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ARTICLE INFO ABSTRACT

Keywords: Residual host cell DNA (rcDNA) from continuous cell lines used for manufacturing of biological medicinal
Residual host cell DNA products has been considered as safety risk. Historically, several analytical methods have been used for rcDNA
Vaccine quantitation including hybridization assay, Threshold” assay and quantitative polymerase chain reaction (qPCR).
lefj[;{ceus Sanofi Pasteur has a wealth of experience in the development of methods quantifying rcDNA in vaccines. Here,

we compared the performance of our in-house assays for quantifying rcDNA in viral vaccines produced in Vero
cells. Vero alpha-satellite sequence qPCR was compared with the hybridization and Threshold” assays in terms of
specificity, sensitivity and precision. The impact of viral inactivation with B-propiolactone (BPL) on rcDNA,
within the vaccine production process, was also assessed. We demonstrate that the quantity of rcDNA measured
is influenced by the analytical method used. Vero cell DNA-specific gPCR assay was shown to be robust with a
large dynamic range and no matrix interference on a range of products. The qPCR assay demonstrated greater
sensitivity and specificity versus the hybridization and Threshold” methods. Vero alpha-satellite sequence qPCR
is a specific and sensitive method for the assessment of the quantity of Vero rcDNA in the highly purified

vaccines.

1. Introduction

Animal cell substrates are commonly used in the manufacture of
biological products. As such, trace/low quantity of DNA originating
from the cell substrate used in the production process, referred to as
residual host cell DNA (rcDNA), may remain in the final manufactured
product. The main risks associated with rcDNA in viral vaccines are
infectivity and oncogenicity; rcDNA might be capable of transmitting
viral infections if retroviral proviruses, integrated copies of DNA
viruses, or extra chromosomal genomes are present (FDA, 2010; Sheng-
Fowler et al., 2009), or may pose a potential risk for oncogenesis if viral
or cell substrate (derived from tumors or which are tumorigenic) on-
cogenes are present (Sheng-Fowler et al., 2010).

The guidelines defining acceptable levels of rcDNA in biological
products by various regulatory agencies have evolved in the last dec-
ades. In 1987, the World Health Organization (WHO) suggested that
there was only a negligible risk associated with rcDNA in a biological
product when the rcDNA content was <100 pg in a single parenteral
dose (WHO, 1987). This limit was primarily intended to minimize the
potential oncogenic risk of rcDNA from products derived from
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continuous cell lines. However, subsequent additional information
suggested that rcDNA from continuous cell lines had a much lower
oncogenic risk than previously assumed and accordingly, should be
considered as a general impurity (EMEA, 1997). The WHO later in-
creased the acceptable limit to <10ng per parenteral dose (WHO,
1998). However, with the caveat that in instances where the con-
tinuous-cell-line DNA may pose a greater risk (e.g., where it may in-
clude infectious retroviral provirion sequences), then the acceptable
limit should be established in consultation with the national regulatory
agencies (WHO, 1998). In 2001, the FDA subsequently recommended
the amount and size distribution of rcDNA be evaluated and where
desirable, steps taken to reduce both the amount and size of the DNA
fragments (FDA, 2001). The FDA later recommended that the DNA
fragments should be reduced to below the size of a functional gene
(assumed to be about 200 base pairs [bp]) (FDA, 2010). For live-atte-
nuated vaccines delivered orally like rotavirus vaccines, rcDNA should
be limited to =100 pg/dose as orally administered DNA is absorbed
approximately 10,000-fold less efficiently than parenterally adminis-
tered DNA (WHO, 2007).

To date, a case-by-case risk-based assessment is recommended by
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the WHO, US Food and Drug Administration (FDA) and European
Pharmacopoeia, taking into consideration the characteristics of the cell
substrate, the intended use of the biological product/vaccine and, most
importantly, the effect of the manufacturing process (including in-
activation steps) on the size, quantity and biological activity of rcDNA
fragments (European Pharmacopoeia, General chapter 5.2.3, 2018;
FDA, 2001; FDA, 2010; WHO, 2013). This case-by-case risk-based ap-
proach was advocated in recognition that the rcDNA in some products
may be higher than 10 ng per dose as it might be difficult to reach that
level without impairing the potency of the resulting product. In these
instances or when it is not possible to reduce rcDNA content further,
DNA alkylating agents such as B-propiolactone (BPL) may be used to
alter rcDNA to reduce any associated risk (WHO, 2013). However, more
stringent rcDNA limits, e.g not more than 10 pg per dose (European
Pharmacopoeia, Monograph 1056, 2019b), might be required to assure
product safety when cells with tumorigenic phenotypes or other char-
acteristics of concern are used (EMEA, 2001; FDA, 2010).

Although rcDNA assay can be undertaken at various stages
throughout the manufacturing processes using appropriate methods,
there is no universally appropriate method for the quantitation of
rcDNA of animal origin. The membrane hybridization and Threshold”
assays have traditionally been used for the quantitation of host rcDNA
in biopharmaceuticals. The hybridization method is still described in
some compendial documents (Chinese Pharmacopoeia, Chapter 3407,
2015; USP, General information chapter < 1130 >, 2018). However, a
collaborative study across 15 laboratories revealed that the hybridiza-
tion assay was associated with a high degree of variability in de-
termining rcDNA content (Robertson and Heath, 1992). The inherent
variability combined with the relatively long assay duration has meant
that the hybridization assay is no longer widely used for routine rcDNA
assessment in the biotechnology industry. The Threshold® assay is
limited in the detection of fragments shorter than 800 bp, and may be
inhibited by high DNA concentration (> 1ng/mL) through the con-
sumption of reagents or generation of signals too high to accurately
quantitate. The Threshold” assay is also negatively impacted by short
DNA fragments (20 to 80 bp) through competitive inhibition preventing
the formation of complete reaction complexes (King and Panfili, 1991).
In addition, the method is not specific to the DNA source, it is relatively
low throughput for industrial application, lacks robustness, and the
equipment is only available from one supplier and is no longer manu-
factured for supply in Europe.

Polymerase chain reaction (PCR)-based technologies have gained in
popularity for the detection and quantitation of rcDNA in recent years,
and are generally considered the most practical and robust method for
routine rcDNA quantitation as they are species/sequence specific, sen-
sitive, quick to undertake and amenable to high-throughput formats. In
addition, the equipment and reagents required are available from
multiple suppliers. The choice of the targeted genome region has an
impact on the assay results; selecting target DNA sequences that are
found in multiple copies in the host genome would increase the like-
lihood of detection and accurate quantitation of rcDNA (Wang et al.,
2012). However, the potential for contamination also needs to be
considered. For example, targeting genes that are highly conserved
among mammalian species to detect mammalian rcDNA, such as the
multicopy ribosomal 18S RNA gene or Alu sequences, may be suscep-
tible to the presence of human DNA in the environment or con-
tamination during experimental procedure and would be difficult to
control. This would limit the method sensitivity, making it in-
appropriate for highly purified products with the most stringent spe-
cifications.

The analytical laboratories at Sanofi Pasteur have historically used
the hybridization and Threshold” methods for the measurement of
rcDNA in the 1980’s and 1990’s, respectively. A qPCR assay targeting a
90 bp segment on the simian alpha-satellite sequence (a 171 bp se-
quence repeated approximately 5 million times on the simian genome)
based on that described by Lebron et al. (Lebron et al., 2006) was
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subsequently developed to quantitate Vero rcDNA in our laboratory.
Here we detail the performance of this gPCR method for the assessment
of rcDNA in vaccines produced in Vero cells compared with other DNA
quantitation assays that have been historically used in our laboratory.

2. Methods

Although there are a number of methods available for DNA quan-
titation in general, only a few are appropriate for routine rcDNA
quantitation in the biotechnology industry. The following assays have
been used by Sanofi Pasteur for the quantitation of rcDNA from Vero
cell substrate: alpha-satellite qQPCR, Threshold” and hybridization.

2.1. Vaccines

Validations of analytical methods were performed on samples at the
end of the Drug Substance manufacturing process (bulk stage) for the
three following viral vaccines produced on Vero cells by Sanofi Pasteur:
a new rabies vaccine under development produced on Vero cells using a
Raw Material of Animal Origin (RMAO)-free process, the dengue vac-
cine (ChimeriVax™ dengue tetravalent vaccine) and the Inactivated
Poliovirus Vaccine (IPV).

The rcDNA size fragment distribution was assessed at intermediate
stages of the Drug Substance of the marketed rabies vaccine produced
in Vero cells (VERORAB®) from Sanofi Pasteur before and after BPL
viral inactivation. The rcDNA content was assessed at intermediate
stages of the Drug Substance of the new rabies vaccine under devel-
opment before and after BPL viral inactivation.

Additionally, the rcDNA present in five final formulations of rabies
vaccines (produced in Vero cells) for human use from competitors were
compared with those in the final formulation of VERORAB®.

2.2. DNA extraction

Recognized as an appropriate method for rcDNA recovery (USP,
General information chapter < 1130 >, 2018), residual Vero cell DNA
was extracted from 500 uL of sample using the DNA Extractor’ Kit
(Wako Chemicals GmbH, Neuss, Germany) according to the manufac-
turer's instructions. For qPCR, Threshold” and hybridization assays,
rcDNA was respectively resuspended into 50 pL in nuclease-free water
(Promega, Madison, USA), 500 uL in Zero Calibrator (ZC) buffer (Mo-
lecular Devices, California, USA), and 500 pL nuclease-free water. For
each series of extractions, there was a negative extraction control
(500 uL. of nuclease-free water) and a positive extraction control
(500 pL of a vaccine with a known amount of Vero rcDNA for the gPCR
assay; 500 pL of ZC spiked with 50 pg High Calibrator DNA for the
Threshold” assay; 500 uL of a solution of Vero cell DNA at 200 pg/mL
for the hybridization assay).

2.3. DNA standard used for qPCR and hybridization assays

The standards used for Vero DNA quantitation were prepared by
extraction of nucleic acids from Vero cells used for vaccine production.
After cell lysis and RNase treatment, genomic DNA was isolated from
proteins and other Vero cells components using QIAamp Virus BioRobot
9604 (Qiagen, Hilden, Germany). After extraction, DNA was free of
proteins, nucleases, RNA and other components or inhibitors.
Quantitation of purified DNA was performed by UV spectrophotometry
at 260 nm. To evaluate the purity of the Vero DNA standard, the ratio
between absorbance at 260 nm and 280 nm was determined. Aliquots of
the Vero DNA standard were stored at below -60 °C until use.

2.4. 800 bp DNA standard used for the Vero DNA sizing assay

The 800 bp DNA standard used for Vero DNA sizing was obtained by
PCR amplification of a 800 bp region targeting the B-actin gene from
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Vero cells used for vaccine production. The 800 bp PCR product was
further purified using QIAquick PCR purification kit (Qiagen, Hilden,
Germany) and quantitated by Picogreen assay (Invitrogen, Carlsbad,
California, USA). Aliquots of the 800 bp DNA standard were stored at
below -60 °C until use.

2.5. Internal controls

For the Threshold” assay, all samples and negative controls (ZC) are
assayed with and without a 50 pg DNA spiking. The spiking solution
(1000 pg/mL) was a 5-fold dilution of High Calibrator in ZC. It was
added into the samples and the ZC before DNA extraction.

For the qPCR, the internal control (IC) consisted of a 301 bp PCR
product amplified from a plasmid preparation, further purified using
PureLink Quick Plasmid MiniPrep Kit (Invitrogen, Carlsbad, California,
USA) and quantitated by UV spectrophotometry at 260 nm. Aliquots of
the IC were stored at below —-60 °C until use. The sequence of the IC was
designed in silico in order to be distinguishable from Vero DNA se-
quences. The sequence, including the primers and probe binding sites is
detailed in Figure S1.

All samples were assayed with a spike of 5 x 10* copies of the IC
before DNA extraction. The IC was then quantitated in parallel to Vero
DNA by gqPCR using a homologous standard range to determine the
recovery of the spike, individually for each sample.

2.6. Vero alpha-satellite gPCR

2.6.1. Procedure

The quantitation of residual Vero DNA from extraction samples was
based on the quantitation of a target sequence derived from the alpha-
satellite sequence. DNA extraction efficiency was monitored by the
addition of a known amount of the IC during the extraction procedure.
The extraction efficiency for each sample was calculated from the post-
extraction quantitation of the IC by qPCR, from which a correction
factor was determined and used to provide a corrected value for re-
sidual Vero DNA present in the sample.

The sequences of the forward and reverse primers, and the Minor
Groove Binder (MGB) probe used for the quantitation of Vero cell DNA
are presented in Table S1. The forward primer (aFP90) and the probe
(aMGB) were the same as those designed by Lebron et al. (Lebron et al.,
2006). The reverse primer (aRP90) was designed in-house to get an
amplified product of 90 bp (accession number GenBank: M26844.1).
The IC forward (FPMGB) and reverse primers (RPMGB) and the probe
(MGBCI) are also presented in Table S1.

The qPCR assays were undertaken in 50 puL volumes in 96-well
plates (Multiwell Plate 96). For the quantitation of Vero cell DNA, the
gPCR mix contained: 10 pL of extracted sample; 25 pL of 2X QuantiTect
Probe PCR Master Mix (Qiagen, Hilden, Germany); 0.3 uL forward (30
uM) and 0.3 pL reverse (30 uM) primer, 0.4 pL. aMGB probe (25 uM)
and 14 pL nuclease-free water. For the IC the qPCR mix contained: 10 pL
of extracted sample; 25 pL of 2X QuantiTect Probe PCR Master Mix;
0.5 pL forward (30 uM) and 0.5 pL reverse (30 uM) primer, 1 pL. MGBCI
probe (5 uM) and 13 pL nuclease-free water. Nuclease-free water was
used as the negative control. The standard curve for the Vero DNA
standard range consisted of duplicates of 10-fold serial dilutions of
standard Vero DNA, from 1000 pg/reaction down to 0.01 pg/reaction,
prepared in nuclease-free water and 10 uL of each dilution tested as
already described. The standard curve for IC was prepared similarly to
obtain dilutions from 10° copies/reaction down to 10 copies/reaction,
and tested as already described. qPCR was performed in the
LightCycler” 480 Real Time PCR system (Roche Molecular Diagnostics,
California, USA). The thermocycler conditions were 95 °C for, followed
by 40 cycles of 95 °C for and 60 °C for.

The quantitation of residual Vero DNA by qPCR was based on the
absolute quantification module of the LightCycler 480 software. The
standard curves of the Vero DNA standard and the IC standard were
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generated by plotting the log of the DNA concentration of the known
standards against the crossing point (Cp) values. Quantitation of Vero
rcDNA and IC DNA in the samples was determined by extrapolation
from the standard curves.

2.7. Threshold” assay

2.7.1. Procedure

The total DNA assay was performed using the Threshold” Total DNA
Assay Kit according to manufacturer’s instructions (Molecular Devices,
California, USA). Briefly, the total DNA assay is specific for single-
stranded DNA (ssDNA) obtained by denaturation at + 100 °C. The
ssDNA reacts with two binding proteins: a single-stranded DNA binding
protein (SSB) conjugated to biotin and a monoclonal anti-DNA antibody
(Mab Anti-DNA) conjugated to urease. Streptavidin, also present, binds
to the biotin on the SSB conjugate. These binding proteins form a
complex with ssDNA.

The DNA complex is filtered through a biotinylated nitrocellulose
membrane. The biotin on the membrane captures the ssDNA complex
by the streptavidin. A wash step removes excess enzyme. Non-specific
binding is avoided by the use of nitrocellulose membrane precoated
with albumin. The membrane is submerged in urea solution. Urease
activity changes the pH of the substrate solution, which is recorded by
micro-sensor in pV/sec. The standard curve was generated by plotting
the log of the DNA amount of High Calibrator (pg) from the Threshold”
Total DNA Assay Kit against the urease activity (uV/sec). Quantitation
of Vero rcDNA in the samples was determined by extrapolation from the
standard curve. The range of the standard curve is 3.1 to 200 pg.

2.8. Hybridization assay

2.8.1. Preparation of the probe

Vero cell genomic DNA (0.15mg) was digested in 500 uL nuclease-
free water containing 50 pL reaction buffer 2 (10X) (Gibco BRL, New
York, USA) and 3 pL restriction enzyme HaellI (50 U/pL) (Gibco BRL) in
a water bath at 37°C for at least. Digested Vero cell genomic DNA
(10 pg) was labeled with digoxigenin using the DIG DNA Labeling and
Detection Kit according to manufacturer’s instructions (Roche, Basel,
Switzerland). Vero DNA labeled probe was further purified using li-
thium chloride precipitation and resuspended at a final concentration of
60 ug/mL in 1X Tris-EDTA (10 mM Tris; 1 mM EDTA).

2.8.2. Procedure

Briefly, the heat-denaturated extracted DNA in the test product,
negative control (of nuclease-free water), positive extraction control
(from 500 pL of a solution of Vero cell DNA at 200 pg/mL) and Vero
DNA standards (10,000 pg/mL, 2000 pg/mL, 1000 pg/mL, 500 pg/mL,
100 pg/mL and 50 pg/mL) were slot-blotted (100 uL) onto the same
nylon membrane (Amersham, Amersham, UK) under vacuum. DNA was
fixed onto the membrane for 2 hours at + 80 °C. Membrane-bound DNA
was hybridized to the Vero DNA labeled probe using DIG DNA Labeling
and Detection Kit according to manufacturer’s instructions (Roche,
Basel, Switzerland). The concentration of Vero cell DNA in the sample
was determined by visual comparison of the color intensities of the slots
with those of the Vero DNA standards.

2.9. rcDNA size distribution assay

The assessment of the size distribution of residual Vero DNA from
extracted test samples was based upon the amplification by qPCR of five
overlapping regions of increasing sizes targeting the B-actin gene. The
target gene sequence (nearly 1138 bp) is of sufficient length to allow for
a set of amplicons that span a range from 59 bp to 620 bp (Figure S2).
Primer pairs for the various sized and overlapping amplicons were
designed using Primer Express 1.0 (Applied Biosystems, Foster City,
California, USA) and assessed for amplification of Vero sequences
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Fig. 1. B-actin gene sequence and position of the forward and reverse primers for each Vero sizing fragment.

Table 1

Details of primers and probe sequences used in the determination of residual Vero DNA size distribution.

Primers and Probe names Direction Sequence (5’—3’) Amplified product size
Primer
FPMGB Forward CCC GAT GGC CAG GTC A 59 bp
RPMGB Reverse AAG AGA GCC TCA GGG CAG C
FPMGB Forward CCC GAT GGC CAG GTC A 108 bp
RP108 Reverse GGT AGT TTC ATG GAT GCC ACA G
FP240 Forward CCG GGA CCT GAC TGA CTA CC 240 bp
RPMGB Reverse AAG AGA GCC TCA GGG CAG C
FP407 Forward TTC AAC ACC CCA GCCATG T 407 bp
RPMGB Reverse AAG AGA GCC TCA GGG CAG C
FP620 Forward GAT GAG GCC CAG AGC AAG AG 620 bp
RPMGB Reverse AAG AGA GCC TCA GGG CAG C
Probe
MGBOV FAM-CCA TTG GCA ATG AGC GG-MGB-NFQ

bp, base pairs.

FAM, 6- carboxyfluorescein label.
NFQ, NonFluorescent Quencher.
MGB, Minor Groove Binder.

(accession number GenBank: AB004047.1). Fig. 1 shows the f-actin
gene sequence and the binding sites of the forward and reverse primers
for each Vero DNA sizing fragment and the probe used. The sequences
of the forward and reverse primers of the (3-actin gene used for the five
Vero DNA size fragments assessed and MGBOV probe are presented in
Table 1.

DNA extraction efficiency was monitored by the addition of a
known amount of the IC during the extraction procedure as described
above. The positive control consisted of 500 copies/reaction of 800 bp
DNA standard and was tested for each size in order to determine the
actual PCR efficiencies. The Vero DNA quantities determined for each
sample for all the sizes using the Vero DNA standard curve using the 59
bp amplification system were then corrected by taking into account the
extraction recovery calculated for the IC and the PCR efficiency of the
positive control.

The qPCR assays were undertaken in 25pL volumes in 96-well
plates (Multiwell Plate 96). The reaction mix for each of the f-actin
gene fragments per well contained: 5pL sample; 12.5ul of 2X
QuantiTect Multiplex; 0.35 pL forward (30 uM) and 0.35 pL reverse (30
uM) primer for the respective 3-actin gene fragment sizes; 1 uL. MGBOV
probe (5 pM); and 5.8 uL nuclease-free water. For the standard curve,
serial 10-fold dilutions of 800 bp DNA standard were prepared in nu-
clease-free water and a fixed volume (5 pL) of each dilution (10° to 10
copies per reaction) was tested at the 59 bp fragment size, as described
for the B-actin gene above. The IC standard curve was prepared as
described above. The reaction mix per well contained: 5uL sample;
12.5uL. of 2X QuantiTect Multiplex; 0.35puL forward (30 pM) and
0.35 pL reverse (30 uM) primer for the respective B-actin gene fragment
sizes; 0.8uL. MGBCI probe (5 pM); and 6 pLnuclease-free water.
Nuclease-free water (5pL) was used as the negative control. The
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thermocycler conditions were 95 °C for 15 minutes, followed by 45
cycles of 94 °C for 1 minute and 60 °C for 1 minute in the ABI Prism
7700 Sequence Detection System (Applied Biosystems, Foster City,
California, USA). Quantitation of DNA in the samples assessed was
determined using SDS software by extrapolation from the standard
curves as described for alpha-satellite sequence qPCR. Test results
provide a ratio of each amplicon relative to the shortest. This ratio is
proportional to the fraction of residual Vero DNA greater than 59 bp
(the value of total residual DNA) that is also greater than the size of the
target amplicon.

2.10. Vadlidation of gPCR (Vero alpha-satellite) and Threshold” assay

The accuracy, precision, repeatability, intermediate precision, spe-
cificity, quantitation limit, linearity and range of the methods for
quantitative detection of rcDNA were validated according to the
International Conference on Harmonisation (ICH) tripartite guidelines
Q2(R1) (ICH, 2005).

3. Results
3.1. Vero alpha-satellite gPCR validation

For highly purified vaccines containing very low levels of rcDNA,
the most appropriate stage to quantify impurities, including rcDNA, is
the most concentrated purified stage before formulation, i.e. the drug
substance. Table 2 shows the validation results for three vaccines at the
drug substance stage as examples; rabies vaccine produced in a RMAO-
free process, dengue vaccine and IPV. The rcDNA specification in the
rabies vaccine produced in a RMAO-free process at the drug substance
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Table 3
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Inactivated Poliovirus Vaccine (IPV): a comparison of the total DNA assay by Threshold” method versus Vero alpha-satellite qPCR.

Characteristics Total DNA assay by Threshold” Method qPCR method
Specificity Specific of ssDNA Specific of Vero DNA
Accuracy 90-100% 94-128%

Precision (repeatability) Theoretical level at 1000 pg/mL:

- 95% CI of repeatability: = 0.084, that is x/+ 1.21 in arithmetic

form

Precision (intermediate - Theoretical level at 1000 pg/mL:

precision) - 95% CI of intermediate precision for 2 runs with one measurement:
=+ 0.079, that is x/+ 1.20 in arithmetic form
Linearity P-linearity < 0.0001

Y = -0.180 + 1.055. X

Where X = theoretical expected concentration of total DNA (log(pg/
mL)) and Y = measured concentration of total DNA (log(pg/mL))

R? = 0.9526

230-1840 pg/mL

- LOQ = 230 pg/mL

- Mean percent recovery at the LOQ: 91%

Range (Linearity domain)
Quantitation limit

- 95% CI of intermediate precision for 2 runs with one measurement:

x/+ 1.31

Theoretical level at 1200 pg/mL (120% of the specification)

- 95% CI of repeatability for one measurement: + 0.115 that is x/+
1.30 in arithmetic form

- Theoretical level at 1200 pg/mL: 120% of the specification

- 95% CI of intermediate precision for one run with one measurement:
+ 0.196 that is x/+ 1.57 in arithmetic form

P-linearity < 0.0001

Y = 0.083 + 0.967 X

Where X = theoretical expected concentration of Vero DNA (log(pg/

mL)) and Y = measured concentration of Vero DNA (log(pg/mL))

R? = 0.9978

0.60-1743 pg/mL

- LOQ = 0.60 pg/mL

- Mean percent recovery at the LOQ: 114%

- 95% CI of intermediate precision for one run with one measurement:

x/+ 1.41

LOQ, Limit Of Quantitation; qPCR, quantitative Polymerase Chain Reaction; CI, Confidence Interval; IPV, Inactivated Poliovirus Vaccine; ssDNA, single-stranded

DNA.

Threshold” assay. In four of the five vaccines from competitors, gPCR
measured higher rcDNA than hybridization assay, for the fifth vaccine
from competitors the results were comparable. When size distribution
was compared, one vaccine from the competitors was reported to have
rcDNA fragments of 407 and 620 bp. The Sanofi Pasteur rabies vaccine
was found to have fragmented rcDNA ranging 59-240 bp, with 81% of
rcDNA less than 108 bp.

3.5. Effect of viral BPL inactivation on rcDNA content and fragment size
distribution

Inactivation of Sanofi Pasteur’s Vero cell rabies vaccine
(VERORAB") with BPL resulted in an average 30% reduction in rcDNA
content (Table 5). Though some variability was observed among the
individual harvests, there was no significant effect according to in-
dividual harvests or by batch. BPL inactivation resulted in marked re-
duction in rcDNA content of fragments 240 bp or larger; of note, the
rcDNA content of fragments 108 bp or greater in harvests H2 and H3
were reduced by more than 50% (Table 6). Similarly, for Sanofi Pas-
teur’s Vero cell RMAO-free rabies vaccine, inactivation with BPL re-
sulted in an average reduction in rcDNA content of 46% (Table 7).
Again, no significant batch effect was observed. It was not possible to
determine any effect on RMAO-free rabies vaccine rcDNA fragments
content due to the very low level of rcDNA.

4. Discussion

The analytical validation of our Vero alpha-satellite qPCR assay
performed on three different vaccines shows that the method is robust

Table 4

Table 5
Effect of BPL inactivation on rcDNA content in intermediate stages of
VERORAB® Drug Substance”.

Product Harvest Concentration of rcDNA (ug/ Reduction
number mL) with BPL
(%)
Before After
inactivation inactivation
with BPL with BPL
Rabies vaccine H1 5.9 3.4 42
(VERORAB") H2 6.0 6.7 -13
#1 H3 5.1 4.6 12
H4 4.2 2.5 42
H5 1.7 1.5 12
H6 0.9 0.7 15
Rabies vaccine H1 10.1 6.5 36
(VERORAB") H2 13.7 8.2 40
#2 H3 2.7 1.8 32
H4 2.8 1.8 35
H5 1.0 0.1 85
H6 0.7 0.6 17
Rabies vaccine H1 7.6 6.9 9
(VERORAB") H2 12.2 11.2 9
#3 H3 8.5 5.1 40
H4 3.2 2,6 17
H5 1.3 1.4 -4
H6 1.0 0.7 36

BPL, B-propiolactone.
@ The average reduction in rcDNA content was 30% and there was no sig-
nificant effect according to individual harvests or by batch.

Comparison of results obtained using three methods (hybridization, Threshold” and Vero alpha-satellite qQPCR assays) on rabies vaccines from several manufacturers.

Product name Hybridization Threshold” qPCR rcDNA size distribution assessment by qPCR (%)

pg/dose pg/dose pg/dose 59 bp 108 bp 240 bp 407 bp 620 bp
Rabies vaccines produced on Vero cells from competitors
Rabies Vaccine for human use (Vero cell) #1 750-3000 73,470 731,000 100 40 <1 ND ND
Rabies Vaccine for human use (Vero cell) #2 < 100 105,980 9,300 100 20 14 ND ND
Rabies Vaccine for human use (Vero cell) #3 < 100 2,000-6,000 10,800 100 2 <1 ND ND
Rabies Vaccine for Human use (Vero cell) #4 <100 91,130 1,200 100 27 <8 ND ND
Rabies Vaccine for human use (Vero cell) #5 600,000 147,450 584,000 100 82 56 MD 84
Rabies vaccine produced on Vero cells from Sanofi Pasteur
VERORAB® 100 5,300 7,470 100 19 6 ND ND

qPCR, quantitative Polymerase Chain Reaction; bp, base pairs; ND, Not Detected; MD, Missing Data.
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Table 6
Effect of BPL inactivation on rcDNA fragment size distribution in intermediate
stages of VERORAB' Drug Substance.

rcDNA size distribution

Harvest  Size (bp) Before inactivation with BPL.  After inactivation with BPL
(%) (%)
H1 =59 100 100
=108 56 53
=240 31 <3
=407 30 <3
=620 7 ND
H2 =59 100 100
=108 97 43
=240 50 7
=407 22 1
=620 3 ND
H3 =59 100 100
=108 108 34
=240 56 3
=407 55 <1
=620 28 ND

BPL, B-propiolactone; ND, Not detected.

Table 7
Effect of BPL inactivation on rcDNA content in intermediate stages of RMAO-
free rabies vaccine Drug Substance®.

Product Batch Concentration of rcDNA (pg/mL)
number
Before After Reduction
inactivation inactivation with BPL (%)
with BPL with BPL
Rabies vaccine 1 18 11 39
producedina 2 27 12 54
RMAO-free 3 50 27 46
process

BPL, B-propiolactone; RMAO, Raw Material of Animal Origin.
? The average reduction in rcDNA content was 46% and there was no sig-
nificant effect according to individual harvests or by batch.

in terms of performance, sensitivity, specificity, and precision, with a
large dynamic range and no matrix interference; as such it would be
applicable for use on a wide range of vaccines produced on Vero cells
including live vaccines and formaldehyde or BPL-inactivated vaccines.
The qPCR method was specifically adapted to low DNA content in
highly purified vaccines, and should be preferred over the hybridization
or the Threshold” assays for the quantitation of rcDNA in vaccines
produced in Vero cells. The only relative limitation of our gPCR method
is that residual DNA of a length less than the amplicon size cannot be
detected; nonetheless, the smallest amplicon size assessed for the alpha-
satellite sequence was 90 bp and smaller fragments are not expected to
pose a significant safety risk.

We recommend the use of species-specific qPCR (such as the Vero
alpha-satellite sequence in our case) rather than generic qPCR methods
that target genes common to cells of animal origin for the assessment of
rcDNA in biopharmaceuticals produced in mammalian systems. It is of
importance that the DNA standard used to elaborate the standard curve
is homologous to the rcDNA present in the product, specifically when
repeated sequences are targeted. Indeed, the number of repeats of the
universal target genes may vary from one species to another. If the
number of target sequences per genome is not the same in the DNA
standard as in the rcDNA from the product, the relative quantitation
will be biased.

Generic qPCR assays may also be associated with a high risk of
contamination increasing the difficulty in managing negative controls,
as well as high background measurements, thus reducing the sensitivity
of the assay. For example, a universal qPCR described by Andre et al.
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was reported to have a LOQ of 5 pg per reaction (i.e. 1000 pg/mL or
500 pg/dose) (Andre et al., 2016) compared with 0.40-0.60 pg/mL
with our Vero alpha-satellite qPCR assay (depending on the vaccines
tested). Therefore, the former is not sufficiently sensitive for detection
of rcDNA in highly purified vaccines or biologicals produced in Vero
cells such as IPV for which the specification is <100 pg/dose (European
Pharmacopoeia, Monograph 0214, 2019a). We were interested in de-
veloping the most sensitive method possible for amplification of the
smallest DNA fragment targets in highly purified vaccines. To further
improve the sensitivity of the assay, it is highly recommended that the
rcDNA be quantitated at the most concentrated purified stage prior to
final formulation, where the DNA is concentrated. Some products
contain very low levels of rcDNA (e.g. less than 1 pg/mL in the Drug
Substance); in these cases, it is impossible to evaluate the size of the
DNA fragments with the current best performing assays such as qPCR.

The three vaccines involved in the analytical validation studies
(rabies vaccine produced in a RMAO-free process, dengue vaccine and
IPV), contained only small amounts of rcDNA (approximately 40 pg/
mL, < 0.50 pg/mL and < 0.60 pg/mL, respectively), which is far below
the limit of detection of the universal QPCR method described by Andre
et al (Andre et al., 2016). It is our opinion that it would not be ap-
propriate to select a method that is not at least as sensitive as the
prescribed specifications for each specific vaccine. Even when rcDNA is
detectable, the size evaluation of the DNA fragments cannot be limited
to a size assessment above 200 bp and below 200 bp, as described by
Andre et al. (2016). A risk-based assessment of acceptable limits for
rcDNA should be made on a case-by-case basis and agreed in con-
sultation with regulatory authorities, taking into account cell substrate
phenotypic characteristics, method of intended delivery, the manu-
facturing process and the size, quantity and biological activity of rcDNA
fragments as well as the design and performances of the analytical
method used to quantitate the rcDNA (European Pharmacopoeia,
General Chapter 5.2.3, 2018; WHO, 2013)

The rcDNA content measured is dependent on the analytical
methods used, as clearly demonstrated by the direct comparison of the
hybridization assay, the Threshold” assay and qPCR during a bench-
marking assessment comparing Sanofi Pasteur’s rabies vaccine
(VERORAB®) with rabies vaccines from five competitors. In all cases
there was poor correlation between methods (hybridization, Threshold”
and qPCR). The results obtained using hybridization underestimate the
rcDNA content compared to the QPCR method. The results highlight the
need to select a method able to detect small fragments of DNA. Based on
these limitations and previously documented lack of robustness of hy-
bridization methods (Robertson and Heath, 1992), the waiving of this
method from compendial monographs should be considered. Moreover,
the rcDNA for a given vaccine was reported to be higher with qPCR
than reported with the Threshold” assay. Where the rcDNA content
reported with the Threshold” assay was found to be higher than with
gPCR in rabies vaccines from competitors, in this particular case,
complementary analyses demonstrated the presence of mycoplasma
DNA in the vaccines that contributed to total DNA content measured
with the Threshold” assay (data not shown). These results highlight the
need for a highly specific method for assessing rcDNA from Vero cells
and not DNA from other sources.

The qPCR method is also useful in documenting the performances of
the purification/inactivation process as it allows the further char-
acterization of the remaining rcDNA to assure product safety. We found
that inactivation of Sanofi Pasteur’s Vero cell rabies vaccines
(VERORAB" and the rabies vaccine produced in a RMAO-free process)
with BPL resulted in a marked reduction in rcDNA content and DNA
fragments above 240 bp, suggesting that functional genes are unlikely
to be present after BPL treatment. In addition, BPL alters the structure
(Kubinski and Szybalski, 1975; Perrin and Morgeaux, 1995) and cap-
ability of rcDNA to be used as a template by various polymerases,
further reducing the potential associated risk. The improved sensitivity
achieved with qPCR allows rcDNA to be quantified and characterized in
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samples from different bioprocessing stages of purification/inactivation
that would otherwise be undetectable by other methods. Consequently,
the qPCR method provides greater opportunity to measure rcDNA in
highly purified vaccines in many cases to <10 pg per dose.

In summary, we have developed a qPCR assay specifically adapted
for products with low amounts of fragmented rcDNA. This system uses a
DNA standard purified from the Vero cell line, and is therefore re-
presentative of the actual residual DNA from these cell substrates. It is a
robust method shown to be superior to previously used methods
(Threshold” and hybridization assays). It is our opinion that universal
PCR assays that target common generic genes should be avoided as they
would be prone to high background signals, thus decreasing their
sensitivity. Instead, it would be preferable to target species specific
multi-copy sequences relevant to the cell substrate used as this in-
creases sensitivity, specificity, and precision. Our proposed qPCR, tar-
geting Vero alpha-satellite sequences, shows that it is possible to have a
specific and sensitive validated method for Vero DNA across several
viral vaccines, with a low LOQ.

In parallel, qPCR can be used for DNA sizing for complementary
characterization of the product where applicable. Regulations and as-
says will continue to evolve to ensure the continued safety of viral
vaccines produced on continuous cell lines. The development of new
technologies including digital PCR will no doubt be a feature of this
developing area.
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