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However, it may result in detection of residual viral nucleic acids and false-positive PCR/NGS results.
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Limitations of Current Serum Bioassays

Limited test sensitivity and breadth of detection

=Only two cell lines used: a bovine (BT or MDBK) and a primate (VERO) or target species cell line
=Only viruses that can grow in these cell lines with CPE or HAD/HA can be detected

=Only 7 viruses chosen for their pathogenicity for cattle tested specifically by 9CFR

=“Assay LoD unknown

Hard to grow/detect agents are readily missed (e.g., BPyV, retro, parvoviruses, adeno, picobirna,
annelo, circo, calici-virus)

Long assay duration (technically > 28 days)
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Agnostic NGS in Viral Safety

From broad detection to biologically meaningful viral-safety evidence

WHAT “AGNOSTIC” NGS ADDS WHY IT MATTERS
i * Broad detection beyond predefined virus panels
Targeted PCR Agnos_tlc NGS / HTS y P p
. What viral sequences
Is virus X present? : . .
are present? * Known, divergent and potentially novel viral sequences

. . o . o . * Potential complement / alternative to selected conventional assays
Unbiased sequencing — bioinformatics — broad viral identification

KEY POINT — Broad detection does not by itself demonstrate infectivity

REGULATORY FRAMEWORK

-

N O R

BOVINE SERUM / ANIMAL-DERIVED MATERIALS NGS /HTS FOR VIRAL SAFETY
Ph. Eur. 2262 — Bovine serum ICH Q5A(R2) — Viral safety
Ph. Eur. 5.2.5 — Extraneous agents Ph. Eur. 2.6.41 — HTS / NGS
\ EMA/CHMP/BWP/457920/2012 Rev.1 — bovine serum J \ Validation, controls and meaningful interpretation J

The regulatory logic is converging: control the serum risk, broaden detection, then interpret biological relevance.
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How to Demonstrate Viral Safety Effectively

Why direct NGS testing is not discriminant and what should be done

Bovine serum contains a high background
of viral nucleic acids (infectious or not)

c/" K‘u
i Tl
BOVINE —
| SERUM

¢ Not specific
* Not discriminant
¢ Does not inform on infectivity

OPTION (if NGS must be performed):

Perform gPCR on viral indicators (e.g., BVDV)
to confirm that the viral load is below the
gamma irradiation inactivation capacity.

(— 1 |

1 ) DIRECT NGS TESTING OF BOVINE SERUM IS NOT DISCRIMINANT

NGS

(Before or after inactivation)

Many viral sequences will be detected

Viral titer <
Inactivation capacity

of gamma irradiation

2 ) THE RIGHT APPROACH: INACTIVATE THEN DEMONSTRATE ABSENCE OF INFECTIVITY

Raw
bovine serum

| v ‘;‘
Bovne j ?i. ™ sonne

@

Infectivity testing
on cell systems

Inactivated
bovine serum

Gamma
irradiation

SERUM

=

P

Bovine  Target cells
cells (CHO, Vero,
lymphoid ... cells)

WHY THIS APPROACH IS RECOMMENDED
° Demonstrates absence of replication-competent (infectious) virus
@ Uses relevant cell systems to cover a broad host range
Q Transcriptome NGS detects active viral replication (mMRNA), not just residual DNA/RNA

@ Meets regulatory expectations for viral safety assessment

Readout:

Transcriptome
NGS

KEY TAKE-HOME

o

MESSAGES

Direct NGS of bovine serum
(before or after inactivation)
is not discriminant.

O

Inactivate first, then demonstrate
absence of infectious virus using
infectivity assays with transcriptome
NGS readout on bovine cells and
target cells (CHO, Vero, lymphoid ...).

Patient
Safety

Regulatory
Compliance

ofs

Product
Quality
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Virome vs Transcriptome: Why It Matters and How It Works

Capturing the biology of infection: transcription patterns reveal active viruses

1. TWO COMPLEMENTARY APPROACHES 2. TRANSCRIPTION PATTERNS REVEAL ACTIVITY
TRANSCRIPTOME (RNA-Seq) NGS RNA STRANDED is key to interpret viral transcription
and distinguish sense from antisense RNAs

X > 2 2
i e g VIRUS GENOME TYPE LA AL AT WHY STRANDED RNA-Seq?
Viral nucleic acids mainly Viral RNAs actively transcribed (IN INFECTED CELLS) N
associated to capsids in cells in contact with the bovine serum
(DNA or RNA) ssRNA (+) Genome (+) Discriminates genomic RNA
r I from subgenomic mRNAs
o N/ANSNSNSNSN mRNAs (+) = e e and antisense RNAs
wona-AAA
! (LA ssRNA (=) Genome (<) Detects (+) mRNAs produced
B from (—) genome; antisense
: NI NNTNAN —_—
mRNAs (+) —_— —_— RNAs may also be present
' Workflow dsRNA Genome () ————— Identifies RNAs from both
Workflow ; Cells cultured with bovine serum strands, critical for dsRNA
Virion enrichment (ultracentrifugation) Total RNA extraction mRNAs (+ and =) ——— —— virus biology
DNA & RNA extraction rRNA d:.pletion
¥ DNA viruses : ;
NGS (DNA or RNA) Stranded RI\iA-Seq (NGS) Viral DNA Detectsf v:fral n?RNAs
Bioinformatics analysis e — as proo. o. active
mRNAs (+) — i a— transcription
Gives a “who is there?” snapshot, Gives a “what is active?” snapshot
but does not inform on viral activity based on viral transcription patterns Stranded RNA-Seq allows detection of replication intermediates
(positive and negative strands, antisense RNAs) = strong evidence of active infection

3. METABOLIC LABELING OF NEWLY SYNTHESIZED RNAs TO PROVE ACTIVE INFECTION

Cells cultured with Add 4sU Incorporation into Alkylation Total RNA extraction Reverse transcription Stranded RNA-Seq Accumulation of T>C
bovine serum (metabolic label) newly synthesized RNAs (specific to 4sU) +rRNA depletion to cDNA (NGS) errors in cDNA (sequenced) -
0 . Reference (RNA) [ onlyT>C
e (o] o] e
= — HN)ks b A & L AUGCUUAGCAUGC s"bs"““l'm
| eS| =P | ke — HN S HN N* - = 25 N accum'u‘ ate
w )\ )\ NS~ 4sU )\ J —> )\ ) NGNSONSN at positions
()2 07 N7 s 0Z >N 07 N x AUGCCUAGCAUGC of 4su
Use production cells corresponding (I)H Il [ | RPN \ AUGCCUAGCAUGC | incorporation
to the needs of major markets: o ) N i } N R AUGCCUAGCAUGC
Ex: CHO, Vero, MDCK, WI-38, w hours before Only newly synthesized 4sU is converted to Enrich for viral and cellular Sequence the cDNA Evidence of newly
MRC-S5, 293, CEF... last harvest RNAs incorporate 4sU a thio-modified uridine (s*U) mRNAs ANATEEORA (maintains strand of origin) Ga synthesized (active)
i ’ 4 viral RNAs
NO REPLICATION - No 4sU incorporation -» No T>C errors b REPLICATION — 4sU incorporation - T>C errors accumulate - Evidence of active transcription
Virome tells you what viral nucleic acids (mainly Transcriptome of cells in contact with the bovine serum, Metabolic labeling (e.g., 4sU) combined with stranded
@ KEY MESSAGES 0 associated to capsids) are present in the serum, ° analyzed by stranded RNA-Seq, reveals active viral transcription RNA-Seq and T>C error accumulation in cDNA provides
but not if viruses are active. patterns and distinguishes sense from antisense RNAs. the strongest evidence of active viral replication.
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Benefits of Using Transcriptome NGS-based Assays

Cell culture phase with 2-3 passages, followed by Transcriptome NGS

Only live (replicating) viruses are detected

Equal or less assay duration than conventional tests

Able to detect a very wide range of viruses (addresses both serum users & regulatory needs)
Also detects emerging or novel viruses

Detection and identification accomplished at the same time, minimizing a need for lengthy

investigations

Overall method can be validated and performed under the GMP requirements
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Demonstrating Carry-over from bovine serum if requested

Demonstrating Carry-over from Bovine Serum

1. OBSERVATION 2. INVESTIGATION STRATEGY 3. INTERPRETATION

[_ EXPECTED IF FBS CARRY-OVER UNEXPECTED FINDING
NGS of Drug Product EES ot teed

ww-|  during production

¢ " b - ° Very few reads Q Numerous reads
DRUG Few BVDV reads Complete NGS " Drug Product reads @ Reads closely related
PRODUCT ditacted characterization = (5-10reads) to FBS sequences Q Distinct viral
opulation
(typically <10 reads) * ¢ o Compatible genomic L
regions
{}{} Assembly o: B\:DV 9 Q Incompatible
(-3 sequence clusters .
QUESTION & & (~20,000 reads) Read-by-read ° No Ie.wcl'ence of sequence pattern
Are these reads evidence of viral comparison replication
contamination or simply residual ‘ against the FBS o Consistent with e Evidence suggesting
nucleic acids originating Reference sequence reference database gamma-inactivated another source
from bovine serum? database serum
4. KEY CONCLUSION
The relevant question is not whether BVDV reads are detected, but whether their genetic profile
is compatible with the bovine serum used during manufacturing.
EBS lot BVDV reference sequences ™ Drug Product reads Discriminating region (E2)
(assembled from ~20,000 reads) ot (5-10 reads) 1‘ Reference (FBS)
& COMPARE !
‘) 5 — ; | AUGCUUAGCAUGCAUGCUAGC
l = —> {3 F 4 5 |SUR|Npro| C | Ems | E1 | Fz | P7 | NS2 | NS3 |NSaA| NS4A| NsdB | NsSB | 3UTR H ; , Drug Product reads
C} ——— —— /- | .. AUGCUUAGCAUGCAUGCUAGC
— e e e R e e e e e i | . AUGCUUAGCAUGCAUGCUAGC
Reference virome _ —_— e — —_—_— ——— —_— —— H .. AUGCUUAGCAUGCAUGCUAGC '
! .. AUGCUUAGCAUGCAUGCUAGC !
@ High sequence similarity = @ Consistent with =) @ No evidence of N | = match to reference (FBS)
to FBS reference passive carry-over process contamination R A e
NGS detects nucleic acids, not contamination. / This approach provides scientific evidence to support risk-based
Viral safety interpretation requires demonstrating whether detected reads are compatible (O’ interpretation and helps avoid unnecessary follow-up investigations

with the virome of the bovine serum used during manufacturing. when reads originate from the bovine serum.
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Summary of Approaches
MITIGATION OF INERT VIRAL SEQUENCES WHILE CONTROLLING THE RISK OF VIRAL CONTAMINATION

Strategies to avoid introducing replicating viruses or high loads 2A. ASSESSMENT OF VIRAL REPLICATION
of viral nucleic acids into the production process. g g v
PN Determine if 3
| ) . B . a2 10
live virus possible Quantitative PCR )
1A. CULTIVATE BOVINE AND 1B. NGS VIROME o0 | mp N [ Pespeiion 2
1 ‘ based on NGS to measure viral load ® 1
|PRODUCT e R
PRODUCTION CELLS + SELECTED gPCR 1 ‘ transcriptomic in product and in BS 3
WITH IRRADIATED BS (OPTION) — A B aweis 8 o
Viral sequences Product
detected by NGS Compare levels
SN ( 2A (continved). DEMONSTRATING CARRYOVER FROM BOVINE SERUM e 3
P B ) & Few reads
» = - N E Bovine Serum (BS) Read-by-read comparison Drug Product reads @ Closely related to
@ ety T to BS reference database {fewireads) BS sequences
‘—_— e T — & Compatible genomic
= ety # e q Tt = regions
—_— & No evidence of
‘ o s . - _— - licati
Transcriptome NGS, L tnron'le & Deep NGS to build Q) > (liinssiz?:netn\cueit:r:;r:y?ver ] rce:n-sc;:r:\t with
option metabolic labeling on the irradiated or BS reference database from BS, not replication ‘ gamma-inactivated BS

non-irradiated BS .

and risk analysis by 2B. EXCLUSION OF TYPICAL FBS CONTAMINANTS FROM THE
comparison with validation AGNOSTIC VIROME ASSAY SPECIFICATION OF BH

of gamma irradiation CoA for each batch of BH to be adjusted based on the result

of the risk assessment, the CoA of the FBS (9CFR, EP 2.2.62)
and the list of identified viruses from FBS lot release
by NGS viromic approach.

g KEY MESSAGE NGS testing provides a robust framework for controlling viral risks and for reliable interpretation (O/)

of NGS results in manufacturing processes with irradiated BS.
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Application of NGS for Bovine Serum Testing

Supporting Viral Safety from Early Development to Commercial

BS Production (FBS Manufacturer)

Phase 1:
slaughterhouse blood collection in individual bags - serum separation from each bag - small serum pools (~5L)
—> storage

Phase 2:
Thawing of 5L containers —>final pool, batch size 1600-2000L - aseptic filtration - dispensing = labeling >
Storage - QC testing - CoA -> distribution

Final batch testing.
Likely point of transcriptome NGS introduction (bovine indicator cell line).

User of BS (Pharma)

Storage - QC testing for cell/virus growth potency - CoA - use

Additional test from cells sampled during BS potency testing on
Likely point of transcriptome NGS introduction.
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RESEARCH ARTICLE
Applied and Environmental Science

MICROBIOLOGY

il ;. | mSphere

Adventitious Virus Detection in Cells by High-Throughput
Sequencing of Newly Synthesized RNAs: Unambiguous
Differentiation of Cell Infection from Carryover of Viral
Nucleic Acids

ationale Vétérinaire d'Alfort, Unive

Ecole Nationale Vétérinaire d'Alfort, Université Paris-Est, Maisons-Alfart, Paris, France

Discon n Unit, Institut F

ABSTRACT The use of high-throughput sequencing (HTS) to identify viruses in bio-
logicals differs from current molecular approaches, since its use enables an unbiased
approach to detection without the need to design specific primers to preamplify tar-
get sequences. Its broad range of detection and analytical sensitivity make it an im
portant tool to ensure that biclogicals are free from adventitious viruses. Similar to
other molecular methods, however, identification of viral sequences in cells by HTS
does not prove viral infection, since this could reflect carryover of inert viral se-
quences from reagents or other sources or the presence of transcriptionally inactive
cellular sequences. Due to the broad range of detection associated with HTS, the
above can potentially be perceived as a drawback for the testing of pharmaceutical
biological products using this method. In order to avoid the identification of in-
ert viral sequences, we present a methodology based on metabolic RNA labeling
and sequencing, which enables the specific identification of newly synthesized
viral RNAs in infected cells, resulting in the ability to unambiguously distinguish
active infection by DNA or RNA viruses from inert nucleic acids. In the present
study, we report the ability to differentiate Vero cells acutely infected by a
single-stranded positive-sense RNA virus (tick-borne encephalitis virus) from cells
which have been in contact with nonreplicating virus particles. Additionally, we
also found a laboratory contamination by the squirrel monkey retrovirus of our
Vero cell line, which was derived from an Old World (African green) monkey, a
type of contamination which until now has been identified only in cells derived
from primates from the New World

Citation Cheval J, Muth £, Gonzalez G, Coulpier

IMPORTANCE The use of high-throughput sequencing (HTS) to identify viral con-
tamination of biological products is extremely sensitive and provides a broad
range of detection. Nevertheless, viral sequences identified can also be inert. Ex-
amples include contamination resulting from reagents or the presence of inacti-
vated viruses in animal-derived components of the cell culture medium. We
therefore developed a method that relies on the sequencing of newly synthe-
sized RNAs, an unequivocal sign of the presence of a transcriptionally active vi-
rus. This improvement in the specificity of viral testing increases the acceptabil
ity of HTS as a standard test for cells used in manufacturing biclogicals and in

Editor
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Copyright © 201
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Our Methods in Two Peer-Reviewed Publications
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Use of a new RNA next generation sequencing approach for the specific

detection of virus infection in cells
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ARTICLE INFO ABSTRACT

Keywords: The utilization of the current combination of in vitro, in vivo and PCR assays for the identification of adventitious
Virus testing viruses in production cells has a limited range of detection. Whi

Next generation sequencing broader breadth of detection, it is unable to differentiate sequences from replicating viruses versus background

Metagenomics
Biologicals
Viral safety
Adventitious virus

inert sequences. In order to improve NGS specificity, we have designed a new NGS approach which targets
subsets of viral RNAs only synthesized during cell infection. In order to evaluate the performance of this ap-
proach for detecting low levels of adventitious viruses, we selected two difficult virus/cell systems. This included

B95-8 cells persistently infected by Human herpesvirus 4 (HHV-4) and serially diluted into HHV-4 negative Ramos

cells and Madin-Darby bovine kidne;

cells with an early infection produced via a low dose of Bovine viral

diarrhea virus. We demonstrated that the sensitivity of our RNA NGS approach was equivalent to targeted PCR
with an increased specificity for the detection of viral infection. We were also able to identify a previously
undetected Murine Leukemia Virus contaminant in Ramos cells. Based on these resuits, we conclude that this new
RNA NGS approach is suitable for conducting viral safety evaluations of cells.

1. Introduction

Insuring viral safety during the development and manufacture of
biological and medicinal products is a critical quality parameter. All
animal-derived materials used for the manufacture of biological pro-
ducts need to be free from adventitious viruses. Currently in vivo and in

vitro assays are utilized for the detection of viruses in biological pro-
ducts. This includes the testing of starting materials such as cell sub-
strates, virus seeds, and cell culture intermediates or ancillary materials
such as porcine trypsin and animal serum

Currently utilized tests were developed with known viruses dis-
covered via isolation in cell culture or in animals. This results in a false
assumption that all potential viral contaminants can be identified by in
vitro and in vivo assays. With the advent of the use of molecular biology
assays like PCR, the discovery of viruses is now primarily based on the

detection of viral nucleic acids. This includes the identification of wild-

type strains of human viral pathogens which cannot be isolated and

* Corresponding author. PathoQuest, 11 rue Watt, 75013, Paris, France.
E-mail address: marc.eloi uest.com (M. Eloit).

https://doi.org/10.1016/j.b 2019.03.008

identified by current in vitro methods. Recent studies have demon-
strated the viral detection and sensitivity limitations associated with
current in vivo assays and recommended in vitro 9 CFR testing method
[1,2]. This is especially important for biological products manufactured
erials. While electron microscopy is

using bovine or porcine raw m:
used as an alternative method to screen for viral contaminants in bio-

logic products since it is suitable for evaluating the presence of virus-
like particles, it lacks sensitivity and is operator dependent. The above
lead to both in vitro assays and electron microscopy frequently failing to
clearly identify and the for

analyses.

Although targeted PCR is a useful testing alternative, it is limited to
only detecting and identifying viruses known or suspected to be po-
tential contaminants in the material being analyzed. When animal
origin materials are used for the production of biologicals, the number
of PCR tests is typically limited to a small list of animal viruses with
enicity in the ori,

known patho; al host species, however, these may

Received 21 December 2018; Received in revised form 15 March 2019; Accepted 31 March 2019

Available online 13 April 2019

10451056/ © 2019 International Alliance for Biological Standardization. Published by Elsevier Ltd. All rights reserved.
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inert sequences from replicating viruses

NGS targeted to newly synthetized RNAs
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Bioprocess International (BPI) Viral safety and raw material meeting in
Vienna by Jean Pol Cassart from GSK vaccines — “An infectivity/NGS

No combined assay to specifically detect live viruses and control the risk
replication of viral contamination”
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