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Biological products such as viral vaccines manufactured in cells contain residual DNA derived from host
cell substrates used in production. It is theoretically possible that the residual DNA could transmit acti-
vated oncogenes and/or latent infectious viral genomes to subjects receiving the product, and induce
oncogenic or infective events. A probabilistic model to estimate the risks due to residual DNA is proposed.

The model takes account of enzyme inactivation process. It allows for more accurate risk assessment
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when compared to methods currently in use. An application of the method to determine safety factor of
a vaccine product is provided.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, development of cell-based biological prod-
ucts has been in the forefront of drug research and development.
Utilizing cutting edge technology, biological products can treat var-
ious conditions which defy conventional small molecule therapies.
However, because biologics are produced from a cell substrate,
it is inevitable that residual host cell DNA is present in the final
products. There is a possibility for the residual DNA to transmit
either an activated oncogene(s) or potentially an infectious viral
DNA to product recipients, particularly if the biologic product is
manufactured in a cell line that has tumorigenic potential [1]. Reg-
ulatory guidance suggests mitigating the risks of oncogenicity and
infectivity by decreasing both the amount and the size of resid-
ual DNA [2,3]. In literature, the potential risks of residual DNA
have been much researched by various researchers [4-6]. More
recently, Sheng et al. [7] demonstrated that two cellular oncogenes
when inoculated together could induce sarcomas in two different
mouse strains. Peden et al. [8] have studied the risk associated
with infectious agents in residual DNA, using HIV as a model. In
their investigations, risk was quantified in terms of a safety factor,
whichis defined as number of doses needed to deliver an amount of
oncogene (infectious agent) which induces tumor (infection). The
calculation of oncogenicity risk uses the following formula in Eq.
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(1). A similar formula is used for calculating the safety factor of
infectivity:

Om

fety factor= ——om
salety factor = 68 768, (heDNA)'

(1)

where Oy, is the amount of oncogenes required for inducing an
oncogenic event, OS and GS are average oncogene size and hap-
loid genome size, respectively, Ip is total number of oncogenes
in the host genome, and hcDNA is average amount of residual
host cell DNA per dose. The expression (0S/GS)lp(hcDNA) in Eq.
(1) represents the genomic mass equivalent of oncogenes in a
dose.

While the calculation of the safety factor is both intuitive and
easy to carry out, it does not account for disruption of the onco-
gene sequences through enzyme digestion; neither does it take
account of the sizes of the individual oncogenes. Therefore, the risk
estimates derived from their method are likely to be overstated.
As a remedy, we introduce a probabilistic model to mechanisti-
cally study the relationship between the risks and characteristics
of the purification process such as enzyme cutting efficiency, total
amount of residual DNA in the final dose, and biological nature
of the host cells including numbers and sizes of oncogenes and
infectious viral DNA, amounts of oncogenes and infectious agent
required to cause oncogenic and infectious events, respectively. The
method is both simple and convenient to use. It is a useful tool for
residual DNA risk assessment. The use of the model is illustrated
through a real application.
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2. Materials and methods
2.1. Data

We assess oncogenic and infective potential of residual hcDNA
from a cell-based live, attenuated influenza vaccine. The product is
manufactured from a production process that uses Madin Darby
Canine Kidney (MDCK) as the cell. The process employs several
purification steps to remove hcDNA, which include tangential flow
filtration (TFF) and chromatography assay. During the TFF process
step, DNA is removed from the virus based on the size difference
between the virus and host cell DNA. Any residual DNA is removed
or reduced in size during the affinity chromatography step. DNA
does not bind to the chromatography media; however, any DNA
thatis associated with the virus or host cell protein that binds to the
media is degraded by treating with benzonase, which is included in
the chromatography buffer wash. Using a canine SINE quantitative
PCR, the amount of residual hcDNA is determined to be less than
1 ng per dose. With a direct-labeling method, the size distribution
of residual DNA is also examined. The median size is approximately
450 base pairs (bp); approximately 64% of residual DNA is less than
500 bp in length. The haploid genome size of the canine genome is
determined to be 2.41 x 10° bp.

2.2. Oncogenicity assessment

There are approximately 200 oncogenes identified in various
species[9]. Using the SOURCE (located at http://smd.standford.edu)
81 expressed human oncogenes are found in 24 different tissues [8].
The average size of human oncogenes is 1925 bp with a standard
deviation of 87 bp. Because the precise number of oncogenes con-
tained in MDCK cell genome is unknown, for the oncogenic risk
analysis, we restrict our evaluation to a single oncogene presum-
ably having a size of 1925. The amount of oncogenes required to
induce cancer is extrapolated from Sheng et al. [7]. They demon-
strate that tumors could be formed in two different mouse strains
(NIH Swiss, C57BL/6) that were co-injected with 12.5 p.g each of two
plasmids, each containing an activated oncogene (activated human
H-ras and c-myc). This value (Op,) is calculated from the estimated
size of the plasmid backbone (3186 bp) used in Sheng et al. [7],
assuming that the oncogene inserted to the plasmid backbone has
1925 bp. Based on the total construct, the oncogene would account
for 37.7% of the construct. If 12.5 g of the plasmid is required for
each oncogene of two oncogenes, as described by Sheng et al. [7],
then the total oncogene portion amount to 9.4 ug (25 x 37.7%=0p).

2.3. Infectivity assessment

This evaluation utilizes research results from Peden et al. [8].
Using HIV as a model, they have found that hcDNA from HIV-
infected cells is infectious at 2.5 pg. In our single infective agent
safety factor calculations, we make the assumptions: (1) 2.5 pg
canine hcDNA is assumed to have an infectivity similar to hcDNA
containing a HIV provirus; (2) the viral genome size is 7000 bp [10],
which represents a smaller retrovirus genome than HIV genome of
10,000 bp; (3) a diploid canine genome size is 4.82 x 10° as there is
usually a single copy of provirus per cell [8].

3. Modeling
3.1. Modeling of DNA digestion by enzyme

To facilitate introduction of our model, we will focus on the
assessment of oncogenicity. The same method, once fully devel-

oped, can be directly applied to the infectivity risk evaluation. For
the rest of the paper, we use @, 2 and c to denote the host cell

genome, oncogene DNA sequence residing in the host genome and
phosphate ester bond between two nucleotides, respectively. We
further express @ and §2 as

@ =BicByc...cBy, $2=BcBjC...CBiim_1, (2)

where M and m represent haploid size of host genome and onco-
genesize, respectively,and[>1,m>1and[+m — 1 <M. We refer the
bond c’s within £2 as cq, ¢3 ... cy_1. Define X; as random variables
that can take value either O or 1, with P[X;=1]=P|c; is disrupted
by the enzyme]=1 — P[X;=0]=p. The probability p represents the
cutting efficiency of the enzyme. It is reasonable to assume that all
X; are independent. Therefore these m — 1 variables X; are inde-
pendently identically distributed (i.i.d.) according to a Bernoulli
distribution [11].

After the host cell genome @ is enzymatically digested, for the
oncogene {2 to remain intact, none of the bonds c¢’s within the
oncogene should be cut by the enzyme. That is

X1 =Xz...=Xp_1=0. (3)
Thus the probability for £2 not to be disrupted is

PT[X1 =X5...=Xp_1 = 0] = (1 —p)mi]. (4)

3.2. Residual DNA from oncogenes

Now assume that the host cell genome @ contains Iy oncogenes
of size m;.

§2; =By cBjjq1c.. . Biym_1, 1=<ic<lo (5)

By (4), the probability for £2; to be uncut by enzyme is given by
pi=(1-pym . (6)

It is of interest to estimate the amount of oncogenes either frag-
mented or unfragmented in a final dose. To that end, we let U denote
the total amount of residual host cell DNA per dose, V;, W; and Z; be
the total number of copies of oncogene £2; (either fragmented or
unfragmented), the total number of copies of unfragmented onco-
gene £2; and the total number of copies of fragmented oncogene £2;
in a dose, respectively. Clearly V; =W, +Z;. Finally let Y be the total
amount of unfragmented oncogene 2; in a dose. Clearly U, V;, W;
and Y are random variables, and

Io
Y = Zd,—Wi (7)
i=1

where d; is the weight of oncogene 2;. Given the haploid size of
the host cell genome M, it is reasonable to assume that condi-
tional on U, V; has a Poisson distribution P((m;/M)(U/d;)) where
U/d; represents the maximum number of oncogene §2; which the
total amount of residual DNA, U, in a dose can possibly contain. It is
also reasonable to assume that conditional on V;, W; is distributed
according to a binomial distribution B(p;, V;) with p; being given in
Eq. (6). Using the facts [11] that

m; (U
E[VilU] = o (dT
E[WiVi] = piV; ; (8)
ELWiT = By (Bu [WiIViD) = By [pVi] = Bu(By [pyviu) = P ADELD)

the expected value of total amount of uncut oncogenes Y can be
obtained by

Iy Iy
EIY] = dEIWil =Y piptElU] (9)
i=1 i=1
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3.3. Safety factor estimation

Following the risk assessment in Refs. [7,8], we define safety
factor (SF) as the number of doses required to produce an oncogenic
amount Oy, of oncogenes. Let Y; be the amount of unfragmented

oncogenes in dose j,j =1, ..., SF. The safety factor is an integer
such that

SF

> Yi=0n (10)
j=1

When the number SF is large, by the Strong Law of Large Num-
bers [12]:

SF
2%
SF

Combining (6), (9)-(11), the safety factor, SF, can be estimated
by

~ E[Y] (11)

Om
S, (1—p)Y" T RE[U]

The safety factor is a function of amount of oncogenes, Oy,
required for inducing an oncogenic event, total number of onco-
genes in host genome, Iy, and their sizes m;, average amount of
residual host cell DNA E[U] per dose, and finally enzyme cutting
efficiency, p. The factors On, Iy, m; and E[U] can be experimen-
tally determined. The average amount of host residual DNA E[U]
in a single dose is dependent on the efficiency of the downstream
purification processes. Eq. (12) indicates that the more the pro-
cesses could remove residual DNA, the larger the safety factor is. It
is also evident that the higher the enzyme cutting efficiency p is,
the larger the SF. Since p is influenced by many factors, the esti-
mation of this quantity is not so straightforward. In the following
a modeling approach is suggested to estimate the enzyme cutting
efficiency. Noting that when p=0, Eq. (12) is reduced to

Om o

S TE[U]  (0S/GS)IGE[U]

SF = (12)

SF =

(13)

where OS = Zf‘; m;/Ip, GS = M and E[U] are the average oncogene
size, the size of the host cell genome and the average amount of
residual host cell DNA, respectively. Comparing Eq. (1) and (13),
we can conclude that Eq. (1) is a special case of Eq. (12) when there
are no DNA inactivation steps.

3.4. Determination of enzyme efficiency

After enzyme digestion, any DNA segment takes the form:
By 1€BrioC...CBr X (14)

where ris an integer and X, representing the length of the DNA seg-
ment, is a random variable. Let p denote the probability for enzyme
to cleave bond c, as defined in Section 2.1. Note that the length of the
above DNA segment is the same as the number of failed attempts
made by the enzyme at cutting through the bonds c’s before it suc-
cessfully disrupts the bond c right after nucleotide B;. x. The length
X, in essence, can be described by a geometric distribution with
parameter p [11]. In other words:
PriXx=kl=(1-p 'pk=1,2, ...,M—1. (15)
The theoretical median of X is given by

B log 2
log(1 -p)’

If the residual DNA size distribution can be quantified, the
median can be empirically estimated. Using Eq. (16), we could esti-

median = (16)
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Fig. 1. Relationship between enzyme cutting efficiency and median DNA size.

mate the enzyme cutting efficiency p, which in turn can be used to
estimate the safety factor in Eq. (12).

3.5. Size distribution of residual DNA

In clinical research laboratories, various analytical methods such
as agarose, polyacrylamide and capillary electrophoresis are used
to measure the size distribution of residual DNA in biological prod-
ucts. These methodologies resolve purified DNA in a suitable matrix
where the DNA length can be estimated relative to known DNA
size markers. After the distribution of residual DNA is quantified,
parameters of the distribution such as mean and median can read-
ily be obtained. Let Med, denote the median size of residual DNA,
determined by one of the aforesaid methods. Equating Med to the
theoretical median in Eq. (16) gives rise to an estimate of enzyme
efficiency p:

f’: 1 _2—1/Med0 (17)

The relationship between enzyme efficiency and median size of
residual DNA is depicted in Fig. 1.

It is evident that the more efficient the enzyme is, the smaller
the median size of residual DNA is. Combining Eq. (12) and (17), we
establish the following relationship between the safety factor and
other characteristics of the manufacture process:

Om

[ — —
D22y 2 (mim 1/ Medo o (U]

(18)

Since the safety factor is a decreasing factor of the median size
Med, of residual DNA, the smaller the size of residual DNA is, the
larger the safety factor is. A similar formula can be derived for safety
factor concerning infectivity. It is given as follows:

_ Qm
Dy 2 e e (U]

where Qn, Jo and n; are viral genome amount required to induce
an infection, total number of proviruses contained in MDCK cell
genome and their sizes n;, respectively, and N is the diploid size of
the host cell genome.

SF, (19)

4. Results
4.1. Risk of oncogenicity

The safety factor for oncogenicity is calculated based on Eq.
(18). As discussed in Section 2, the observational and experimental
data suggest: (a) Oy = 9.4 pug; (b) the amount of residual hcDNA per
dose, E[U]<1ng; (c) the median size of residual DNA is approxi-
mately 450 bp; (d) the haploid genome size of the MDCK genome
M=2.41 x 10° bp. It is also assumed that there is only one oncogene
of size 1925 contained in the canine genome. The safety factor is
calculated to be 2.3 x 10!, This indicates that 230 billion doses of
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vaccine would need to be administered before an oncogene dosage
equivalent to 9.4 wg would be reached.

4.2. Risk of infectivity

Safety factor for infectivity due to a single provirus is similarly
calculated, substituting the following values for those in Eq. (19):
Qm =2.5ug; E[U] < 1ng; Med, =450 bp; diploid size of host genome
N=4.82 x 10°bp; Jo =1; n; =7000 bp. The safety factor for a single
provirus is calculated to be 8.3 x 1013 or the equivalent of 83 trillion
doses to induce an infective event.

5. Discussion

We repeat the calculations of safety factors for the example
given in Section 4, using Eq. (1), which is a method suggested
in Refs. [7,8]. The safety factors of oncogenicity and infectivity
are determined to be 1.2 x 101° and 1.7 x 109, respectively. These
calculations overestimate risk due to oncogenicity by more than
19-fold. The overestimation issue for risk of infectivity is even more
pronounced; the risk is overstated by more than 48,000 times. The
overestimation stems from the fact that enzyme inactivation is not
taken into account. The method we propose in the paper clearly
results in more accurate estimates of risks because of the inclusion
ofenzyme inactivationinits calculations. It is also worth noting that
in all the calculations of safety factors, we assume that the residual
hcDNA is less than 1 ng. However, the intranasal administration of
the vaccine is likely to reduce the residual hcDNA found in tissues
which, if shown to be true, would further lower associated risks.

Model validation is an integral part of a probabilistic method
development. It ensures that a method is fit for its intended use.
The accuracy and reliability of the risk assessment approach we
develop ideally should be validated by comparing its estimated val-
ues with observed events. However, before a biological product is
approved for marketing and distributing, there are only a limited
number of doses administered in human subjects during clinical
development. Because the risks of oncogenicity and infectivity due
to hcDNA are in general low, it would take many doses to observe
some events. As a result, validation of the model based on empir-
ical data can only be accomplished if one were to follow millions
of doses for extended periods of time. This is one of the limita-
tions the proposed method has. It is also worth pointing out that
the quantity in Eq. (18) or (19) represents a point estimate of the
safety factor. Because the parameters involved in the calculations
are determined through analytical methods which have inherent
variability, the accuracy and precision of the safety factor estimate
are influenced by that of the analytical methods. It is advisable to
conduct a sensitivity analysis of the safety factors. In Section 4, risks
of oncogenicity and infectivity are calculated based on the esti-
mated amount of residual DNA per dose being less than 1 ng, and
the median size of DNA being 450 bp. Results of analysis of clinical
materials suggest that the quantity of residual hcDNA is approxi-
mately 0.1 ng/dose. In addition, the DNA size analysis we conduct
indicate that the median size of residual DNA is 450 bp with 64% of
the hcDNA less than 500 bp in length and no detectable DNA above

1000 bp. Substituting E[U] =1, and Medy = 1000 in Eq. (18) and Eq.
(19), the safety factors of oncogenicity and infectivity are estimated
tobe4.9 x 10'%and 2.2 x 10!1, which represent worst case scenario
of safety factor estimates.

In general, using the analytical methods discussed in Section 3.5,
variability associated with the estimate of the median size Med,
of residual DNA can be obtained. For example, we could perform
the analysis on a large number of samples, to give rise to a set of
estimates of median size. The error related to the mean median
size of residual DNA can be calculated. Applying Taylor expansion,
the error associated with safety factor estimate can be determined.
Alternatively, we could use bootstrapping method to estimate the
error, based on resampling of samples from the size distribution
determined by the method in [13]. This will allow us to construct
one-sided confidence lower bound for the safety factor, which rep-
resents the worst case scenario.

Lastly, the theoretical model is developed in a very general con-
text. It can easily be applied to the evaluation of oncogenic and
infective risks of other biological products. The assessment of the
intranasal vaccine serves as an illustration to the use of the method.
As we have demonstrated, the use of the method is simple and
straightforward. For interested parties a written computer code of
the method can be obtained by contacting the first author.
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