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Cold-Adapted-Viral-Attenuation (CAVA) and Novel Attenuated Poliovirus Strains

TECHNICAL FIELD

| 0001 | The invention relates to the field of viral attenuation and the development of

novel attenuated poliovirus strains for use as vaccines.

BACKGROUND OF THE INVENTION

| 0002 ] The Poliovirus (PV) belongs to the enterovirus genus within the Picornaviridae
family. These small RNA viruses have a single-stranded positive-sense RNA genome and
are non-enveloped. They are subdivided into three serotypes; PV1, PV2 and PV3.
Infection with PV 1s usually asymptomatic, however, 1-2 % of the cases result in paralytic
poliomyelitis where viral-induced destruction of motor neurons causes paralysis,
ogencrally in limbs, termed Acute Flaccid Paralysis (AFP). Of these AFP cases, 5 — 10%
arc lethal as the virus spreads to regions of the brainstem resulting in respiratory arrest
and, ultimately, death. (For reviews of PV and pathogenesis see, for example, (Minor

1999, Racanicllo 2006, Pteifter 2010).

[ 0003 ] Today, poliomyelitis 1s on the verge of eradication with only 406 and 359 cases
worldwide 1n 2013 and 2014, respectively. There are two vaccines available which have
cnabled this successtul battle against PV; the Inactivated Poliovirus Vaccine (IPV) (Salk
1953) and the Oral Poliovirus Vaccine (OPV) (Sabin 1956). IPV consists of three
formalin-inactivated (killed) wild-type (neurovirulent) PV strains from each serotype
(typically Mahoney, MEF-1 and Saukett for PV1, PV2 and PV3 respectively). OPV 1s
made up of three live attenuated strains called Sabin 1, Sabin 2 and Sabin 3. The Sabin
strains ar¢ named after Albert Sabin, who generated the strains through serial passage of
three parental wild-type viruses through cell culture and even whole organisms (Sabin
1973). Due to the case of administration and low costs of OPV (John 2009), 1t was
heralded by the World Health Organization (WHO) and Global Polio Eradication
Initiative (GPEI) as the vaccine of choice for the eradication program in 1988 (WHO
1988). However, the use of OPV 1s at odds with eradication and the end game strategy
because the OPV vaccine strains display reversion of the attenuated phenotype to
neurovirulent and transmissible polioviruses (Henderson, Witte et al. 1964). These

Vaccine Associated Paralytic Poliomyelitis (VAPP) cases occur with a frequency of |
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case per 500,000 vaccines (John 2004). Furthermore, circulating Vaccine Derived
Polioviruses (cVDPV’s) result when the reverted vaccine viruses become transmissible
within a susceptible population. As OPV 1s now recognized as a potential source of
poliomyelitis through the VAPP and cVDPV phenomena, there has been a call for the
usc of OPV to be eliminated 1f complete eradication of poliomyelitis 1s to be achieved. In
fact, over the last decade, regulatory authorities have recognized that OPV use must be
ceased for eradication of poliomyelitis (WHO 2005). With IPV, the vaccine immunogens
are formalin-inactivated, and therefore VAPP and cVDPYV are not observed with the use
of this vaccine. However, the 20-fold higher cost of this vaccine renders 1t unfavourable
for use 1n low- and middle-income countries (Heinsbroek and Ruitenberg 2010, Zehrung
2010). To that end, the WHO and 1ts many collaborators have 1nitiated multiple projects
for the development of strategies to make IPV safer and more economical (Zehrung 2010,

Hawken and Troy 2012, Resik, Tejeda et al. 2013).

[ 0004 ] IPV 1s1indeed a safer alternative to OPV with respect to VAPP and ¢cVDPV,
however, the wild-type viruses that make up the vaccine could pose a threat to the global
population during the post eradication era in the event of accidental escape of these
viruses from a manufacturing facility. Furthermore, upon eradication, wild-type
polioviruses will be subject to stringent bio-containment regulations which may further
increase the costs of goods of this already expensive vaccine (WHO 2006, Verdyk, Rots
ct al. 2011). In fact, the WHO already stipulates the destruction of any wild-type PV
strains from laboratories across the globe. These actions will presumably be enforced
more vigorously as eradication draws nearer (WHO 2009). Development of IPV vaccines
based on attenuated strains 1s a safer vaccine manufacturing procedure and mitigates risks
of potential disease outbreaks 1n the case of industrial accidents. To that end, the
production of an IPV based on attenuated strains has been proposed as a strategy for the
safe and economical production of IPV for the post eradication era. Multiple attenuated
strains have been proposed as a basis for a novel IPV vaccine, of which most rescarch has
been invested 1n making an IPV from the Sabin strains (Verdyk, Rots et al. 2011). Sabin-
based IPV has recently undergone a successful Phase II clinical trial as a stand-alone
vaccine (Liao, L1 et al. 2012) and a Phase II and III trial in combination with diphtheria,
tetanus and acellular pertussis (DTaP) (Okada, Miyazaki et al. 2013). Moreover, 1n Japan

a Sabin based IPV has recently been licensed 1n combination with DTaP (Mahmood,
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Pelkowski et al. 2013). However, the capsids of the Sabin viruses differ significantly from
the conventional IPV wild-type viruses, and, upon formalin 1inactivation, Sabin viruses
display different antigenic properties required to raise neutralizing antibodies (and
therefore protection) agaimnst PV infection. Indeed 1t has been observed that the immune
response to Sabin IPV 1s altered as compared to the one raised against conventional 1PV,

therefore, different dosing of the vaccine 1s necessary (Westdyk, Brugmans et al. 2011).

[ 0005 ] Several rationally engineered attenuated PV strains exist, however, their
potential as IPV vaccine strains has, as of yet, not been fully explored. One set of such
candidate attenuated strains 1s based on genetically stabilized Sabin strains as superior
l1ve vaccine strains as compared to the Sabin strains for a novel OPV development, as
well as use for a basis of a novel IPV (e.g. Macadam et al, 2006, WO 2008/017870; WO
2012/090000). These strains are capable of growth at physiological temperatures,

however they show significantly reduced infectivity at this temperature.

| 0006 | For the post-cradication era, there remains a need to develop an IPV based on
safe, attenuated poliovirus strains which do not revert to neurovirulent forms and which

induce a similar immune response as conventional IPV based on wild-type strains.

SUMMARY OF THE INVENTION

[ 0007 ] The present invention provides a novel method for developing recombinant
attenuated poliovirus strains, as well as resulting novel recombinant attenuated poliovirus
strains which can be used as a basis for an IPV. The attenuated backbone can be re-
engineered to contain the wild-type capsids of strains used 1n current IPV vaccinges,
resulting 1n a wild-type antigenicity profile after inactivation whilst maintaining the
attenuated phenotype during virus production and scale-up to produce a vaccine. The
recombinant attenuated polioviruses are genetically stable under production conditions.
Furthermore, due to therr mability to replicate at 37°C 1t 1s highly unlikely that they can
revert to a neurovirulent form upon accidental ingestion, in the event of (un)intentional
escape from a manufacturing facility. The recombinant attenuated poliovirus strains of the

present invention can be formalin-inactivated for use in an IPV vaccine.

| 0008 | The invention 1s directed to the general and preferred embodiments defined,

respectively, by the independent and dependent claims appended hereto, which for the
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sake of brevity are incorporated by reference herein. Other preferred embodiments,
features, and advantages of the various aspects of the invention will become apparent

from the detailed description below taken 1n conjunction with the appended drawing

figures.

[ 0009 ] In one embodiment, the present mnvention provides a recombinant poliovirus
strain that can be propagated in cell culture at 30°C and that cannot be substantially
propagated 1 cell culture at 37°C, comprising a capsid from a Mahoney, MEF-1, or

Saukett strain.

[ 0010 ] In another embodiment, the present invention provides a recombinant
attenuated temperature sensitive poliovirus type 1 strain that can be propagated 1n cell

culture at 30°C and cannot be substantially propagated in cell culture at 37°C.

[ 0011 ] In another embodiment, the present invention provides a recombinant
attenuated temperature sensitive poliovirus type 2 strain that can be propagated 1n cell

culture at 30°C and cannot be substantially propagated in cell culture at 37°C.

[ 0012 ] In another embodiment, the present invention provides a recombinant
attenuated temperature sensitive poliovirus type 3 strain that can be propagated 1n cell

culture at 30°C and cannot be substantially propagated 1n cell culture at 37°C.

[ 0013 ] In another embodiment, the present invention provides a composition
comprising a poliovirus strain and a pharmaceutically acceptable carrier or excipient,
wherein the poliovirus strain i1s a recombinant attenuated temperature sensitive poliovirus
strain that can be propagated in cell culture at 30°C and cannot be substantially
propagated m cell culture at 37°C, and wherem the poliovirus strain can optionally

comprise a capsid from a Mahoney, MEF-1, or Saukett strain.

[ 0014 ] In another embodiment, the present invention provides a composition
comprising first, second and third recombinant poliovirus strains, wherein each of the
first, second and third recombinant poliovirus strains can be propagated 1n cell culture at
30°C and cannot be substantially propagated 1n cell culture at 37°C, and wherein the first,
second and third recombinant poliovirus strains respectively comprise a capsid from a

Mahoney, a MEF-1, and a Saukett strain.
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[ 0015 ] In another embodiment, the present invention provides a composition
comprising first, second and third recombinant poliovirus strains, further comprising a
pharmaceutically acceptable carrier or excipient, wherein the first, second and third
recombinant poliovirus strains can be propagated in cell culture at 30°C and cannot be
substantially propagated 1n cell culture at 37°C, and wherein the first, second and third
recombinant poliovirus strains respectively comprise a capsid from a Mahoney, a MEF-1,

and a Saukett strain.

[ 0016 ] In another embodiment, the present invention provides an IPV composition,
wherein the poliovirus 1n the composition is 1nactivated, and wherein prior to being
inactivated the poliovirus 1s a recombinant poliovirus strain that can be propagated 1n cell
culture at 30°C and that cannot be substantially propagated in cell culture at 37°C, and
wherein the first, second and third recombinant poliovirus strains respectively comprise a

capsid from a Mahoney, a MEF-1, and a Saukett strain.

[ 0017 ] In another embodiment, the present invention provides an IPV composition,
wherein the IPV composition comprises inactivated first, second and third recombinant
poliovirus strains, wherein prior to being inactivated each of the first, second and third
recombinant poliovirus strains can be propagated in cell culture at 30°C and cannot be
substantially propagated 1n cell culture at 37°C, and wherein the first, second and third
recombinant poliovirus strains respectively comprise a capsid from a Mahoney, a MEF-1,

and a Saukett strain.

| 0018 ] In another embodiment, the present invention provides a combination vaccine
composition comprising an IPV composition described supra, and one or more antigens

from other pathogens, such as diphtheria, tetanus, pertussis, Heamophilus influenzae type

b (Hib), Hepatitis B virus (HBV), etc.

[ 0019 ] In another embodiment, the present invention provides a method for
vaccinating against poliovirus infection and/or poliomyelitis, the method comprising
administering to a subject a composition comprising an IPV composition described supra

or a combination vaccine composition comprising an IPV as described supra.

[ 0020 ] In another embodiment, the present invention provides a nucleic acid molecule
comprising a sequence that codes for the genome or the complement of the genome of a

poliovirus, wherein the poliovirus 1s a recombinant attenuated temperature sensitive
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poliovirus that can be propagated 1n cell culture at 30°C and cannot be substantially
propagated m cell culture at 37°C, and wherein the recombinant attenuated temperature

sensitive poliovirus comprises a capsid from a Mahoney, MEF-1, or Saukett strain.

[ 0021 ] In another embodiment, the present invention provides a method for preparing
5  apreparation comprising a poliovirus, wherein the poliovirus 1s a recombinant attenuated
temperature sensitive poliovirus that can be propagated 1n cell culture at 30°C and cannot
be substantially propagated 1n cell culture at 37°C, and wherein the poliovirus can
optionally comprise a capsid from a Mahoney, MEF-1, or Saukett strain, the method

comprising
10a) 1nfecting a cell 1n a cell culture with the poliovirus,

b) culturing the cells 1n the cell culture (at a temperature that 1s permissive for replication of

the poliovirus, ¢.g. between about 20°C and about 33°C) to propagate the poliovirus; and,

¢) 1solating the poliovirus strain from the cells or from the cell culture to obtain the

preparation comprising the poliovirus.

15 [0022] Inanother embodiment, the present invention provides a method for preparing
a preparation comprising an inactivated poliovirus, wherein prior to being inactivated the
poliovirus 18 a recombinant attecnuated temperature sensitive poliovirus strain that can be
propagated in cell culture at 30°C and cannot be substantially propagated in cell culture at
37°C, and wherein the poliovirus can optionally comprise a capsid selected from a

20  Mahoney, MEF-1, or Saukett strain, the method comprising:
a) 1nfecting a cell in a cell culture with the poliovirus;

b) culturing the cells 1n the cell culture (at a temperature that 1s permissive for replication of

the poliovirus, ¢.g. between about 20°C and about 33°C) to propagate the poliovirus;

¢) 1solating the poliovirus strain from the cells or from the cell culture to obtain the

25  preparation comprising the poliovirus; and,
d) 1nactivating the poliovirus.

[ 0023 ] In another embodiment, the present invention provides a method for preparing
an IPV comprising an 1nactivated poliovirus in a formulation suitable as a pharmaceutical

composition, wherein prior to being inactivated the poliovirus 1s a recombinant attenuated
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temperature sensitive poliovirus strain that can be propagated n cell culture at 30°C and
cannot be substantially propagated 1n cell culture at 37°C, and wherein the poliovirus can
optionally comprise a capsid selected from a Mahoney, MEF-1, or Saukett strain, the

method comprising:
infecting a cell 1n a cell culture with the poliovirus;

culturing the cells 1n the cell culture (at a temperature that 1s permissive for replication of

the poliovirus, ¢.g. between about 20°C and about 33°C) to propagate the poliovirus;

1solating the poliovirus strain from the cells or from the cell culture to obtain the

preparation comprising the poliovirus;
inactivating the poliovirus; and,
formulating the mactivated poliovirus into a pharmaceutical composition.

[ 0024 ] In another embodiment, the present invention provides a method for obtaining
a recombinant attenuated poliovirus strain that can be propagated in cell culture at 30°C
and that cannot be substantially propagated in cell culture at 37°C, the method comprising

the steps of:

passaging a parental (or starting) poliovirus strain at <30°C for sufficient passages to
produce a virus with impaired growth at 37°C (e.g. for at least 5, 10, 15, 20, 25, 30 or 35

passages);

1solating two or more different temperature sensitive clones from the viral population

which display impaired growth at 37°C;
sequencing the genomes of the temperature sensitive clones;

1dentifying mutations 1n the sequences of the genomes of temperature sensitive clones by
comparing the sequences of the temperature sensitive clones to the sequence of the

parental poliovirus strain;

synthesizing the recombinant attenuated poliovirus strain by combining mutations from
two or more different temperature sensitive clones into the genome of a (e.g. the parental

or another) poliovirus strain; and,

rescuing the recombinant attenuated poliovirus strain that can be propagated mn cell

culture at 30°C and that cannot be substantially propagated 1n cell culture at 37°C.
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[ 0025 ] In another embodiment, the present invention provides a method for obtaining
a recombinant attenuated poliovirus strain that can be propagated in cell culture at 30°C
and that cannot be substantially propagated in cell culture at 37°C, wherein the
recombinant attenuated poliovirus strain can optionally comprise a capsid selected from a

5  different poliovirus strain, the method comprising the steps of:

a) passaging a parental poliovirus strain at <30°C for sufficient passages to produce a virus

with impaired growth at 37°C;

b) 1solating two or more temperature sensitive clones from the viral population which

display impaired growth at 37°C;
10c) sequencing the genomes of the temperature sensitive clones;

d) 1dentifying mutations in the sequences of the genomes of temperature sensitive clones by
comparing the sequences of the temperature sensitive clones to the sequence of the

parental poliovirus strain;

¢) synthesizing the recombinant attenuated poliovirus strain by combining mutations from
15  the two or more different temperature sensitive clones into the genome of a (¢.g. the

parental or another) poliovirus strain;

f) rescuing the recombinant attenuated poliovirus strain that can be propagated in cell

culture at 30°C and that cannot be substantially propagated 1n cell culture at 37°C; and

o) optionally replacing the sequence coding for the capsid from the rescued recombinant
20  attenuated poliovirus strain with a sequence coding for a capsid from a different

poliovirus strain.

In certain embodiments, the sequence coding for the capsid from the rescued attenuated
poliovirus strain 18 replaced with a sequence coding for a capsid from a Mahoney, MEF-

1, or Saukett strain.

25  In certain embodiments, the sequence coding for the capsid from the rescued attenuated
poliovirus strain 18 replaced with a sequence coding for a capsid from a Sabin type 1,

Sabin type 2 or Sabin type 3 strain.

[ 0026 ] In another embodiment, the present invention provides a method for obtaining

a recombinant attenuated poliovirus strain that can be propagated in cell culture at 30°C
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and that cannot be substantially propagated in cell culture at 37°C, wherein the
recombinant attenuated poliovirus strain can optionally comprise a capsid selected from a

Mahoney, MEF-1, or Saukett strain, the method comprising the steps of:

passaging a parental poliovirus strain at <30°C for sufficient passages to produce a virus

with impaired growth at 37°C;

1solating two or more temperature sensitive clones from the viral population which

display impaired growth at 37°C;
sequencing the genomes of the temperature sensitive clones;

1dentifying mutations 1n the sequences of the genomes of temperature sensitive clones by
comparing the sequences of the temperature sensitive clones to the sequence of the

parental poliovirus strain;

synthesizing the recombinant attenuated poliovirus strain by combining mutations from
the two or more different temperature sensitive clones into the genome of a (e.g. the

parental or another) poliovirus strain;

rescuing the recombinant attenuated poliovirus strain that can be propagated in cell

culture at 30°C and that cannot be substantially propagated 1n cell culture at 37°C; and

replacing the sequence coding for the capsid from the rescued recombinant attenuated
poliovirus strain with a sequence coding for a capsid from a Mahoney, MEF-1, or Saukett

strain.

[ 0027 ] In another embodiment, the present invention provides a recombinant

attecnuated poliovirus strain obtainable by the methods described supra.

BRIEF DESCRIPTION OF THE DRAWINGS

[ 0028 ] Fig. 1: Schematic representation for a method of attenuating a poliovirus strain
by Cold-Adapted-Viral-Attenuation (CAVA) to produce a recombinant attenuated
poliovirus strain (CAVA-PVgackbone). A representative line graph shows growth at 37°C
for a parental or starting poliovirus strain and three different temperature sensitive clones.
The parental virus 1s shown as filled circles and the 3 temperature sensitive clones are

shown as empty diamonds, empty circles, and empty squares.
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[ 0029 ] Fig. 2: Replication kinetics 1 suspension PER.C6 (SPER.C6) cells for a panel
of 4 different Type 1 PV strains and a representative CAVA-PVgackbone. 2A: growth at
30°C. 2B: growth at 37°C. Data for the CAVA-PV, Brunhilde, Mahoney, Brunenders,
and Sabin 1 strains are shown as open circles, filled diamonds, empty squares, filled

triangles, and filled squares, respectively.

[ 0030 ] Fig. 3: Average replication kinetics in SPER.C6 cells for Brunenders parental
PV and a representative CAVA-PVgackbone. The error bars represent standard deviation
from the mean (N=3). Fig. 3A shows growth at 30°C and Fig. 3B shows growth at 37°C.
Brunenders parental PV 1s shown as filled triangles and CAVA-PVgackbone 18 Shown as

open circles.

[ 0031 ] Fig. 4: Replication kinetics in HEK293 cells for Brunenders parental PV and a
representative CAVA-PVpackbone. 4A: growth at 30°C, 4B: growth at 37°C, and 4C.:
ogrowth at 39.5°C. Brunenders parental PV 1s shown as filled triangles and CAVA-

PV Backbone 18 Shown as open circles.

[ 0032 ] Fig. §: Replication kinetics in L20B cells for Brunenders parental PV and a
representative CAVA-PVpackbone. SA: growth at 30°C, 5B: growth at 37°C, and 5C.:
growth at 39.5°C. Brunenders parental PV 1s shown as filled triangles and CAV A-

PV Backbone 18 Shown as open circles.

| 0033 ] Fig. 6: Replication kinetics in HelLa cells for Brunenders parental PV and a

representative CAVA-PVgackbone. OA: growth at 30°C, 6B: growth at 37°C, and 6C:
growth at 39.5°C. Brunenders parental PV 1s shown as filled triangles and CAVA-

PV Backbone 18 Shown as open circles.

[ 0034 ] Fig. 7: Replication kinetics 1n Vero cells for Brunenders parental PV and a
representative CAVA-PVgackbone. 7A: growth at 30°C. 7B: growth at 37°C. Brunenders

parental PV 1s shown as filled triangles and CAVA-PVgackbone 18 Shown as open circles.

| 0035 ] Fig. 8: Replication kinetics in SK-N-MC cells for Brunenders parental PV and
a representative CAVA-PViackbone. 8A: growth at 30°C. 8B: growth at 37°C. Brunenders

parental PV 1s shown as filled triangles and CAVA-PVgackbone 18 Shown as open circles.

[ 0036 ] Fig. 9: Replication kinetics in adherent PER.C6 (adPER.C6) cells for
Brunenders parental PV and a representative CAVA-PVgackbone. 9A: growth at 30°C. 9B:



CA 02951351 2016-12-06

WO 2015/193324 PCT/EP2015/063489

— 11 —

growth at 37°C. Brunenders parental PV 1s shown as filled triangles and CAVA-

PV Backbone 18 Shown as open circles.

| 0037 ] Fig. 10: Replication kinetics for CAVA-PVgackbone (, closed circles) and after 8
(open circles) passages (A) under envisioned production conditions (A) at 30°C; and (B)

5 at 37°C, at small scale.

| 0038 ] Fig 11: Replication kinetics of (11A, B) CAVA-PVyahoney, (11C, D) CAVA-
PVwumer. and (E, F) CAVA-PVgsauket and after 5 passages on SPER.C6 (N=3) under
envisioned production conditions (11A, C, E) at 30°C; and (11B, D, E) at 37°C, at small

scale. Filled diamonds represent the growth of the starting stock viruses whilst empty

10 squares, circles and triangles represent cach of the three passaged viruses (N=1, 2 and 3,

respectively).

[ 0039 ] Fig. 12: Schematic overview of the different CAVA-PV vaccine strains after
swapping the sequence coding for the capsid of the original CAVA-PVgackbone Strain with
the sequences coding for the capsids of the Mahoney, MEF-1, and Saukett strains. After

15 the capsid swaps, the resulting vaccine strains are referred to as CAVA-PVmuahoneys

CAVA-PVMEF_l and CAVA-PVSaukett, respectively.

| 0040 ] Fig. 13: Replication kinetics of CAVA-PVyahoney, CAVA-PVyrr.1 and CAVA-
PV saukett and the parental Brunenders strain. 12A: growth at 30°C. 12B: growth at 37°C.
The error bars represent standard deviation from the mean (N=2 or 3). Brunenders

20  parental PV 1s shown as filled triangles, CAVA-PVphoney Shown as open circles, CAVA-

PVwmer.1 sShown as open squares, and CAV A-PVgaukett Shown as open diamonds.

| 0041 | Fig. 14: Virus Neutralization Titers of rats immunized with mnactivated 14A:

CAVA-PVMahOHey, 14B: CAVA—PVMEF_l or 14C: CAVA-PVSaukett,

[ 0042 ] Fig. 15: Replication kinetics for parental Brunenders PV, CAVA-PVgackbone OF
25  Example 1 (having the 31 mutations of Table 1 compared to a Brunenders parental
strain), and a further CAVA-PV of Example 10 (which corresponds to a parental
Brunenders strain with the 14 mutations of Table 4). 15A: growth at 30°C. 15B: growth at
37°C. Data for the parental Brunenders PV are shown as filled triangles, data for CAVA-
PVBackbone 0f Example 1 are shown as open circles, and data for CAVA-PV of Example

30 10 are shown as filled diamonds.
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| 0043 ] Fig. 16: Replication kinetics for parental wild-type MEF-1, CAVA-PVgackbone
of Example 1 (having 31 mutations of Table 1 in a Brunenders background) and a further
CAVA-PV strain of Example 11 (which corresponds to a parental MEF-1 PV with 13
mutations as indicated in Table 4). 16A: growth at 30°C. 16B: growth at 37°C. Data for

5  MEF-1 are shown as filled squares, data for CAVA-PVgackvone 0f Example 1 are shown as
open circles, and data for MEF-1 with 13 CAVA mutations (CAVA-PV of Example 11)

ar¢ shown as open squares.

| 0044 ] Fig. 17: Replication kinetics for parental Sabin 3, CAVA-PVgackbone O
Example 1 (having 31 mutations of Table 1 in a Brunenders background) and a further

10 CAVA-PV strain of Example 11 (which corresponds to a parental Sabin 3 PV with 12
mutations as indicated in Table 4). 17A: growth at 30°C. 17B: growth at 37°C. Data for
Sabin 3 arc shown as filled squares, data for CAVA-PVgackbone 0f Example 1 are shown as

open circles, and data for Sabin 3 with 12 CAV A mutations (CAVA-PV of Example 11)

arc shown as open triangles.

15 [0045] Figure 18: EM micrographs of representative cells during infection with (A)

PBS (Mock) at 37°C, (B) Mahoney at 37°C, (C) CAVA-PVzahoney at 37°C, and (D)
CAVA-PVMahOHey at 30°C.

[ 0046 | Figure 19: CAVA-PVwManoney Infection over time 1n viral RNA levels as
measured by qPCR expressed as genome copies (Logio GC on Right Y-axis, circles) and

20  1nfectious units as measured by titration (Log;o TCIDso/ml on Left-Y axis, squares)

during infection at (open square and circle) 30°C and (filled square and circle) 37°C.

| 0047 ] Figure 20: Replication kinetics of parental Brunenders, CAVA-PVgackbone O
Example 1, CAVA-PVuanoney 0f Example 6 and two intermediate viruses with either the 7
CAVA mutations in the 5’UTR or the 17 CAVA mutations 1n the Non-Structural

25 proteins. 20A: growth at 30°C. 20B: growth at 37°C. Data for Brunenders parental strain
are shown as filled circles, data for the intermediate virus with 7 CAV A mutations in the
5’UTR are shown as filled triangles, data for the intermediate virus with 17 CAVA

mutations 1n the Non-Structural proteins are shown as filled squares, data for CAVA-

PVgackbone 0f Example 1 are shown as open circles, data for CAVA-PVyahoney are shown

30  as open triangles.
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DETAILED DESCRIPTION OF THE INVENTION

[ 0048 ] In the present invention a novel method of Cold-Adapted-Viral-Attenuation
(CAVA) was used to produce recombinant attenuated poliovirus strains, Cold-Adapted-
Viral-Attenuation Poliovirus (CAVA-PV). A CAVA-PV grows to high titers at low
temperature (30°C), but does not grow substantially at physiological temperature (37°C).
Due to the mability to replicate substantially at 37°C, CAVA-PV strains encounter a non-
permissive temperature when inside a mammalian host, thus conferring an attenuated
phenotype suitable for use as the basis for an IPV vaccine. The CAVA-PV genomic
backbone 1s suitable for re-engineering to contain sequences coding for different virus
capsids (e.g., the three wild-type capsids used i conventional IPV), thus conferring the
antigenic, and therefore presumably the same immunogenic, profile of the conventional
vaccine whilst maintaining the attenuated phenotype of CAVA-PV. Furthermore,
formalin-inactivated recombinant attenuated poliovirus strains of the present invention
can be used as an IPV providing a similar immune response compared to marketed

conventional IPV vaccines, while the risks of VAPP and cVDPYV are eliminated.

b B B 44

[ 0049 ] As defined herein, “does not grow substantially”, “inability to replicate
substantially’, “no substantial replication”, and “cannot be substantially propagated”
means that the increase 1n the number of infectious units of the virus compared to the
theoretical mnput/inoculum (based on calculated MOI) 1s not more than 10%, or preferably
not more than 5%, or more preferably not more than 1%, or even more preferably there 1s
no measurable increase 1in the number of infectious units for the virus. The assay to
measure/titrate viral infectious units (TCIDsg assay) has a limit of detection of 1.7 Logg

b B B Y

TCIDso/ml. In certain embodiments, “does not grow substantially™, “inability to
replicate substantially”, “no substantial replication”, and “cannot be substantially
propagated” 1s defined as no measurable increase 1n viral RNA (genome copies) as
compared to the theoretical input/inoculum (calculated genome copies) as measured by
quantitative Reverse Transcription PCR (RT-gqPCR). In certain embodiments, “does not
grow substantially”, “inability to replicate substantially”, “no substantial replication”, and
“cannot be substantially propagated™ 1s defined as the lack of visual signs of infection
(cytopathic effect) as observed by light microscopy or the lack of visual signs of infection
(dead or apoptotic cells with virus induced membrane vesicles or virus lattices) by

Electron Microscopy (EM).
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[ 0050 ] As defined herein, “recombinant” means that the nucleic acid molecule coding
for the poliovirus has undergone a molecular biological manipulation combining genetic
constituents from two or more different sources, ¢.g, different clones, different strains, or
different organisms. The recombinant attenuated polioviruses of the present invention can
be generated by molecular DNA cloning or can be chemically synthesized (de novo DNA
synthesis), by techniques that are well known and common practice for those skilled in
the art. This could even be done by providing the desired recombinant sequence
information to a contract manufacturer(e.g. Genscript, GeneArt, BaseClear), which can
then produce these molecules according to routine techniques. Any standard manual on
DNA technology provides detailed protocols that can be used to produce the recombinant
PV strains of the present invention. Brief, exemplary instructions for the construction of

such recombinant viruses are provided below in the Examples.

[ 0051 ] As defined herein, “attenuated” means that the virulence of the poliovirus has
been reduced such that the poliovirus 1s less pathogenic compared to a parental or starting
virus but 1t 1s still viable. For instance an attenuated poliovirus of the invention 18
significantly less neurovirulent compared to wild-type strains and therefore has
significantly decreased, 1f any, capability for causing paralysis. In particular, a preferred
attenuated virus strain of the present invention would be safe for use as a vaccine strain,
not only when administered 1n an 1nactivated form, as intended, but even 1n the case of
accidental infection and/or escape from a manufacturing facility. In certain preferred
embodiments, an attenuated virus of the present invention has a (P)LDsg of greater than
1x10" TCIDso, when administered by intra cerebral (i.c.) administration in CD155

transgenic mice.

[ 0052 ] As used herein, the phrase “nucleotide™, “nucleic acid” or “nucleic acid
molecule” refers to DNA, RNA, as well as any of the known base analogs of DNA and
RNA or chimeras formed therefrom. Thus, a “nucleotide”, “nucleic acid” or a “nucleic
acid molecule” refers to the phosphate ester polymeric form of ribonucleosides
(adenosine, guanosine, uridine or cytidine; “RNA molecules”) or deoxyribonucleosides
(deoxyadenosine, deoxyguanosine, deoxythymidine, or deoxycytidine; “DNA
molecules™) 1n either single stranded form, or a double-stranded helix. Double stranded

DNA-DNA, DNA-RNA and RNA-RNA helices are possible. The term nucleic acid

molecule, and 1n particular DNA or RNA molecule, refers only to the primary and
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secondary structure of the molecule, and does not limit it to any particular tertiary forms.
Thus, the term includes double-stranded DNA found 1n linear or circular DNA molecules
(¢.g., restriction fragments or plasmids), as well as single-stranded positive-sense RNA
molecules of the poliovirus genome and fragments thercof. In discussing the structure of
particular double-stranded DNA molecules or single-stranded RNA molecules, sequences
may be described herein according to the normal convention of giving the sequence in the
5’ to 3’ direction along the single-stranded positive-sense RNA molecules of the
poliovirus genome or the non-transcribed strand of DNA (1.¢., the strand having a

sequence homologous to the mRNA).

[ 0053 ] The Brunenders poliovirus strain was used as a parental strain for the
production of CAVA-PVgackbone. The Brunenders strain 1s of serotype 1 and was
originally derived from a clinical 1solate called the Brunhilde strain. Passaging the
Brunhilde strain through twelve serial passages in tissue culture of human origin by Dr.
John Enders 1in 1956 resulted 1n the Brunenders strain. This strain has been shown to be
partially attenuated (Enders 1952, Sanders, Liu et al. 2015) A representative sequence of
the Brunenders strain 1s provided as SEQ ID NO:1. This Brunenders strain was used as
the parental strain for the present invention, but some natural variation 1S common in a

virus population.

[ 0054 ] It s also shown herein that a CAVA-PV strain can also be prepared using
MEF-1 (a type 2 PV that 1s wild-type and neurovirulent) or Sabin 3 (an attenuated type 3
PV) as parental strains, showing the general applicability of the invention to create
CAVA-PV strains that have the phenotype of significant growth at 30°C and no
substantial growth at 37°C. A representative sequence of the MEF-1 strain 18 provided as
SEQ ID NO: 5 and Sabin 3 as SEQ ID NO: 8. It will be clear to the skilled person that the
mutations inducing the temperature sensitive phenotype are not serotype-specific and
therefore other poliovirus strains, such as, for example, Mahoney or Saukett strains, can
also be used as the parental strains for creating further CAVA-PV strains with the

phenotype of the invention, according to the teachings provided herein.

[ 0055 ] As defined herein, a “parental strain” or “starting strain”, can be a wild-type
strain circulating in or 1solated from nature, a known standard laboratory strain, or any
other poliovirus strain that has not already been subjected to the CAVA method of the

present invention. Non-limiting examples of parental strains are Brunenders, MEF-1,
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Mahoney, Saukett, Sabin 1, Sabin 2 or Sabin 3 strains. Representative examples of
sequences are provided for these strains herein as follows: Brunenders (SEQ ID NO: 1),
MEF-1 (SEQ ID NO: 5), Mahoney (SEQ ID NO: 6), Saukett (SEQ ID NO: 7), Sabin 3
(SEQ ID: NO 8), Sabin 1 (SEQ ID: NO 9) and Sabin 2 (SEQ ID NO: 10).

[ 0056 ] The invention also provides a method for obtaining a recombinant attenuated
poliovirus strain that can be propagated in cell culture at 30°C and that cannot be
substantially propagated 1n cell culture at 37°C, comprising the steps of: a) passaging a
(parental) poliovirus strain at a temperature of <32°C for sufficient passages to produce a
virus with impaired growth at 37°C; b) 1solating two or more (¢.g. two, three, four, five,
or more) different temperature sensitive clones that display impaired growth at 37°C; ¢)
sequencing the genomes of the temperature sensitive clones, d) identifying mutations in
the sequences of the genomes of temperature sensitive clones by comparing the sequences
of the temperature sensitive clones to the sequence of the parental poliovirus strain; ¢)
synthesizing the recombinant attenuated poliovirus strain by combining mutations from
two or more different temperature sensitive clones into the genome of the parental
poliovirus strain or into the genome of another poliovirus strain; and f) rescuing the
recombinant attenuated poliovirus strain that can be propagated 1n cell culture at 30°C
and that cannot be substantially propagated in cell culture at 37°C. The passaging 1 step
a) 18 preferably performed by mfecting at a low multiplicity of mmfection (MOI), ¢.g. at an
MOI between 0.0001 and 1, ¢.g. between 0.001 and 0.1, ¢.g. at about 0.01. The
temperature for passaging in step a) 18 32°C or less, ¢.g. between about 20°C and 31°C,
¢.g. between about 24°C and 30°C, ¢.g. at about 30°C. Any cell line that 18 permissive to
poliovirus growth at this temperature can be used, ¢.g. Vero, PER.C6, HEK293, etc. The
skilled person will appreciate that the number of passages that 1s required 18 not critical
and can be conveniently determined by screening for a phenotype of impaired growth at
37°C m clones of a dissected viral population, as mutations that would contribute to a
cold-adapted phenotype can accumulate at any passage. After a limited number of
passages such a phenotype may already be observed, and 1f not, further passaging may
increase the chance of finding clones with this phenotype. Hence, 1n certain
embodiments, the number of passages 1n step a) can be at least 5, at least 10, at least 15,
at least 20, at least 235, at least 30, or more. As used herein, “impaired growth™ at 37°C, 18

defined as at least 10-fold, ¢.g. 100—to 1000-fold, reduction in maximum titer compared
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to wild type virus. In addition, clones with impaired growth also may display slower
growth, 1.¢. longer infection time required to reach the maximum titer, as compared to a
wild type or parental virus. In certain embodiments, growth kinetics of the temperature
sensitive clones at lower temperature (¢.g. 30°C) may be faster as compared to the
starting (parental) strain. In one embodiment, to develop a CAVA-PV, the Brunenders
parental strain was serially passaged on PER.C6 cells more than 30 times at low
temperature (<30°C) and at low MOI (e.g., 0.01). The resulting virus population was
dissected to 1dentify temperature sensitive viral clones in the population with impaired
growth at physiological temperatures (37°C) and wild-type growth at low temperature
(30°C). Three temperature sensitive clones (which showed impaired growth at 37°C as
well as faster growth kinetics at 30°C compared to the parental Brunenders strain) were

found by screening of approximately 1000 clones in the viral population at 37°C.

| 0057 ] The 3 temperature sensitive clones were sequenced and a total of 31 mutations
were found across the three different clones. Each clone had 18 nucleotide mutations of
which some were shared among the different clones and some were unique per clone.
These mutations were 1dentified in 3 of the 4 different regions of the PV genome,
including the S’UTR (untranslated region), the capsid, and the non-structural proteins. No
mutations were 1dentified in 3’UTR. The 5’UTR contains a cloverleaf structure which 1s
necessary for linkage of the genome to the VpG protein (2B) to form an infectious virion
and encapsidation of the RNA into the capsid. The remainder of the S’UTR 1s the IRES
(Internal Ribosomal Entry Site) which 1s essential for translation of the viral RNA. As
the region does not encode any proteins (untranslated) the element performs 1ts function
by directly binding 1ts interacting RNA/protein counterparts, therefore, the secondary
structure of this domain 1s important for its function. The capsid region encodes the outer
surface of the viral particle and can be subdivided into four proteins which make up this
exterior of the virion, known as the capsid. These four proteins are termed VP1, VP2,
VP3 and VP4. The non-structural proteins are subdivided into proteins 2A, 2B, 2C, 3A,
3B, 3C, 3D. The proteins are required for viral replication, polyprotein processing,
translation and mteractions with host cell components for successtul infection. For
cxample, the 2A protease shuts off host cell protein translation via cleavage of eIF4G

(Skern and Liebig 1994). The 3’UTR 1s also an untranslated region required for mitiation
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of complementary strand synthesis. As with the 5S’UTR, the structure of the clement

enables 1ts function.

| 0058 | The 31 mutations