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How to Detect Viral Contaminants

the “traditional” test methods pefore 2010;

Non-specific test methods
r -range of detection .
S -1&& (broad-range of d on) Test for reverse transcrlptase&,
(mouse, eggs, guinea pig, =
rabbit)

/ (RT)

Transmission Electron @@

Direct observation &
haemadsorption test (cell

Live

cultures) e T Viral " Microscopy (TEM)
Vifus components
Infectivity assay >
(retrovirus) &
in vivo Antibody production
tests (MAP, RAP, HAP)
9CFR for Bovine & Porcine PCRs
viruses
&&I Tests combination for retroviruses

Virus-specific test method
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Some Limitations of the Traditional Testing Package

For non-specific test methods

Test Test Read out

In vivo — Tests Compromised

in animals animal model
health

In vitro - Direct CPE and/ or
observation & HAD on
haemadsorption indicator cells
(HAD) test

For virus specific test methods

To be detected, the

contaminant virus has

to replicate in the animal
model & to alter animal
health

To replicate on indicator cells
& to induce CPE or HAD

® Needto select which virus to specifically look for

Vaccine

journal homepage: www.alsevier.com

Contents lists available at Scienc:

eDirect

flocate/vaccine

Jaccine

Systematic evaluation of in vitro and in vivo adventitious virus

assays for the detection of viral contamination of cell banks

and biological products*®

James Gombold*, Stephen Karakasidis®, Paula Niksa®, John Podczasy?, Kitti Neumann®,

James Richardson®, Nandini Sane*, Renita Johnson-Leva“, Valerie Randolph,

Jerald Sadoff*, Phillip Minor', Alexander Schmidt#, Paul Duncan”, Rebecca L. Sheets '+

in vivo

— ) vitro

=>Viral Risk Assessment is to be conducted to define the adventitious testing package, and the specific

testings

® Viral variants are to be considered, especially when designing a specific test such as PCR

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song



The conventional testing package could miss viral
contaminant

JoURNAL OF VIROLOGY, June 2010, p. 60336040 Vol 84, No. 12 ® H |gh'th roug hput SequenCIng (HTS) haS the

0022-538X/10/512.00  doi:10.1128/IVL02690-09

Copyright © 2010, American Society for Microbiology. All Rights Reserved. pOtentIa| tO |dent|fy both knOWn and UnknOWn
adventitious viruses by sequencing all the
Viral Nucleic Acids in Live-Attenuated Vaccines: Detection of nucleic acid within a sample without needing
Minority Variants and an Adventitious Virus'§ — prior knowledge of the Contaminating agents
Joseph G. Victoria,'* Chunlin Wang,® Morris S. Jones,* Crystal Jaing,” Kevin McLoughlin,® Whatever the Virus

Shea Gardnt:r,s and Eric L. Delwart'2*

Blood Systems Research Institute, San Francisco, California 94118"; Dept. of Laboratory Medicine, Umvers:t!;' of
California, San Francisco, California 941187 Stanford Genome Technology Center, Stanford, California 943047
Clinical Investigation Facility, David Grant USAF Medical Center, Travis AFB, California 94535%; and

Lawrence Livermore National Laboratory, Livermore, California 94551°

Received 22 December 2009/Accepted 25 March 2010

Metagenomics and a panmicrobial microarray were used to examine eight live-attenuated viral vaccines. . | q
Viral nucleic acids in trivalent oral poliovirus (OPV), rubella, measles, yellow fever, varicella-zoster, multiva- ® AUg 2010 . FDA Ietter tO ||CenSE‘d vaccine man UfaCtU rers
lent measles/mumps/rubella, and two rotavirus live vaccines were partially purified, randomly amplified, and
pyrosequenced. Over half a million sequence reads were generated covering from 20 to 99% of the attenuated

viral genomes at depths reaching up to 8,000 reads per nucleotides. Mutations and minority variants, relative Please describe any plans you may have to implcmcnl additional adventitious agent testing

to vaccine strains, not known to affect attennation were detected in OPV, mumps virus, and vz -zoster methods as part of your manufacturning 0O " g o > H . e

virus. The anticipated detection of endogenous retroviral sequences from the producer avian and primate cells t limited N y . - ’ o )'{ﬂ)l.b ‘. as these methods b&om‘ a\_ ailable ”Kmd,mg' _bm
was confirmed. Avian leukosis virus (ALV), previously shown to be noninfections for humans, was present as o 'm' . 1o, screening for PCV and PCV DNA as well as ay additional In-process testing for
RNi\I in;irgl_ pa|1i‘|;les. w]llile simigll reirmir}.ls ASR\‘]‘was Ppresent a; g;lzl:iiltally lt;l_cflvl;'ﬂw I).\:;\. Rolarix,]:n adventitious agents that you may have recently added, but not reported 1o the agency. In this
orally administered rotavirus vaccine, contained porcine circovirus-1 (PCV1), a highly prevalent nonpatho- regard. ple ~ONSH ) ani v iaks (e - . i - .

genic pig virus, which has not been shown to be infectious in humans, Hybridization of vaccine nucleic acids ..& 4 pf'\sc Lon'\““? any )n!mal derived materials (eg. culture mc.\!tum_ albumin, CNZymes,

to a panmicrobial microarray confirmed the presence of endogenous retroviral and PCV1 nucleic acids. Deep lipids, etc) and the point at which they are used in your product manufacture, any adventitious
sequencing and microarrays can therefore detect d virus seq € ch s, minority variants, and agemt related qualil)' control laling pctl'onncd h_\ the material vendor or done in-house, and any

adventitious viruses and help maintain the current safety record of live-attenuated viral vaccines. - . . s ’ P 3
p ) applicable viral clearance or inactivation steps provided by your manufacturing process.

= Development of Adventitious Virus detection by HTS at Sanofi Vaccines started in 2010
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Our Goal : to Substitute in Vivo Test for Adv Virus Detection

And to strengthen our adventitious virus detection

by
critute . .a??S __ Non-specific test methods
1S for - (broad-range of detection)

Test for reverse transcriptase
novTas &
ad Q‘ﬁ‘ﬂe eggs guinea pig, (RT) 0
Direct observation &
haemadsorption test (cell Live \rira] Transmission EleCtron@
cultures) TaF A s ira Microscopy (TEM)
’ components
virus
Infectivity assay Py
(retrovirus) & R \aced bV
C\«\f&%y production tests >
MAP, RAP, HAP)
b (
olaced O a by 3"
RE Egsr Bovine & Porcine ReDR%D@e
m HTS Replace Reduce Refine

Virus-specific test methods
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Our Choice for In Vivo Test Substitution (1/3)

In vivo tests are typically performed on Cell Banks and Viral Seed Lots

Nature and source of viral Type of test
nucleic acid to be detected material
Matrices for virus detection are cells as well as harvest (with more
or less cellular components) Encapsidated

viromics [release)

Viral genomes
. viral genomes

Our goal: One approach to fit all types of matrices *%,)% @ Creapsidted
AN 'f%\ viral genomes
Since our new vaccines are produced with animal-free materials, "

. R . . G ) Cellular
we chose to develop a pipeline capable of detecting any viral By s oncapaideted \ samPle
nucleic acids, preferentially those that are encapsidated and o

R . transcriptomics
potentially also non-encapsidated. Viral transcripts .- » o Viral RNA----p ( Cellular

sample

Extract from Figure 2.6.41-1

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song 8



Our Choice for In Vivo Test Substitution (2/3)

Viral Stocks

01/2018:50214

lable at ScienceDirect

Pharmatapes — % - The 16 NIH viruses represent
Journal homepage: wwiw.elsevier.com/locate/vaccine pote nti a I co nta m i na nts th at
;i%’i‘i.l Sg?SS)TBI$(;§I‘(/)I¥R%FMHETvgl‘(’;% (s) Systematic evaluation of in vitro and in vivo adventitious virus (!)mek CO U I d be i n trOd U Ced d U ri n g
assays for the detection of viral contamination of cell banks . . .
FOR THE QUALITY CONTROL OF vaccine production, includes
VACCINES e e e o Lo s SO human and animal viruses

from a variety of families,

The implementation td,;igftvt%izzotol’véot are Vit ey virs Srse | Barseped | Vsl Genemme | 0 both RNA and DNA genomes
of such new molecular (or are not) detected : — Adenovirus 5| Adenoid 75 | No &DNA 36 as well as er_weloped and non
methods as by the in vivo methods’ E Ademeviridae Adenovirus 41 N/A No dsDNA 34 enveloped VIrus
substitutes for in vivo and to determine if the E Flaowridae | BV | v | Ye | sRNAGwe) | 124 .
methods requiresa  sensitivity is at least Hepe S | e | v | aova | s « The NIH PI’OtOCO|S. for AR
comparison of the  equivalent to the ; Horpesviridae [ JPR R I propagation and titration
specificity (breadth of sensitivity of the in 5 srple i ) ) )
detection) and the vivo methods E Orthomyxoviridae |  Influenza A (HINT) Yes |8ssRNA(wve)| 125 ° C h ara Cte ri Zatlo n Of vira I
sensitivity of the new o i Mg | Esdem | Ve | | s stocks includes Infectious
and existing methods. 5 — = Titer and GEQ

For this purpose, an 5 Parampoviidee | Paminucezm | NA | ves Lm 155

appropriate panel of i el —

representative, well- i Messles | Bdmonston | Yes o |

characterised model ; Comebelo | NA__Fo s s => Allows to link our HTS data to

{;’gﬁﬁjjs”;‘;";g;,;’; o Bl I P S Y NIH in vivo data from Gombold et
! oo | s v | ey | ve | apva | 52 al, 2014), as proposed by Ph. Eur.
i Rhabdoviridae Sm:::fjfi‘f:fims Indiana . Yes ‘:R‘\: 12 5. 2.14
: Togaviridae Rubella M-33 Yes ssRNA (+ve) 9.7
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Our Choice for In Vivo Test Substitution (3/3)

npj ‘ Vaccines WWALNALIG COMMBVACCnS

ARTICLE B Crohimrupisis ~— in vivo
Sensitivity and breadth of detection of high-throughput
sequencing for adventitious virus detection

Robert L. Charlebois’, Sarmitha Sathiamoorthy?, Carine Logvinoff’, Lucy Gisonni-Lex', Laurent Mallet® and Siemon H. 5. Ng ('™

Bovine vira

High-throughput sequencing (HTS) is capable of broad virus detection encompassing both known and unknown adventitious

viruses in a variety of sample matrices. We describe the development of a general-purpose HTS-based method for the detection
of adventitious viruses. Performance was evaluated using 16 viruses equivalent to well-characterized National Institutes of Health
{NIH) virus stocks and another six viruses of interest. A viral vaccine crude harvest and a cell substrate matrix were spiked with 22
viruses. Specificity was demonstrated for all 22 viruses at the species level. Our method was capable of detecting and identifying
adventitious viruses spiked at 10° genome copies per milliliter in a viral vaccine crude harvest and 0.01 viral genome copies

W Sanofi HTS

spiked per cell in a cell substrate matrix. Moreover, 9 of the 11 NIH model viruses with published in vivo data were detected by 2o o o o Genome Copies/mL - o o o
y L . N 5 . NT = not tested; ND = not detected; In vivo fest show befter sensitivity than NGS
HTS with an equivalent or better sensitivity (in a viral vaccine crude harvest). Our general-purpose HTS method is unbiased and Viral genome types: : SSRNA (~ve); sSRNA (+ve) in vitro test)

highly sensitive for the detection of adventitious viruses, and has a large breadth of detection, which may obviate the need to
perform in vivo testing.

npj Vaccines (2020)5:61; https://doi.org/10.1038/541541-020-0207-4

* Equivalent between in vivo and NGS tests

and

Using viral stocks as representative spiking materials in our detection pipeline, we were
able to document the breadth of detection and sensitivity of our HTS pipeline.
Our data package supports the substitution of in vivo test by HTS for adv virus detection

test, as recommended within Ph.Eur. 5.2.14
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HTS to Streamline the Adventitious Virus Testing Package
and to Strengthen Product Viral Safety

Non-specific test methods

(broad-range of detection)

Direct observation &

haemadsorption test (cell
cultures)

Live
infectious
virus

Viral
components

|

HTS for adventitious virus

Infectivity assay

(retrovirus) @&

]
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Transmission Electron
Microscopy (TEM)
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Overview of our Test

Sample

sanofi

Internal

\. ‘s:ontrols

Pre-
extraction
(optional)
+ Cell lysis
+ Moderate
Nuclease
treatment

Extraction

KoK

— L S

Nucleic acid
(ds/ssDNA or RNA,
linear, circular etc)

NAN\S\J 27 strand

synthesis Sequencing

lllumina platform

ACTGGATCAGCGATCT
ACGACGAGTTAGATTC
CAGGATTCAGGCTATT
TCATTTCAGGAAGCGA
CTTCTCGAGGATCTAG

Data File

| — p Internal controls v/
ACTGGAT ass

Analysis ACGACGA In-scope viruses X
y CAGGATT /
— ~

Follow-up investigation
~o
PhylolD Resulis
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Controls and Validity Criteria Selection

General:

» Measures to avoid cross-contamination: segregate lab rooms with dedicated biosafety cabinets for
nucleic acid extraction and library preparation and unidirectional workflow; dual-indexed sequencing
library

* Quantify input DNA for sequencing library preparation

« Assessment of sequencing library: validity criteria for size and concentration

* Sequencing: validity criteria for read quality (minimum % Bases Q = 30)

Matrix-specific:

» Sequencing: validity criteria for total output per sample (number of reads)

* Internal controls (pseudo-viral particles for both DNA and RNA): validity criteria for the recovery of the
internal controls (number of reads detected as the two internal controls)

SaAno fl IABS 4th NGS Conference ( 2024) - C Logvinoff &S Song 13



Spiking Materials for Method Development and Validation

Our choice with characterized viral stocks

» The chosen reference viruses must represent viral diversity in terms of
structure (enveloped, non-enveloped), nucleic acid type (RNA or DNA genome,
single-stranded or double-stranded genome, linear or circular or segmented),
genome size, virus morphology and chemical resistance.

» These reference model virus stocks are characterized for genome copy number,
infectious titre, viral genome sequence(s) including any variants, and any
additional expected background signals (e.g. from production substrates).

O An equivalent panel of 16 NIH viruses used by NIH (Gombold et al. 2014)
U The WHO International Reference panel

WHO/BS/2024.2471
ENGLISH ONLY

(R World Health
g !19‘ Organization
ganizatl
EXPERT COMMITTEE ON BIOLOGICAL STANDARDIZATION
Geneva, 11 to 14 March 2024
A Collaborative Study to Evaluate the Proposed First WHO International
Reference Panel for Adventitious Virus Detection in Biological Products by

High-throughput Sequencing (HTS) Technologies

Arifa S. Khan'?, Pei-Ju Chin', Sandra M. Fuentes', Jen-Hui Tsou', and Study Group”
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Method Development / Matrix Assesment

Matrix assessment using representative matrix samples

Evaluate optional pre-extraction steps

Evaluate potential procedure modifications for method improvement
Determine target LOD and specificity

v" With 16 model viruses (Gombold et al, 2014) or WHO viruses as spike-ins
Demonstrate assay robustness

Determine validity criteria for internal controls

Identify false positive generating signals from matrix or testing reagents

Considerations prior to validation

Method improvement (e.g., add a new step or replace a reagent kit, upgrade bioinformatics software)
Matrix-specific instructions

v Wet lab (e.g., nuclease treatment, cell lysis)

v Dry lab (e.g., host to prescreen)

v’ Validity criteria (e.g., recovery of internal controls)

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song
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Validation

Validation Plan

» Define validation characteristics (LOD and specificity)
+ Study Design

* Qualify internal controls as critical reagents

+ Define validity and acceptance criteria

Validation Execution
» Validation execution (LOD and specificity)

v Two (or three) spiked samples
v" (16 model virus or WHO viruses as spike-ins)

v One un-spiked sample

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song
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Generic Validation
(an example for a Viral Crude Harvest Matrix with 2 runs)

.. Viruses Spiked into the Sample Matrix| Spiked Spiked Unspiked

O Asalimittest (at 10 copies / mL) Sample #1 | Sample #2 control
Unot a quantitative assay Adenovirus 5 n i a
O Validation parameters: Adenovirus 41 + + ]
OSpecificity (breadth of virus detection) Bovine V_"al D'a”.hea Virus i ai -
Qs ificity d db . l Herpes Simplex Virus Type 1 aF “r -
pecificity demonstrated by a negative contro Simian Cytomegalovirts " " -
extracted and sequenced in parallel Influenza A virus n n 3
OSensitivity (LOD) Mumps virus + + -
O 16 NIH viruses spiked in at 104 genome copies into 1 Bovine Parainfluenza Type 3 + + -
mL of viral harvest seed matrix Measles virus + + -
Coxsackievirus A16 P + -
. ) ) Coxsackievirus B3 P + -
O Controls for extractions and recovery for viral nucleic Echovirus 11 - - i
acids Rhinovirus 2 + + =
Simian Virus 40 e + -
. . . . VVesicular Stomatitis Virus + A -

O Validation was done with two analysts over 2 days with L ALl

) Rubella virus 4 + -
1run each; plus a negative control. DNA Control n T n
RNA Control + + 4

sanofi IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song + = confirmed detection 17



Evaluation of New Matrices

No Dev & Generic

Validation

As described in

An ivalen i i
equivalent the previous slide VES

matrix previously
validated?

Yes Potential

impact on LOD
and specificity? NO 4,[ 1

J

Attributes to consider:

- Antigen expressed At least one run to verify LOD
. Manufacturing process and to confirm validity criteria
« Freezing medium for internal controls

Validity criteria defined for the
equivalent matrix will be used
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Follow Up Investigation

Internal
. v controls
v
Pre-
extraction
(optional)
i{‘:;; +  Cell lysis
= * Moderate
:.\-e‘ Nuclease
x treatment
Sample

Extraction

ACTGGATCAGCGATCT
ACGACGAGTTAGATIC
CAGGATTCAGGCTATT
TCATTTCAGGAAGCGA
CTTCTCGAGGATCTAG

Data File

L e ole

A
— L S

NNV 29 strand

synthesis

—_

Nucleic acid
(da/asDNA or RNA,
linear, circular etc)

Analysis

e

—
CTGGAT]
ACGACGA)
AGGATT]

PhylolD

Sequencing | I

t{ —_—

,1 ! )
i

dsDNA lllumina platform

Internal controls v

/ Pass
\ Follow-up investigation

In-scope viruses b4

Results

Table 2.6.41.-3 — Follow-up investigation

Question to be addressed

Example approaches

Are the nucleic acids that were found associated with

full-length, intact genomes?

— Long-range or overlapping PCR,
— Sequencing with long-read technology

Are the nucleic acids pariicle-associated?

L

Nuclease digestion andfor ultracentrifugation followed by
wvirus testing:

- PCR,

— Transmission electron microscopy (TEM),

— Detection by antibodies (e.g. immunoprecipitation,
immunastaining, immunoblot, ELISA),

— Mass spectrometry

Are the particles infectious in cell cultures?

Infectivity assay including readouts such as:

— Cytopathic effect, haemadsorption, haemagglutination,
— Viral replication by gPCR,

— Transmission electron microscopy (TEM),

— Additional HTS (e.g. transcriptomics),

— Sfranded sequencing,

— Detection by antibodies (e.g. immunoprecipitation,
immunostaining, immunoblot, ELISA),

— Product-enhanced reverse transcriptase assay (PERT)

The follow up investigation is to be built based on the identified signal(s) with dedicated tools

to conclude on the replicative status of this potential viral contaminant.

sanofi
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Tools for Investigational Follow-up : PCR

Developing a generic PCR method (including long range PCR)

An orthogonal method with comparable sensitivity to confirm the source of the viral signal
Leverage the sequencing data to design primers/probes
Sensitivity can be estimated using synthetic templates

Multiple samples can be tested in parallel with short turnaround time

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song
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Tools for Investigational Follow-up : ONT Long Read HTS

Evaluating Oxford Nanopore sequencing technology to assess genome integrity
» Capable of generating very long reads

» Cansequence native DNA and RNA without the need for amplification

* Real-time data analysis

* Potential considerations:

v" Highyield of input DNA/RNA is required for a sequencing run with good quality and output

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song
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Tools for Investigational Follow-up : Stranded RNA seq

Evaluating a stranded RNA-seq method

» to detect viral RNA with directionality and to determine viral replication based on the type of viral
nucleic acid

» Potential considerations:
v' Transcripts may be degraded in some matrices

v' Highyield of input RNA is required to generate sequencing library

SO n O fl IABS 4th NGS Conference ( 2024) - C Logvinoff & S Song
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Conclusion

Our choices

Release Test : to detect (mainly encapsidated) viral nucleic acid
With comprehensive validation packages using well characterized representative spiked-in viruses (NIH &
WHO reference standard) in cell bank or harvest matrices

NB: LOD might be underestimated, a true contaminant would present additional viral nucleic acid (transcript, replicative

intermediate, ...) that are not spiked-in within our validation with viral stocks

Follow Up Investigation : to conclude on the replicative status of the potential viral contaminant
Any other tools, including those for which representative validation as release test could be a challenge
(in the absence of representative reference standard)
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Submitted abstract

Multiple approaches for adventitious virus detection by HTS (e.g., viromics,
genomics, transcriptomics) are described in Ph.Eur 2.6.41. Within this
presentation, we will discuss Sanofi Vaccines’ rationale for approach selection
based on sample type, considering both validated release testing as well as
investigational testing.

We will also discuss how we designed and configured our HTS pipeline for testing
under both scenarios.
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