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ABSTRACT

Recombinant measles viruses are currently testetinical trials as oncolytic agent to be appliedcancer
therapy. Contrary to their use as vaccine wherdrfctious virus particles per dose are neededcdacer
therapy 18 virus particles should be provided per dose. Téssls to other challenges for the production
process when compared to vaccine production. Ttoidyspresents measles virus stability with regard t
conditions during production and storage of theisiirRelevant process parameters such as tempeféture
37°C), pH (pH 4-11), conductivity (1.5 to 137.5 mi§") and oxygen partial pressure were analyzed. The
infectivity of measles virus particles decreasaghlyi at 37 and 32°C, while at 22 and 4°C it remdistable

for several hours or even days, respectively. Tieental inactivation reactions followed first ordeénetics

and the thermodynamic parameters enthalpy andmnteere estimated. Towards changes in pH measles
virus particles were very sensitive, while no imaation could be observed with varying conductivity
Measles virus incubation at an oxygen partial pressf 100% did not lead to any loss of infectivitihe
results show which parameters should be considanddcontrolled strongly in the production process t
further raise measles virus yields for the high amiameeded in cancer therapy approaches.

Keywords: Measles Virus, Virus Stability, Virus InactivatioBncolytic Agent

1. INTRODUCTION measles, which is highly infectious and charactekriby
the so called Koplik spots, high fever and a wealen
As a member of the ordéviononegavirales (family: immune system. Although the course of disease tenof

Paramyxoviridae), Measles Virus (MV) is an RNA virus relatively mild, life-threatening complications $uas
with a single stranded genome in negative-seneatation.  Subacute Sclerosing Panencephalitis (SSPE) apgtar w
The genome is wrapped in a Ribonucleoprotein (RNP)relative low frequency, but regularly (Sabella, @pi
complex and enveloped by a lipid layer containtmeyiral These complications can be prevented by vaccination
glycoproteins  hemagglutinin  and  fusion protein with attenuated MV vaccine strains which have been
(Navaratnarajaht al., 2009). The virus particles have a size used in several millions of doses and have reveated
of 120-270 nm. MV is the causative agent of thealie  excellent safety profile.
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MV induces a Cytophatic Effect (CPE), i.e., cell- determination of temperature inactivation constants
to-cell fusion and the formation of multi-nucleated analysis of the impact of pH, pOor certain salts. The
giant cells, ultimately leading to induction of determined parameters may serve as a basis for
apoptosis and killing of infected cells. Currenidies ~ optimizing MV production and purification in future
in cancer therapy try to take benefit of this irdrer ~ applications such as oncolytic virotherapy requgrin
cytotoxicity, as derivatives of an MV vaccine strai comparatively high doses of infectious virus.
are currently tested in clinical trials for cantkerapy
(Msaouel et al., 2012). The ability of MV to kil 2. MATERIALS AND METHODS
cancer cells has been correlated to cell entry of )
attenuated MV via CD46; this receptor is frequently 2-1- Cells and Virus
over-expressed on tumor cells (Andersbal., 2004). Infectious recombinant MV particles of the strain
Preclinical, unmodified and recombinant MV strains pyv .., GFP (P) were rescued and propagated as
have revealed oncolytic potency in numerous modelsjescribed previously (Devauat al., 2007). MV was
including xenograft tumor models of human lymphoma propagated in Vero cells (# CCL-81, ATCC) under
(Groteet al., 2001), ovarian cancer (Peegal., 2002),  standard culture conditions. Titers were determined
or prostate cancer (Msaoatlal., 2009). _ according to (Karber, 1931; Reed and Muench, 1938).

The infectivity of MV particles is the basic cells were adapted to grow in serum free VPSFM
requirement for the success of oncolytic virothgrap medium (Gibco, Invitrogen) supplemented with 4 mMm
Moreover, the amount of virus particles for one gjutamine (PAA, Germany) over 5 passages and were
therapeutic dose is up to 3 to 6 dpgnits higher than  expanded in T flasks at 37°C and 5% £®ithout any
those traditionally used for vaccination (Msaoeehl., substituents of animal origin. Infections were

2012; Russebt al., 2010). For these reasons, stability performed at a cell density of 50.000 cells &with an
studies of MV under production conditions (espégial ol of 0.02. Measles virus suspensions were caibct

medium, oxygen saturation, ion strength, pH andgom the supernatant after centrifugation (5 miop 3
temperature) are important to retain the infecfivit (Megafuge 1.0R, Thermo Scientific)).
during upstream and downstream processing. This wil

be essential for generation of the required dodes 02.2. Temperature Stability Studies
infectious virus particles.

Virus inactivation in general was reported to
proceed similar to cell dying (Bauer and Henle, 4,97
Johnson, 1974) or protein and enzyme inactivation
(Weemaest al., 1997; 1998). All reports about MV
stability in general have been published decades ag
Temperature (Black, 1959; Boriskiet al., 1988;
Musseret al., 1960; Rappet al., 1965), pH (Black,
1959; Musseret al., 1960) and salt concentrations 2.3. pH Stability Studies
(Boriskin et al., 1988; Rappet al., 1965) were the
most important factors analyzed, then. Recentlyeso
work has focused on stability studies for MV vaasn
after production and purification (Burget al., 2008;
Ohtakeet al., 2010). While these virus particles are
stabilized with different agents or are even
lyophilized, this stability studies are not repnetsgive
for measles virus particles wunder production
conditions. The key parameters for MV production fo 2 4 Salt Stability Studies

the use in cancer therapy were already discusse in ) ) . )
previous review (Weisst al., 2012). MV suspensions were incubated with different salt

The current study aims to target MV stability of solution at different concentrations. Mgs@nd NacCl
MV-batches for high-dose applications such as solutions at 1.5 M, 1 M, 0.8, 0.25 M and 0.1 M
virotherapy. For process parameters during prodocti were analyzed. For this purpose, appropriate volume
and purification the presented data involve of 3 M stock solution of each salt were given to

MV suspension were incubated at 4, 22, 32, or
37°C in the dark for the indicated time. After espoe
at 4°C, residual virus titers were always determdine
immediately after sampling. After exposure at 22°C,
32°C or 37°C samples were first frozen at-20°C in a
radiator block to immediately stop particle decay
before titrating residual titers.

MV particle suspensions were supplemented with
appropriate volumes of 1 M NaOH or 1 M HCI to
adjust the pH to the desired range. The virus smbst
atpH 5, 6, 7, 8, 9 and 10 were titrated accordinthe
TCIDsg method immediately after adjustment of pH
and after 3 incubation (at 4°C, in the dark),
respectively.
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different aliquots of same virus suspensions taistdj ko [T _ 226

salt concentrations. TCHp titration of residual k= h —e—[eRT )
infectivity was done immediately after salt

supplementation and after 3 h of incubation. Eyring Equation, where:

Conductivity measurements of adjusted suspensmnq( = The Boltzmann constant (kJ¥

were performed using the SevenGoDuoPro devu:eh = The Planck’s constant (J s)

from Mettler Toledo. AG = Gibbs energy (kJ m'd)
2.5. pG, Stability Studies

For the analysis of pGtability, MV suspensions were
diluted in ice cold phosphate buffer saline at pR.7 ) o _
Conditions were chosen as currently tested for kegas AH is the enthalpy of activation (kJ mbt
virus production (manuscript in preparation), usmgeller

AH=E, -R.T (3)

stirrer in 1 L Stirred Tank Reactor (STR). AS=(AH-AG)TT! (4)
3. RESULTS AS is the entropy of activation (kJ mbK™).
_ o The estimated thermodynamic parameters for MV
3.1. Measles Virus Thermal Inactivation inactivation are presented Fable 1 The enthalpy for

To investigate the MV inactivation rates at measlesvirus inactivation was 1mol™ (25 kcal

different temperatures, measles virus suspensiongnol’) and the entropy had a value of 0.08 kJTn(.02
were incubated at 37°C, 32°C (potential temperature kcal mor?).
for production), 22°C (room temperature), or 4°C : .
(storing temperature) and virus titer were detesdin 3.2. Measles Virus pH Stability
after defined time spans. To estimate MV stability at various pH values, MV
Figure 1 shows an increase of MV inactivation rates titers were determined at pH values between 4 dnd 1
with increasing temperature. At 37°C and 32°C MV (Fig. 3).
half-life were one and two hours respectively. When  Directly after pH adjustment, the MV titer
starting with a titer of 6.81.0° TCIDsy/mL, the MV decreased below the limit of detection at pH 4 phd
titer was below the limit of detection (ATCIDsy/mL) 11. Therefore MV was referred to be completely
after an incubation of 23 h at 37°C. At 22°C an€4° inactivatedunder these conditions. In the acid pH
MV was more stable indicated by higher half-life range no infectious MV particles were found (pH 5)
times (18h and 5 d, respectively). immediately after adjustment or a decrease of appro
In Fig. 1 MV inactivation is displayed 2 orders of magnitude appeared (pH 6). In the basic
semilogarithmic. An exponential regression wagditto ~ PH range, directly after pH adjustment to pH 808,
the data sets. The exponent of the respectivessigre 10, MV titers decreased by approx. one order of
lines gives the inactivation rate constant k. Adomg to ~ Magnitude (1.1 to 1.6 Iggunits). After 3h incubation
Arrhenius (Equation 1) the estimated k-values (against M€ at acidic and basic pH MV titers were close to
temperature (F) resulted in a linear correlatiofrig. 2), the dete<_:t|on Im_1|t in all approaches. .
where the slope represents the term K™ Taking The highest titer was estimated at pH 7. Interghtin

i i . ol only small changes in pH from 7.2 to 7.0 resultedhi
Equation 2-4 the t_hermodynam|c parame'Fers ent titer decrease of one order of magnitude after 8h o
entropy can be estimated (Johnson, 1974):

incubation, highlighting the sensitivity of MV paites
against pH changes.

En

k=A™ (1) 3.3. Measles Virus Stability at Different Salt
Where: Concentrations

A = The pre-exponential factor {f To estimate whether MV inactivation at various pH
Ea = The activation energy (kJ md) values away from neutral pH was due to increas#d sa
R = The universal gas constant (kJ th&l™) concentrations, MV infectivity was analyzed at eiéint

T = The temperature (K) salt concentrations and conductivities.
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Fig. 1. Thermal inactivation of MV at 37°C, 32°C, 22°C a#tC. Incubation studies were performed in tripksagxcept for the
temperature at 22°C. The virus titers are giverekgive values divided by virus titer at time pozero of incubation. Lines
represent exponential regression of respectivestdta Error bars indicate standard deviation.
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Fig. 2. Arrhenius plot for measles virus thermal
regression of data sets frdfig. 1.
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Fig. 3. Inactivation of MV at different pH. For pH adjustmteof MV suspensions, respective volumes of 1 M Na&hd 1 M
HCI were added. Virus titers were determined diseafter pH adjustment (black bars) or after 3 hubation in the

dark at 4°C (hatched bars).
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Fig. 4. Oxygen stability of MV particles. Measles virus gession was stirred in an STR at 70 rpm, pH 7.2%0(w/v) Pluronic
F68 and 100% pg samples were taken at the indicated time pointssabsequently titrated. The horizontal line atQfx
TCIDsy/mL is displayed for easier comparability of diffet values.

Table 1.Estimated thermodynamic coefficients for measlessvihermal inactivation

AH/kJ mort AS/kJ morltK™ AG/kImol™
104 0.08 78
AH/kcalmol™ AS/kcalmolt K™ AG/kcalmol™
25 0.02 19

Table 2.Measles virus stability at different conductivitiesdiluted water and in NaCl and Mgg€alt solutions
Logyo TCIDgo mL™

Sample name Conductivity/mS ¢m Directly After 3 h incubation
Reference 013.28 6.10+0.17 6.47+0.23
1.5M NaCl 137.50 6.19+0.42 6.60+0.44
1M NaCl 094.30 6.21+0.15 6.31+0.55
0.5M NaCl 054.70 6.07+0.06 6.46+0.53
0.25M NacCl 037.80 5.92+0.30 6.39+0.69
0.1M NaCl 023.99 5.83+0.11 6.66+0.43
1.5M MgSQ 059.80 5.96+0.47 6.05+0.27
1M MgSQ, 052.90 6.13+0.43 6.62+0.35
0.5M MgSQ, 040.10 6.18+0.35 6.26+0.28
0.25M MgSQ 032.10 6.57+0.23 6.18+0.54
0.1M MgSQ, 030.42 6.98+0.43 6.06+0.11
Dilution factor (aquadest):

2 006.71 6.37+0.26 6.12+0.51
5 002.78 6.39+0.19 6.01+0.19
10 001.49 6.15+0.13 5.77+.0.25
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In Table 2 virus titers determined at different
conductivities and salt concentrations are dismlaye
Neither measles virus suspensions with NaCl, or ®lgS
at 0.1 to 1.5 M, respectively, nor up to 10-foltutions
with distilled water resulted in significant viruster
decrease. Therefore, measles virus was observéa to
very stable at conductivities between 1.5 to 13%3
cm ™. Thus, a decrease of virus titer under differamt p
conditions can be addressed to different
concentrations, not salt ions or conductivities.

3.4. Measles Virus Oxygen Stability

As MV is produced by an aerobically host cell,
oxygen supply and sensitivity might play an impotta
role for MV production. For this reason an exemyplar
analysis was done to estimate MV stability under

Yassky, 1962; Musseat al., 1960; Rapet al., 1965).
A half-life of two hours was determined at 37°C the
Edmonston strain, according to about ¥0oss within
4 h (Black, 1959), while a decrease in virus tGe80%
within 16h was reported by (Kohn and Yassky, 1962)
and within 1% by (Musseret al., 1960). The AIK-C
MV strain at 28°C incubation was completely inaatad
within 3 days (a loss of over 7 orders of magnis)deand

protonat 4°C the virus titer decreased about Zjomits within

10 days and remained after that stable for an&hdays
(Trabelsi et al., 2012). The Edmonston strain lost its
infectivity at 23°C with a rate of approx. one ordd
magnitudes in 24 (Black, 1959). In accordance with
the data presented here, inactivation at 37°C 6€32
occurs with a half-life of just 1 or 2 h, respeetiy
where an inactivation at room temperature or at 4°C

production conditions. Measles virus suspension waswas significantly slowerKig. 1).

stirred in STR at pH 7.2, 70 rpm, 8°C and 100%.pO
Within 6 h, the virus titer did not vary to a sifjoant
level, so no inactivation has been observed dueigh

The medium of the MV suspension seems to be an
important factor for MV stability at different
temperatures. The present studies were done irmseru

oxygen partial pressure. Under the above describedree VPSFM, as this medium is suitable for MV

conditions, oxygen concentration according to Mtipies
inactivation is not a critical factor for MV proctian.

4. DISCUSSION

For the application of measles virus in canceraper
up to 1,000,000 more infectious virus particles are
needed compared to vaccination (Rusgedl., 2010).
For this reason, first, an effective oncolytic Meawirus

production under serum free conditions (own
unpublished data). As already mentioned abovehéiife

life determined in the current set-up were quite
comparable to those reported in Eagle’'s medium
supplemented with 10% calf serum (Black, 1959), iehe

a half-life of two hours was determined at 37°C. In
medium 199 without serum, a drop of infectivity 2%
logyo units has been demonstrated after 7 h incubation a
25°C. At 37°C no virus inactivation could be obsstv

production process should be established or thesle®a (3.2 +/-0.2 logsTCIDso mL™Y) but after 24 h a drop of
virus has to be highly concentrated with preservedy,q log, units appeared (Musseet al., 1960).

infectivity to get these high titers. Second, singe
successful therapy will be dependent on the infagtof
the virus particles, measles virus stability ismportant

issue and has to be integrated into MV production

considerations. In this study stability studiesndééctious

Nevertheless, this is the only report about a highe

stability at a higher temperature for measles vifiss is

in contrast to the data presented in this study.
Interestingly, a higher inactivation rate was repdr

at 6°C, when MV patrticles were prepared in seruee fr

MV suspensions in serum free medium are presentednedium. At this temperature, MV titers decreased to

aiming to analyze the impact of conditions like pi
temperature that play an important role during potidn
of MV in upstream and downstream processing. Rinall
critical parameters were identified to further eaisVv
yields for the relative high amount needed e.g.cémcer
therapy approaches (Russeal., 2010).

10% of original titers in serum free preparationthin 4
weeks, while in serum containing medium the viitex t
was more or less stable (5 +/-0.3 9d CIDs mL'l)
(Musser et al., 1960). In water-suspensions, MV
preparations lost 90% of infectivity within 24 h 4tC
and 50% within 1 h at 25°C (Rapm al., 1965). This

The parameter temperature is a very importantshows that measles virus particles in suspensi@u ne
factor, as temperatures around 30°C are minimallycertain supplements to retain their infectivity. Mgh

required for the host cell maintenance metabolisith a
even for virus production. Contrary MV (Edmonston
strain) has been reported to be very sensitive rdsva

serum was reported to be very effective, other
supplements like sugar, amino acids and divalens io
were already reported to preserve measles virus

temperatures above 30°C, (Black, 1959; Kohn andinfectivity (Trabelsiet al., 2012).
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The thermal inactivation reactions follow first erd  alteration of the system or its surrounding isexjtected
kinetics for all analyzed temperaturdsg. 1), which is for a biological system.
also reported for tobacco mosaic virus (Ginoza,8)95 Similar to Murine Leukemia Virus (MLV) production,
Sindbis virus (Barneset al., 1969) and baculovirus the high degradation rate at 37°C (Nehracal., 2006)
(Gotohet al., 2008). The corresponding Arrhenius plot presents a new challenge for the production process
(Fig. 2) indicates only one process parameter thatachieve the high amounts of infectious virus paltic
contributes to MV inactivation due to temperature virus filtration for concentration is a possibldigimn, like
sensitivity in our experimental setting. A two coomgnt it has been reported for MLV, (Nehring al., 2004;
mode mechanism of inactivation in which inactivatio 2009), densonucleosis virus (Czermak al., 2008;
proceeds in the first place in a faster mannerthed a  Grzeniaet al., 2006; Spechét al., 2004), recombinant
slower degradation is observed that follows firsties baculovirus (Greiret al., 2012; Michalskyet al., 2009;
kinetics had been reported for Iyophilized measles2010) and minute virus (Hensgea al., 2010). MV
vaccine (Allisonet al., 1981; Colinetet al., 1982). For  purification in a scale of up to 60 L is alreadpoeted
unprocessed MV at 45°C and 50°C this so called twoby Langfieldet al. (2011), but especially the half-life of
component mode has also been shown for the Schwar2 and 1h of MV particles at 32 and 37°C, respectively,
and Mantooth strain (Albrecht and Schumacher, 1972)suggests inline filtration with continues harvestda
and at 4°C for the AIK-C strain (Trabeldi al., 2012).  immediate cooling like it has already been repoftad
For the Edmonston MV strain a two component MLV particles (Nehringgt al., 2009).
inactivation was suggested only by the data &@46r Referring to pH stability, the data in this rep(ftg.
50°C (Rappet al., 1965). 3) reveal that MV is very sensitive towards changes

In a previous study (Woese, 1960), an enthalpyOof 2 away from neutral (pH 7.2). This shows that process
kcalmol™ and an entropy of -19 calol*°C™ had been  conditions have to be adjusted during upstream and
determined for Tobacco Mosaic Virus (TMV) RNA downstream processing. Inactivation of MV due to pH
which was designated to be associated with RNAsensitivity has already been presented, beforeil&iito
inactivation. In general RNA inactivation was the results presented here, a total virus inadtinait pH
accompanied by a small value for enthalpy and a>10 or < 5 has been reported (Musseral., 1960).
negative value for entropy. In the same study, tpesi ~ Stable virus titers were identified between pH @ &n
entropy values between 3 to 950 cal ThéIC™ of whereas between pH 5 and 7 or 8 and 9 inactivatias
thermal inactivation were reported for proteinsgtbeial ~ between one to two lgg units (Musseret al., 1960).
and plant viruses and other animal viruses (WoeseBlack reported a maximum virus titer of 7.9 plu at
1960). The thermodynamic parameters for MV PH 7.6, a stable titer from pH 6 to 10.5 (maximum
inactivation as determined in this study are sunwedr ~ decrease of 0.6 leg units), but a comparably high
in Table 1 The enthalpy and entropy for thermal inactivation at pH 4.4, 3.8 and 2.4 of 2.8 lpgnits,
inactivation of MV were 25 kcal mdl and 20 cal fepresenting a loss of 80% (Black, 1959). Such
mol* K™, respectively. According to Woese (1960), the Sensitivity towards pH.changes was also reporter_d fo
values in this study could suggest that measlessvir recombmant baculovirus. In this case particles
inactivation is accompanied by both RNA and protein 2d9regation due to pH changes has been suggested to
inactivation. For the enthalpy of measles virus thea be responsible for the observed virus inactivation

inactivation values of 18 to 70 kcal Mb(23°C to 56°c) ~ (Grein et al., 2012). The data show that for an
were reported in the literature (Woese, 1960). He t optimized production process pH regulation in narro

enthalpy is greater than zero the reaction is stecta limits during upstream and downstream processing is

: : . _essential to preserve measles virus infectivity.
endothermic, which means that for measles virus . . . !
inactivation energy must be absorbed into the gyste As depicted in Table 2, MV fiters did not

. i significantly decrease with either a rising or ifal
According to the second law of thermodynamic, an conductivity. This stability of MV under differerdalt

entropy larger than zero indicates an irreversible concentrations indicates that the sensitivity of kévpH
reaction, meaning that in this study MV thermal giffering from neutral was not due to enhanced ion
inactivation is estimated to be a non-reversiblecpss.  concentrations, but linked to proton concentratithe
Measles virus thermal inactivation as a reversibleions C&*, Zzn** and Md"* can be associated to different
process, according to entropy of zero, has neven be proteins and especially MgS@as reported to improve
reported and such back formation without any peemaan MV stability or even production yield (Boriskiet al.,
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1988; Rappet al., 1965; Trabelset al., 2012). While  different salt concentrations could be an advaniage

a negative impact of MgSOon measles virus could purification approaches using ion exchange membrane
not be observed in the present study, it possiblychromatography. This purification has already been
improves the virus yield during production. reported for recombinant baculovirus (Gresh al.,

To date, no analysis concerning the sensitivitt™  2012) and densonucleosis virus (Speathl., 2004).
towards oxygen has been published. However, this

parameter is essential in bioprocess evaluationsaate 5. CONCLUSION

up investigations as it is necessary for the grooftthe

mammalian host cells. Especially in scale up The results presented show how process
investigations dealing with high cell concentraion parameters could affect final infectious MV yields
aeration and the oxygen partial pressure is anitapd  production and purification.

factor. The negative effect of oxygen is given Ig t Aiming for high amounts of infectious MV particles
formation of oxygen radical'_s in redo_x reaction_s bY tor the applications in cancer therapy, future wsd
several enzymes. Oxygen radicals are highly reaethd  ghoyld go in more detailed investigations for MV

contingentlyhdes';ructive:](_) l;iomolecules or itscftjmnal_ stability and should also integrate them into the
groups. Therefore, ig oxygen  concentrations o, o ~wion of MV production.

potentially resulting in generation of larger amtsunf

oxygen radicals may be counterproductive for virus 6. ACKNOWLEDGEMENT
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