosen method can lead to signif-
icant limitations for proving drug stability. Developers should also be aware that minor
modifications to a development or ATMP production process can likely change require-
ments or parameters for bioassay testing. Therefore, both the design of the experimental
approach and the provision of statistical support are useful recommendations for the early
identification of robust parameters of relevance to MoA, as well as greatly increasing effi-
ciency. Surrogate bioactivity markers identified from the characterisation stage can also be
considered for release tests, provided appropriate bridging studies are applied.

Sessions 2 and 3 covered both physical and functional titre measurement for viral
vectors by molecular, mass, particle, and imaging-based methods.

Dr Edward Kwee (NIST, USA) reviewed physical titre methods to quantify virus
concentration by genome and capsid titre measurement and how these methods can be
used to complement infectious titre measurement. Published values for materials are
commonly misleading due to vendors mixing physical and functional titre measurements
and making comparisons of titre and quality challenging. The development of relevant
viral vector RMs and their associated physical titre measurement/value assignment would
better enable the comparison of products and the calibration of more product-specific RMs.

Particle concentration measurement by capsid enzyme-linked immunosorbent assay
(ELISA) and vector genome titre measurement by quantitative PCR (qPCR) were discussed
for available AAV2 [6] and AAV8 [7] RMs. These measurements were used to infer the
purity of the full capsid content and measure short-term stability. Reference was made to
demonstrating optical density measurements as a measure of viral DNA for the long-term
stability of the Ad5 reference material after long-term storage [7]. Developments in the field
were outlined, including an LV RM that will utilise p24 ELISA measurements for particle
concentration analysis. Assignment of physical titre values to RMs will require commu-
nity involvement through interlaboratory studies to determine consensus measurements
alongside the development and deployment of advanced techniques.

Dr Alexandra Whale (NML at LGC, UK) gave an overview of digital PCR (dPCR)
technology, its advantages, and appropriate statistical analysis (Poisson). There are multi-
ple points during production where quantification of viral targets by dPCR can support
characterisation. These include: (1) determining the transfection efficiency of the viral
vector components into the packaging cells, (2) quantifying the viral titre and quality
assessment of vectors that have the correctly packaged genome, (3) quantifying packaging
cell contamination or remnant plasmids from the production phase, (4) determining the
transduction efficiency into the host–cell, (5) determining the integration efficiency in the
host genomes for vectors that integrate, and (6) quantification of the expression of the
gene cargo.

Through an AAV2 model, she demonstrated how dPCR could be used to quantify
viral titre for AAV. Here, one of the plasmids used to transfect into the packaging cells,
pTransfer, encodes the full single-stranded DNA (ssDNA) AAV2 genome between two ITRs
with an enhanced green fluorescent protein (eGFP) reporter gene as the gene cargo. Assays
were designed to target eGFP and ITRs. A third assay was designed for the PolyA signal.
Linearised pTransfer was used to optimise the dPCR assays and to confirm no bias in copy
number based on the location of the target. Concordance in the copy number of all regions
of the pTransfer was observed. Further work demonstrated that the dPCR assay could be
used to count the number of ITRs on either single plasmid molecules or when enzymatically
separated. Proof-of-principle was demonstrated with the analysis of extracted ssDNA from
AAV2 particles for identification of differences between production batches.
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Dr Arifa Khan (US FDA/CBER, USA) presented on next-generation sequencing (NGS)
for the detection of extraneous viruses and viral impurities. Extraneous viruses are a
safety concern in biologics. These concerns include: (1) adventitious viruses that can be
introduced during manufacturing due to the use of animal-derived raw materials such as
cell–substrate and culture reagents, as well as through personnel, equipment, and facilities;
(2) endogenous retroviruses that can be present in a latent state in cell–substrates but are
active in some; (3) viruses associated with the manufacturing process, such as replication-
competent viruses by de novo generation and helper viruses that are used with some
viral vectors.

The quality of a product can be influenced by product-related viral impurities, for
example, viral nucleic acids from disrupted cells, sequences non-specifically encapsulated
in viral vector particles, and plasmids used in transductions. Dr Khan described strategies
used to mitigate risk and assays recommended for adventitious virus detection, including
their limitations compared to the use of NGS, which resulted in the identification of
porcine circovirus type 1 in the licensed Rotarix vaccines [8] and the discovery of a novel
rhabdovirus in an Sf9 cell line, used for baculovirus-expressed products [9,10].

With this background, Dr Khan introduced various applications of NGS for improving
the viral safety of biologics: testing to mitigate the risk of adventitious virus introduction;
monitoring the absence of extraneous viruses during production; detection and characteri-
sation of extraneous viral sequences in the final product; and characterisation of viral vector
sequences. She described the WHO International Reference Reagents for adventitious
virus detection available from CBER for NGS qualification and validation studies [10]. Dr
Khan described the ongoing efforts in the Advanced Virus Detection Technologies Interest
Group [11] by regulatory agencies, industry, and contract research organisations to use
NGS as a broad and sensitive method for supplementing or replacing the currently used
adventitious virus assays. She also described collaborative studies for evaluating different
NGS platforms and technologies, as well as the development of virus reference reagents
for cell-based biologics. Dr Khan also indicated to participants that genetically engineered
viral vectors and viral vector-derived products can undergo virus clearance were in the
scope of the updated Q5A(R2) of the International Council for Harmonisation (ICH) of
Technical Requirements for Pharmaceuticals for Human Use [12].

Dr Ravneet Bhuller (MHRA, UK) presented on biological standardisation for assurance
in NGS analyses. This talk covered the potential value and challenges of applying NGS
in the QC of viral vectors as therapies, with examples of NGS-based international studies
conducted by the MHRA for human cancer, the microbiome, and virus detection and
characterisation. The use of NGS allows the verification of product identity as well as the
detection of contaminating viral DNA, e.g., as adventitious agents. It can also detect the
presence of structural variants at the binding sites. The complexity of the process, however,
involving multiple wet-lab and bioinformatic steps, means that interpreting results is not
straightforward. Further, international collaborative studies have demonstrated that NGS
bioinformatic pipelines and results can be significantly variable, attributed to the wide
range of wet-lab methods available. Since inaccurate NGS-based diagnostic results can have
serious implications for quality, there is a need for better methods as well as harmonisation
of guidance across laboratories. She suggested that RMs represent one solution that can be
applied to the standardisation and validation of NGS.

Dr Thomas Cleveland (NIST, USA) gave a presentation on DNA content analysis of
AAVs by cryogenic electron microscopy (CryoEM) to determine the fraction of AAV parti-
cles that are correctly loaded with DNA cargo. The workflow outlined was adapted from
single-particle analysis methods within the RELION framework [13]. Briefly, this consisted
of (1) motion correction and CTF estimation; (2) particle picking; (3) 2D classification to
eliminate incorrectly picked particles; (4) initial model generation; (5) 3D refinement; (6) 3D
classification; and (7) DNA content analysis performed on each 3D class. Since viral capsid
structures are essentially the same for all particles, 3D classification serves to bin viral
particles by DNA content, e.g., full, empty, and partially full 3D classes. This is determined
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using 3D masks that specify the capsid and interior (DNA-loaded) regions of the AAV in
the CryoEM density map. A filling metric can then be defined as the ratio of the average
CryoEM density of the interior to the average density of the capsid. “Full” particles were
classified above an empirically determined threshold.

Several aspects of method optimisation were discussed, including the freezing method,
selection of grid type, sample concentration, microscopy magnification, and resolution
settings. For data analysis, different particle picking procedures were examined, such as
blob picking and crYOLO (version 1.8.4) [14], and the reproducibility of the computational
workflow was assessed. A total of 2500–12,000 viral particles were analysed per sample.
Particles from each sample were divided into three subsets, and the standard deviation
of the full fraction across subsets was less than 11% of the mean of the subsets in the
worst case. This variance reflects the uncertainty of the computational procedure and
is much greater than the basic counting uncertainty. However, the dependence of the
classification uncertainty on the number of particles was not examined systematically in
this study. Finally, the linearity of the full fraction of AAV samples with known mixing
ratios was examined.

Dr Sang-Yoon Cho (Park Systems Corp., Republic of Korea) presented on “Nano-
metrology for viral biological systems using scanning probe microscopy”. Atomic force
microscopy (AFM) and related technologies allow 3D imaging and measurement of mechan-
ical properties at resolutions able to characterise viral sample surfaces. Various scanning
probe microscopy (SPM) techniques have been developed to study sample structures and
functions, with four major areas for biomedical AFM applications: (1) The measurement
of force between interacting molecules, the most common being protein-protein, DNA-
protein, and cell–cell interaction, as well as Single-Molecule Force Spectroscopy, which
can measure a single protein’s 3D structural forces. (2) Use as a nano-manipulation device
where biomolecular nanolithography technologies use unique probes to control the pattern
of proteins or nucleotides on a biological sample surface. (3) Observing dynamic changes
in biological matter using a function that can be measured in a liquid phase with a probe.
(4) Observing the topography of biological samples at high resolution using various probes.

Scanning ion conductance microscopy (SICM) offers direct, non-contact, single-cell
resolution of the surface morphology of soft biological materials in liquid for the study of
living cellular properties, including cell division, fusion, and other fundamental physio-
logical phenomena. SICM uses ionic current as a feedback signal, with detection through
the nano-sized opening of the glass pipette. Photo-induced force microscopy (PiFM) also
enables new possibilities for chemical identification at the nanometer level. These tech-
nologies are expected to bring about radical changes in biomedical research and inspection
fields, including viral research.

Dr Luise Luckau (NML at LGC, UK) described the contribution of mass spectrometry
for protein analysis to characterise viral vector products by a range of CQAs, including
identity, potency, and purity. An example of initial work was given using recombinantly
produced AAV8 material expressed in HEK293T with analysis of capsid-specific proteins
VP1, VP2, and VP3. Using top-down intact protein analysis by LC-MS, the molecular
weight of all three VP proteins could be determined very precisely compared to the the-
oretical masses. Results showed that, due to high mass accuracy, AAV serotypes can be
clearly identified and distinguished by differing amino acid sequences and thus molecular
weights of the VP proteins. Additionally, liquid chromatography–mass spectrometry (LC-
MS)-based bottom-up peptide mapping experiments were applied to the AAV8 material to
gain more in-depth knowledge regarding protein sequence and potential post-translational
modifications (PTMs). For that purpose, proteins were proteolyzed specifically to smaller
peptides using enzymes such as trypsin prior to analysis via LC-MS and LC-MS/MS
(tandem mass spectrometry). Based on the specific masses of intact peptide and peptide
fragments, protein sequences can be confirmed unequivocally, and PTMs can be localised.
Different AAV production processes can affect the PTM profiles of the AAV products. As
such, PTM analysis of VP proteins is of particular interest in understanding the biologi-
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cal differences between AAV serotypes and the impact of PTMs on viral infectivity, cell
targeting, and host response.

A fully quantitative method for VP proteins based on isotope dilution-mass spectrom-
etry can therefore provide an accurate, SI traceable capsid titre for an AAV preparation.
Exact quantities of viral RNA and protein content can further help to evaluate the quality
and purity of an AAV product as well as identify and characterise HCPs. An analysis of
AAV8 material by LC-MS showed a large and dominant number of HCPs, such as histones
and ribosomal proteins. In conclusion, mass spectrometry is a powerful tool to characterise
viral vector products regarding identity, potency, and purity based on protein analysis and
shows great potential to investigate PTMs and their impact on CQAs.

Dr Lili Wang (NIST, USA) discussed the characterisation of nanometer-sized gene
delivery systems using flow cytometry. Recently, in vivo generation of CAR-T cells has
become a reality as a therapeutic platform for cancer treatment using gene delivery sys-
tems [15]. This advancement requires gene delivery systems to be fully characterised as
safe for use. Currently, several gene delivery modalities are utilised including viral-based
systems [16,17], i.e., adenovirus, AAV, γ-retrovirus, and lentivirus, and non-viral systems
such as extracellular vesicles [18,19] (EVs) and lipid nanoparticles (LNPs) [20]. These gene
delivery vehicles have different characteristics, such as particle size, genome content, and
structure. Measurements of both physical and functional properties are therefore vital.
Physical properties include particle concentration, genome copy number, and structure in-
tegrity. Measurement of transducing titre via gene integration assay, potency via transgene
expression, and functional/phenotypic changes provide more information than traditional
plaque assays when trying to fully understand the functions of gene delivery systems.

Among single EV analysis tools, flow cytometry is a more versatile technique because
it can interrogate multiple characteristics, including size, concentration, composition, and
biological activity. Dr Wang demonstrated that flow cytometry is capable of confidently
measuring 40 nm unlabelled polystyrene nanoparticles, 50 nm unlabelled silica nanoparti-
cles, and ~30 nm green-fluorescent nanoparticles [21,22]. In addition, light scattering from
a 405 nm laser or fluorescence detection was able to determine the distribution, concentra-
tion, and composition of EVs using membrane dyes and fluorescently labelled antibodies
recognising surface receptor tetraspanin.

Developing broadly protective vaccines and determining functional titres of neutralis-
ing antibodies against new virus variants is vital to continuously combating a pandemic.
The team developed pseudovirus neutralisation assays that measure neutralisation in
BSL-2 laboratories by both live cell imaging and flow cytometry. Briefly, serial dilutions of
convalescent serum samples are incubated with VSV-∆G pseudotype particles expressing
the original SARS-CoV-2 spike protein with a GFP reporter for one hour. The mixture
then incubates with HEK293-hACE2-TMPRSS2-mCherry target cells for 16 h. Live cell
imaging is performed using GFP fluorescence to monitor infection, enabling quantification
of infection and neutralisation dynamics. After imaging, cells are processed and analysed
via flow cytometry, enabling rapid, high-throughput assessment of neutralization. These
pseudovirus neutralisation assays were validated using patient serum samples in compari-
son with a surrogate bead-based assay [22], also developed by NIST, and have been used
to support the development of anti-SARS-CoV-2 monoclonal antibody-based standards
for harmonising various serology assays in an interlaboratory study led by NIST and the
Centers for Disease Control and Prevention (US).

The final session, “Standardization and Control”, opened with Dr Julian Braybrook
(NML at LGC, UK) giving a presentation on the current status of international gene sys-
tem documentary standards initiatives. A brief overview of the different approaches for
delivering nucleic acids to target cells was given before focusing on the advantages and
disadvantages of common viral vectors (LV, AAV) as efficient tools for gene delivery. An
example of a typical viral vector workflow was described, as well as current and next-
generation analytical techniques (i.e., precise, fast, high-throughput) that are increasingly
being used for accurate characterisation of viral vector CQAs. Although certain techniques
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are becoming well-established for the evaluation of particular CQAs, each method will
have specific performance requirements and characterisation capabilities, and it will be
important not to lose potential characterisation knowledge through the perceived recom-
mendation of any single method during standardisation or harmonisation efforts. He also
discussed the fact that, since successful vaccine development for COVID-19, we are now
more familiar with mRNA being used as a therapeutic agent to prevent and treat various
diseases, and this requires safe, effective, and stable delivery systems that protect the RNA
from degradation to allow cellular uptake and subsequent mRNA release in vivo. He
completed his presentation by considering the role of consistent, transparent, and targeted
international documentary standards, in particular current proposals for a series of (initially
three) international gene delivery systems documentary standards covering vocabulary,
viral vector titre, and LNPs.

Drug and gene carriers are important tools for applications ranging from gene therapy
and vaccine development to virus diagnostics.

Dr Andrea Briones (NPL, UK) outlined the increasing interest in synthetic virus-like
particles (VLPs) with a proven ability to deliver the cargo of interest into human cells
without cytotoxicity or a pathogenic bias, supported by the need for SI-traceable reference
materials to benchmark the performance of commercial gene carriers and technologies.

The compositional analysis of a VLP constituent developed as a prospective SI-
traceable reference material was shown [23]. The purity profile of the polypeptide VLP
material had been evaluated to the highest metrological order using a mass-balance ap-
proach. This is the first gene therapy and drug delivery measurement comparison that will
provide data for intracellular delivery traceable to the SI-unit. Further to this, the material
allows comparability of the physicochemical properties of virus-like systems and addresses
the need for more globalised measurements in the fields of gene therapy and drug delivery.
The work underpins further methodology developments aiming at SI-traceable analysis
and quantification of genetic material taken up by human cells.

Dr Hua-Jun He (NIST, USA) presented the preliminary results from a NIST interlab-
oratory study on integrated lentiviral vector copy number (VCN) measurements. As an
effective measure to reduce the genotoxic and tumorigenic potential caused by uncontrolled
integration, the US Food and Drug Administration recommends that the integrated lentivi-
ral VCN should be less than 5 copies per cell. Reference or control materials are essential
for accurately measuring VCN, a CQA for the safety and efficacy of gene-modified cellular
products [24]. The NIST test materials comprise five human genomic DNAs extracted from
clonal cell lines with 1, 2, 3, and 4 copies of the integrated provirus and the parental Jurkat
cell line, or fixed cell samples from these clonal cell lines.

A total of twelve laboratories from four countries participated in this study. The
methods used in VCN measurements are as follows: qPCR (four laboratories), dPCR
(seven laboratories using droplets, two of them also using chamber dPCR), NGS (targeted
amplicon NGS, targeted locus amplification NGS, and single cell NGS), and molecular
combing. All laboratories were able to identify the five blinded VCN samples by either
qPCR, dPCR, or NGS assays. In all cases, no integrated LV was identified in the control
parental sample. As expected, greater variability in VCN results was shown in qPCR
compared to dPCR methods. All three NGS methods reported correct VCN copies. Interest-
ingly, one integration site in the VCN 4 sample reported by all three methods was different
from the site originally published [25]. Additionally, some discrepancies were found in
these integration sites among labs. Future work is planned to achieve consensus values
for VCN and integration sites, especially through bioinformatics analysis for NGS data.
The preliminary results from this study highlight the needs and utilities of VCN reference
materials/standards to ensure quality assurance.

Dr Ibolya Kepiro (NPL, UK) presented the most recent progress in the development
of SI-traceable calibrants for high-resolution microscopy. Their use for the calibration of
different instrument modalities, from optical and electron to atomic force microscopes, and
the implementation of the calibrants in clinics. The structural, morphological, and ultra-
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structural analysis of biological materials, specimens, and biopsies with nanoscale accuracy
is of particular importance for differential diagnostics, pharmaceuticals development and
emerging technologies in cell therapies and engineering biology. Measurements to support
such analysis are typically performed using high-resolution microscopy. A challenge has
been providing quantitative metrics that are reproducible across different laboratories and
instruments. With all the information available to us, progress towards finding effective
solutions to this challenge has been hampered by the lack of biologically relevant reference
materials and measurement procedures.

As an exemplar, reference materials based on prototype vaccines, standardised proce-
dures, and guidelines to help benchmark the performance attributes of commercial vaccines
were discussed. Nanoparticulate vaccines, e.g., virus-derived and virus-like, can show
variability in physicochemical and biological properties, whilst manufacturers must take
particular care to ensure performance consistency for vaccine products from development
to batch release. Electron microscopy is a technique of choice that is used for assessing
the morphological purity and structural consistency of vaccine candidates, but without
reference standards, the comparability of commercial candidates is deemed impossible,
which hinders commercialisation and subsequently an effective pandemic response.

Dr Sarah Kempster (MHRA, UK) discussed establishing CQAs for AAV vector prepa-
rations in the context of characterising a candidate reference material. Physical reference
materials for viral vectors support the harmonisation of testing between laboratories and
enable the comparability of gene therapies. There are currently limited reference materials
for AAVs and multiple analytics that are continually being developed for this rapidly
advancing field. These analytics are employed to determine the various CQAs of a product
to ensure product quality. AAV serotypes for gene therapy vary, so there is also capsid
diversity in products, and an understanding of the utility and appropriate selection of a
reference material is critical.

To gain a deeper understanding of the performance requirements of a MHRA reference
material, AAV2-GFP, the materials were distributed and tested by participants using a
variety of analytical assays. Initial data from this interlaboratory comparison were pre-
sented, demonstrating a range of assays available, including qPCR and dPCR, ELISA,
transmission electron microscopy, and dynamic light scattering, for supporting various
aspects of AAV characterisation in relation to CQA assessment. By applying the principles
of biological standardisation and expressing samples relative to a reference standard, the
variability of results from different laboratories can be reduced. In conclusion, the use of a
reference material can support decisions as to which measurements correlate with CQAs
and assure quality.

2. General Discussion

The workshop gathered insights from a range of professionals involved in the develop-
ment, manufacture, regulation, and validation of virus-derived, virus-like, and virus-based
products, including gene therapies and vaccines, within a developing analytical, metrology
and standards landscape. A key hurdle in the drug development pathway is establishing
the potency and safety of a product, which should be reflective of the MoA, through the
application of a range of physiochemical and biological assays that correlate to product
CQAs. Recognition of appropriate CQAs through a risk-based approach is a vital element
of success and is exemplified by starting as a comprehensive series of tests that maximise
characterisation data, progressively narrowing to more specific tests upon licensing. A
sufficient demonstration of product comparability is an acknowledged major hurdle to
licensing due to product complexity. This is often compounded by less well-established
best practices, a lack of successful case studies, or limited knowledge within the broader
scientific community. It will be important to consider these factors in any strategy for
standardisation. Particularly, do we need RMs that are more representative of real-world
samples (commutable), better analytical support, or a clearer demonstration of industrial
application and interest, and which should be prioritised?
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Various analytical methods were presented, covering common sources of variability
and strategies for control. Keeping parameters as constant as possible, supporting the
availability of common analytical platforms, as well as the appropriate use of orthogonal
methods, to verify measurements, were all considered advantageous. Proprietary assay
development and a relative lack of information concerning kits, reagents, and processes
were also highlighted as commonly encountered problems. Commercial pressures for
efficiency savings were noted, with careful investment needed in the right areas to ensure
success. Solutions that may be advantageous include open access RM specifications and
reference methods with built-in quality data.

Several techniques were discussed from the point of view of specific pre-analytical
and analytical or instrument qualification considerations. Examples include sample prepa-
ration and instrument cantilever choice for SPM, microfluidic considerations and instru-
ment cleaning, manufacturer technical support for viral flow cytometry, and careful post-
imaging process steps to assess capsid fullness for CryoEM. Certain methods are more
platform/vendor-specific than others, with knock-on consequences and recommended
strategies. For example, for NGS analysis, different available platforms have different
characteristics and data outputs, so it would be advantageous to have access to several
different platforms validated with reference viral stocks within varied sample matrices,
particularly in situations with a high cellular background. Likewise, downstream, the use
of different bioinformatics algorithms will give different results, necessitating best practices
such as the use of a triplicate reference sample distributed to different pipelines. The use of
TRUTH datasets [26], such as Genome in a Bottle [27,28] can also improve comparability.
PCR used to validate NGS results was highlighted as an important strategy, as was the use
of orthogonal methods such as infectivity assays.

With the adoption of highly dimensional, high-throughput technologies, the use of
automated methods for picking standards and limiting any bias in such methods is becom-
ing clear. In the case of particle image properties for capsid characterisation (full versus
empty capsid), machine learning picking methods may be biased to pick completely full or
empty particles versus partial-fill particles, necessitating multiple rounds of classification
during the machine learning stage. The community should also properly assess the utility
of artificial datasets alongside real datasets for machine learning applications. More work
is needed to explore how these technologies can contribute to viral characterisation. Strate-
gically, there may be cases where certain orthogonal techniques can be routinely combined
with primary measurements to utilise associated advantages, such as speed and selectivity,
as in the case of white light interferometry combined with AFM.

The current state of RM provision was considered, as were the forms and specifications
future materials could and should take and which parties should take responsibility for
their development, production, and maintenance. From a regulatory perspective, a target
product specification, determined from the material that gave a good result in the pivotal
clinical trial, should form the basis for an ideal reference material. Often, however, these
materials are rare or may have been used up fully within the process, so developers should
plan for the qualification of new reference materials with carefully applied bridging studies
to link exhausted materials. The need for better guidance in the use of these existing
primary (external) materials and how to bridge to secondary (in-house) materials was
broadly acknowledged. Ideally, the community needs access to appropriate quantities
of sufficiently stable external RMs (as representative as possible of the test items) with
commercial availability for a period covering any complete development programme and
effective bridging studies for new internal materials; this offers a challenge to the metrology
community to consider the future development of either highly stable materials that retain
a narrow set of key attributes or quantities for certain applications, i.e., a particular size
measurement for a type of virus, or the production of RMs with broader properties and/or
applications. These values should be tested as concordant across many analytical methods
and link certain characteristics to secondary standards that are better suited for bio-analysis.
Ultimately, better RMs will give more confidence in products to all parties, which in turn
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drives data and knowledge sharing about a range of product types. Published results from
publicly available materials will be very important for the community so that individuals
can use the same materials and check their own results, often with the use of in-house
pipelines. It was also clear that the development of reference methods might be an easier
solution than developing RMs for biological assays.

Applying robust metrological principles to complex biological problems is indeed
challenging, but we might be starting to see some progress, taking the case of VLPs fully
synthesised and characterised. In such a manner, complexity could be built-in by develop-
ing robust standards and methods for concentration analysis, then progressing to purity
analysis and calibration and measurement capability. In this progression, it will be essential
to consider the ever-emerging techniques that enable more chemical, morphological, or
functional studies, such as particle assembly, pathogenesis, or antimicrobial resistance.
With more complex biology, we also need to extend our capabilities in deriving more
statistically robust data sets for supporting machine learning and artificial intelligence.

The workshop also addressed the state of documentary standard provisions and
strategies for the development of products covering viral vector analysis. Key features
discussed included recognising the large application areas that viral vector products cover
and the need to draw on translational experience from more mature related technical areas,
wherever possible. Recognising specific standards needs early on was seen as challenging,
due to their need to balance product specificity and complexity, be accommodating of
state-of-the-art developments and advanced manufacturing environments, and recognise
general concepts of value for many likely uses and types of products.

3. Conclusions and Recommendations

Several conclusions can be distilled from the workshop that should act as a basis for
consideration of a strategy for standard development for viral vectors.

1. There is a need for greater physical stability of RMs for virus-derived, virus-based, or
virus-like vectors. RMs should have sufficient stability to cover whole development
programmes or situations where comparisons are needed across facilities or regions.
These will be crucial to improving bridging studies where in-house RMs are used up
or where there is a drift in product specification during manufacture.

2. The balance in determining generic versus specific material specifications should be
shared between developers, regulators, and industry or government providers. More
specific products with smaller patient pools are expected to lean towards developer-led
initiatives, but these would be guided by common specifications allowing comparability.

3. There is a broad range of available analytical methods to support characterisation
with different measurands, particularly for titre and purity assessments. A concerted
harmonization effort for these methods and measurands and their correlative assess-
ments is needed, in tandem with standardisation, which the metrology community is
well placed to support.

4. Physical titre methods (capsid, genome, number concentration) should not be con-
fused with infectious titre methods. This can lead to confusion if physical titre is used
to aid a developer’s understanding of how a product might act. Clearer documentary
guidance on the terminology, properties, and appropriate use of these measurements
between products and standards should be prioritised.

5. There are a number of emerging advanced methods that need more development to
support knowledge of key uncertainties. These may combine a number of potentially
important measurands of application to different CQAs for viral vectors, e.g., mass
spectrometry enabling capsid protein purity/identity determination and confirming
sequence and site-specific post-translation moderation; CryoEM for 3-D classifica-
tion of viral particles and determination of state of filling and link to bioactivity;
and flow cytometry adapted to count smaller particles and extracellular vesicles for
neutralisation assays for infected cells.
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The main recommendation as a next step to address these workshop conclusions is
the establishment of a Task Force at CCQM with the proposed terms of reference:

• To prioritise, with external stakeholders, needs and gaps for reference measurement
methods and standards, and/or best practice guidelines, for the quantification of gene
delivery systems.

• To prioritise proposed comparison activities to be addressed by the international
metrology community relating to the prioritised measurands of gene delivery systems.

• To document a calibration hierarchy for the prioritised measurands of gene delivery
systems that would underpin the traceability of CMCs for the international metrology
community through the BIPM KCDB and enable industry to demonstrate compliance
with existing policies (i.e., GxP for cell and gene therapies).

• To develop knowledge transfer mechanisms supporting the metrology of gene delivery
systems within the international metrology community and to user communities.

The content and views presented by the authors are their own and do not represent
the views or policies of the organisation, regulatory authority, or governmental agency
they represent.

Author Contributions: Conceptualization, CCQM Workshop steering committee (J.J.C., N.A., Y.-K.B.,
M.H.C., J.F.H., S.K., S.L.-G., C.M. and M.G.R.); Writing—original draft preparation, J.J.C., J.H.B. and
workshop presenters; Writing—review and editing, all authors. All authors have read and agreed to
the published version of the manuscript.

Funding: The work described in this paper was funded in part by the UK Department of Science Inno-
vation and Technology through the National Measurement System programme and the Government
Chemist programme.

Data Availability Statement: Not applicable.

Acknowledgments: The steering committee for the workshop would like to thank the following for
valuable help and advice for the organization and presentation of the workshop; Gustavo Martos and
Robert Wielgosz as well as others who contributed to the workshop discussions during the online
sessions 24–27 January 2023.

Disclaimer (NIST affiliates): Points of view in this document are those of the authors and do not
necessarily represent the official position or policies of the U.S. Department of Commerce. Certain
commercial software, instruments, and materials are identified in order to specify experimental
procedures as completely as possible. In no case does such identification imply a recommendation
or endorsement by NIST, nor does it imply that any of the materials, instruments, or equipment
identified are necessarily the best available for the purpose.

Conflicts of Interest: The authors declare no conflict of interest.

List of Abbreviations
AAV adenovirus associated viral vector
AFM atomic force microscopy
ATMP advanced therapy medicinal product
AUC analytical ultracentrifugation
BIPM Bureau International des Poids et Mesures
CBER Center for Biologics Evaluation and Research
CCQM Consultative Committee for Amount of Substance
CQA critical quality attribute
CRM certified reference material
CryoEM cryogenic electron microscopy
crYOLO Cryo-EM particle picking You Only Look Once (YOLO) object detection system
CTF contrast transfer function
ddPCR droplet digital polymerase chain reaction
eGFP enhanced green fluorescent protein
ELISA enzyme-linked immunosorbent assay
EVs extracellular vesicles



Biologics 2024, 4 200

GxP Good Practice quality guidelines
HCP Host–cell protein
ICH International Council for Harmonisation
ITR inverted terminal repeats
KCDB Key Comparison Database (BIPM)
LC-MS liquid chromatography–mass spectrometry
LNPs lipid nanoparticles
LVs lentiviral vectors
MHRA Medicines & Healthcare products Regulatory Agency
MoA mechanism of action
NGS next generation sequencing
NIST National Institute for Standards and Technology
NML National Measurement Laboratory hosted at LGC Ltd.
NPL National Physical Laboratory
PiFM photo-induced force microscopy
PTMs post-translational modifications
QC quality control
qPCR quantitative PCR
RELION Regularised Likelihood Optimisation
RM reference material
SICM scanning ion conductance microscopy
SPM scanning probe microscopy
ssDNA single-stranded DNA
VCN vector copy number
VLPs virus-like particles
WHO World Health Organization

References
1. Ghosh, S.; Brown, A.M.; Jenkins, C.; Campbell, K. Viral Vector Systems for Gene Therapy: A Comprehensive Literature Review of

Progress and Biosafety Challenges. Appl. Biosaf. 2020, 25, 7–18. [CrossRef] [PubMed]
2. Taylor, N.P. Demand for Viral Vectors Seen Outpacing Capacity Growth Despite Investment Surge. Copyright © 2022 Science-

board.net. Available online: https://www.scienceboard.net (accessed on 5 February 2024).
3. Srivastava, A.; Mallela, K.M.G.; Deorkar, N.; Brophy, G. Manufacturing Challenges and Rational Formulation Development for

AAV Viral Vectors. J. Pharm. Sci. 2021, 110, 2609–2624. [CrossRef] [PubMed]
4. Wang, D.; Tai, P.W.L.; Gao, G. Adeno-associated virus vector as a platform for gene therapy delivery. Nat. Rev. Drug Discov. 2019,

18, 358–378. [CrossRef] [PubMed]
5. Regenerative Medicine in 2021: A Year of Firsts and Records. H1 2021 Report. © The Alliance for Regenerative Medicine (ARM).

Available online: http://www.alliancerm.org (accessed on 5 February 2024).
6. Lock, M.; McGorray, S.; Auricchio, A.; Ayuso, E.; Beecham, E.J.; Blouin-Tavel, V.; Bosch, F.; Bose, M.; Byrne, B.J.; Caton, T.; et al.

Characterization of a Recombinant Adeno-Associated Virus Type 2 Reference Standard Material. Hum. Gene Ther. 2010, 21,
1273–1285. [CrossRef] [PubMed]

7. Almeida, J. NIST Stability Study Results for Ad5RM; National Institute of Standards and Technology: Gaithersburg, MD, USA,
2021. Available online: www.nist.gov/document/nist-stability-study-results-ad5 (accessed on 8 April 2024).

8. Victoria, J.G.; Wang, C.; Jones, M.S.; Jaing, C.; McLoughlin, K.; Gardner, S.; Delwart, E.L. Viral Nucleic Acids in Live-Attenuated
Vaccines: Detection of Minority Variants and an Adventitious Virus. J. Virol. 2010, 84, 6033–6040. [CrossRef]

9. Ma, H.; Galvin, T.A.; Glasner, D.R.; Shaheduzzaman, S.; Khan, A.S. Identification of a Novel Rhabdovirus in Spodoptera
frugiperda Cell Lines. J. Virol. 2014, 88, 6576–6585. [CrossRef] [PubMed]

10. WHO Expert Committee on Biological Standardization: Report of the Seventy-Second and Seventy-Third Meetings; World Health
Organization: Geneva, Switzerlamd, 2021.

11. Khan, A.S.; Vacante, D.A.; Cassart, J.-P.; Ng, S.H.S.; Lambert, C.; Charlebois, R.L.; King, K.E. Advanced Virus Detection
Technologies Interest Group (AVDTIG): Efforts on High Throughput Sequencing (HTS) for Virus Detection. PDA J. Pharm. Sci.
Technol. 2016, 70, 591–595. [CrossRef]

12. ICH Guideline Q5A(R2) on Viral Safety Evaluation of Biotechnology Products Derived from Cell Lines of Human or Animal Origin;
European Medicines Agency: Amsterdam, The Netherlands, 2022.

13. Zivanov, J.; Nakane, T.; Forsberg, B.O.; Kimanius, D.; Hagen, W.J.; Lindahl, E.; Scheres, S.H. New tools for automated high-
resolution cryo-EM structure determination in RELION-3. eLife 2018, 7, e42166. [CrossRef]

14. Wagner, T.; Merino, F.; Stabrin, M.; Moriya, T.; Antoni, C.; Apelbaum, A.; Hagel, P.; Sitsel, O.; Raisch, T.; Prumbaum, D.; et al.
SPHIRE-crYOLO is a fast and accurate fully automated particle picker for cryo-EM. Commun. Biol. 2019, 2, 218. [CrossRef]

https://doi.org/10.1177/1535676019899502
https://www.ncbi.nlm.nih.gov/pubmed/36033383
https://www.scienceboard.net
https://doi.org/10.1016/j.xphs.2021.03.024
https://www.ncbi.nlm.nih.gov/pubmed/33812887
https://doi.org/10.1038/s41573-019-0012-9
https://www.ncbi.nlm.nih.gov/pubmed/30710128
http://www.alliancerm.org
https://doi.org/10.1089/hum.2009.223
https://www.ncbi.nlm.nih.gov/pubmed/20486768
www.nist.gov/document/nist-stability-study-results-ad5
https://doi.org/10.1128/JVI.02690-09
https://doi.org/10.1128/JVI.00780-14
https://www.ncbi.nlm.nih.gov/pubmed/24672045
https://doi.org/10.5731/pdajpst.2016.007161
https://doi.org/10.7554/eLife.42166
https://doi.org/10.1038/s42003-019-0437-z


Biologics 2024, 4 201

15. Rurik, J.G.; Tombácz, I.; Yadegari, A.; Fernández , P.O.M.; Shewale, S.V.; Li, L.; Kimura, T.; Soliman, O.Y.; Papp, T.E.; Tam, Y.K.;
et al. CAR T cells produced in vivo to treat cardiac injury. Science 2022, 375, 91–96. [CrossRef]

16. Nawaz, W.; Huang, B.; Xu, S.; Li, Y.; Zhu, L.; Hu, Y.; Wu, Z.; Wu, X. AAV-mediated in vivo CAR gene therapy for targeting human
T-cell leukemia. Blood Cancer J. 2021, 11, 119. [CrossRef] [PubMed]

17. Viral Vector and Gene Therapy Basics Summarized. 2021. Biovian. Available online: https://biovian.com (accessed on 5
February 2024).

18. Nelson, B.C.; Maragh, S.; Ghiran, I.C.; Jones, J.C.; DeRose, P.C.; Elsheikh, E.; Vreeland, W.N.; Wang, L. Measurement and
standardization challenges for extracellular vesicle therapeutic delivery vectors. Nanomedicine 2020, 15, 2149–2170. [CrossRef]

19. Shand, M.; Soto, J.; Lichtenstein, L.; Benjamin, D.; Farjoun, Y.; Brody, Y.; Maruvka, Y.; Blainey, P.C.; Banks, E. A validated
lineage-derived somatic truth data set enables benchmarking in cancer genome analysis. Commun. Biol. 2020, 3, 744. [CrossRef]

20. Pinto, I.S.; Cordeiro, R.A.; Faneca, H. Polymer- and lipid-based gene delivery technology for CAR T cell therapy. J. Control. Release
2023, 353, 196–215. [CrossRef] [PubMed]

21. DeRose, P.C.; Benkstein, K.D.; Elsheikh, E.B.; Gaigalas, A.K.; Lehman, S.E.; Ripple, D.C.; Tian, L.; Vreeland, W.N.; Welch, E.J.;
York, A.W.; et al. Number Concentration Measurements of Polystyrene Submicrometer Particles. Nanomaterials 2022, 12, 3118.
[CrossRef]

22. Tian, L.; Elsheikh, E.B.; Patrone, P.N.; Kearsley, A.J.; Gaigalas, A.K.; Inwood, S.; Lin-Gibson, S.; Esposito, D.; Wang, L. Towards
Quantitative and Standardized Serological and Neutralization Assays for COVID-19. Int. J. Mol. Sci. 2021, 22, 2723. [CrossRef]

23. Briones, A.; Martos, G.; Bedu, M.; Choteau, T.; Josephs, R.D.; Wielgosz, R.I.; Ryadnov, M.G. An SI-traceable reference material for
virus-like particles. iScience 2022, 25, 104294. [CrossRef] [PubMed]

24. Zhao, Y.; Stepto, H.; Schneider, C.K. Development of the First World Health Organization Lentiviral Vector Standard: Toward the
Production Control and Standardization of Lentivirus-Based Gene Therapy Products. Hum. Gene Ther. Methods 2017, 28, 205–214.
[CrossRef] [PubMed]

25. Paugh, B.S.; Baranyi, L.; Roy, A.; He, H.-J.; Harris, L.; Cole, K.D.; Artlip, M.; Raimund, C.; Langan, P.S.; Jana, S.; et al. Reference
standards for accurate validation and optimization of assays that determine integrated lentiviral vector copy number in transduced
cells. Sci. Rep. 2020, 11, 389. [CrossRef]

26. Gresova, K.; Martinek, V.; Cechak, D.; Simecek, P.; Alexiou, P. Genomic Benchmarks: A Collection of Datasets for Genomic
Sequence Classification. bioRxiv 2022. bioRxiv:2022.06.08.495248. [CrossRef]

27. Banjara, K.; Zheng, L.; Dasari, S.; Norman, K. Abstract 5139: Development of novel copy number variation (CNV) reference
materials in genome in a Bottle background. Cancer Res. 2019, 79, 5139. [CrossRef]

28. Gettings, K.B.; Borsuk, L.A.; Zook, J.; Vallone, P.M. Unleashing novel STRS via characterization of genome in a bottle reference
samples. Forensic Sci. Int. Genet. Suppl. Ser. 2019, 7, 218–220. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/science.abm0594
https://doi.org/10.1038/s41408-021-00508-1
https://www.ncbi.nlm.nih.gov/pubmed/34162832
https://biovian.com
https://doi.org/10.2217/nnm-2020-0206
https://doi.org/10.1038/s42003-020-01460-9
https://doi.org/10.1016/j.jconrel.2022.11.038
https://www.ncbi.nlm.nih.gov/pubmed/36423871
https://doi.org/10.3390/nano12183118
https://doi.org/10.3390/ijms22052723
https://doi.org/10.1016/j.isci.2022.104294
https://www.ncbi.nlm.nih.gov/pubmed/35573192
https://doi.org/10.1089/hgtb.2017.078
https://www.ncbi.nlm.nih.gov/pubmed/28747142
https://doi.org/10.1038/s41598-020-79698-w
https://doi.org/10.1101/2022.06.08.495248
https://doi.org/10.1158/1538-7445.AM2019-5139
https://doi.org/10.1016/j.fsigss.2019.09.084

	Introduction 
	General Discussion 
	Conclusions and Recommendations 
	References

