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FIG. 4A
Adaption of CHIKV-A5nsP3 on Vero cell line
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FIG. 10
Groups for subcutaneous immunization of {5781/6 mice
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1
METHOD OF PRODUCING
PHARMACEUTICAL COMPOSITIONS
COMPRISING IMMUNOGENIC
CHIKUNGUNYA VIRUS CHIKV-DELTASNP3

RELATED APPLICATIONS

This Application is a Continuation of U.S. application Ser.
No. 16/641,012, filed Feb. 21, 2020, entitled “METHOD OF
PRODUCING PHARMACEUTICAL COMPOSITIONS
COMPRISING IMMUNOGENIC  CHIKUNGUNYA
VIRUS CHIKV-DELTASNP3”, which is a national stage
filing under 35 U.S.C. 371 of International Patent Applica-
tion Serial No. PCT/EP2018/075392, filed Sep. 19, 2018.
The entire contents of these applications are incorporated
herein by reference in their entirety.

REFERENCE TO A SEQUENCE LISTING
SUBMITTED AS A TEXT FILE VIA EFS-WEB

The instant application contains a Sequence Listing which
has been submitted in ASCII format via EFS-Web and is
hereby incorporated by reference in its entirety. Said ASCII
copy, created on Aug. 18, 2021, is named 1042270131US01-
SEQ-IRV, and is 45,568 bytes in size.

FIELD OF THE INVENTION

The invention relates to a process for producing an
immunogenic live attenuated Chikungunya virus, as well as
pharmaceutical compositions comprising the same.

BACKGROUND OF THE INVENTION

Chikungunya virus (CHIKV) is a positive-sense, single-
stranded RNA virus from the genus Alphavirus, family
Togaviridae. Chikungunya virus disease is mainly an out-
break disease and is associated with high attack rates. The
virus is transmitted to humans via a mosquito vector and
causes fever, rash, fatigue and severe polyarthralgia. Infec-
tions with CHIKV generally resolve spontaneously and are
not usually fatal, except in rare cases involving CNS infec-
tion, where the death rate is between 10 to 30 percent.
Particularly at risk for CHIKV CNS disease are infants
under one year and adults over 65 years, with an infection
rate 25-fold and 6-fold higher than the general population,
respectively. The rate of persistent disabilities in children
following CHIKV encephalitis is estimated at between 30
and 45 percent (Gerardin P, et al. Chikungunya virus-
associated encephalitis A cohort study on La Réunion Island,
2005-2009 (2016) Neurology 86:1-9). Furthermore, about
30 percent of all Chikungunya patients experience arthralgia
for months to years after recovery. In some cases, neuro-
logical, renal, cardiac, respiratory or hepatic complications
can occur.

Currently no vaccines or medications are available for the
prevention or treatment of Chikungunya virus disease. Out-
breaks in the past have occurred mainly in Africa, but the
Fast-Central South African (ECSA) genotype has recently
expanded its geographical range, resulting in outbreaks in
India, Asia, and even temperate Europe (Weaver, S., Arrival
of Chikungunya Virus in the New World: Prospects for
Spread and Impact on Public Health (2014) PLOS Neglected
Tropical Diseases 8(6): €2921). Although CHIKV has been
repeatedly imported into the Americas since 1995, autoch-
thonous transmission had not been reported until 2013 in the
Caribbean. By 2015, the epidemic had spread to the main-
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land and caused upwards of one million suspected cases in
27 countries in the Americas (Pan-American Health Orga-
nization (2015) Number of Cumulative Cases of Chikungu-
nya Fever in the Americas). Further epidemics may been
aided in part by the spread of the CHIKV mosquito vector
into non-endemic regions, as well as the ability of CHIKV
to adapt to local mosquito species (Vega-Rua A, et al.,
Chikungunya Virus Transmission Potential by Local Aedes
Mosquitoes in the Americas and Europe (2015) PLOS
Neglected  Tropical  Diseases  DOI:10.1371/jour-
nal.pntd.0003780). The high rate of contagion of Chikun-
gunya virus, its geographical spread, and its potential for
long-lasting complications underscore the need for devel-
oping preventative measures, such as vaccines.

Vaccines against Chikungunya virus may comprise live
attenuated CHIKV particles; ie., live CHIKV particles
which have been altered to reduce virulence, but still main-
tain immunogenicity. One example of an attenuated CHIKV
contains a deletion mutation in the non-structural protein 3
(CHIKV-A5nsP3; see FIG. 2). CHIKV-A5nsP3 has been
shown to confer protective immunity in mice (Hallengérd D,
et al. Novel attenuated Chikungunya vaccine candidates
elicit protective immunity in C57Bl/6 mice (2014) J. Virol.
88:2858-2866) and non-human primates (Rogues P, et al.
Attenuated and vectored vaccines protect non-human pri-
mates against Chikungunya virus (2017) J. Clin. Invest.
Insight 2(6):e83527). These preliminary in vivo studies in
mice and non-human primates were done with CHIKV-
AS5nsP3 virus produced on BHK-21 cells—a cell type gen-
erally not favored for the production of human vaccines. It
would be necessary, therefore, as disclosed herein, to adapt
CHIKV-ASnsP3 virus production to a more suitable cell
culture platform. Such adaptation is not a trivial process; for
example, it is known in the art that the adaptation of viruses
to a particular host cell can lead to mutations that change the
surface charge of the virus particles. Such acquired muta-
tions can serve to attenuate viruses; in fact, serial passaging
has been used to develop such attenuated virus particles that
are used in many vaccines against viruses. With regard to
CHIKYV, it has been shown that repeated in vitro passaging
of virulent wild-type Chikungunya virus can lead to certain
point mutations, resulting in partial or complete attenuation
of the virus (Gardner C L, et al.,, Deliberate Attenuation of
Chikungunya Virus by Adaptation to Heparan Sulfate-De-
pendent Infectivity: A Model for Rational Arboviral Vaccine
Design (2014) PLOS Neglected Tropical Diseases 8(2):
e2719).

It has now surprisingly been found that certain point
mutations resulting in loss of immunogenicity can occur
early during the cell substrate adaptation process of the
attenuated CHIKV-A5nsP3, making control or reduction of
said point mutations an essential consideration for the pro-
duction of a successful vaccine candidate. Thus, the current
invention provides a process with well-defined parameters
for the propagation of the CHIKV-A5nsP3 vaccine candi-
date, allowing production of highly immunogenic virus
particles, while simultaneously achieving high production
titers in cell culture suitable for industrial application.

SUMMARY OF THE INVENTION

The present invention relates to a pharmaceutical com-
position comprising a sufficient amount of immunogenic
Chikungunya virus to elicit a neutralizing immune response
in a subject; i.e., an immune response that is protective
against infection with and/or disease caused by Chikungu-
nya virus. In particular, the invention provides a pharma-
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ceutical composition comprising live attenuated CHIKV-
AS5nsP3 vparticles wherein the percentage of said viral
particles with immunogenicity-reducing mutations, particu-
larly immunogenicity-reducing mutations in the E2 protein,
are minimized. The disclosure further provides a process for
producing a pharmaceutical composition comprising a live
attenuated CHIKV-A5nsP3, wherein the process minimizes
the presence of immunogenicity-reducing mutations in the
viral genome, particularly mutations at E168 of viral E2
protein and/or other E2 residues and/or residues in other
structural or non-structural CHIKV proteins. The current
disclosure further provides pharmaceutical compositions
comprising an immunogenic live attenuated Chikungunya
virus obtainable by the process of the invention.

Efforts to develop a vaccine against Chikungunya virus
are currently underway. One of the most advanced vaccine
candidates provides a chimeric construct in a measles virus
platform (see themisbio.com). The vaccine, currently in
Phase 2 trials, is delivered in two doses (clinicaltrials.gov
ID: NCT02861586). A one-shot vaccine would represent a
distinct advantage in the field.

Accordingly, in one embodiment, it is an object of the
current invention to provide a stable, well-defined, safe and
effective pharmaceutical composition such as, e.g. a vaccine,
against Chikungunya virus, preferably an improved vaccine
conferring protection with only one vaccination; i.e., a so
called “one-shot” vaccine at industrial scale using common
cell substrates, to provide processes to generate such a
stable, well-defined, safe and effective vaccine and methods
and uses for said stable, well-defined safe and effective
vaccine.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. The Figures are illustrative only and are not
required for enablement of the disclosure. For purposes of
clarity, not every component may be labeled in every
drawing. In the drawings:

FIG. 1 Map of pMX plasmid used for full assembly of the
CHIKV-ASnsP3 genome from synthesized fragments. For
the full assembly of the CHIKV-A5nsP3 sequence, the pMX
plasmid with an Ampicillin resistance cassette (pMA) was
used. The pMX vector series 1s based on pUC-like cloning
vectors, but leaves out unnecessary promoters (biosafety
level 1).

FIG. 2 Schematic illustration of the CHIKV-ASnsP3
genome structure. The Chikungunya virus genome encodes
two polyproteins: non-structural proteins 1-4 (nsP1-4) and
structural proteins (C, E3, E2, 6K, E1). Compared with the
wild-type genomic sequence, the CHIKV-ASnsP3 sequence
contains a 183-bp deletion in the 3' part of the sequence
encoding nsP3 (amino acids 1656 to 1717 in the nsP1-4
polyprotein), which results in a 60 amino acid deletion in the
nsP3 replicase protein (indicated by A60aa). SP, subgenomic
promoter; UTR, untranslated region. (Figure adapted from
Hallengard D, et al., 2014, supra.)

FIGS. 3A and 3B Cloning strategy for assembly of the
CHIKV-ASnsP3 genome in pMA. (FIG. 3A) Design sche-
matic of synthesized polynucleotide fragments covering the
full CHIKV-A5nsP3 genome. (F1G. 3B) Cloning strategy for
assembly of CHIKV-ASnsP3 genome in pMA plasmid. 1.
Cloning of CHIKV-ASnsP3 fragment 2 into pMA containing
fragment 1 (pMA fragment 1) via EcoRI and Pacl. 2.
Assembly of fragment 4 and fragment 3 via Clal and Pacl.
3. Preparation of fragment 5 digested with Xhol and Pacl in
pMA for final full assembly. 4. Full assembly of CHIKV-
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A5nsP3 genome in pMA by fusion of Agel/Xhol-digested
fragments 3 and 4 and Xhol/Pacl-digested fragment 5 with
Agel/Pacl-linearized pMA fragments 1 and 2. Correct
CHIKV-ASnsP3 genome assembly was verified via Sanger
sequencing.

FIGS. 4A-4C Yield, plaque size and immunogenicity of
CHIKV-ASnsP3 following passaging in Vero cells. Virus
was passaged in three paralle]l replicates (A, B and C)
starting from a common PO (rescue) as detailed in Table 2.
(FIG. 4A) Virus titers 24 h after infection of Vero cells from
passage 0 to passage 16. The average titer of the three
replicates (A, B and C) is shown. (FIG. 4B) Relative titers
of PO, P5 and P15 CHIKV-ASnsP3 as assessed by plaque
assay. Vero cells were seeded at a density of 4x10° cells per
well in 6-well plates in MEM supplemented with 5% FBS,
2 mM L-Glutamine and 1% Antibiotic-Antimycotic (Anti-
Anti) and were incubated overnight at 35° C. and 5% CO,.
On the next day, culture supernatant was removed from Vero
cells and serial dilutions of CHIKV-A5nsP3 were added onto
the cells. Following incubation for 1 hour at 35° C./5% CO,,
a methylcellulose overlay with a final concentration of 2%
was added and cells were further incubated 3 days at 35°
C./5% CQ,. Finally, plaques were counted after crystal
violet staining (0.5% crystal violet in 5% formaldehyde) to
assess virus titer (pfu/ml) and plaque morphologies. (FIG.
4C) Immunogenicity of PO, PSB, P§B and P15C CHIKV-
AS5nsP3 as assessed by neutralization of CHIKV-ASnsP3
(PO) in PRNT on Vero cells. Vero cells were seeded in
12-well plates at a density of 3x10° and incubated overnight
at 35° C./5% CO,. Groups of five C57Bl/6 mice were
immunized once subcutaneously with a dose of 10° TCID,,
of the respective CHIKV-A5nsP3 passages. CHIKV-A5nsP3
at PO (virus rescue), also at 10° TCIDs,, was used as a
positive control. Day 21 serum pools at 4-fold serial dilu-
tions ranging from 1:20 to 1:327,680 were mixed with 560
pfu/ml CHIKV-ASnsP3 (at PO) and incubated for one hour.
The CHIKV-ASnsP3/neutralization mixes were then added
to the Vero cells and the plates were incubated for 2 hours
at 35° C./5% CO,. This step was followed by a 2% meth-
ylcellulose overlay and plates were incubated for ~60 hours
at 35° C./5% CO,. After removal of the overlay, cells were
stained with crystal violet/5% formaldehyde and plaques
were counted.

FIGS. 5A-5B Effect of controlled MOI (0.01) during
passaging of CHIKV-A5nsP3 on immunogenicity. (FIG. 5A)
Schematic illustration of CHIK'V-ASnsP3 passaging on Vero
cells under uncontrolled and controlled conditions. CHIKV-
A5nsP3 PO was passaged on Vero cells to P3B under
uncontrolled conditions with varying MOI (as outlined in
Table 2; Replicate B). Using P3B as a starting material, a
controlled infection process was carried out with all subse-
quent infections at the defined MOI of 0.01 to generate one
P4 passage, two P35 passages and one P6 passage for analysis
of immunogenicity in mice. (FIG. 5B) Immunogenicity of
PO (o), P2B (O) P5 #1 (@), P5 #2 (¢), P6 (M) and P15 (A)
CHIKV-A5nsP3 as assessed by neutralization of CHIKV-
A5nsP3 (P2) in PRNT on Vero cells. Groups of ten C57B1/6
mice were subcutaneously immunized with a single dose of
the respective CHIKV-A5nsP3 preparations at an intended
dose of 10° TCIDs, and at day 21 following immunization,
pooled sera were assessed for CHIKV-A5nsP3 (560 pfu/ml)
neutralization capacity at 4-fold serial dilutions ranging
from 1:20 to 1:327,680 as described for FIGS. 4A-4C.

FIGS. 6A-6D Immunogenicity and observed genomic
heterogeneities of single plaque isolates of CHIKV-A5nsP3
from P5B and P8B. Two CHIKV-ASnsP3 virus rescue
harvests (4399grl PO (#1) and 4415¢gr1 PO (#2)) and a P15
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CHIKV-ASnsP3 harvest (P15C-DS) served as immunogenic
and non-immunogenic controls, respectively. (FIG. 6A)
Immunogenicity of CHIKV-A5nsP3 single plaque isolates
P5B-11, P5B-03 and P8B-05 as assessed by neutralization of
CHIKV-A5nsP3 (P2) in PRNT on Vero cells. Groups of ten
C57BV/6 mice were subcutaneously immunized with a single
dose of the respective CHIKV-ASnsP3 isolates at the indi-
cated TCID;, doses and at day 19 following immunization,
pooled sera were assessed for CHIKV-ASnsP3 (560 pfu/ml)
neutralization capacity at 4-fold serial dilutions ranging
from 1:20 to 1:327,680 as described for FIGS. 4A-4C. (FIG.
6B) Schematic genomes of CHIKV-ASnsP3 single plaque
isolates P5B-11, P5B-03 and P8B-05 derived from Sanger
sequencing covering the full CHIKV-A5nsP3 genome with
identified point mutations indicated. (FIG. 6C) Immunoge-
nicity of further CHIKV-A5nsP3 single plaque isolates P5B-
02, P5B-04, PSB-07 and P8B-01 was assessed as in (A).
(FIG. 6D) Schematic genomes of CHIKV-ASnsP3 single
plaque isolates P5B-02, P8B-01, P5B-04 and P5B-07
derived from Sanger sequencing covering the full CHIKV-
A5nsP3 genome with identified point mutations indicated.

FIG. 7 Chromatograms from Sanger sequencing of
CHIKV-ASnsP3 at passage 0 (PO) and four independently
generated CHIKV-A5SnsP3 samples at passage 3 (P3
Examples 1-4), revealing E168K and E247K heterogeneities
in the E2 protein arising by passage 3. The four indepen-
dently generated CHIKV-ASnsP3 samples at P3 (P3
Examples 1-4) were all derived from the same MVSB (P1).
The regions shown cover genomic regions encoding amino
acids 168 and 247 of the E2 protein and were sequenced
with primer pairs 16 and 17 as indicated. (For primer
sequences, see Table 1). For comparison, sequencing chro-
matograms of CHIKV-A5nsP3 at passage 0 (P0) are shown.
Sites of sequence heterogeneities are indicated by boxes.

FIGS. 8A-8C Next generation sequencing (NGS) of a
Master Virus Seed Bank (P1) and two independently gen-
erated passage three (P3) CHIKV-A5nsP3 preparations:
(FIG. 8A) P1-MVSB; (FIG. 8B) P3-Example 3; (FIG. 8C)
P3-Example 4. A background level of genomic heterogene-
ities is set at 15% as indicated by the dotted line. More
frequent heterogeneities arising by passage 3 included point
mutations at genomic nucleic acid positions 8882 and 9119,
which correspond to E168K and E247K mutations, respec-
tively, in the E2 protein as indicated in (FIG. 8B) and (FIG.
8C).

FIGS. 9A-9C Location of amino acid positions with
frequently observed heterogeneities (G55R, G82R, E168K
and E247K) within the E2 glycoprotein marked on equiva-
lent positions on a cryo-EM structure of CHIKV VLPs of
strain Senegal 37997 (PDB 3J2W: Sun S, et al., Structural
analyses at pseudo atomic resolution of Chikungunya virus
and antibodies show mechanisms of neutralization (2013)
eLife 2:e00435. DOI: 10.7554/eLife.00435). G55R is indi-
cated by a square, G82R is indicated by a circle, E168K is
indicated by a triangle and E247K is indicated by a star. The
figures show the CHIKV proteins of the unit-cell as they
would be assembled in the viral membrane, composed of
four copies of E1/E2 dimers with the transmembrane portion
(TM) indicated by brackets, and the capsid protein (C) at the
inner (bottom) side of the membrane. Three E1/E2/capsid-
assemblies compose the trimeric q3-spike near the 5-fold
axis and the fourth assembly is one of three elements of the
13-spike at the 3-fold axis, all in surface representation and
viewed from three different angles: (FIG. 9A) CHIKV
unit-cell side view; viewpoint above membrane plane. (FIG.
9B) CHIKYV unit-cell side view; viewpoint below membrane
plane (FIG. 9C) CHIKYV unit-cell, top view.
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FIG. 10 Groups for subcutaneous immunization of
C57Bl/6 mice with virus preparations of different P3:P5B-
07 (E168K) ratios to determine the threshold at which the
presence of the E168K point mutation results in loss of
CHIKV-A5nsP3 immunogenicity at a dose of approximately
3x10™ TCIDs,. The formulation ratios of P3 and P5B-07
(E168K mutant) for groups 1, 3 and 5 were 1:0.1, 1:1 and
1:10, respectively, with an intended dose of 3x10* TCID.,.
Additionally, group 6 and group 7 represent P3 alone and
P5B-07 (E168K) alone, respectively. The reference
sequence (wild-type) in the heterogenic position (corre-
sponding to nucleotide 8882) was G and depending on the
ratio of either 1:0.1, 1:1 or 1:10, a shift towards the nucleo-
tide A, i.e., G>A to G=A or G<A, was in accordance with
sequencing chromatograms. The P3 viral population dis-
played ~20% E168K mutants. The P5SB-07 (E168K) viral
population did not show heterogeneity (i.e., ~100% con-
tained the E2 protein E168K mutation).

FIGS. 11A-11D Effect on immunogenicity of different P3
to E168K-mutant CHIKV-A5nsP3 ratios assessed by VRP-
based neutralization assay. Single mouse sera were gener-
ated by subcutaneous immunization of C57Bl/6 mice with
an intended dose of 3x10* TCID,, of CHIKV-A5nsP3
P3:E168K at ratios 1:0.1, 1:1 and 1:10 as outlined in FIG.
10. Day 21 single sera were analyzed for neutralization of
LR-CHIKY virus replicon particles (VRPs) using a BHK-21
cell-based Luciferase assay. VRPs resemble a replication-
deficient wild-type CHIKV displaying capsid and envelope
proteins of the LR2006-OPY1 wild-type virus. Briefly,
2x10™ BHK-21 cells were seeded in 96-well plates and
incubated overnight at 35° C./5% CO,. CHIKV-A5nsP3
VRPs were incubated with serial dilutions (starting at 1:20
to 1:312,500) of mouse sera for 1 hour at 35° C. CHIKV
VRP/serum mixes were added to BHK-21 cells at an MOI
of 5 and incubated for 1 hour at 35° C./5% CO,. Cells were
washed and fresh medium was added. Luciferase activity
was measured in the supernatant 24 hours post-infection
using the Renilla Luciferase Assay System (Promega).
P-MVSB positive control (o), P5B-07 (E168K) negative
control ((J) and individual mouse sera immunized with
respective P3:E168K ratio (filled circles). (FIG. 11A) Immu-
nogenicity of CHIKV-A5nsP3 P3:E168K at a ratio of 1:0.1
(Group 1). (FIG. 11B) Immunogenicity of CHIKV-A5nsP3
P3:E168K at a ratio of 1:1 (Group 3). (FIG. 11C) Immuno-
genicity of CHIKV-A5nsP3 P3:E168K at a ratio of 1:10
(Group 5). (FIG. 11D) Summary of immunogenicity results
shown in A, B, and C: strong immunogenic (++ positive),
low immunogenic (+low positive) and negative (-) in com-
parison to P3.

FIG. 12 Vero cell culture train from thawing to infection
with CHIKV-A5nsP3 in 850 ¢cm? roller bottles. P: Passage,
M: Million, T75: T-Flask 75 cm? T175: T-Flask 175 cm?,
RB850: Roller Bottle CellBIND 850 cm?.

FIGS. 13A-13C Effect on virus titer of cell growth
temperature, multiplicity of infection and post-seeding
infection time during production of CHIKV-A2nsP3 in Vero
cells. Vero cells were expanded at 35° C. in MEM, 2 mM
glutamine and 10% FBS and seeded in 850 cm? roller bottles
for cell infection. For virus production, different tempera-
tures (37° C., 35° C,, 28° C.), MOIs (0.1; 0.01; 0.001
TCID;/cell) and times of cell infection post Vero cell
seeding in days (D2, D4, DS) were tested in culture medium
deprived of FBS. Shown are viral productivities measured
on Vero cells according to the Reed & Muench method and
expressed in TCID;,/mL. (FIG. 13A)37° C.; (FIG. 13B) 35°
C.; (FIG. 13C) 28° C.
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FIG. 14 Total CHIKV-A5nsP3 virus productivity from
each of the conditions described in FIG. 13.

FIGS. 15A-15B Maximum CHIKV-ASnsP3 virus titers:
Response surface quadratic model. (FIG. 15A) ANOVA
analysis of the model. Grey line: significant model term
(Prob(F)<0.05; values greater than 0.1 indicate the model
term is not significant). (FIG. 15B) Contour Plot of the
model.

FIGS. 16A-16B CHIKV-A5nsP3 virus stability: Response
surface quadratic model. (FIG. 16A) ANOVA analysis of the
model. Grey line: significant model term (Prob(F)<0.05;
values greater than 0.1 indicate the model term is not
significant). (FIG. 16B) Contour Plot of the model.

FIGS. 17A-17B Heterogeneity of the CHIKV-ASnsP3 E2
viral protein at genomic nucleic acid positions 8882, 9112
and 9649, corresponding to E2 amino acids 168, 247 and
423, respectively: Model analysis from Day 2 CHIKV-
A5nsP3 sample harvests. (FIG. 17A) ANOVA analysis of the
model. Grey line: significant model term (Prob(F)<0.05).
(FIG. 17B) Contour Plot of the model.

FIGS. 18A-18B Heterogeneity of the CHIKV-ASnsP3 E2
viral protein at genomic nucleic acid positions 8882, 9112
and 9649; corresponding to E2 amino acids 168, 247 and
423, respectively: Model analysis from Day 2 and Day 5
CHIKV-ASnsP3 sample harvests (28° C.). (FIG. 18A)
ANOVA analysis of the model. Grey line: significant model
term (Prob(F)<0.05). (FIG. 18B) Contour Plot of the model.

DETAILED DESCRIPTION OF THE
INVENTION

During the course of industrialization of the CHIKV-
A5nsP3 attenuated virus vaccine candidate, it was observed
that passaging of the virus on Vero cells resulted in higher
virus titers with increasing passages; however, a concomi-
tant increase in sequence heterogeneity of the CHIKV-
A5nsP3 viral genome was also observed. Certain point
mutations arising during passaging on Vero cells were found
to be reproducible from batch to batch and appeared already
in early passages on the new cell substrate. It was surpris-
ingly observed that some of these mutations correlated with
a significant loss of or decrease in neutralizing immunoge-
nicity conferred by the CHIKV-A5nsP3 virus. Other repro-
ducible mutations did not reduce immunogenicity and/or
acted as “rescuing” mutations for the immunogenicity-
reducing mutations. A correlation between a low multiplicity
of infection (“*MOI”) and generation of increased sequence
heterogeneity in CHIKV-ASnsP3 was identified; however,
because of the need to have a single source of virus over
years of manufacturing, high MOIs are generally not fea-
sible for industrial use. It was therefore not clear at the outset
whether culturing conditions allowing the generation of
immunogenic CHIKV-A5nsP3 particles with a production
vield sufficient for reproducible and reliable manufacturing
could be found (problem of the invention).

Provided herein are methods to control and minimize the
herein observed immunogenicity-reducing mutations while
still enabling high production yields. Also provided herein
are pharmaceutical compositions comprising an effective
amount of an immunogenic Chikungunya virus with a
residual amount of a non-immunogenic variant of Chikun-
gunya virus. In a preferred embodiment, the pharmaceutical
composition is produced using a low MOI such as an MOI
of less than 0.1, e.g. 0.01 or 0.001, but produced under such
controlled conditions (e.g., reduced passage numbers fol-
lowing rescue, optimized temperature and host cell conflu-
ency) to minimize amounts of non-immunogenic variant(s)

20

25

30

40

45

55

60

65

8

of Chikungunya virus as described herein. In some embodi-
ments, the virus particle is a live virus, a chimeric virus, an
attenuated live virus, a modified live virus, or a recombinant
live virus. In one embodiment, the virus particles of the
invention may be optionally inactivated. In some embodi-
ments, the virus particle is an attenuated form of the virus
particle. For example, the virus may have reduced infectiv-
ity, virulence, and/or replication in a host, as compared to a
wild-type virus. In some embodiments, the virus is a
mutated or modified virus, for example the nucleic acid of
the virus may contain at least one mutation relative to the
wild-type virus, such as a substitution or deletion. In some
embodiments, the virus is a recombinant live virus, meaning
a virus that is generated recombinantly and may contain
nucleic acid sequences from different sources. In some
aspects, the wild-type Chikungunya virus is inactivated. In
a preferred embodiment, the virus is inactivated with form-
aldehyde.

In one embodiment, the immunogenic Chikungunya virus
is a live attenuated virus. In a preferred embodiment, the live
attenuated Chikungunya virus is the protective CHIKV-
A5nsP3 as described by Hallengérd D, et al. (supra), referred
to herein as CHIKV-A5nsP3 and defined by the nucleic acid
sequence of SEQ ID NO: 1. Briefly, the wild-type CHIKV
genome carries a positive-sense single-stranded RNA
genome of 11 kb containing two open reading frames
encoding nonstructural proteins (nsP1 to nsP4) and struc-
tural proteins (C, E3, E2, 6K, and El), respectively. An
attenuated CHIK virus, CHIKV-A5SnsP3, based on the La
Reunion CHIKYV strain LR2006-OPY 1, was constructed by
substituting amino acid residues 1656 to 1717 of the P1234
polyprotein with a small linker (AA sequence AYRAAAG)
in the hypervariable region of the nsP3 protein (see FIG. 2).
CHIKV-ASnsP3 has been shown to be infectious, highly
immunogenic and protective against challenge with wild-
type CHIKV (Hallengérd D, et al., supra and Hallengérd D,
et al., Prime-Boost Immunization Strategies against Chikun-
gunya Virus (2014) J. Virology, 88(22):13333-13343, and
Rogues P, et al. 2017, supra). In one embodiment, the live
attenuated Chikungunya virus may be a variant of the
CHIKV-ASnsP3 attenuated mutant virus. In a preferred
embodiment, the live attenuated Chikungunya virus as pro-
vided herein comprises the CHIKV-A5nsP3 as encoded by
the nucleic acid sequence defined by SEQ ID NO: 1. As used
herein, the term “CHIKV-A5nsP3” is used interchangeably
with “CHIKV-A5nsP3 virus”, “CHIKV-A3nsP3 particle”,
“CHIKV-A5nsP3 virus particle” or plural versions thereof.

Provided herein is a pharmaceutical composition com-
prising an effective amount of a CHIKV-A5nsP3. In one
aspect, an effective amount of an immunogenic CHIKV-
A5nsP3 virus is defined as an amount sufficient to elicit
neutralizing antibodies to Chikungunya virus. In a further
aspect, an effective amount of an immunogenic CHIKV-
A5nsP3 virus is defined as an amount to elicit an immune
response in a vaccinated subject which confers protective
immunity against Chikungunya virus infection. In a pre-
ferred aspect, an effective amount of CHIKV-A5nsP3 is
defined as at least 10°, at least 10>, at least 10%, at least 10°,
at least 105, preferably at least 10°> immunogenic CHIKV-
A5nsP3 particles. In one aspect, immunogenic CHIKV-
A5nsP3 particles are defined as CHIKV-ASnsP3 particles
which express an E2 structural protein as defined by the
polypeptide sequence of SEQ ID NO: 2. In one aspect, the
E2 structural protein contains one or more point mutations
that do not affect the immunogenicity of the virus, i.e., are
not immunogenicity reducing. In one embodiment, the point
mutations that do not affect the immunogenicity of the virus
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may be at amino acids 232 and/or 247 of the E2 protein, such
as H232Y and/or E247K. In one embodiment, the E2
structural protein of the CHIKV-A5nsP3 contains no more
than about ten point mutations. In one embodiment, the E2
structural protein of the CHIKV-A5nsP3 contains no more
than 9, 8, 7, 6, 5 or 4 point mutations. In a preferred
embodiment, the E2 structural protein of the CHIKV-
A5nsP3 contains three or less point mutations, most prefer-
ably only one or two point mutations.

As defined herein, an immunogenic CHIKV-ASnsP3 is a
CHIKV-A5nsP3 which is capable of stimulating an effective
immune response in vivo when delivered e.g. at a dose of
about 3x10* TCID,,, i.e., an immune response in which
neutralizing antibodies are produced which are sufficient for
reducing or preventing signs or symptoms of Chikungunya
virus disease. In a preferred embodiment, the immunogenic
CHIKV-ASnsP3 as defined herein is a CHIKV-ASnsP3
which expresses an E2 structural protein according to the
amino acid sequence provided by SEQ ID NO: 2. In a further
preferred embodiment, the immunogenic CHIKV-A5nsP3 as
defined herein is defined by the polynucleotide sequence
according to SEQ ID NO: 1. As an alternative or additional
definition, the immunogenic CHIKV-A5nsP3 of the current
invention stimulates the production of antibodies with neu-
tralizing capacity in an immunized subject, i.e., neutraliza-
tion of Chikungunya virus in an in vitro assay of at least
50%, preferably at least 60%, preferably at least 70%, more
preferably at least 80%, even more preferably at least 90%,
most preferably at least 95% at a 1:80 or higher serum
dilution.

As defined herein, a non-immunogenic CHIKV-A5nsP3 is
a CHIKV-A5nsP3 which elicits levels of neutralizing anti-
bodies in a vaccinated subject inadequate to prevent signs or
symptoms of Chikungunya virus disease. In a preferred
embodiment, a non-immunogenic CHIKV-ASnsP3 is a
CHIKV-A5nsP3 which expresses an E2 structural protein
with at least one amino acid substitution, especially amino
acid substitutions in the E2 structural protein, especially
E168K and/or G55R substitutions, particularly an E168K
substitution. A non-immunogenic CHIKV-A5nsP3 is further
defined as eliciting antibodies in an immunized subject
which show poor capacity to neutralize infection of cells
with Chikungunya virus (wild-type or attenuated) in an in
vitro assay. In particular, a non-immunogenic CHIKV-
ASnsP3 is defined as eliciting levels of neutralizing antibod-
ies in an immunized subject which provide less than 60%,
less than 50%, less than 40%, less than 30%, less than 20%,
especially less than 10%, neutralization of Chikungunya
virus in an in vitro neutralization assay at a 1:80 or higher
serum dilution.

In a further aspect, the effective amount of CHIKV-
A5nsP3 is defined as an amount sufficient to elicit neutral-
izing antibodies against wild-type Chikungunya virus. In
one aspect, the pharmaceutical composition is a two-shot
pharmaceutical composition. In a preferred aspect, the phar-
maceutical composition is a one-shot pharmaceutical com-
position. In a preferred aspect, the pharmaceutical compo-
sition comprises at least 10, at least 10, at least 10%, at least
10°, at least 105, preferably between about 10? to 10° total
CHIKV-A5nsP3 viral particles, especially about 10% or 10*
CHIKV-ASnsP3 comprised in a total pool of particles with
and without point mutations, especially immunogenicity-
reducing point mutations. In a preferred aspect, the phar-
maceutical composition comprises a detectable amount of
non-immunogenic CHIKV-ASnsP3 as defined herein; pref-
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erably a non-immunogenic CHIKV-A5nsP3 with at least one
point mutation compared with the wild-type E2 protein as
defined by SEQ ID NO: 2.

In a preferred embodiment, the pharmaceutical composi-
tion comprises CHIKV-A5nsP3 and comprises an increased
amount of a non-immunogenic variant(s) of CHIKV-
A5nsP3, e.g. compared to a vaceine composition comprising
CHIKV-A5nsP3 produced in BHK-21 cells as used in mouse
studies described in Hallengérd D, et al. 2014, supra, but still
comprises sufficient immunogenic particles of CHIKV-
A5nsP3 to produce protective immunity in a vaccinated
subject. For instance, the pharmaceutical composition may
comprise (i) CHIKV-A5nsP3 which expresses an E2 struc-
tural protein as defined by the polypeptide sequence of SEQ
ID NO: 2 in an amount sufficient to produce protective
immunity in a vaccinated subject; (ii) an increased amount
of CHIKV-A5nsP3 having at least one mutation in said E2
structural protein, e.g. compared to a vaccine composition
comprising CHIKV-A5nsP3 produced in BHK-21 as used in
mouse studies described in Hallengérd D, et al. 2014, supra;
and (iii) optionally a pharmaceutically acceptable excipient.

It is demonstrated herein that production of CHIKV-
A5nsP3 by serial passaging five or more times in Vero cells
results in high levels of sequence heterogeneity, particularly
in the E2 structural protein (see e.g. Example 2 below). For
instance, E168K and/or G55R mutations of the E2 protein
often appeared by passage 5 (see e.g. Table 3 below), and
both correlated with a drop in immunogenicity. Accordingly,
production of CHIKV-A5nsP3 using five or more passages
in Vero cells as described in Hallengérd D, et al. 2014 supra
can unfavorably result in high levels of non-immunogenic
mutants of CHIKV-A5nsP3 (such as E168K[E2]) in the
vaccine composition. In contrast, it is demonstrated below
that sequence heterogeneity in the E2 structural protein after
fewer than five passages was much lower (see e.g. Example
3—although the E168K mutation was present after three
passages, its frequency was only 18%).

Accordingly, in one aspect the pharmaceutical composi-
tion comprises (i) CHIKV-A5nsP3; and (ii) optionally a
pharmaceutically acceptable excipient; wherein at least 30%
of the CHIKV-ASnsP3 particles present in the composition
express an B2 structural protein as defined by the polypep-
tide sequence of SEQ ID NO: 2. In this embodiment, at least
30% of the CHIKV-AS5nsP3 particles are non-mutants with
respect to the E2 structural protein, i.e. express the E2
structural protein of SEQ ID NO: 2. In other words, the
frequency of sequence heterogeneity (i.e. mutant CHIKV-
A5nsP3 particles expressing at least one mutation in the E2
structural protein of SEQ ID NO: 2) is 70% or less. Unless
specified otherwise, when referring to “CHIKV-A5nsP3” or
“CHIKV-ASnsP3 particles” in general it is intended to
encompass both non-mutant and mutant forms of CHIKV-
A5nsP3, i.e. CHIKV-A5nsP3 which express an E2 structural
protein of SEQ ID NO: 2 and CHIKV-A5nsP3 which express
an E2 structural protein having one or more mutations in
SEQ ID NO: 2. In one embodiment, the E2 structural protein
of the CHIK'V-A5nsP3 contains no more than about ten point
mutations. In one embodiment, the E2 structural protein of
the CHIKV-ASnsP3 contains no more than 9, 8, 7, 6, 5 or 4
point mutations. In a preferred embodiment, the E2 struc-
tural protein of the CHIKV-A5nsP3 contains three or less
point mutations, most preferably only one or two point
mutations.

In preferred embodiments, at least 35%, 40%, 45%, 50%,
55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%,
97%, 98% or 99% of the CHIKV-A5nsP3 particles present
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in the composition are non-mutants, i.e. express an E2
structural protein as defined by the polypeptide sequence of
SEQ ID NO: 2.

In one aspect, the pharmaceutical composition comprises
(i) CHIKV-A5nsP3; and (ii) optionally a pharmaceutically
acceptable excipient; wherein less than 70% of the CHIKV-
AS5nsP3 particles present in the composition express an E2
structural protein having one or more mutations with respect
to the polypeptide sequence of SEQ ID NO: 2.

In one aspect, the pharmaceutical composition comprises
(i) CHIKV-A5nsP3; and (ii) optionally a pharmaceutically
acceptable excipient; wherein less than 70% of the CHIK V-
A5nsP3 particles present in the composition express an E2
structural protein having the mutation E168K in the poly-
peptide sequence of SEQ ID NO: 2.

In a preferred embodiment, the mutations (e.g. the muta-
tion E168K) in the E2 structural protein are present at a
frequency of 70% or less, e.g., less than 70% of the total
CHIKV-ASnsP3 particles comprise one or more mutations
(or the mutation E168K) and 30% or more of the total
CHIKV-A5nsP3 particles express a non-mutated E2 struc-
tural protein or an E2 structural protein that does not
comprise the mutation E168K.

In a preferred embodiment, less than 65%, 60%, 55%,
50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, 10%, 5%, 4%,
3%. 2% or 1% of the CHIKV-A5nsP3 particles present in the
composition express an E2 structural protein having one or
more mutations (such as, e.g., E168K) with respect to the
polypeptide sequence of SEQ ID NO: 2. For instance, the
composition may comprise 1-70%, 1-50%, 1-30%, 1-20%,
5-70%, 5-50%, 5-30%, 5-20%, 10-70%, 10-50%, 10-30% or
10-20% of mutant particles (i.e. CHIKV-A5nsP3 particles
expressing an E2 structural protein having one or mutations
(such as, e.g., E168K) with respect to the polypeptide
sequence of SEQ ID NO: 2), compared to the total number
of CHIKV-AS5nsP3 particles (mutant and non-mutant) pres-
ent in the composition. In one embodiment, the CHIKV-
A5nsP3 particles expressing an E2 structural protein having
an E168K mutation further comprise a mutation which
mitigates the loss of immunogenicity conferred by the
E168K mutation. In one embodiment, the mutation is in the
nsP1 protein, especially at residue A38. In a preferred
embodiment, the CHIKV-A5nsP3 particles expressing an E2
structural protein with an E168K mutation also express an
nsP1 with an A38S mutation.

Also provided herein is a process for producing a phar-
maceutical composition of the invention, comprising the
steps of 1) growing a CHIKV-A5nsP3 virus on a cell line,
and 2) minimizing the presence of immunogenicity-reduc-
ing mutations of the CHIKV-A5nsP3 virus. In one embodi-
ment, the immunogenic CHIKV-A5nsP3 virus is propagated
in a cell line selected from the group consisting of an EB66
cell line, a Vero cell line, a Vero-aHis cell line, a HeLa cell
line, a HeL.a-S3 cell line, a 293 cell line, a PC12 cell line, a
CHO cell line, a 3T3 cell line, a PerCé6 cell line, a MDSK
cell line, a chicken embryonic fibroblast cell line, a duck cell
line and a diploid avian cell line. In some embodiments, said
cell line is a duck cell line. In some embodiments, said cell
line is a diploid avian cell line. In some embodiments, said
cell line is EB66 cell line. In a preferred embodiment, said
cell line is a Vero cell line.

In one embodiment, the presence of immunogenicity-
reducing mutations is minimized by passaging CHIKV-
A5nsP3 less than 5 times, preferably less than 4 times,
preferably less than 3 times, preferably less than 2 times,
more preferably only one time, most preferably at most 3
times. As used herein, the passage numbers refer to the
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number of in vitro passages following virus rescue (PO). In
a preferred embodiment, the virus is passaged on Vero cells.
In one aspect, the virus is grown at an optimal temperature.
In a preferred embodiment, said optimal temperature is
between about 28° C. and 37° C., preferably about 35° C.

In one embodiment, the host cell culture is infected with
CHIKV-A5nsP3 at an optimal MOI. In one aspect, an
optimal MOI is defined as an MOI low enough as to not
require excessive amounts of working virus seed bank
culture, but high enough to minimize immunogenicity-
reducing mutations as described herein. In a preferred
aspect, the optimized MOI is an MOI of less than 0.1,
preferably an MOI of between about 0.1 and 0.001, more
preferably an MOI of between about 0.09 to 0.0011, even
more preferably an MOI of about 0.05 to 0.005, most
preferably an MOI of about 0.01. In one aspect, the host cell
confluency is assessed before infection. In one aspect, the
host cell confluency is between about 20 and 90%, prefer-
ably between about 30 and 75%, more preferably between
about 40 and 60%, especially about 50 to 60%. In one
aspect, the cell culture is infected at an optimal timepoint
post-host cell seeding; i.¢., at between day 2 and day 5 after
host cell seeding, preferably at about 4 days after host cell
seeding. In one aspect, the virus particles are harvested
between day one and day 6 after host cell infection, pref-
erably between day one and day 4, preferably on day one or
day 2 after host cell infection, preferably on both day one
and day 2 after host cell infection.

In one aspect, immunogenicity-reducing mutations are
point mutations at any location in the genome of CHIKV-
A5nsP3 as defined by the polynucleotide sequence of SEQ
ID NO: 1. In one embodiment, the immunogenicity-reduc-
ing mutations are present in the genome at a location other
than the E2 protein. In a preferred embodiment, the immu-
nogenicity-reducing mutations are located in the E2 protein,
preferably at amino acid residues 55 and/or 168, e.g., G55R
and/or E168K mutations, especially E168K. In some
embodiments, the immunogenicity-reducing mutations as
described herein are mitigated or “rescued” by other muta-
tions in the genome. In one embodiment, a mitigating
mutation of E168K is an A38S mutation of nonstructural
protein 1 (nsP1).

In one aspect, the frequency of the E168K mutation of the
E2 protein of the CHIKV-A35nsP3 is less than 90%, less than
80%, less than 70%, less than 60%, less than 50%, less than
40%, less than 30%, less than 20%, less than 10%, prefer-
ably less than 50% in the total pool of harvested CHIKV-
ASnsP3.

In one aspect, the current invention provides an immu-
nogenic CHIKV-A5nsP3 obtainable by the process provided
herein. In another aspect, the current invention provides a
pharmaceutical composition comprising an immunogenic
CHIKV-A5nsP3 obtainable by the process provided herein.

Aspects of the invention provide a use of the process
described herein for manufacturing a composition for immu-
nization against a Chikungunya virus infection. In a pre-
ferred embodiment, the composition is a vaccine. In one
embodiment, the vaccine is administered to the subject once,
twice or three or more times. In one aspect, CHIKV-A5nsP3
viral particles isolated from immunized subjects have a
similar point mutation profile to the vaccine composition
administered, particularly with regard to point mutations in
the E2 structural protein. In one embodiment, the vaccine is
administered once or twice. In a preferred embodiment, the
vaccine is administered only once; e.g., a one-shot vaccine.
In one aspect, a booster vaccination is optionally adminis-



US 11,357,846 B2

13

tered. In certain preferred aspects, the pharmaceutical com-
position is provided in lyophilized form.

Other aspects provide compositions comprising the virus
particles obtainable by the process described herein for
treating and/or preventing a Chikungunya virus infection. In
one aspect, the compositions are for use in a method of
stimulating an immune response in a subject and/or in a
method of treating or preventing a Chikungunya virus
infection. As used herein, the term “preventing” also means
“protecting from”. The Chikungunya virus infection in one
aspect may be caused by West African, East/Central/South
African (ECSA) and/or Asian genotypes of Chikungunya
virus.

Virus preparations produced using any of the processes
described herein may be further subjected to additional
processing steps, including additional filtration steps and/or
lyophilization. The virus preparation may be subjected to
analysis for purity of the preparation. For example, the virus
preparations may be assessed for the presence of impurities
and contaminants, such as, e.g., host cell genomic DNA,
and/or host cell proteins. The purity of a virus preparation
may be assessed using any method known in the art, such as
size exclusion chromatography (SEC), optical density at
different wavelengths, protein gel electrophoresis (e.g.,
SDS-PAGE), Western Blotting, ELISA, PCR, and/or gPCR.

In some embodiments, the virus preparation is assessed
for residual impurities or contaminants. In some embodi-
ments, the amount of residual impurities or contaminants is
compared to the amount of impurities or contaminants at an
earlier stage in the purification process, such as, e.g., directly
after viral harvest. In some embodiments, the relative reduc-
tion of impurities in the final virus preparation is between
60-95% relative to the presence of impurities at an earlier
stage in the purification process. In some embodiments, the
relative reduction of impurities in the final virus preparation
is approximately 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71,72,73,74,75,76, 77,78, 79, R0, 81, 82, 83, 84, 85, 86,
87,88, 89,90, 91, 92, 93, 94, or 95%. In some embodiments,
the final virus preparation contains less than 5% impurities
or contaminants. In some embodiments, the final virus
preparation contains less than 5,4, 3,2,1,0.9,0.8,0.7, 0.6,
0.5,0.4,0.3,0.2, or less than 0.1% impurities. In a preferred
embodiment, the final virus preparation contains less than
1% impurities.

Any of the processes described herein may be used in the
manufacture of a composition comprising purified virus for
administration to a subject. In some embodiments, the
subject is a mammalian subject, such as a human or a
non-human animal, including livestock, pets or companion
animals. In some embodiments, the composition is admin-
istered to a subject in need of immunization against the virus
or similar virus as that of the virus preparation. In some
embodiments, the virus preparations or compositions com-
prising viruses purified using the processes described herein
are for treating or preventing infection with the virus or a
similar virus as that of the virus preparation. In a preferred
embodiment, the virus preparations or compositions com-
prising viruses purified using the processes described herein
are for treating or preventing a Chikungunya virus infection,
particularly a Chikungunya virus infection caused by West
African, East/Central/South African (ECSA) and/or Asian
genotypes of Chikungunya virus.

The CHIKV-ASnsP3 pharmaceutical compositions or
CHIKV-A5nsP3  viruses purified using the processes
described herein may be administered to a subject by any
route known in the art. In some embodiments, the prepara-
tions or compositions may be administered via conventional
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routes, such as parenterally or orally. As used herein, “par-
enteral” administration includes, without limitation, subcu-
taneous, intracutaneous, intradermal, intravenous, intramus-
cular, intraarticular, intraperitoneal, intrathecal or by
infusion.

Unless otherwise defined herein, scientific and technical
terms used in connection with the present disclosure shall
have the meanings that are commonly understood by those
of ordinary skill in the art. Further, unless otherwise required
by context, singular terms shall include pluralities and plural
terms shall include the singular. The methods and techniques
of the present disclosure are generally performed according
to conventional methods well known in the art. Generally,
nomenclatures used in connection with, and techniques of
biochemistry, enzymology, molecular and cellular biology,
microbiology, virology, cell or tissue culture, genetics and
protein and nucleic chemistry described herein are those
well-known and commonly used in the art. The methods and
techniques of the present disclosure are generally performed
according to conventional methods well known in the art
and as described in various general and more specific
references that are cited and discussed throughout the pres-
ent specification unless otherwise indicated.

TABLE A-1

Abbreviations

Abbreviation Definition

CHIKV Chikungunya virus

CHIKV-A5nsP3 CHIKV with a defined deletion
mutation in nsP3 (SEQ ID NO: 1)

ECSA East-central south African

E (1, 2, 3) proteins Envelope proteins

C protein Capsid protein

6K protein 6 kilodalton protein

nsP Non-structural protein

MEM Minimum essential medium

EMEM Eagle’s MEM

TBS TFetal bovine serum

PBS Phosphate buffered saline

Pfu Plaque forming unit

PRNT Plaque reduction neutralization
test

NGS Next generation sequencing

h hour

d Day

AA Amino acid

PCR Polymerase chain reaction

qPCR Quantitative PCR

s.c. Subcutaneous

TSE Transmissible Spongiform
Encephalopathy

p.i. Post-infection

PP Polypropylene

ny Micro-Farad

pm micrometer

kDa kilodalton

mg milligram

RNA Ribonucleic acid

Anti-anti Antibiotic-antimycotic

SINV Sindbis virus

SFV Semliki Forest virus

WHO World Health Organization

MVSB or P1-MVSB Master virus seed bank
(Passage 1 after rescue)
Working virus seed bank

(Passage 2 after rescue)

WVSB or P2-WVSB

VRP Virus replicon particle

TCIDsq Tissue culture infective dose

LR-VRP VRP based on the La Reunion
CHIKYV isolate

BHK(-21) Baby hamster kidney cells

MOI Multiplicity of infection

M Million
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TABLE A-1-continued

Abbreviations

Abbreviation Definition

T75, T130, T175 T flask 75, 150, 175 em?

RB850 Roller bottle 850 cm’

Prob.F Probability as determined by
the F-test in one-way analysis of
variance

ANOVA Analysis of variance

Ds Drug substance

GLuc Gaussia luciferase

GMP Good manufacturing practice

R&D Research and development

SEC Size exclusion chromatography

SDS-PAGE Sodium dodecy! sulfate-
polyacrylamide gel
electrophoresis

ELISA Enzyme-linked Immunosorbant
Assay

wWiw Weight/weight

mL Milliliter

CPE Cytopathic effect

v Volts

mM millimolar

TBS Tris-buffered saline

NaCl Sodium chloride

LR2006-0PY1 La Reunion CHIKV isolate

D-PBS Dulbecco’s phosphate buffered
saline

RPM Rotations per minute

RRV Ross River virus

MCB Master cell bank

ATCC American Type Culture
Collection

EXAMPLES

Example 1. Initial Trials for CHIKV-A5nsP3 Drug
Substance (DS) Production

Assembly of Synthesized CHIKV-4.5nsP3 Genome

The CHIKV-A5nsP3 virus genome was synthesized in
five fragments at MWG Eurofins (Germany) and was fully
assembled in the pMA plasmid (pMX vector with ampicillin
resistance), a standard cloning vector. The pMX vector
backbone is shown in FIG. 1. All cloning and plasmid
preparation procedures were carried out under TSE-free
conditions using electro-competent NEB10B E. coli cells.
The cloning strategy used for the full assembly of the
CHIKV-ASnsP3 genome in pMA is outlined in FIG. 3B.
Briefly, the pMA plasmid containing fragment 1, which
covers nsP1 and part of nsP2 (as shown in FIG. 3A), was
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linearized via EcoRI/Pacl restriction digestion and fragment
2 covering parts of nsP2 and nsP3 was fused to fragment 1.
In parallel, fragment 3 (covering nsP4 and C) was fused to
fragment 4 (covering C and E2) via Clal/PacI cloning. In a
third cloning step, fragments 3 and 4 were cloned via
Agel/Xhol and fragment 5 via Xhol/Pacl into the Agel/Pacl-
linearized pMA already containing fragments 1 and 2. The
cloning resulted in the pMA_CHIKV-ASnsP3 vector encod-
ing CHIKV-A5nsP3, as verified by sequencing.
CHIKV-A5nsP3 Rescue from Vero Cells (“Virus Rescue”)

For the production of CHIKV-A5nsP3 virus particles from
the engineered pMA_CHIKV-A5nsP3 vector on Vero cells
(virus rescue), the pMA_CHIKV-A5nsP3 plasmid was lin-
earized by Notl restriction digestion and subjected to in vitro
transcription using Ambion’s mMessage mMachine SP6 Kit
(AM130). RNA integrity was confirmed via gel electropho-
resis (not shown). In parallel, Vero cells were prepared for
electroporation with viral RNA. Briefly, Vero cells were
detached from cell culture flasks using TrypLESelect
(Gibco) and washed twice with PBS. All centrifugation steps
were performed at 300 g at room temperature. Viral RNA
was mixed with 8x10° Vero cells in 800 ul PBS and the Vero
cel/RNA mix was transferred into 0.4 cm electroporation
cuvettes. Two pulses were performed at 850 V, 25 uF, 200
Ohm. After electroporation, Vero cells were kept at room
temperature for 10 minutes and finally resuspended in
MEM/5% FCS/1% Antibiotic-Antimycotic (Anti-Anti)/2
mM L-Glutamine and incubated in T75 flasks for 48 hours
at 35° C/5% CO,. Cell culture supernatant containing
rescued CHIKV-ASnsP3 (passage 0; PO) was harvested and
centrifuged at 3,000 g for 10 minutes at 4° C. The virus titer
was determined by plaque and TCIDs, assay on Vero cells.
The rescued CHIKV-A5nsP3 (P0) was stored at —80° C. The
genomic structure of the thus obtained CHIKV-A5nsP3 virus
vaccine candidate, also referred to as VLA1553, is shown in
FIG. 2.
Verification of CHIKV-A5nsP3 Sequence

In order to verify the viral genome sequence, viral nucleic
acids were extracted from harvested cell culture supernatant
using the QIAamp MinElute Virus Spin Kit (QIAGEN
#57704) and cDNA-synthesis was done using the Super-
Script I First-Strand Synthesis System (Life Technologies,
Catalog #18080-051) using random hexamers. PCR with
Phusion High Fidelity Polymerase was performed with
primers amplifying overlapping regions of the CHIKV-
AS5nsP3 genome, and the PCR products were subjected to
Sanger sequencing at MWG FEurofins, Germany. The
sequences of primer pairs used for PCR and sequencing are
shown in Table 1.

TABLE 1

Primer pairs used

for CHIKV-A5ngP3 genome gequencing.

Primer Forward primer sequence (5'-3') SEQ ID Reverse primer sequence (5'-3') SEQ ID
Pair restriction sites (lower case) NO: restriction sites (lower case) NO:

1 ttaggat ¢cGATGGCTGCGTGAGACAC 8 taactegagCCGTCAGGTCTGTTGAACAT 9

2  ttaggatccTACCACCAGGCGATTAAAG 10  taactcgagCTTTGCCCACTTACTGRAAGE 11

3 ttaggat ccTGCTACAGAAGTCACGCC 12 taactcgagGCCAAAGCGTGAATCAG 13

4 ttaggat ccAACAGCTTGAGGACAGAGCG 14 taactcgagCTCTGTCTCATCACGTCGG 15

5 ttaggat ccAAATTGCAGTCATAGGAGTCTTC le taactcgagAGTACGTTGACGTGCTCTGA 17

6 ttaggat¢cGTGGGTTARACAACTGCAAA 18 taactegagGGTTAAAGTCTTCTATCCTCCTGG 19
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TABLE 1-continued

Primer pairs used for CHIKV-AS5nsP3 denome sedquencing.

Primer Forward primer sequence (5'-3') SEQ ID Reverse primer sequence (5'-3') SEQ ID
Pair restriction sites (lower case) NO: restriction sites (lower case) NO:
7  ttaggatccGGATAACCACTGGGATAATAGG 20 taactcgagAGTTGTGAAATTCCTTCTGCC 21
8 ttaggatccCCAGATAGAACCAGTGAAC 22 taactcgagCAGCAGCTCTACTTGGGTC 23
9 ttaggatccAGGAGGGAAAGACAGGCT 24 taactegagCCCTCGCCTTCTTCTG 25
10 ttaggatccCAAAATAGAAGGAGTGCAAAAAG 26 taactcgagCCTGGAGTTTCTTAAGTAATAGTTGC 27
11  ttaggatccACCGGTCCAGGTCATTTA 28 taactcgagGCAGCAAATTCTTCCCAG 29
12 ttaggatccCCATTCCAGAACACACTACAG 30 taactcgagATACCTGATTTCATCATGGC 31
13 ttaggatccCCTTTGATAAGAGCCAAGATG 32 taactcgagTACAAAGTTATGACGGGTCCT 33
14 ttaggatccCAACGAACAGGGCTAATTG 34 taactcgagGACCGCTTAAAGGCCAG 35
15 ttaggatccGTGCATGAAATCGAAAATG 36 taactcgagTGGTCTTGTGGCTTTATAGACA 37
16 ttaggatccAACCGGAGGAAACCCTAC 38 taactcgagGTACCGCACCETCTEE 39
17 ttaggatccAGCTACCTTGCAGCACGT 40 taactcgagCCCACATCGACAGG 41
18 ttaggatccCGAGCCGTATAAGTATTGGC 42 taactcgagCGCCGGTGAAGACCTTAC 43
19 ttaggatccACTACTGTCAGTCACTTTGGAGC 44 taactegagTACCGGGTTTGTTGCTATTT 45
20 ttaggatccCACAACTGGTACTGCAGAGAC 46 taactcgagGCGTAGCCCTTTGATCTATAG 47
21 ttaggatccGCETGCTATGCETETCGT 48 taactcgagATCTCCTACGTCCCTGTGEG 49

Passaging of CHIKV-A5nsP3 on Vero Cells
Following rescue of CHIKV-A5nsP3, Vero cells were

infected and the virus was serially passaged in three repli- 3

cates (see Table 2). For passaging, Vero cells seeded in T150
flasks and grown to confluency (1-3 days) were washed
twice with 1xDPBS before the addition of 20 ml infection
medium (EMEM w/o serum). Inoculum was added directly
to the flask at the indicated volume and the cells were
incubated for 24 h at 35° C., 5% CO,. Passaging was done
in three replicates (A, B and C) with infection of Vero cells
at an MOI of 0.01 for the first passage from virus rescue
(PO). The 20 mL harvests were transferred to a 50 mL PP
tube 24 h p.i., cell debris was removed by centrifugation
(3000 g, 10 min) and the supernatant transferred to a fresh
50 mL PP tube. A 49% (w/w) sucrose solution was added to
a final concentration of 10% (w/w) and 1 mL aliquots of
stabilized harvest were stored at <=-70° C.

Subsequent infections were carried out with harvest with-
out sucrose. The infections were carried out using different
volumes of harvest which were roughly calculated based on
the observed cytopathic effect in the previous passage and in
parallel replicates. Volumes of harvest used for infection
varied between 5 pl. and 1 mL. Infections were followed by
a single harvest after 24 h. Note that the MOI used for
production of passages 2-16 was determined retrospectively
after TCIDs,, results were available, resulting in a wide
(“uncontrolled”) range of MOIs throughout the experiment
(See Table 2). This procedure was performed up to 16
passages in the three parallel replicates (replicates A, B and
C) allowing systematic observation of various parameters
during adaptation of CHIKV-ASnsP3 to Vero cell passaging.
During this experiment, yield (TCIDs,/mL), volume of
infection, number of Vero cells per flask, Vero cell passage
number and cytopathic effect (CPE) were recorded. The
multiplicity of infection (MOI) was determined retrospec-
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tively based on the measured TCID;, and also recorded. The
CHIKV-A5nsP3 passages were simultaneously assessed for
plaque size in all three replicates.

TABLE 2

Serial passaging of CHIKV-A3nsP3 on Vero cells following virus
rescue, performed in triplicate. Data shown include harvest yield
(24 h; TCIDsg), infection volume (mL), number of cells/flask, Vero

cell passage number, multiplicity of infection (MOI) and observed
cytopathic effect (CPE) at 24 h post-infection.
Replicate A
Pas- TCIDso/ Infection Cells @  Vero MOI CPE@
sage mL (mL) T150 passage (TCIDs5) 24 h
PO 9.77E+06 n.a.
PIA 2.59E+07 0.02 2.00E+07 149 0.010 50
P2A 1.90E+07 1 2.90E+07 149 0.893 50
P3A 2.92E+07 0.1 2.80E+407 149 0.068 20
PAA 2.14E+08 0.37 2.00E+07 150 0.540 90
PSA 1.01E+08 0.1 2.70E+07 150 0.792 60
P6A 3.50E+08 0.1 2.60E+07 150 0.390 60
P7A 743E+08 0.037 1.30E+07 151 0.997 50
PRA 8.02E+08 0.05 1.60E+07 151 2323 90
POA 1.51E+09 0.01 2.40E+07 151 0.334 60
P10A 3.60E+09 0.005 1.98E+07 152 0.381 80
P11A 1.88E+09 0.005 1.84E+07 152 0.982 90
P12A 6.94E+08 0.005 1.30E+07 152 0.724 90
P13A  4.22E+09 0.01 1.44E+07 153 0.482 60
P14A 3.05E+09 0.01 1.90E+07 153 2.219 90
PISA  3.03E+09 0.01 2.20E+07 153 1.384 20
PI6A  2.91E+09 0.01 L70E+07 154 1.781 20
Replicate B

Pas- Infection  cells @ Vero MOI CPE@
sage  TCIDs,mL (mL) T150  passage (TCIDs,) 24h
PO 9.77E+06 n.a.
Plb 6.47E+07 0.02 2.00E+07 149 0.010 S0
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TABLE 2-continued
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Serial passaging of CHIKV-A5nsP3 on Vero cells following virus
rescus, performed in triplicate. Data shown include harvest yield
(24 h; TCIDsg), infection volume (mL), number of cells/flask, Vero
cell passage number, multiplicity of infection (MOI) and observed

cytopathic effect (CPE) at 24 h post-infection.

P2B 5.32E407 1 2.90E+07 149 2.232 50
P3B 2.27E+407 0.1 2.80E+07 149 0.190 20
P4B 1.65E+08 0.08 2.00E+07 150 0.091 80
P5B 1.65E+08 0.1 2.70E+07 150 0.613 60
P6B 4.06E+08 0.1 2.60E+07 150 0.636 60
P7B 9.19E+408 0.092 1.30E+07 151 2.875 60
P&B 7.43E+08 0.1 1.60E+07 151 5.744 90
P9B 2.14E+09 0.025  240E+07 151 0.774 75
PIOB  4.06E+09 0.01 1.98E+07 152 1.080 90
P11B 2.09E+09 0.01 1.84E+07 152 2.214 90
P12B 8.76E+08 0.01 1.30E+07 152 1.608 90
P13B 2.91E+409 0.01 1.44E+07 153 0.609 60
P14B 4.22B+09 0.01 1.90E+07 153 1.530 90
P15B 3.79E+09 0.01 2.20E+407 153 1.917 95
P16B 3.79E+09 0.01 1.70E+07 154 2.232 90
Replicate C

Pas- Infection  cells @ Vero MOI CPE@
sage  TCIDsg/mL {mL) T150  passage (TCIDsg) 24 h
PO 9.77E406 n.a.
PI1C 3.24E+407 0.02 2.00E+07 149 0.010 50
P2C 3.29E+407 1 2.90E+07 149 1.117 50
P3C 2.54E+407 0.1 2.80E+07 149 0.118 20
PaC 1.29E+08 0.15 2.00E+07 150 0.191 90
P5C 4.13E+08 0.1 2.70E+07 150 0477 60
P6C 5.91E+08 0.1 2.60E+07 150 1.587 60
P7C 1.85E+09 0.185  1.30E+07 151 8.415 70
PRC 4.83E+08 0.2 1.60E+07 151 23.073 90
PocC 1.03E+09 0.1 2.40E+07 151 2.013 90
P10C 5.14E+409 0.015 1.98E+07 152 0.783 90
P11C 1.51E+09 0.015 1.84E+07 152 4.205 90
P12C 1.15E+09 0.015 1.30E+07 152 1.738 90
P13C 4.22E+09 0.01 1.44E+07 153 0.802 65
P14C 3.81E+409 0.01 1.90E+07 153 2.219 90
P15C 1.07E+09 0.01 2.20E+07 153 1.730 90
P16C  2.48E+09 0.01 1.70E+07 154 0.631 90

Trends Observed During Serial Passaging Under “Uncon-
trolled” MOI Conditions

During CHIKV-A5nsP3 adaptation to Vero cell passaging,
it was observed that total CHIKV-ASnsP3 virus yield
increased substantially with increased passage number on
Vero cells as shown in Table 2. As shown in FIG. 4A,
passages 6 and above yielded an approximately 100-fold
increase in titer compared with virus rescue (P0) and early
passages. Also observed was a concomitant decrease in
CHIKV-ASnsP3 plaque size (FIG. 4B). The effect of in vitro
passaging of wild-type Chikungunya virus on plaque size in
other cell lines has been previously described by Gardner C
L, et al. (Gardner C L, et al., 2014, supra). A high virus yield
would be highly desirable for industrial production of the
inactivated virus; however, it was also herein observed that
CHIKV-A5nsP3 became less immunogenic with increased
passaging as shown in FIG. 4C. Briefly, to determine the
immunogenicity of different passages of CHIKV-A5nsP3 as
generated in Table 2, above, groups of five C57Bl/6 mice
were immunized once subcutaneously with a dose of 10°
TCIDs, CHIKV-ASnsP3 passage 5 (PSB), passage 8 (PSB)
or P15 (P15C). CHIKV-ASnsP3 at PO (virus rescue), also at
10° TCID,,, was used as a positive control. Day 21 serum
pools were assessed for their capacity to neutralize CHIKV-
A5nsP3 (P0) in a PRNT assay on Vero cells, by testing 4-fold
serial serum dilutions ranging from 1:20 to 1:327,680. As
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shown in FIG. 4C, the immunogenicity in mice of the P5B
CHIKV-A5nsP3 showed slightly shifted immunogenicity
compared with the unpassaged CHIKV-ASnsP3 (PO),
whereas a P8B virus showed substantially reduced immu-
nogenicity comparable to the P15C virus. (As the P15C
virus was non-immunogenic, it served as a negative control
in subsequent PRNT assays.)

Finally, selected passages of the CHIKV-A5SnsP3 were
tested for genectic stability by Sanger sequencing. Upon
passaging of CHIKV-A5nsP3 on Vero cells up to 16 times,
it was verified that the 60 amino acid deletion in the nsP3
gene responsible for the attenuation of the virus was geneti-
cally stable, indicating that the virus does not revert back to
wild-type, an important safety consideration for live attenu-
ated vaccines.

Trends Observed During Serial Passaging Under Controlled
MOI Conditions

The use of high MOIs (e.g., higher than 0.1) is not
conducive to an industrial scale process as too much starting
material is needed. In this regard, the use of a lower MOI
(0.01) over three passages was tested and the immunoge-
nicity of the resulting passages was determined. As shown in
FIG. 5A, three passages from Replicate B in Table 2, were
passaged under uncontrolled conditions, with MOIs ranging
from 0.01 to 2.23. From the thus-obtained passage 3 (P3B),
further passages were done up to P6 using an MOI of 0.01
for each passage and shown as “controlled conditions at
MOI 0.01” in FIG. S5A. Under conditions using an MOI of
0.01, the immunogenicity of the resulting virus was lost very
quickly as shown in FIG. 5B. By passage 5, the CHIKV-
A5nsP3 was rendered non-immunogenic. This result was in
contrast to the results seen with P5SB in FIG. 4C, which was
produced with a much higher MOI (see Table 2, Replicate B)
and was still immunogenic. This observation seemed to
indicate that a lower MOI leads to faster selection during

Vero cell passaging for mutations that affect the immuno-
genicity of CHIKV-A5nsP3.

Example 2. Defining Sequence Heterogeneities of
CHIKV-A5nsP3 which Affect Immunogenicity

Due to the observed reduction/loss of immunogenicity
(neutralizing antibody titer) and decreased plaque size at
higher CHIKV-A5nsP3 passages, it was of interest to ana-
lyze possible sequence heterogeneities within the viral popu-
lations at different passage numbers. In addition, it was of
interest to analyze the sequence of individual plaques of the
viral population. Unpassaged CHIKV-ASnsP3 (P0) did not
show sequence heterogeneities based on Sanger sequencing.
In general, with increased passage numbers an increase in
sequence heterogeneities for all 3 replicates was observed
(Replicates A, B and C; Table 3). In the case of passaging
replicate C at passage 8 (P8C), the virus population was still
heterogeneous (sequence heterogeneities shown in Table 3),
whereas the P15C passage showed a more homogenous
virus population with defined point mutations (indicated by
*). The immunogenicity data shown in FIG. 4C (Example 1,
above) focused on P5B and P8B, which showed sequence
heterogeneities in the CHIKV-A5nsP3 non-structural pro-
teins (nsP) and envelope protein E2 as shown in Table 3
below.
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TABLE 3
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Sequence hetetogeneities in CHIKV-A5nsP3 at passages P5, P8 and P15 (Replicates A, B and
C as produced in Table 2). Sequence heterogeneities were determined by Sanger sequencing.
For that purpose, viral nucleic acids were extracted from harvested cell culture supernatant
using the QIAamp MinElute Virus Spin Kit (Qiagen). The cDNA was synthesized using the
SuperScript 111 First-Strand Synthesis System (ThermoFischer) using random hexamers. PCR
with Phusion High Fidelity Polymerase was performed with primers amplifying overlapping
regions of the CHIKV-ASnsP3 genome (Table 1), which were sequenced by Sanger
sequencing at MWG Eurofins, Germany. The readout shows results of automated base calling
(>20%) as well as heterogeneities detected by visual analyses of sequencing chromatograms.

*Full mutations (i.e., 100%) are indicated by an asterisk.

Replicate A Replicate B Replicate C
P5A PSA  PISA  PSB P8B P15B P5C P8C P15C
Gene Sequence Heterogeneities
nsP2 G37TW  G57TW G37TW L4941 G37TW  GSTTW*
G57TTW
G621R
nsP3 R470S8  R470S
nsP4 V1131
E2 EI68K G55R  G35R EI68K  G55R G55R G55SR G55SR G35R*
E247K  T230I MI171V  A423A H99Y  HO9Y E247K T2301 T230T*
A423A  H232Y T2301 E168K E168K E247D
E247D  H232Y T2301  T2301
E247D

Expansion and Sequencing of Single CHIKV-A35nsP3
Plaques

To understand the effect of individual mutations on immu-
nogenicity and consequently develop a controlled and repro-
ducible production process for a highly immunogenic
CHIKV-ASnsP3 vaccine, individual plaques from CHIKV-
A5nsP3 isolates P5B and PSB were picked. Briefly, serial
dilutions of P5B and P8B CHIKV-A5nsP3 were used for
infection of Vero cells in a plaque assay (described under
FIG. 4) and after an incubation of 72 hours, single plaques
of different morphologies were picked (small plaques were
preferentially picked, since they began to appear after sev-
eral passages on Vero cells) and expanded via re-infection of
Vero cells (5x10°) in 6-well plates. The different CHIKV-
A5nsP3 samples that derived from single plaques were
selected based on mutations in the E2 gene sequence prior
to one further expansion on Vero cells. Clones P5B-02,
P5B-03, P5B-04, P5B-07, P5B-11, P8B-01 and P8B-05
were expanded and purified for in vivo immunogenicity
experiments. Individual plaques were expanded on Vero
cells grown in Roller Bottles using a single 850 cm® Roller
Bottle with CellBIND surface for each isolate. Upon reach-
ing confluency, cells were washed twice with 100 mL
D-PBS+Ca+Mg before 100 mL infection medium (EMEM
w/o serum) containing the inoculum at an MOI of (.01 was
added and the cells were incubated for 24 h at 35° C., 5%
CO,. The 100 mL harvests were transferred to 50 ml, PP
tubes 24 h p.1i. and the cell debris was removed by centrifu-
gation, followed by a 0.2 um filtration using Steriflip®
vacuum filtration devices (Merck). Individual clarified virus
harvests were first concentrated using Amicon® Centrifugal
Filter devices, diafiltrated to TBS buffer and purified by
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protamine sulphate and Capto™ Core700 treatment. Puri-
fied CHIKV-A5nsP3 clones were then used for further
studies.

The full genome sequences of the expanded CHIKV-
A5nsP3 samples, P5B+1 and P8B+1; namely P5B-02, P5B-
03, P5B-04, P5B-07, P5B-11, P8B-01 and P8B-05 as
described above, derived from single plaques, PSB and P8B,
respectively, were assessed by Sanger sequencing. The
observed point mutations of the individual plaques are
summarized in Table 4 and schematic genomic sequences
are shown in FIGS. 6B and 6D.

In order to assess the effect of specific point mutations on

the immunogenicity of CHIKV-ASnsP3, day 19 mouse sera
from mice immunized with the individual plaque-derived
viruses were generated and analyzed in PRNT. Briefly, a
single dose of CHIKV-A35nsP3 at an intended TCIDs,, dose
of 10° was administered subcutaneously to C57Bl/6 mice
(10 per treatment group) and pools of day 19 sera were
analyzed in a PRNT assay at 4-fold serial dilutions ranging
from 1:20 to 1:327,680 for their virus neutralization capac-
ity. The virus that was neutralized in the PRNT corresponded
to a passage 2 CHIKV-A5nsP3 (P2, 560 pfu/ml) which did
not show sequence heterogeneities and therefore was iden-
tical in sequence to the unpassaged CHIKV-A5nsP3 (PO).
The neutralization mix (560 pfu/ml CHIKV-A5nsP3 P2 and
serial serum dilutions) was incubated for 1 hour at room
temperature and added onto Vero cells, followed by incu-
bation for 2 hours. Finally, a methylcellulose overlay (0.8%)
was added followed by incubation for 72 hours. The plaque
readout was done following crystal violet staining (0.5%
crystal violet in 5% Formaldehyde).
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Mutations in single picked plaques of P5 and P8 CHIKV-A35nsP3 passages.
Sequencing of the full CHIKV-A5nsP3 genome was performed at MWG Eurofins,
Germany, using the primers in Table 1. All P5B and P8B clones corresponded to a P6
(P5B + 1) and P9 (P8 + 1) CHIKV-A3nsP3, respectively, expanded on
Vero cells. The PRNTS,, titers were calculated in GraphPad Prism using non-linear - 3
parameter calculations. The viral protein in which the respective point mutations were
identified are shown in brackets. PRNT, values for non-immunogenic isolates were not

measurable as indicated.

Experiment # Isolate  Passage Point mutation(s) Immunogenicity PRNT,
4399gr1 PO #1 0 N/A Positive control 386
4415grl PO #2 0 N/A Positive control 4215
4415gr2 P5B-02  5+1 E168K[E2] + A38S [nsP1] retained 373
441513 P5B-03  5+1 H232Y[E2] retained 112
4415gr4 P5B-04 5+1 E168K[E2] lost —
4415gr5 P5B-07  5+1 E168K[E2] lost —
4415g16 P5B-11  5+1 E247K[E2] retained 219
4415g17 P8B-01 8+ 1 H99Y/E168K[E2] + R470S[nsP3] lost —
4415g18 P8B-05 8+ 1 GSSR/H232Y[E2] + G577W[nsP2] lost —
4399gr2  P15C-DS 15 GS55R/T2301[E2] + G577W[nsP2] Negative control —

— = not measurable

As can be seen in FIG. 6A, the immunogenicity of
CHIKV-ASnsP3 P5B-11 and P5B-03, both with single point
mutations in the E2 protein, E247K and H232Y (FIG. 6B),
respectively, is not affected when compared to the immu-
nogenicity of PO CHIKV-A5nsP3. The neutralization capac-
ity of PO serum is shown from two independent mouse
experiments (4415; PO #2 and 4399; PO #1) delineating the
acceptable range of immunogenicity. On the other hand,
P8B-05, characterized by 3 point mutations, G577W, G55R
and H232Y in nsP2 and E2, respectively, is non-immuno-
genic in mice. The G55R mutation was already described in
literature by Gardner C L, et al., as being a result of
passaging CHIKV in vitro. The viral particle is affected by
an increased dependence on heparan sulfate binding in vitro
which leads to an attenuation in vivo (Gardner C L, et al.,
2014, supra).

As can be seen in FIG. 6C, only one of the four CHIKV-
A5nsP3 samples derived from single plaques (P5B-02) was
still immunogenic and was characterized by two point
mutations, A38S and E168K in nsP1 and E2 (FIG. 6D),
respectively. Also, P8B-01 with three point mutations,
R470S in the nsP3 and H99Y and E168K in the E2 protein,
was non-immunogenic in mice and was comparable to the
negative control P15C. P5B-04 and P5B-07 each had single
point mutations in E2, i.e., Glutamic acid 168 was mutated
to a Lysine (E168K), which was also shown to have a direct
effect on immunogenicity, since CHIKV-ASnsP3 neutraliza-
tion capacity was lost.

In summary, it was observed that many of the mutations
arising during passaging on Vero cells were located in the E2
protein. Some of the identified point mutations in the E2
protein and/or other parts of the genome did not substan-
tially affect immunogenicity of the virus; particularly the
H232Y[E2] and E247K[E2] mutations. However, some of
the other identified mutations in the CHIKV-A5nsP3
resulted in loss of immunogenicity; particularly the fre-
quently-occurring E168K[E2] mutation, whether alone or in
combination with other mutations. An interesting exception
was the mutant with both E168K[E2] and A38S[nsP1]
mutations, which maintained immunogenicity. This obset-
vation suggests that the A38S[nsP1] mutation has a mitigat-
ing effect on the reduced immunogenicity conferred by the
E168K[E2] mutation. Furthermore, an isolate with G55R/
H232Y[E2] and G577 W[nsP2] mutations also demonstrated
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poor immunogenicity, perhaps mainly due to the G55R
mutation in E2, as the H232Y mutation alone had little effect
(see P5B-03).

The E168K and G55R mutations in Chikungunya virus
E2 protein were previously described as conferring
increased positive surface charge, leading to increased inter-
action with heparan sulfate and/or other Glycosaminogly-
cans (GAGs), ultimately resulting in increased specific
infectivity. On the background of wild-type CHIKYV, the
mutations were shown to cause a smaller plaque size, due to
lower spread on plates mediated by binding to heparan
sulfate. Furthermore, the mutations resulted in attenuation of
CHIKV in a mouse model of musculoskeletal disease
(MSD), with decreased spread in mice to organs and thus
lower levels of viremia (Gardner C L, et al., 2014, supra;
Silva L A, et al,, A single-amino-acid polymorphism in
Chikungunya virus E2 glycoprotein influences glycosami-
noglycan utilization (2014) J Virol.; 88(5):2385-97). The
fact that the presence of E168K and G55R mutations in an
otherwise wild-type CHIKV resulted in intermediate attenu-
ation is consistent with the present disclosure with regard to
reduced plaque size or reduced immunogenicity in vivo.
However, it was unexpected that the said two mutations on
the background of the attenuated CHIKV-A5nsP3 would
result in loss of immunogenicity in mice as reported herein.

It has also been reported as a common phenomenon for
other cell culture passaged alphaviruses such as Sindbis
virus (SINV; Klimstra W B, et al., Infection of neonatal mice
with Sindbis virus results in a systemic inflammatory
response syndrome (1999) J. Virol.; 73(12):10387-98; Klim-
stra W B, et al., The furin protease cleavage recognition
sequence of Sindbis virus PE2 can mediate virion attach-
ment to cell surface heparan sulfate (1999) J. Virol.; 73(8):
6299-306; Bymes and Griffin, Binding of Sindbis virus to
cell surface heparan sulfate (1998) J. Virol.; 72(9):7349-56),
Ross River virus (RRV; Heil M L, et al., An amino acid
substitution in the coding region of the E2 glycoprotein
adapts Ross River virus to utilize heparan sulfate as an
attachment moiety (2001) J. Virol; 75(14):6303-9) and
Semliki Forest virus (SFV; Smit J M, et al., Adaptation of
alphaviruses to heparan sulfate: interaction of Sindbis and
Semliki forest viruses with liposomes containing lipid-
conjugated heparin (2002) J. Virol.; 76(20):10128-37) that
substitutions for positively-charged residues in E2 confer
enhanced heparan-sulfate dependent infectivity in vitro and
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that these mutations can be selected within a few serial in
vitro passages. Further, it was shown that such mutations led
to attenuation of the viruses in vivo (Byrnes AP and D E
Griffin, Large-plaque mutants of Sindbis virus show reduced
binding to heparan sulfate, heightened viremia, and slower
clearance from the circulation (2000) J. Virol.; 74(2):644-
51; Klimstra W B, et al. 1999, supra).

Because sequence heterogeneities, with a concomitant
drop in immunogenicity, were already apparent at passages
P5 and P8 of CHIKV-A5nsP3, sequence heterogeneities at
earlier passages, as well as their effects on immunogenicity,
were examined more closely as outlined below.

Example 3. Defining Sequence Heterogeneities and
Immunogenicity of CHIKV-A5nsP3 at Passage P3

The occurrence at later passages of sequence heteroge-
neities with adverse effects on the immunogenicity of
CHIKV-ASnsP3 as measured by neutralizing antibody titers
warranted finding the optimal passage which was charac-
terized by both high immunogenicity as well as a viral titer
sufficient for production of an effective vaccine.

To determine genetic stability of the CHIKV-A5nsP3
during MVSB (P1), WVSB (P2) and CHIKV-A5nsP3 drug
substance (“VLA1553”) (P3) production, independently
generated passages 1, 2 and 3 were sequenced. As deter-
mined by Sanger sequencing, PO (virus rescue), P1 (MVSB)
and P2 (WVSB) did not show any obvious sequence het-
erogeneities. The next step was to demonstrate reproduc-
ibility of genetic stability of P3 derived purified drug sub-
stanice (DS) using P2 (WVSB) for infection. In total, four
independent P3 harvests, consisting of combined day 1 and
day 2 harvests, were produced in two T150 T-flasks using P2
(WVSB) for infection (MOI 0.01). For each replicate, the
individual harvests at day 1 and day 2 were pooled (total
volume ~50 mL) and concentrated approximately 10-fold
(Amicon 100 kDa ultrafiltration device). Diafiltration was
done against 25 mM Tris/150 mM NaCl, pH 7.4, followed
by protamine sulfate treatment (2 mg/mL final concentra-
tion) to precipitate host cell DNA. The clear supernatant was
then further purified by batch adsorption chromatography
using CaptoCore 700 resin (addition of ~1 mL of 50% slurry
in Tris/NaCl buffer). The resin was removed by centrifuga-
tion and sucrose was added to a final concentration of 10%
to allow freezing and thawing of CHIKV-A5nsP3. The final
formulation was then 0.2 um sterile filtered and stored
frozen (<-65° C.) until further processing.

At passage 3 (P3), no heterogeneities by automatic base
calling were detected (Eurofins -all <20%). However, by
visual inspection, a small fraction of the viral population
showed a consistent increase in the E168K and FE247K
sequence heterogeneities in the gene for the CHIKV glyco-
protein E2, which was absent in the rescued CHIKV-A5nsP3
(PO) as well as the MVSB and WVSB samples. FIG. 7
shows sequencing chromatograms for the four indepen-
dently generated P3 DS samples (Examples 1-4) compared
with the virus at passage 0 (P0). As indicated by the box
outlines, a G/A heterogeneity at the codon for amino acid
168 (genomic nucleic acid position 8882) was detectable in
all four replicates and verified by the reverse sequencing
reaction, which revealed the same heterogeneity. The same
position in the PO sample showed a sharp peak for G in the
forward sequencing reaction (and C in the reverse sequenc-
ing reaction). The E247K heterogeneity (genomic nucleic
acid position 9119), on the other hand, was present but
barely detectable in the sequencing chromatograms.
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Additionally, next generation sequencing of P3 was car-
ried out and compared with sequencing of passage 1 (P1-
MVSB) in order to quantify the amount of E168K and
F247K within the viral population. As can be seen in FIG.
8, at the stage of P1-MVSB, only a very low level of
sequence heterogeneities was detectable (all below back-
ground; 15% cut-off indicated by the dotted line). The two
representative P3 sample, however, showed an overall
increase in sequence heterogeneities, with two mutations in
the E2 gene that reached or rose above background (E168K
in 18% and 15% of the viral population—genomic nucleic
acid position 8882 and, to a lower extent, E247K—genomic
nucleic acid position 9119).

In summary, the presence of an E168K mutation in the E2
protein of CHIKV-ASnsP3 was identified by Sanger
sequencing and NGS in eight independently-generated P3
samples, demonstrating the reproducibility of this result.
Representative sequencing examples are shown in FIGS. 7
and 8. These data demonstrate that the emergence of an
E168K mutation in the E2 protein of CHIKV-A5nsP3 virus
was highly reproducible upon passaging in Vero cells and
that it diminished the immunogenicity of the attenuated
CHIKV-A5nsP3 virus as shown in Example 2 where P5B
plaque-derived viruses (P5B-04 and P5SB-07 in FIG. 6) were
non-immunogenic. Two additional mutations, G55R and
G82R, which were observed during passaging of CHIKV-
A5nsP3 on Vero cells, like E168K have been reported to
affect the virulence of CHIKV (Gardner C L, et al., 2014,
supra, Silva L A, et al., 2014, supra and Gorchakov R, et al.,
Attenuation of Chikungunya virus vaccine strain 181/clone
25 is determined by two amino acid substitutions in the E2
envelope glycoprotein (2012) J. Virol.; 86(11):6084-96;
Epub 2012/03/30), leading 1o attenuation of the virus. Since
these two mutations also negatively impacted the immuno-
genicity of CHIKV-A5nsP3, their emergence should be
avoided for the production of a highly immunogenic
CHIKV-ASnsP3 vaccine candidate.

The locations of amino acids prone to mutation within the
E1/E2 dimer are shown in FI1G. 9. The three E2 amino acids
G55, G82 and E168 are all accessible on the surface and
therefore their mutation may potentially affect interactions
of CHIKV with its cellular receptors. In contrast, E247[E2]
is more buried within the protein structure and thus may not
be surface exposed to the same extent. The position of E247
may be one reason why the E247K mutation did not notice-
ably affect the immunogenicity of CHIKV-A5nsP3 as shown
above.

Example 4. Determining the Threshold of the
E168K Mutation for Loss of Immunogenicity of a
Heterogeneous CHIKV-A5nsP3 Virus Population

The above observations indicated that the E168K[E2]
mutation appears early and frequently during passaging of
CHIKV-ASnsP3 on Vero cells and is associated with lost
immunogenicity. In order to develop a process for the
reliable manufacture of an effective, immunogenic live-
attenuated Chikungunya virus vaccine, the tolerance for this
mutation in a sample of the CHIKV-A5nsP3 vaccine was
tested by preparing different ratios of the P3 drug substance
and the virus PSB-07 (E168K single mutant; see Table 3).

Passage 3 (P3) drug substance, which displayed about
20% E168K heterogeneity (data not shown), was mixed
with a preparation of CHIKV-A5nsP3 from the P5B-07
isolate (E168K mutant) at ratios of 1:0.1, 1:1 and 1:10. The
mixtures were sequenced to verify the approximate fre-
quency of the E168K mutation in each virus preparation. As
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shown in FIG. 10 (see row labeled heterogeneity), the
relative amount of nucleotide A, compared with the wild-
type nucleotide G, was shown to increase with increasing
levels of added P5B-07 isolate (up to 100% A in the E168K
control group 7).

In order to determine the effect of the E168K mutation on
immunogenicity, C57Bl/6 mice were immunized s.c. with
the different CHIKV-ASnsP3 samples specified in FIG. 10
with an intended dose of 3x10* TCID,,, (actual dose shown
in FIG. 11D). Day 21 mouse sera were collected and
individual sera from the 1:0.1, 1:1 and 1:10 groups were
tested and compared with pooled sera from the two control
groups, P3 (Group 6) and P5B-07 (E168K; Group 7) using
a virus replicon particle (VRP)—based neutralization assay
(FIG. 11). VRPs resemble a replication deficient wild-type
CHIKV displaying capsid and envelope proteins of the
LR2006-OPY1 virus. The method was carried out essen-
tially as described by Glasker S, et al. (Virus replicon
particle based Chikungunya virus neutralization assay using
Gaussia luciferase as readout (2013) Virol. I.; 10:235). The
VRPs were produced by co-transfecting BHK-21 cells with
a CHIKV replicon expressing Gaussia luciferase (GLuc)
and two helper RNAs expressing wild-type CHIKV capsid
protein and the remaining structural proteins (E3, E2, 6K
and E1), respectively. The resulting single round infectious
particles were used in the CHIKV neutralization assay using
secreted GLuc as a readout. Upon neutralization of VRPs in
the Luciferase assay, a reduction of GLuc expression by
BHK-21 cells can be measured. It was observed that the
capacity for eliciting neutralizing immunity dropped with
higher amounts of the E168K mutant (FIGS. 11A, B and C,
respectively). The number of individual mice showing either
positive, low positive or negative immune responses to
Chikungunya virus is shown in FIG. 11D.

This finding confirms that, as the ratio of E168K mutant
to wild-type viral particles in a virus population increases,
the immunogenicity of CHIKV-A5nsP3 in mice is dimin-
ished. It is therefore crucial to closely monitor position E168
in E2 to ensure high immunogenicity of the CHIKV-A5nsP3
vaccine. Based on previous passaging processes and quan-
tification of E168K within the viral population at passage 8,
it was observed that at a rate of about 70% of the E168K
mutation within the CHIKV-A5nsP3 population, the immu-
nogenicity was lost when analyzing mouse serum pools in
PRNT.

Example 5. Upstream Process for Reducing E168K
Mutations in CHIKV-A5nsP3

The aim of this example was to characterize an optimized
Vero cell culture based process for the production of
CHIKV-ASnsP3 in roller bottles. The impact of several
upstream process parameters (MOI, day of Vero cell infec-
tion following plating and incubation temperature) on viral
productivity and sequence heterogeneity of the E2 protein
were tested using the GMP Working Virus Seed Bank (GMP
WVSB B3005044; passage 2, also referred to herein as “P2
CHIKV-ASnsP3”) and the R&D Vero working cell bank to
produce drug substance (DS; passage 3, i.e. also referred to
herein as “P3 CHIKV-ASnsP3”).

Preparation of GMP WVSB B3005044

A characterized Pre-Master Virus Seed Bank (PMVSB,
Pre-Master Virus Seed Bank AFR886/197579 from virus
rescue from Vero cells) was established under R&D condi-
tions and a Pre-Master Virus Seed Bank was used to
generate the Master Seed Banks of the CHIKV-A3nsP3
under GMP conditions. The GMP Working Virus Seed Bank,
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VLA78-1553-WVSB-2016, batch B3005044 was produced
at Halix B.V. under the same production method and GMP
conditions as described for the VLA78-1553-MVSB-2016,
batch #B3005567. Briefly, the VERO Working Cell Bank
(internal designation: ICB 2014/002) was expanded in four
stages in a seed train using T75 cm? flasks (1x), then T175
cm? flasks (3x) and in the last stage 6x850 cm? roller bottles
as shown in FIG. 12. Four of the six roller bottles were used
for production of the CHIKV-A5nsP3 seed banks. The total
amount of cells in the four roller bottles was determined. The
Pre-Master Virus Seed Bank was used to generate the
CHIKV-ASnsP3 Master Virus Seed Bank. Subsequently, the
CHIKV-A5nsP3 Master Virus Seed Bank was used to gen-
erate the CHIKV-A5nsP3 Working Virus Seed Bank. Infec-
tion was done at all stages at an MOI of 0.01. After 24 hours
of infection (35° C.; 5% CO,; 0.5 RPM) the CHIKV-A5nsP3
was harvested. Tris and sucrose stock solution was added to
a final concentration of 5% Sucrose and 25 mM Tris in the
harvest pool. After formulation, the pool was filtered
through a steam sterilized 0.22 um filter into a sterile S00 mL
bio process container by using a peristaltic pump. Filling of
vials was done one by one with 0.7 mL formulated and
filtered harvest using a peristaltic filling pump. A Thet-
moFisher capper/decapper device was used to open and
close the 2 D Matrix Cryo vials. Filled vials of the GMP seed
banks were stored at <-65° C.
Culture of Vero Cells

Culturing of Vero cells was performed at 35° C. and 5%
CO, in T75 cm® (T75), T175 cm® (T175) T-Flasks and 850
cm” roller bottles (850RB). Vero cells used in the different
experiments were derived from the GMP master cell bank
MCB 1ICB/2014/001. The internal designation of this
research working cell bank was Bk5685. The GMP master
cell bank was derived from the WHO Vero cell bank 10-87
P134 which originated from the Institut Merieux (Aventis
Pasteur) P129 bank and ultimately from the original ATCC
CCL 81 P113 bank. More detail regarding the cell culture
train is shown in FIG. 12. Cells were maintained in MEM
medium supplemented with 10% FBS and 2 mM L-gluta-
mine.
Virus Production in 850 cm® Roller Bottles

Following two, four or five days of cell expansion at 35°
C. in 850RB, cells were washed with PBS and infected with
the CHIKV-A5nsP3 (WVSB B3005044) at MOIs of 0.1,
0.01 or 0.001 TCIDs/cell. For virus production, infected
cells were incubated at 37° C., 35° C. or 28° C. in 100 mL
of MEM medium supplemented with 2 mM glutamine.
Virus Titration

Virus titers were determined on Vero cells using the
TCIDj, assay. Cells were seeded in microplates and infected
with 10-fold serially diluted virus samples in EMEM supple-
mented with 0.5% FBS and 2 mM glutamine. After a one
week incubation at 35° C./5% CO,, virus-induced cyto-
pathic effects were monitored and viral titers were calculated
according to the Reed and Muench method (Reed, L. J.;
Muench, H. A simple method of estimating fifty percent
endpoints (1938) The American Journal of Hygiene 27:493-
497).
Virus Genome Extraction and Sequencing

Viral nucleic acid was extracted and purified from Vero
cell culture supernatant at the indicated timepoints using
QIAamp MinElute Virus Spin Kit (Qiagen) and ¢cDNA
synthesis was performed using SuperScript II1 First-Strand
Synthesis System (ThermoFischer) using random hexamers.
For sequencing of the E2 gene region, first, PCRs with
Phusion High Fidelity Polymerase (ThermoFischer) were
done using primers 16F, 16R, 17F, 17R, 18F and 18R (for
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primer sequences see Table 1) to amplify overlapping
regions of the CHIKV E2 gene. After purification of PCR
amplicons, Sanger sequencing was performed at MWG
Furofins, Germany. In addition to analyses of sequence
heterogeneities that were detected by automatic base calling
(>20%), all sequencing chromatograms were manually read
to detect also heterogeneities below the detection limit
(<20%).
Optimization of a Process for Producing an Immunogenic
P3 CHIKV-A5nsP3 Drug Substance

To optimize the process for producing passage 3 CHIK V-
A5nsP3 on Vero cells, different MQIs, times of Vero cell
infection post-seeding and temperatures of incubation were
tested in all combinations as shown in Table 5. Additionally,
vields were analyzed at different days following infection.
Three aspects of the harvested virus were monitored: viral
productivity, stability of the titer as well as the level of
sequence heterogeneity of the E2 structural protein.

TABLE 5

Parameters tested for production of CHIKV-A5nsP3 on Vero cells in
830 cm? roller bottles and the parameters of the identified
optimized process.

Optimized
Tested* Process
MOI (TCIDs/cell) 0,1, 0.01, 0.001 0.01
Time of cell infection {post cell seeding) D2, D4, D3 D4
Temperature (° C.) 37, 35, 28 35

*all combinations were performed.

Virus Production

CHIKV-A5nsP3 production kinetics achieved for all the
conditions tested are shown in FIG. 13. The optimal process
currently used to produce CHIKV-A5nsP3 (35° C., MOI
0.01, infection on day 4 after Vero cell seeding) was also
included in the experiment, showing virus productivity at
the expected level of 108°*/mL 24 h after infection (FIG.
13B).

Compared to MOI and time of infection, temperature had
the most impact on viral production kinetics. At 37° C. and
35° C. (FIGS. 13A and 13B, respectively), maximum pro-
ductivity was achieved at day one post-infection. The
CHIKV-A5nsP3 infectivity dropped substantially during the
subsequent 24 hours, with a slightly less pronounced viral
titer loss at 35° C. Temperature reduction to 28° C. resulted
in a striking change of the viral kinetics. Maximal viral
productivity was delayed one to four days depending on the
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MOI used; and significantly improved virus titer stability
was observed (FIG. 13C). The total virus yield produced
from all of the harvests is shown in FIG. 14. For the 28° C.
condition as shown in FIG. 13A, the yield of two harvests
were combined (day 1 and day 2 post-infection); for the 35°
C. condition (FIG. 13B), the yield of all three harvests were
combined (days 1-3) and for the 37° C. condition (FIG.
13C), the yield of five harvests (days 1-5) were combined.

To complete initial observations, viral productivity and
titer stability data were analyzed using a response surface
quadratic model (FIGS. 15 and 16). For viral productivity,
the maximum virus titer values were used. For virus titer
stability, the delta value resulting from the subtraction of the
maximum titer from the titer measured one day later in the
production process was calculated and used. For total virus
productivity, the individual titers at each time point were
added.

With ANOVA analysis of both models, it was possible to
indicate the statistically significant influencing factors
(FIGS. 15A and 16A). Confirming previous observations,
temperature was the strongest factor affecting viral produc-
tivity and stability. In particular, low temperatures (28° C.)
enabled higher viral titers while keeping the virus titer
reasonably stable over time. However, there was not a
significantly higher overall total virus productivity at this
temperature compared with 35° C. (see esp. FIG. 14).

Time of infection after Vero cell seeding also influenced
the response, but to a lower extent. MOI did not have a
significant impact. For both models, infection at 72 h post
cell seeding was an adequate time for cell infection. Con-
versely, a single temperature did not allow combining opti-
mal virus production and titer stability since the highest viral
vields were found at 35° C. and the most stabilized titers
were observed at 28° C. (FIGS. 15B and 16B). Maximumal
total virus productivity within the shortest time post infec-
tion was achieved at 35° C. (see F1G. 14).

Analysis of E2 Protein Gene Sequence

Virus samples collected at either day 2 or day 5 after
infection of Vero cells (infected at day 4 post-seeding) were
selected to conduct an analysis of genomic RNA sequence of
the viral E2 structural protein. These samples are most
representative for Vero cell confluence on roller bottles.
Tables 6 and 7 below summarize the percentage of hetero-
geneities estimated for four amino acid (AA) positions based
on the nucleic acid sequence determined by Sanger sequenc-
ing. Table 6 shows data for CHIKV-ASnsP3 grown at three
different temperatures and harvested two days post-infection
and Table 7 shows data for CHIKV-A5nsP3 grown at 28° C.
and harvested 5 days post-infection.

TABLE 6

Analysis of RNA genome sequence for E2 viral protein from D2 post-infection
sample harvests. Shown are the estimated percentages of nucleic acid
heterogeneities corresponding to four AA positions (indicated in parentheses),
as determined by Sanger sequencing. The heterogeneity at nucleic acid

position 9649 is a silent mutation.

Time post

seeding in

roller bottles D4

Temperature 28° C. 35° C. 37° C.

MOI

(TCID5g/cell) 01 001 0001 01 001 0001 01 001 0001
Pos. 8543 0 0 0 0-5 05 0-5 0 0 0

(G55R)
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Analysis of RNA genome sequence for E2 viral protein from D2 post-infection

sample harvests. Shown are the estimated percentages of nucleic acid

heterogeneities corresponding to four AA positions (indicated in parentheses),

as determined by Sanger sequencing. The heterogeneity at nucleic acid

position 9649 is a silent mutation

Time post
seeding in
roller bottles D4
Temperature 28° C. 35° C. 37° C.
MOI
(TCIDs/cell) 0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001
Pos. 8882 30 30 40-50 25 25 30- 25 25 30-
(E168K) 50 50
Pos. 9119 0-5 0-5 0-5 5-10 10 10- 10-  10- 10-
(E247K) 20 20 20 20
Pos. 9649 0-5 5-10 10-20 5 5 5- 0-5 05 5-10
(A423, Silent) 10

TABLE 7 Also, the sample harvest collected later in the viral kinetic

Analysis of RNA genome sequence for E2 viral protein from D3
post-infection sample harvests. Shown are the estimated percentages
of nucleic acid heterogeneities corresponding to four AA positions
(indicated in parentheses), as determined by Sanger sequencing.

The heterogeneity at nucleic acid position 9649 is a silent mutation.

25

Time post sseding in roller bottles D4
Temperature 28° C.

30
MOI (TCIDsy/cell) 0.1 001 0.001

Pos. 8543 (G55R) 0 0 0
Pos. 8882 (E168K) 30-40  40-50 50
Pos. 9119 (E247K) 0-3 0-10 10
Pos. 9649 (A423, Silent) 0-5 05 1020 35

MO, temperature, day of infection post-Vero cell seeding
and day of sample harvest all influenced the productivity and
the quality of CHIKV-A5nsP3 when produced in Vero cells.
The strength of each parameter, however, was of different
importance. For example, the results suggested a correlation
between MOI and heterogeneity levels; i.e., the lower the
viral input at infection, the higher the observed level of
heterogeneity at harvest. The incubation temperature did not
appear to impact the stability of the nucleotide sequence,
with the exception of Pos. 9119 (E247K) where a higher
level of heterogeneity was observed at 37° C. (Table 6).

SEQUENCES

triggered a slightly higher level of heterogeneity for the
same AA position.

To complete this first analysis, mathematical modelling of
the raw data was also performed (FIGS. 17 and 18). Only
three nucleic acid positions (Pos. 8882, 9119, 9649) could be
analyzed as no significant model was calculated for the
position 8543. As indicated in FIG. 17, temperature and
MOI had different impacts depending on the nucleic acid
position considered. The MOI significantly influenced the
heterogeneities observed for nucleic acid positions 8882 and
9649, but not for 9112. The temperature affected positions
9112 and 9649, but not 8882 (FIG. 17). MOI was shown to
consistently influence the level of heterogeneity when D2
and D5 post-infection harvest samples from 28° C.-pro-
duced virus were compared—minimized levels of AA het-
erogeneity were observed when cells were inoculated with a
high quantity of virus (MOI 0.1 TCID,/cell). This obser-
vation might prompt the establishment of new process
parameter settings with a higher MOI as a means to achieve
maximal virus production/titer stability while ensuring a low
level of heterogeneity within the E2 protein. However, an
MOI of 0.1 results in significantly higher consumption of
GMP working virus seed bank. thus limiting its practical
industrial applicability.

Post-infection harvest day only impacted the variation of
nucleic acid position 9119 (FIG. 18).

Nucleotide sequence of the CHIKV-A5nsP3

SEQ ID NO: 1

GATGGCTGCGTGAGACACACGTAGCCTACCAGTTTCTTACTGCTCTACTCTGCARAGCAAGAGATTAATAACCCATCATGGATC

CTGTGTACGTGGACATAGACGCTGACAGCGCCTTTTTGAAGGCCCTGCAACGTGCGTACCCCATGT TTGAGGTGGAACCAAGG

CAGGTCACACCGAATGACCATGCTAATGCTAGAGCGT TCTCGCATCTAGCTATAAAACTAATAGAGCAGGAAAT TGACCCCGA

CTCAACCATCCTGGATATCGGCAGTGCGCCAGCAAGGAGGATGATGTCGGACAGGAAGTACCACTGCGTCTGCCCGATGCGC

AGTGCGGAAGATCCCGAGAGACTCGCCAATTATGCGAGAAAGCTAGCATCTGCCGCAGGARAAGTCCTGGACAGARAACATCT

CTGGAAAGATCGGGGACTTACAAGCAGTAATGGCCGTGCCAGACACGGAGACGCCAACATTCTGCTTACACACAGACGTCTCA

TGTAGACAGAGAGCAGACGTCGCTATATACCAAGACGTCTATGCTGTACACGCACCCACGTCGCTATACCACCAGGCGATTAA

AGGGGTCCGAGTGGCGTACTGGGT TGGGT TCGACACAACCCCGTTCATGTACAATGCCATGGCGGGTGCCTACCCCTCATACT

CGACAAACTGGGCAGATGAGCAGGTACTGAAGGCTAAGAACATAGGATTATGT TCAACAGACCTGACGGAAGGTAGACGAG
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-continued

GCAAGTTGTCTATTATGAGAGGGAAAAAGCTAAAACCGTGCGACCGTGTGCTGTTCTCAGTAGGGT CAACGCTCTACCCGGAA
AGCCGCAAGCTACTTAAGAGCTGGCACCTGCCATCGGTGT CCATTTAAAGGGCARACT CAGCTTCACATGCCGCTGTGATACA
GIGGTTTCGTGTGAGGGCTACGTCGTTAAGAGAATAACGATGAGCCCAGGCCTTTATGCGAAAAACCACAGGGTATGCGGTAA
CCCACCACGCAGACGGATTCCTGATGTGCAAGACTACCGACACGGTTGACGGCGAAAGAATGTCAT TCTCGGTGTGCACATAC
GTGCCGGCGACCATTTGTGATCARATGACCGGCATCCTTGCTACAGAAGTCACGCCGGAGGATGCACAGAAGCTGTTGGTGG
GGCTGAACCAGAGAATAGTGGTTAACGGCAGAACGCAACGGAATACGAACACCATGAARAAATTATCTGCTTCCCGTGGTCGC
CCAAGCCTTCAGTAAGTGGGCAARGCGAGTGCCGGAAAGACATGGAAGATGAAAAACTCCTGGGGGT CAGAGAAAGAACACT
GACCTGCTGCTGTCTATGGGCAT TCAAGAAGCAGAAARACACACACGGTCTACAAGAGGCCTGATACCCAGT CAATTCAGAAGG
TTCAGGCCGAGTTTGACAGCTTTGTGGTACCGAGTCTGTGGTCGT CCGGGTTGTCAATCCCT TTGAGGACTAGAATCAAATGGT
TGTTAAGCAAGGTGCCAAARACCGACCTGATCCCATACAGCGGAGACGCCCGAGAAGCCCGGGACGCAGAAAAAGAAGCAG
AGGAAGAACGAGAAGCAGAACTGACTCGCGAAGCCCTACCACCTCTACAGGCAGCACAGGAAGATGTTCAGGTCGAAATCGA
CGTGGAACAGCTTGAGGACAGAGCGGGCGCAGGAATAATAGAGACTCCGAGAGGAGCTATCAAAGTTACTGCCCAACCAAC
AGACCACGTCGTGGGAGAGTACCTGGTACTCTCCCCGCAGACCGTACTACGTAGCCAGAAGCTCAGTCTGATTCACGCTTTGG
CGGAGCAAGTGAAGACGTGCACGCACAACGGACGAGCAGGGAGGTATGCGGTCGAAGCGTACGACGGCCGAGT CCTAGTGC
CCTCAGGCTATGCAATCTCGCCTGAAGACTTCCAGAGT CTAAGCGAAAGCGCAACGATGGTGTATAACGAAAGAGAGTTCGTA
AACAGAAAGCTACACCATATTGCGATGCACGGACCAGCCCTGAACACCGACGAAGAGT CGTATGAGCTGGTGAGGGCAGAGA
GGACAGAACACGAGTACGTCTACGACGTGGATCAGAGAAGATGCTGTAAGAAGGAAGAAGCCGCAGGACTGGTACTGGTGG
GCGACTTGACTAATCCGCCCTACCACGAATTCGCATATGAAGGGCTAAAAATCCGCCCTGCCTGCCCATACAAAATTGCAGTCA
TAGGAGTCTTCGGAGTACCGGGATCTGGCAAGTCAGCTATTATCAAGAACCTAGTTACCAGGCAGGACCTGGTGACTAGCGG
AAAGARAGAAAACTGCCAAGARATCACCACCGACGTGATGAGACAGAGAGGTCTAGAGATATCTGCACGTACGGTTGACTCG
CTGCTCTTGAATGGATGCAACAGACCAGTCGACGTGTTGTACGTAGACGAGGCGTTTGCGTGCCACTCTGGAACGCTACTTGC
TTTGATCGCCTTGGTGAGACCAAGGCAGAAAGTTGTACTTTGTGGTGACCCGAAGCAGTGCGGCTTCTTCAATATGATGCAGA
TGAAAGTCAACTATAATCACAACATCTGCACCCAAGTGTACCACAAAAGTATCTCCAGGCGGTGTACACTGCCTGTGACCGCCA
TTGTGTCATCGTTGCATTACGAAGGCAAAATGCGCACTACGAATGAGTACAACAAGCCGATTGTAGTGGACACTACAGGCTCA
ACAAAACCTGACCCTGGAGACCTCGTGTTAACGTGCTTCAGAGGGTGGGTTAAACAACTGCARAATTGACTATCGTGGATACGA
GGTCATGACAGCAGCCGCATCCCAAGGGTTAACCAGAAAAGGAGTTTACGCAGTTAGACAAAAAGT TAATGAAAACCCGCTCT
ATGCATCAACGTCAGAGCACGTCAACGTACTCCTAACGCGTACGGAAGGTAAACTGGTATGGAAGACACTTTCCGGCGACCCG
TGGATAAAGACGCTGCAGAACCCACCGAAAGGAAACTTCAAAGCAACTATTAAGGAGT GGGAGGTGGAGCATGCATCAATAA
TGGCGGGCATCTGCAGT CACCAAATGACCTTCGATACATTCCAAAATAARGCCAACGT TTGT TGGGCTAAGAGCTTGGTCCCTA
TCCTCGAAACAGCGGGGATAARAACTAAATGATAGGCAGTGGTCTCAGATAATTCAAGCCT TCAAAGARGACAAAGCATACTCA
CCTGAAGTAGCCCTGAATGAAATATGTACGCGCATGTATGGGGTGGATCTAGACAGCGGGCTATTTTCTAAACCGTTGGTGTC
TGTGTATTACGCGGATAACCACTGGCGATAATAGGCCTGGAGGGAAAATGTTCGGAT TTAACCCCGAGGCAGCATCCATTCTAG
AAAGAAAGTATCCATTCACAARAGGGAAGTGGAACATCAACAAGCAGATCTGCGTGACTACCAGGAGGATAGAAGACTTTAA
CCCTACCACCAACATCATACCGGCCAACAGGAGACTACCACACTCATTAGTGGCCGAACACCGCCCAGTAAAAGGGGARAAGAA
TGGAATGGCTGGTTAACAAGATARACGGCCACCACGTGCTCCTGGTCAGTGGCTATAACCTTGCACTGCCTACTAAGAGAGTC
ACTTGGGTAGCGCCGTTAGGTGTCCGCGGAGCGGACTACACATACAACCTAGAGTTGGGTCTGCCAGCAACGCTTGGTAGGT
ATGACCTAGTGGTCATAAACATCCACACACCTTTTCGCATACACCATTACCAACAGTGCGTCGACCACGCAATGAAACTGCAAA
TGCTCGGGGGTGACTCATTGAGACTGCTCAAACCGGGCGGCTCTCTATTGATCAGAGCATATGGTTACGCAGATAGAACCAGT
GAACGAGTCATCTGCGTAT TGGGACGCAAGT TTAGATCGT CTAGAGCGT TGAAACCACCATGTGTCACCAGCAACACTGAGAT

GTTTTTCCTATTCAGCAACTTTGACAATGGCAGAAGGAATTTCACAACTCATGTCATGAACAATCAACTGAATGCAGCCTTCGTA
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GGACAGGT CACCCGAGCAGGATGTGCACCGTCGTACCGGGTAAAACGCATGGACATCGCGAAGAACGATGARGAGTGCGTA

GTCAACGCCGCTAACCCTCGCGGGTTACCGGGTGGCGGTGTTTGCAAGGCAGTATACARAAAAATGGCCGGAGTCCTTTAAGA
ACAGTGCAACACCAGTGGGAACCGCAAAAACAGT TATGTGCGGTACGTATCCAGTAAT CCACGCTGTTGGACCAAACTTCTCT
AATTATTCGGAGTCTGAAGGGGACCGGGAATTGGCAGCTGCCTAT CGAGAAGT CGCAAAGGAAGTAACTAGGCTGGGAGTA
AATAGTGTAGCTATACCTCTCCTCTCCACAGGTGTATACT CAGGAGGGAAAGACAGGCTGACCCAGTCACTGAACCACCTCTTT
ACAGCCATGGACTCGACGGATGCAGACGTGGTCATCTACTGCCGCGACAAAGAATGGGAGAAGAAAATATCTGAGGCCATAC
AGATGCGGACCCAAGTAGAGCTGCTGGATGAGCACATCTCCATAGACTGCGATATTGT TCGCGTGCACCCTGACAGCAGCTTG
GCAGGCAGAAAAGGATACAGCACCACGGAAGGCGCACTGTACT CATATCTAGAAGGGACCCGTTTTCATCAGACGGCTGTGG
ATATGGCGGAGATACATACTATGTGGCCAAAGCARACAGAGGCCAATGAGCAAGTCTGCCTATATGCCCTGGGGGAAAGTAT
TGAATCGATCAGGCAGAAATGCCCGGTGGATGATGCAGACGCATCATCTCCCCCCARAACTGTCCCGTGCCTTTGCCGT TACGC
TATGACTCCAGAACGCGTCACCCGGCT TCGCATGAACCACGTCACAAGCATAATTGTGTGTTCTTCGTTTCCCCTCCCAAAGTAC
AAAATAGAAGGAGTGCAAAAAGT CARATGCTCTAAGGTAATGCTATT TGACCACRAACCTGCCATCGCGCGTAAGT CCAAGGG
CTTATAGAGGTGCCGCTGCCGGTAACCTTGCGGCCGTGTCTGATTGGGTAATGAGCACCGTACCTGTCGCGCCGCCCAGAAGA
AGGCGAGGGAGAAACCTGACTGTGACATGTGACGAGAGAGAAGGGAATATAACACCCATGGCTAGCGTCCGATTCTTTAGG
GCAGAGCTGTGTCCGGTCGTACARGAAACAGCGGAGACGCGTGACACAGCAATGTCTCTTCAGGCACCACCGAGTACCGCCA
CGGAACCGAATCATCCGCCGATCTCCT TCGGAGCATCAAGCGAGACGTTCCCCATTACAT TTGGGGACTTCAACGAAGGAGAA
ATCGAAAGCTTGTCTTCTGAGCTACTAACTTTCGGAGACT TCTTACCAGGAGAAGTGGATGACT TGACAGACAGCGACTGGTC
CACGTGCTCAGACACGGACGACGAGTTAAGACTAGACAGGGCAGGTGGGTATATATTCTCGTCGGACACCGGTCCAGGTCAT
TTACAACAGAAGTCAGTACGCCAGTCAGTGCTGCCGCTGAACACCCTGGAGGAACT CCACCAGGAGAAGTGTTACCCACCTA
AGCTGGATGAAGCAAAGGAGCAACTATTACTTAAGAAACT CCAGGAGAGTGCATCCATGGCCAACAGAAGCAGGTATCAGTC
GCGCAAAGTAGAAAACATGAAAGCAGCAATCATCCAGAGACTAAAGAGAGGCTGTAGACTATACTTAATGT CAGAGACCCCA
AAAGTCCCTACTTACCGGACTACATATCCGGCGCCTGTGTACTCGCCTCCGATCAACGTCCGAT TGTCCAATCCCGAGTCCGCA
GTGGCAGCATGCAATGAGTTCTTAGCTAGAAACTATCCAACTGTCTCATCATACCARATTACCGACGAGTATGATGCATATCTA
GACATGGTGGACGGGTCGGAGAGTTGCCTGGACCGAGCGACAT TCAATCCGTCAAARCTCAGGAGC TACCCGAAACAGCACG
CTTACCACGCGCCCTCCATCAGAAGCGCTGTACCGTCCCCATTCCAGAACACACTACAGAATGTACTGGCAGCAGCCACGAARA
GAAACTGCAACGTCACACAGATGAGGGAATTACCCACTTTGGACTCAGCAGTATTCAACCTGGAGTGTTTCAAAAAATTCGCA
TGCAACCAAGAATACTGGGAAGAATTTGCTGCCAGCCCTATTAGGATAACAACTGAGAAT TTAGCAACCTATGTTACTAAACTA
ARAGGGCCAARAGCAGCAGCGCTATTCGCAAAAACCCATAATCTACTGCCACTACAGGAAGTACCAATGGATAGGTTCACAGT
AGATATGAAAAGGGACGTAAAGGTGACTCCTGGTACAAAGCATACAGAGGAAAGACCTAAGGTGCAGGT TATACAGGCGGC
TGAACCCTTGGCGACAGCATACCTATGTGGGATTCACAGAGAGCTGGTTAGGAGGCTGAACGCCGTCCTCCTACCCAATGTAC
ATACACTATTTGACATGTCTGCCGAGGATTTCGATGCCATCATAGCCGCACACTTTAAGCCAGGAGACACTGTTTTGGAAACGG
ACATAGCCTCCTTTGATAAGAGCCAAGATGATTCACTTGCGCTTACTGCTTTGATGCTGT TAGAGGATTTAGGGGTGGATCACT
CCCTGCTCGACTTGATAGAGGCTGCTT TCCGAGAGATTTCCAGCTGTCACCTACCGACAGGTACGCGCTTCAAGTTCGGCGCC
ATGATGAAATCAGGTATGTTCCTAACTCTGTTCGTCAACACATTGTTAAACATCACCATCGCCAGCCGAGTGCTGGAAGATCGT
CTGACAAAATCCGCGTGCGCGGCCTTCATCGGCGACGACAACATAATACATGGAGT CGTCTCCGATGAATTGATGGCAGCCAG
ATGTGCCACTTGGATGAACATGGAAGTGAAGATCATAGATGCAGTTGTATCCTTGARAGCCCCTTACTTTTGTGGAGGGTTTAT
ACTGCACGATACTGTGACAGGAACAGCTTCCAGAGTGGCAGACCCGCTAAAAAGGCTTTTTAAACTGGGCAAACCGCTAGCG
GCAGGTGACGAACAAGATGAAGATAGAAGACGAGCGCTGGCTGACGAAGTGAT CAGATGGCAACGAACAGGGCTAATTGAT
GAGCTGGAGAAAGCGGTATACTCTAGGTACGAAGTGCAGGGTATATCAGTTGTGGTAATGTCCATGGCCACCTTTGCAAGCTC
CAGATCCAACTTCGAGAAGCTCAGAGGACCCGTCATAACTTTGTACGGCGGTCCTARATAGGTACGCACTACAGCTACCTATTT

TGCAGAAGCCGACAGCAAGTATCTAAACACTAATCAGCTACAATGGAGTTCATCCCAACCCAAACTTTTTACAATAGGAGGTAC
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CAGCCTCGACCCTGGACTCCGCACCCTACTATCCAAGT CATCAGGCCCAGACCGCGCCCT CAGAGECAAGC TGGECAACTTAC
CCAGCTGATCTCAGCAGTTAATARACTGACAATGCGCGCAGTACCACAACAGAAGCCACGCAGEAATCGEAAGAATARGARG
CAAAAGCAAAAACAACAGGCGCCACAARACAACACAAATCAARAGAAGCAGCCACCTARAAAGARACCGGC TCARRAGAARA
AGARGCCGGGCCGCAGAGAGAGGATGTGCATGARAATCGARAATGAT TGTATT TTCGAAGTCAAGCACGAAGGTAAGGTAA
CAGGTTACGCGTGCCTGCTCGCECACARAGTAATGARACCAGCACACGT ARAGGCGACCATCGATAACGCGEACCTGECCA
AACTGGCCTTTAAGCGGTCATCTAAGTATGACCTTGAATGCGCCCAGATACCCATGCACATGAAGTCCGACGCTTCGAAGTTC
ACCCATGAGAAACCGGAGECGTACTACAACTGACACCACGEAGCAGTACACTACTCAGGAGGCCGETTCACCATCCCTACAG
GTGCTGGCAAACCAGGGGACAGCGGCAGACCGATCTTCGACAACAAGGGACGCGTGETGECCATAGTCT TAGGAGGAGCTA
ATGAAGGAGCCCGTACAGCCCTCTCGGTGGTGACCTGGAATAAAGACAT TGTCACT ARAATCACCCCCGAGGGGGCCGAAGA
GTGGAGTCTTGCCATCCCAGT TATGTGCCTGTTTGGCARACACCACGTTCCCCTGCTCCCAGCCCCCTTECACGCCCTGCTGCTAC
GAAAAGGAACCGGAGUAAACCCTACGCATGCTTGAGGACAACGTCATGAGACC TGACT ACTATCAGCTGCTACAAGCATCCTT
AACATGTTCTCCCCACCGCCACCCACCCAGCACCAAGGACAACTTCAATGTCTATARAGCCACAAGACCATACTTAGCTCACTS
TCCCGACTGTGGAGAAGGGCACT CGTGCCATAGTCCOGTAGCACTAGAACGCATCAGARATGAAGCGACAGACGEGACGCTG
ARARTCCAGGTCTCCTTGCAAAT CGGAATARAGACGGATGACAGCCACGAT TGGACCARGCTGCGT TATATGGACAACCACAT
GCCAGCAGACGCAGAGAGGGCGGGGCTATTTGTARGAACATCAGCACCGTGTACGATTACTGGAACAATGGGACACT TCATC
CTGECCCGATGTCCARAAGGGGARACT CTGACGATGEGAT TCACTGACAGTAGGAAGATTAGTCACTCATGTACGCACCCATT
TCACCACGACCCTCCTGTGATAGCT CGGEAARAATTCCATTCCCAACCECAGCACGETAAAGAGCTACCTTGCAGCACGTACG
TGCAGAGCACCGCCGCAACTACCGAGGAGATAGAGGTACACATGCCCCCAGACACCCCTGAT CGCACATTAATGT CACAACAG
TCCGGCAACGTARAGAT CACAGT CAATGGCCAGACGETGCGGTACAAGTGTAATTGCGGTGGCT CAAATGAAGGACTAACAA
CTACAGACAAAGTGATTAATARCTGCARGGTTGATCAATGTCATGCCGCGGTCACCAATCACAARAAGTGGCAGTATAACTCC
CCTCTGGT CCCGCGTAATGCTGARC TTGEGGACCGARARGGARAAAT TCACATCCCRT TTCCGCTGGCARATGTAACATGCAG
GGTGCCTAAAGCAAGUAACCCCACCETCACGTACGGEARARACCAAGTCATCATGCTACTGTAT CCTGACCACCCAACACTCC
TGTCCTACCGGAATATGGGAGAAGAACCAAACTATCAAGAAGAGTGGGTGATGCAT AAGAAGGAAGTCATGCTAACCGTECC
GACTGAAGGGCTCGAGGTCACGTGGGECAACAACGAGCCGTATAAGT AT TGGCCGCAGTTATCTACAAACGGTACAGCCCAT
GGCCACCCGCATGAGATAATTCTGTATTATTATGAGCTGTACCCCACTATGACTGTAGTAGT TGTGTCAGTGGCCACGT TCATA
CTCCTGTCGATEATGEATATGGCAGCGGEGATETGCATGTATGCACGACGCACATGCATCACACCETATGAACTGACACCAG
GAGCTACCGTCCCTTTCCTGCTTAGCCTAATATGCTGCAT CAGAACAGC TARAGCUGC CACATACCAAGAGECTGCGATATACT
TGTGGAACGAGCAGCAACCTTTGTT TTGECTACAAGCCCTTAT TCCGCTGECAGCCCTGATTGT TCTATGCAACTGT CTGAGAC
TCTTACCATGCTGC TGTARAACGTTGGCTTTTT TAGCCGTAATGAGCGT CGGTGCCCACACTGTGAGCGCGTACGAACACGTAR
CAGTGATCCCGAACACGCTGGGAGTACCGTATAAGACT CTAGT CAATAGACCTGECTACAGCCCCATGGTATTGGAGATCGA
ACTACTGTCAGTCACTTTGCAGCCARCACTATCGCTTGAT TACATCACGTGCGAGT ACAARACCATCATCCCGTCTCCGTACGT
GAAGTGCTGCAGTACAGCAGAGTCCAAGEACAAARACCTACCTGACTACAGCTATARGCT CTTCACCGGCGTCTACCCATTTA
TGTGEGGCGECECCTACTGCT TCTGCGACGCTGAAAACACGCAGT TGAGCGAAGCACACGTGGAGAAGTCCGAAT CATGCAR
AACAGRATTTGCATCAGCATACAGGGCTCATACCGCATCTGCATCAGCTAAGCTCCGCGTCCTT TACCAAGGARATAACATCAC
TGTAACTGCCTATGCARACGGCGACCATGCCETCACAGTTAAGGACGCCARATTCATTGTGGGGCCARTGTCTTCAGCCTGEA
CACCTTTCGACAACARAATTGTGCTGTACAAAGETGACGTCTATAACATGCACTACCCGCCCTTTGGCGCAGGARGACCAGEA
CAATTTCGGCGATATCCAAAGTCGCACACCTCAGAGTAAAGACGTCTATGCTAATACACAACTGATACTGCAGAGACCERCTAT
GGGTACGGTACACGTGCCATACTCT CAGGCACCATCTGGCTTTAAGTAT TGGC TAARAGAACGCGGGECET CGCTGCAGCACA
CAGCACCATTTGGC TGCCAAATAGCAACARACCCGGTARGAGCGETGAACTGCGCCGTAGGGAACATGCCCAT CTCCATCGAC

ATACCGGAAGCGGCCTTCACTAGGGTCGTCGACGCGCCCTCTTTAACGGACATGTCGTGCGAGGTACCAGCCTGCACCCATTC
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CTCAGACTTTGGGGGCGTCGCCATTAT TAAATATGCAGCCAGCAAGAAAGGCAAGTGTGCGGTGCATTCGATGACTAACGCCG

TCACTATTCGGGAAGCTGAGATAGAAGTTGAAGGGAATTCTCAGCTGCAAATCTCTTTCTCGACGGCCTTAGCCAGCGCCGAA
TTCCGCGTACAAGTCTGTTCTACACAAGTACACTGTGCAGCCGAGTGCCACCCCCCCAAGGACCACATAGTCAACTACCCGGC
GTCACATACCACCCTCGGGGTCCAGGACATCTCCGCTACGGCGATGTCATGGGTGCAGAAGATCACGGGAGGTGTGGGACTG
GTTGTTGCTGTTGCCGCACTGAT TCTAATCGTGGTGCTATGCGTGTCGTTCAGCAGGCACTAACTTGACAATTAAGTATGAAGG
TATATGTGTCCCCTAAGAGACACACTGTACATAGCAAATAATCTATAGATCAAAGGGCTACGCAACCCCTGAATAGTAACAARAL
TACAAAATCACTAAAAATTATAAAAACAGAAAAATACATAAATAGGTATACGTGTCCCCTAAGAGACACATTGTATGTAGGTG
ATAAGTATAGATCAAAGGGCCGAATAACCCCTGAATAGTAACAAAATATGAAAATCAATAAAAATCATAAAATAGAAAAACCA
TAAACAGAAGTAGTTCAAAGGGCTATAAAACCCCTGAATAGTAACAAAACATARAATTAATAAAAATCAAATGAATACCATAA
TTGGCAAACGGAAGAGATGTAGGTACT TAAGCTTCCTAAAAGCAGCCGAACTCACT TTCGAGAAGTAGGCATAGCATACCGAAC
TCTTCCACGATTCTCCGAACCCACAGGGACGTAGGAGATGTTATTTTGTTTTTAATAT TTCAAAAAAAAAAAANARAANARAARAL
A

Amino acid sequence of E2 protein from LR22006_QPY1l Chikungunya virus strain - amino
acids 339-742 from structural polyprotein GenBank Accession: ABD95938.1 (1-1248 aa)

SEQ ID NO: 2
STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDSHDWTKLRYMDNHMPADAERAGLFVR
TSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHPFHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDT
PDHTLMSQQSGNVKITVNGQTVRYKCNCGGSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNS PLVPRNAELGDRKGKIHIPF
PLANVTCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHKKEVVLTVPTEGLEVTWGNNEPYKYWPQLS
TNGTAHGHPHEI ILYYYELYPTMTIVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKA
Some E2 variants identified herein
E168K variant of E2 protein from Chikungunya virus

SEQ ID NO: 3
STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDSHDWTKLRYMDNHMPADAERAGLFVR
TSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHPFHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIKVHMPPDT
PDHTLMSQQSGNVKITVNGQTVRYKCNCGGSNEGLT TTDKVINNCKVDQCHAAVTINHKKWQYNS PLVPRNAELGDRKGKIHIPF
PLANVTCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHKKEVVLTVPTEGLEVIWGNNEPYKYWPQLS
TNGTAHGHPHEIILYYYELYPTMTVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKA
G55R variant of E2 protein from Chikungunya virus

SEQ ID NO: 4
STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIRIKTDDSHDWTKLRYMDNHMPADAERAGLFVR
TSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHS CTHPFHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDT
PDHTLMSQQSGNVKITVNGQTVRYKCNCGGSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNS PLVPRNAELGDRKGKIHIPF
PLANVTCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHKKEVVLTVPTEGLEVIWGNNEPYKYWPQLS
TNGTAHGHPHEIILYYYELYPTMTVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKA
E247K variant of E2 protein from Chikungunya virus

SEQ ID NO: 5
STKDNFNVYKATRPYLAHCPDCGEGHS CHSPVALERIRNEATDGTLKIQVSLQIGIKTDDSHDWTKLRYMDNHMPADAERAGLFVR
TSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHPFHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDT
PDHTLMSQQSGNVKITVNGQTVRYKCNCGGSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNS PLVPRNAKLGDRKGKIHIPF
PLANVTCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHKKEVVLTVPTEGLEVIWGNNEPYKYWPQLS
TNGTAHGHPHEIILYYYELYPTMTVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKA
G82R variant of E2 protein from Chikungunya virus

SEQ ID NO: 6
STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDSHDWTKLRYMDNHMPADAERARLFVR

TSAPCTITGTMGHF ILARCPKGETLTVGFTDSRKISHSCTHPFHHDPPVIGREKFF ISRPQHGKELPCSTYVQSTAATTEEIEVHMPPDT

PDHTLMSQQSGNVKITVNGQTVRYKCNCGGSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNS PLVPRNAELGDRKGKIHIPF
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PLANVTCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHKKEWL TVP TEGLEVTWGNNEP YKYWPQLS
TNGTAHGHPHEI ILYYYELYPTMTVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKA

H232Y variant of E2 protein from Chikungunya virus
SEQ ID NO: 7
STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDSHDWTKLRYMDNHMPADAERAGLFVR

TSAPCTITGTMGHF ILARCPKGETLTVGFTDSRKISHSCTHPFHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDT
PDHTLMSQQSGNVKITVNGQTVRYKCNCGGSNEGLTTTDKVINNCKVDQCHAAVINYKKWQYNSPLVPRNAELGDRKGKIHIPFP
LANVTCRVPKARNPTVTYGKNQV IMLLYPDHPTLLSYRNMGEEPNYQEEWVMHKKEVVLTVP TEGLEVTWGNNEPYKYWPQLST
NGTAHGHPHEIILYYYELYPTMTVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKA

Primer 1F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 8
TTAGGATCCGATGGCTGCGTGAGACAC

Primer 1R for CHIKV-A5nsP3 sequencing
SEQ ID NO: ¢
TAACTCGAGCCGTCAGGTCTGTTGAACAT

Primer 2F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 10
TTAGGATCCTACCACCAGGCGATTARAG

Primer 2R for CHIKV-ASnsP3 sequencing
SEQ ID NO: 11
TAACTCGAGCTTTGCCCACTTACTGAAGG

Primer 3F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 12
TTAGGATCCTGCTACAGAAGTCACGCC

Primer 3R for CHIKV-AS5nsP3 sequencing
SEQ ID NO: 13
TAACTCGAGGCCAAAGCGTGAATCAG

Primer 4F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 14
TTAGGATCCAACAGCTTGAGGACAGAGCG

Primer 4R for CHIKV-A5nsP3 sequencing
SEQ ID NO: 15
TAACTCGAGCTCTGTCTCATCACGTCGG

Primer SF for CHIKV-ASnsP3 sequencing
SEQ ID NO: 16
TTAGGATCCAAATTGCAGTCATAGGAGTCTTC

Primer 5R for CHIKV-A5nsP3 sequencing
SEQ ID NO: 17
TAACTCGAGAGTACGTTGACGTGCTCTGA

Primer 6F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 18
TTAGGATCCGTGGGTTAAACAACTGCAAA

Primer éR for CHIKV-A5nsP3 sequencing
SEQ ID NO: 19
TAACTCGAGGGTTAAAGTCTTCTATCCTCCTGG

Primer 7F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 20
TTAGGATCCGGATAACCACTGGGATAATAGG

Primer 7R for CHIKV-ASnsP3 sequencing
SEQ ID NO: 21
TAACTCGAGAGTTGTGAAATTCCTTCTGCC

Primer 8F for CHIKV-A5nsP3 sequencing
SEQ ID NO: 22
TTAGGATCCCGCAGATAGAACCAGTGAAC

Primer 8R for CHIKV-AS5nsP3 sequencing
SEQ ID NO: 23
TAACTCGAGCAGCAGCTCTACTTGGGTC
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Primer 9F for CHIKV-A5nsP3 sequencing
TTAGGATCCAGGAGGGAAAGACAGGCT

Primer 9R for CHIKV-A5SnsP3 sequencing
TAACTCGAGCCCTCGCCTTCTTCTG

Primer 10F for CHIKV-A5nsP3 sequencing
TTAGGATCCCAAAATAGAAGGAGTGCAAAAAG
Primer 10R for CHIKV-A5nsP3 sequencing
TAACTCGAGCCTGAGTTTCTTAAGTAATAGTTGC
Primer 11F for CHIKV-A5nsP3 sequencing
TTAGGATCCACCGGTCCAGGTCATTTA

Primer 11R for CHIKV-ASnsP3 sequencing
TAACTCGAGGCAGCAAATTCTTCCCAG

Primer 12F for CHIKV-A5nsP3 sequencing
TTAGGATCCCCATTCCAGAACACACTACAG

Primer 12R for CHIKV-A5nsP3 sequencing
TAACTCGAGATACCTGATTTCATCATGGC

Primer 13F for CHIKV-A5nsP3 sequencing
TTAGGATCCCCTTTGATAAGAGCCARGATG

Primer 13R for CHIKV-A5nsP3 sequencing
TAACTCGAGTACAAAGTTATGACGGGTCCT

Primer 14F for CHIKV-A5nsP3 sequencing
TTAGGATCCCAACGAACAGGGCTAATTG

Primer 14R for CHIKV-A5nsP3 sequencing
TAACTCGAGGACCGCTTAAAGGCCAG

Primer 15F for CHIKV-A5nsP3 sequencing
TTAGGATCCGTGCATGAAAATCGAAANTG

Primer 15R for CHIKV-A5nsP3 sequencing
TAACTCGAGTGGTCTTGTGGCTTTATAGACA

Primer 16F for CHIKV-A5nsP3 sequencing
TTAGGATCCAACCGGAGGAAACCCTAC

Primer 16R for CHIKV-A5nsP3 sequencing
TAACTCGAGGTACCGCACCGTCTGG

Primer 17F for CHIKV-A5nsP3 sequencing
TTAGGATCCAGCTACCTTGCAGCACGT

Primer 17R for CHIKV-A5nsP3 sequencing
TAACTCGAGCCCACCATCGACAGG

Primer 18F for CHIKV-A5nsP3 sequencing
TTAGGATCCCGAGCCGTATAAGTATTGGC

Primer 18R for CHIKV-A5nsP3 sequencing

TAACTCGAGCGCCGGTGAAGACCTTAC
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Primer 19F for CHIKV-A5nsP3 sequencing

TTAGGATCCACTACTGTCAGTCACTTTGGAGC

Primer 19R for CHIKV-A5nsP3 sequencing

TAACTCGAGTACCGGGTTTGTTGCTATTT

Primer 20F for CHIKV-A5nsP3 sequencing

TTAGGATCCCACAACTGGTACTGCAGAGAC

Primer 20R for CHIKV-A5nsP3 sequencing

TAACTCGAGGCGTAGCCCTTTGATCTATAG

Primer 21F for CHIKV-A5nsP3 sequencing

TTAGGATCCGGTGCTATGCGTGTCGT

Primer 21R for CHIKV-A5nsP3 sequencing

TAACTCGAGATCTCCTACGTCCCTGTGGG
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 49

<210> SEQ ID NO 1
<211> LENGTH: 11674

<212> TYPE:
<213> ORGANISM: Chikungunya virus

DNA

«<400> SEQUENCE: 1

gatggetygey
gagattaata
tgaaggcect
atgaccatgce
ttgacccega
acaggaagta
attatgcgag
agatcgggga
tacacacaga
ctgtacacge
gggttggygte
actcgacaaa
cagacctgac
cgtgcgaccyg
ttaagagcetyg
getgtgatac
gcetttatgy
gcaagactac
cggcgaccat
cacagaagct

atacgaacac

tgagacacac
acccatcatg
gcaacgtgcyg
taatgctaga
ctcaaccate
ccactgegte
aaagctagca
cttacaagca
cgtctcatgt
acccacgtceg
¢gacacaace
ctgggcagat
ggaaggtaga
tgtgctgtte
gcacctgeca
agtggtttey
aaaaaccaca
cgacacggtt
ttgtgatcaa
gttggtgggy

catgaaaaat

gtagectace
gatccetgtgt
taccccatgt
gcgttctege
ctggatatcyg
tgecegatge
tctgeegeag
gtaatggcceg
agacagagag
ctataccace
cagtteatgt
gagcaggtac
cgaggcaagt
tcagtagggt
tcggtgttee
tgtgaggget
gggtatgegg
gacggcgaaa
atgaccggca
ctgaaccaga

tatetgette

agtttettac
acgtggacat
ttgaggtgga
atctagctat
gcagtgegee
gecagtgegga
gaaaagtect
tgccagacac
cagacgtcge
aggcgattaa
acaatgecat
tgaaggctaa
tgtctattat
caacgctcta
atttaaaggy
acgtegttaa
taacccacca
gaatgtcatt
tccttgetac
gaatagtggt

cegtyggtege

tgetetacte
agacgctgac
accaaggcag
aaaactaata
agcaaggagy
agateceegag
ggacagaaac
ggagacgcca
tatataccaa
aggggtecga
ggegggtgec
gaacatagga
dJagagggaaa
cceggaaagce
caaactcage
gagaataacyg
cgcagacgga
cteggtgtge
agaagtcacg
taacggcaga

ccaageette

tgcaaagcaa
agcgecetttt
gtcacaccga
gagcaggaaa
atgatgtcgg
agactegeca
atctctggaa
acattctgcet
gacgtctatg
gtggegtact
taccecteat
ttatgttcaa
aagctaaaac
cgcaagctac
ttcacatgee
atgagcccag
ttcetgatgt
acatacgtgc
ccggaggatg
acgcaacgga

agtaagtggyg

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260
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caaaggagtg ccggaaagac atggaagatg aaaaactcct gggggtcaga gaaagaacac — 1320
tgacctgectg ctgtctatgg gcattcaaga agcagaaaac acacacggtc tacaagaggc 1380
ctgataccca gtcaattcag aaggttcagg ccgagtttga cagetttgtg gtaccgagte 1440
tgtggtcgte cgggttgtca atccctttga ggactagaat caaatggttg ttaagcaagg 1500
tgccaaaaac cgacctgatc ccatacagcg gagacgcecg agaagcccdg gacgcagaaa 1560
aagaagcaga ggaagaacda gaagcagaac tgactcgcga agccctacca cctctacagg 1620
cagcacagga agatgttcag gtcgaaatcg acgtggaaca gcttgaggac agagcgggceg — 1680
caggaataat agagactccg agaggagcta tcaaagttac tgcccaacca acagaccacg 1740
tegtgggaga gtacctggta ctctccccege agaccgtact acgtagccag aagctcagtce 1800
tgattcacge tttggcggag caagtgaaga cgtgcacgca caacggacda gcagggaggt — 1860
atgcggtcga agcgtacgac ggccgagtcee tagtgcccte aggctatgca atctecgectg 1920
aagacttcca gagtctaagc gaaagcgcaa cgatggtgta taacgaaaga gagttcgtaa 1980
acagaaagct acaccatatt gcgatgcacg gaccagcect gaacaccgac gaagagtcegt 2040
atgagctggt gagggcagag aggacagaac acgagtacgt ctacgacgtg gatcagagaa 2100
gatgctgtaa gaaggaagaa gccgcaggac tggtactggt gggcgacttg actaatccgce 2160
cctaccacga attcgcatat gaagggctaa aaatccgecce tgcctgecca tacaaaattg 2220
cagtcatagg agtcttcgga gtaccgggat ctggcaagtc agctattatc aagaacctag 2280
ttaccaggca ggacctggtyg actagcggaa agaaagaaaa ctgccaagaa atcaccaccg 2340
acgtgatgag acagagaggt ctagagatat ctgcacgtac ggttgactcg ctgctcttga 2400
atggatgcaa cagaccagtc gacgtgttgt acgtagacga ggcgtttgeg tgccactcety 2460
gaacgctact tgctttgatc gcecttggtga gaccaaggca gaaagttgta ctttgtggtg 2520
acccgaagca gtgcggcttc ttcaatatga tgcagatgaa agtcaactat aatcacaaca 2580
tectgcacceca agtgtaccac aaaagtatcet ccaggeggtg tacactgect gtgacegeca 2640
ttgtgtcatce gttgcattac gaaggcaaaa tgcgcactac gaatgagtac aacaagccga 2700
ttgtagtgga cactacaggc tcaacaaaac ctgaccctgg agacctcgtg ttaacgtget 2760
tcagagggtg ggttaaacaa ctgcaaattg actatcgtgg atacgaggtc atgacagcag 2820
ccgcatccca agggttaacc agaaaaggag tttacgcagt tagacaaaaa gttaatgaaa 2880
acccgeteta tgecatcaacg tcagagcacg tcaacgtact cctaacgegt acggaaggta 2940
aactggtatg gaagacactt tccggcgacce cgtggataaa gacgctgcag aacccaccga 3000
aaggaaactt caaagcaact attaaggagt gggaggtgga gcatgcatca ataatggcgg 3060
gcatctgcayg tcaccaaatg accttcgata cattccaaaa taaagccaac gtttgttggg 3120
ctaagagctt ggtccctatc ctcgaaacag cggggataaa actaaatgat aggcagtggt 3180
ctcagataat tcaagectte aaagaagaca aagcatactce acctgaagta gccctgaatg 3240
aaatatgtac gcgcatgtat ggggtggatc tagacagegg gctattttet aaaccgttgyg 3300
tgtctgtgta ttacgcggat aaccactggg ataataggcce tggagggaaa atgtteggat 3360
ttaaccccga ggcagcatcce attctagaaa gaaagtatcce attcacaaaa gggaagtgga 3420
acatcaacaa gcagatctgc gtgactacca ggaggataga agactttaac cctaccacca 3480
acatcatacc ggccaacagg agactaccac actcattagt ggccgaacac cgcccagtaa 3540
aaggggaaag aatggaatgg ctggttaaca agataaacgg ccaccacgtg ctcctggtca 3600
gtggctataa ccttgcactg cctactaaga gagtcacttg ggtagcgccg ttaggtgtcce 3660
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gcggagcgga ctacacatac aacctagagt tgggtctgecce agcaacgctt ggtaggtatg 3720
acctagtggt cataaacatc cacacacctt ttcgcataca ccattaccaa cagtgegtceg 3780
accacgcaat gaaactgcaa atgetegggg gtgactcatt gagactgete aaaccegggey 3840
gctctetatt gatcagagca tatggttacg cagatagaac cagtgaacga gtcatctgeg 3900
tattgggacyg caagtttaga tcgtctagag cgttgaaacc accatgtgtc accagcaaca 3960
ctgagatgtt tttcctattc agcaactttg acaatggcag aaggaatttc acaactcatg 4020
tcatgaacaa tcaactgaat gcagectteg taggacaggt cacccgagca ggatgtgceac 4080
cgtegtacey ggtaaaacyge atggacatey cgaagaacga tgaagagtge gtagtcaacy 4140
ccgctaacce tcegegggtta ccgggtggeg gtgtttgcaa ggcagtatac aaaaaatggce 4200
cggagtcctt taagaacagt gcaacaccag tgggaaccgce aaaaacagtt atgtgcggta 4260
cgtatccagt aatccacgct gttggaccaa acttctctaa ttattcggag tctgaagggg 4320
accgggaatt ggcagetgec tatcgagaag tcgcaaagga agtaactagg ctgggagtaa 4380
atagtgtage tatacctcte ctceteccacag gtgtatacte aggagggaaa gacaggctga 4440
cccagtcact gaaccacctc tttacagcca tggactcgac ggatgcagac gtggtcatct 4500
actgccgcga caaagaatgg gagaagaaaa tatctgaggce catacagatg cggacccaag — 4560
tagagctgct ggatgagcac atctccatag actgcgatat tgttcgegtg caccctgaca 4620
gcagcettgge aggcagaaaa ggatacagca ccacggaagg cgcactgtac tcatatctag 4680
aagggacceyg tttteatcag acggetgtgg atatggegga gatacatact atgtggecaa 4740
agcaaacaga ggccaatgag caagtctgcc tatatgccct gggggaaagt attgaatcga 4800
tcaggcagaa atgcccggtyg gatgatgcag acgcatcatce tccccccaaa actgteccegt 4860
gcctttgeeyg ttacgctatg actccagaac gcgtcacceyg gcttcegcatg aaccacgtca 4920
caagcataat tgtgtgttct tcgtttcecce tcccaaagta caaaatagaa ggagtgcaaa 4980
aagtcaaatg ctctaaggta atgctatttg accacaacgt gccategege gtaagtccaa 5040
gggcttatag aggtgcegct geccggtaacc ttgcggcegt gtctgattgg gtaatgagea 5100
ccgtacctgt cgcgecgece agaagaaggce gagggagaaa cctgactgtg acatgtgacg 5160
agagagaagg gaatataaca cccatggcta gcgtccgatt ctttagggca gagctgtgtce 5220
cggtcgtaca agaaacagcg gagacgegtyg acacagcaat gtetettcag gcaccaccga 5280
gtaccgeccac ggaaccgaat catccgecga tetecttegg agecatcaage gagacgttece 5340
ccattacatt tggggacttc aacgaaggag aaatcgaaag cttgtcttct gagctactaa 5400
ctttcggaga cttcttacca ggagaagtgg atgacttgac agacagcgac tggtccacgt 5460
gctcagacac ggacgacgag ttaagactag acagggcagyg tgggtatata ttctcgtegg 5520
acaccggtce aggtcattta caacagaagt cagtacgcca gtcagtgcetg ccggtgaaca 5580
ccectggagga agtccacgag gagaagtgtt acccacctaa gectggatgaa gcaaaggagce 5640
aactattact taagaaactc caggagagtg catccatggc caacagaagc aggtatcagt 5700
cgegeaaagt agaaaacatyg aaagcagcaa tcatccagag actaaagaga ggetgtagac 5760
tatacttaat gtcagagacc ccaaaagtcc ctacttaccg gactacatat ccggegectg 5820
tgtactegee tcegatcaac gtcecegattgt ccaatccega gteegeagtg gcagecatgea 5880
atgagttctt agctagaaac tatccaactyg tctcatcata ccaaattacc gacgagtatyg 5940
atgcatatct agacatggtg gacgggtcgg agagttgect ggaccgagceg acattcaate 6000
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cgtcaaaact caggagctac ccgaaacagc acgcttacca cgegecctec atcagaageg 6060
ctgtaccgte cccattccag aacacactac agaatgtact ggcagcagec acgaaaagaa 6120
actgcaacgt cacacagatg agggaattac ccactttgga ctcagcagta ttcaacgtgg 6180
agtgtttcaa aaaattcgca tgcaaccaag aatactggga agaatttgct gccagcccta 6240
ttaggataac aactgagaat ttagcaacct atgttactaa actaaaaggdyg ccaaaagcayg 6300
cagcgctatt cgcaaaaacc cataatctac tgccactaca ggaagtacca atggataggt 6360
tcacagtaga tatgaaaagg gacgtaaagg tgactcctgg tacaaagcat acagaggaaa 6420
gacctaaggt gcaggttata caggcggetyg aacccttgge gacagcatac ctatgtggga 6480
ttcacagaga gctggttagg aggctgaacg ccgtcctect acccaatgta catacactat 6540
ttgacatgtc tgccgaggat ttcgatgcca tcatagcege acactttaag ccaggagaca 6600
ctgttttgga aacggacata gcctectttg ataagagcca agatgattca cttgecgetta 6660
ctgctttgat gctgttagag gatttagggg tggatcactc cctgectggac ttgatagagg 6720
ctgetttegyg agagatttec agetgtcace taccgacagg tacgegette aagtteggeg 6780
ccatgatgaa atcaggtatg ttcctaactc tgttcgtcaa cacattgtta aacatcacca 6840
tcgeccagecg agtgctggaa gatcgtctga caaaatcege gtgcgeggece ttcatcggeg 6900
acgacaacat aatacatgga gtcgtctccg atgaattgat ggcagccaga tgtgccactt 6960
ggatgaacat ggaagtgaag atcatagatg cagttgtatc cttgaaagcc ccttactttt 7020
gtggagggtt tatactgcac gatactgtga caggaacagce ttgcagagtyg gcagaccegce 7080
taaaaaggct ttttaaactg ggcaaaccgc tagcggcagg tgacgaacaa gatgaagata 7140
gaagacgagce gctggctgac gaagtgatca gatggcaacyg aacagggcta attgatgage 7200
tggagaaagc ggtatactct aggtacgaag tgcagggtat atcagttgtg gtaatgtcca 7260
tggccacctt tgcaagctcc agatccaact tcgagaagct cagaggaccc gtcataactt 7320
tgtacggegyg tcectaaatag gtacgcacta cagctaccta ttttgcagaa gccgacagea 7380
agtatctaaa cactaatcag ctacaatgga gttcatccca acccaaactt tttacaatag 7440
gaggtaccag c¢ctcegaccct ggactecgeg cectactate caagtcatca ggeccagace 7500
gcgecectcayg aggcaagctg ggcaacttge ccagctgatce tcagcagtta ataaactgac 7560
aatgcgcgcyg gtaccacaac agaagccacg caggaatcgg aagaataaga agcaaaagca 7620
aaaacaacag gcgccacaaa acaacacaaa tcaaaagaag cagccaccta aaaagaaacce 7680
ggctcaaaag aaaaagaagc cgggccgcag agagaggatyg tgcatgaaaa tcgaaaatga 7740
ttgtattttc gaagtcaagc acgaaggtaa ggtaacaggt tacgcgtgcc tggtggggga 7800
caaagtaatg aaaccagcac acgtaaaggg gaccatcgat aacgcggacc tggccaaact 7860
ggcctttaayg cggtcatcta agtatgacct tgaatgcgecyg cagatacccg tgcacatgaa 7920
gtccgacget tcgaagttca cccatgagaa accggagggy tactacaact ggcaccacgg 7980
agcagtacag tactcaggag gccggttcac catccctaca ggtgetggea aaccagggga 8040
cagcggcaga ccgatcetteg acaacaaggg acgegtggtg gecatagtet taggaggage 8100
taatgaagga gcccgtacag ccctcecteggt ggtgacctgg aataaagaca ttgtcactaa 8160
aatcacccce gagggggccg aagagtggag tcttgccatc ccagttatgt gectgttggce 8220
aaacaccacg ttccectget cccageccce ttgcacgece tgctgctacg aaaaggaacc 8280
ggaggaaacc ctacgcatgc ttgaggacaa cgtcatgaga cctgggtact atcagctget 8340
acaagcatce ttaacatgtt ctcecccaccg ccagcgacge agcaccaagg acaacttcaa 8400
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tgtctataaa gccacaagac catacttagc tcactgtcce gactgtggag aagggcactce 8460
gtgccatagt ccegtagcac tagaacgcat cagaaatgaa gcgacagacg ggacgctgaa 8520
aatccaggte tecttgcaaa teggaataaa gacggatgac agecacgatt ggaccaaget 8580
gcgttatatg gacaaccaca tgccagcaga cgcagagagg gcggggctat ttgtaagaac 8640
atcagcaccyg tgtacgatta ctggaacaat gggacacttc atcctggccc gatgtccaaa 8700
aggggaaact ctgacggtgg gattcactga cagtaggaag attagtcact catgtacgca 8760
cccatttecac cacgacccte ctgtgatagg tcgggaaaaa ttccattcce gaccgcagca 8820
cggtaaagay ctaccettygea geacgtacgt geagageace gecgeaacta cegaggagat 8880
agaggtacac atgcccecag acacccectga tcgcacatta atgtcacaac agtcececggcaa 8940
cgtaaagatc acagtcaatg gccagacggt gcggtacaag tgtaattgcg gtggctcaaa 9000
tgaaggacta acaactacag acaaagtgat taataactgc aaggttgatc aatgtcatgc 9060
cgcggtcace aatcacaaaa agtggcagta taactcccect ctggtceeccge gtaatgetga 9120
acttggggac cgaaaaggaa aaattcacat ccegtttecg ctggcaaatg taacatgeag 9180
ggtgcctaaa gcaaggaacc ccaccgtgac gtacgggaaa aaccaagtca tcatgctact 9240
gtatcctgac cacccaacac tcctgtecta ccggaatatyg ggagaagaac caaactatca 9300
agaagagtgg gtgatgcata agaaggaagt cgtgctaacc gtgccgactg aagggctcga 9360
ggtcacgtgyg ggcaacaacg agccgtataa gtattggecg cagttatcta caaacggtac 9420
ageccatgge caccegeatg agataattet gtattattat gagetgtace ccactatgac 9480
tgtagtagtt gtgtcagtgg ccacgttcat actcctgtcg atggtgggta tggcagcggg 9540
gatgtgcatyg tgtgcacgac gcagatgcat cacaccgtat gaactgacac caggagctac 9600
cgtcecttte ctygcttagece taatatgctg catcagaaca gctaaagcgg ccacatacca 9660
agaggctgeg atatacctgt ggaacgagca gcaacctttg ttttggetac aagcccttat 9720
tecegetggea geectgattg ttetatgcaa ctgtetgaga ctettaccat getgetgtaa 9780
aacgttggcet tttttagcecg taatgagcgt cggtgcccac actgtgagcg cgtacgaaca 9840
cgtaacagtg atcccgaaca cggtgggagt accgtataag actctagtca atagacctgg 9900
ctacagccce atggtattgg agatggaact actgtcagtc actttggagc caacactatc 9960
gcttgattac atcacgtgeg agtacaaaac cgtcatcceeyg tcteccegtacg tgaagtgetg 10020
cggtacagca gagtgcaagg acaaaaacct acctgactac agetgtaagg tcttcaccgg 10080
cgtctaccca tttatgtggg gcggecgecta ctgcttectge gacgctgaaa acacgcagtt 10140
gagcgaagca cacgtggaga agtccgaatc atgcaaaaca gaatttgcat cagcatacag 10200
ggctcatacc gcatctgcat cagctaagct ccgcgtectt taccaaggaa ataacatcac 10260
tgtaactgce tatgcaaacg gcgaccatgce cgtcacagtt aaggacgcca aattcattgt 10320
ggggccaatg tcttcagcct ggacaccttt cgacaacaaa attgtggtgt acaaaggtga 10380
cgtctataac atggactacc cgccctttgg cgcaggaaga ccaggacaat ttggcgatat 10440
ccaaagtege acacctgaga gtaaagacgt ctatgctaat acacaactgg tactgcagag 10500
accggetgtg ggtacggtac acgtgccata ctctcaggca ccatctggcet ttaagtattg 10560
gctaaaagaa cgeggggegt cgetgcagea cacagcacca tttggetgec aaatagcaac 10620
aaaccecggta agageggtga actgegeccgt agggaacatg cccatctcca tegacatacce 10680
ggaagcggece ttcactaggyg tegtcgacge gecctettta acggacatgt cgtgegaggt 10740
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accagecctge acccattect cagactttgg gggcgtcgece attattaaat atgcagccag 10800
caagaaaggc aagtgtgcgg tgcattcgat gactaacgcc gtcactattc gggaagctga 10860
gatagaagtt gaagggaatt ctcagctgca aatctettte tegacggect tagecagege 10920
cgaattccge gtacaagtct gttctacaca agtacactgt gcagccgagt gccacccccc 10980
gaaggaccac atagtcaact acccggegtce acataccacce cteggggtece aggacatctce 11040
cgctacggceyg atgtcatggg tgcagaagat cacgggaggt gtgggactgg ttgttgetgt 11100
tgccgecactg attctaatcg tggtgctatg cgtgtcegtte agcaggcact aacttgacaa 11160
ttaagtatga aggtatatgt gtceccctaag agacacactg tacatagcaa ataatctata 11220
gatcaaaggg ctacgcaacc cctgaatagt aacaaaatac aaaatcacta aaaattataa 11280
aaacagaaaa atacataaat aggtatacgt gtcccctaag agacacattg tatgtaggtg 11340
ataagtatag atcaaagggc cgaataaccc ctgaatagta acaaaatatg aaaatcaata 11400
aaaatcataa aatagaaaaa ccataaacag aagtagttca aagggctata aaacccctga 11460
atagtaacaa aacataaaat taataaaaat caaatgaata ccataattgg caaacggaag 11520
agatgtaggt acttaagctt cctaaaagca gccgaactca ctttgagaag taggcatagce 11580
ataccgaact cttccacgat tcteccgaacc cacagggacg taggagatgt tattttgttt 11640
ttaatatttc aaaaaaaaaa aaaaaaaaaa aaaa 11674
«210> SEQ ID NO 2
<211> LENGTH: 423
<212> TYPE: PRT
<213> ORGANISM: Chikungunya virus
<400> SEQUENCE: 2
Ser Thr Lys Asp Asn Phe Asn Val Tyr Lys Ala Thr Arg Pro Tyr Leu
1 5 10 15
Ala Hisg Cys Pro Asp Cys Gly Glu Gly His Ser Cys His Ser Pro Val
20 25 30
Ala Leu Glu Arg Ile Arg Asn Glu Ala Thr Asp Gly Thr Leu Lys Ile
35 40 45
Gln Val Ser Leu Gln Ile Gly Ile Lys Thr Asp Asp Ser His Asp Trp
50 55 60
Thr Lys Leu Arg Tyr Met Asp Asn His Met Pro Ala Asp Zla Glu Arg
65 70 75 80
Ala Gly Leu Phe Val Arg Thr Ser Ala Pro Cys Thr Ile Thr Gly Thr
85 90 95
Met Gly His Phe Ile Leu Ala Arg Cys Pro Lys Gly Glu Thr Leu Thr
100 105 110
Val Gly Phe Thr Asp Ser Arg Lys Ile Ser His Ser Cys Thr His Pro
115 120 125
Phe His His Asp Pro Pro Val Ile Gly Arg Glu Lys Phe His Ser Arg
130 135 140
Pro Gln His Gly Lys Glu Leu Pro Cys Ser Thr Tyr Val Gln Ser Thr
145 150 155 160
Ala Ala Thr Thr Glu Glu Ile Glu Val His Met Pro Pro Asp Thr Pro
165 170 175
Asp His Thr Leu Met Ser Gln Gln Ser Gly Asn Val Lys Ile Thr Val
180 185 190
Asn Gly Gln Thr Val Arg Tyr Lys Cys Asn Cys Gly Gly Ser Asn Glu
195 200 205
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58

Gly
Cys

225

Ile

Pro

305

Val

Lys

Val
Ala
385

Glu

Cys

Leu Thr Thr Thr Asp Lys
210 215

Hig Ala Ala Val Thr Asn
230

Val Pro Arg Asn Ala Glu
245

Pro Phe Pro Leu Ala Asn
260

Pro Thr Val Thr Tyr Gly
275

Asgp His Pro Thr Leu Leu
290 295

Tyr Gln Glu Glu Trp Val
310

Pro Thr Glu Gly Leu Glu
325

Tyr Trp Pro Gln Leu Ser
340

Glu Ile Ile Leu Tyr Tyr
355

Val Val Ser Val Ala Thr
370 375

Ala Gly Met Cys Met Cys
390

Leu Thr Pro Gly Ala Thr
405

Ile Arg Thr Ala Lys Ala
420

«210> SEQ ID NO 3
<211> LENGTH: 423
<212> TYPE: PRT

<213>

<220> FEATURE:

<223>

<400> SEQUENCE: 3

Ser

1

Ala

Ala

Gln

Thr
65

Ala

Val

Phe

Thr Lys Asp Asn Phe Asn
5

His Cys Pro Asp Cys Gly
20

Leu Glu Arg Ile Arg Asn
35

Val Ser Leu Gln Ile Gly
50 55

Lys Leu Arg Tyr Met Asp
70

Gly Leu Phe Val Arg Thr
85

Gly His Phe Ile Leu Ala
100

Gly Phe Thr Asp Ser Arg
115

His His Asp Pro Pro Val
130 135

Val

His

Leu

Val

Lys

280

Ser

Met

Val

Thr

Tyr

360

Phe

Ala

Val

Val

Glu

Glu

40

Ile

Asn

Ser

Arg

Lys

120

Ile

Ile

Lys

Gly

Thr

265

Asn

Tyr

His

Thr

Asn

345

Glu

Ile

Arg

Pro

ORGANISM: Artificial Sequence

Tyr

Gly

25

Ala

Lys

His

Ala

Cys
105

Ile

Gly

Asn

Lys

Asp

250

Cys

Gln

Arg

Lys

Trp

330

Gly

Leu

Leu

Arg

Phe
410

Lys

10

His

Thr

Thr

Met

Pro
90
Pro

Ser

Arg

Asn

Trp

235

Arg

Arg

Val

Asn

Lys

315

Gly

Thr

Tyr

Leu

Arg

395

Leu

Ala

Ser

Asp

Asp

Pro

75

Cys

Lys

His

Glu

Cys

220

Gln

Lys

Val

Ile

Met

300

Glu

Asn

Ala

Pro

Ser

380

Cys

Leu

Thr

Cys

Gly

Asp

60

Ala

Thr

Gly

Ser

Lys
140

Lys Val 2sp

Tyr

Gly

Pro

Met

285

Gly

Val

Asn

His

Thr

365

Met

Ile

Ser

OTHER INFORMATION: mutation arising from Vero

Arg

His

Thr

45

Ser

Asp

Ile

Glu

Cys
125

Phe

Asn

Lys

Lys

270

Leu

Glu

Val

Glu

Gly

350

Met

Val

Thr

Leu

Ser

Ile

255

2la

Leu

Glu

Leu

Pro

335

His

Thr

Gly

Pro

Ile
415

Gln

Pro

240

His

Arg

Tyr

Pro

Thr
320

Tyr

Pro

Val

Met

Tyr

400

Cys

passaging

Pro

Ser

30

Leu

His

2Ala

Thr

Thr
110

Thr

His

Tyr

15

Pro

Lys

Asp

Glu

Gly
95
Leu

His

Ser

Leu

Val

Ile

Trp

Arg

80

Thr

Thr

Pro

Arg
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-continued

60

Pro Gl
145
Ala Al
Asp Hi
Asn Gl
Gly Le
21

Cys Hi
225

Ile Pr

Asn Pr

29

n His Gly Lys Glu Leu
150

a Thr Thr Glu Glu Ile
165

s Thr Leu Met Ser Gln
180

y Gln Thr Val Arg Tyr
195

u Thr Thr Thr Asp Lys
0 215

g Ala Ala Val Thr Asn
230

1 Pro Arg Asn Ala Glu
245

o Phe Pro Leu Ala Asn
260

o Thr Val Thr Tyr Gly
275

p His Pro Thr Leu Leu
0 295

Asn Tyr Gln Glu Glu Trp Val

Val Pr

310

o Thr Glu Gly Leu Glu
325

Lys Tyr Trp Pro Gln Leu Ser

His Gl

Val Va
37

Ala Al
385

Glu Le

Cys Il

<210>
<211>
<212>
<213>
<220>
<223>

<400>

340

u Ile Ile Leu Tyr Tyr
355

1 Val Ser Val Ala Thr
0 375

a Gly Met Cys Met Cys
390

u Thr Pro Gly Ala Thr
405

e Arg Thr Ala Lys Ala
420

SEQ ID NO 4
LENGTH: 423
TYPE: PRT

Pro

Lys

Gln

Lys

200

Val

His

Leu

Val

Lys

280

Ser

Met

Val

Thr

Tyr

360

Phe

Ala

Val

Cys

Val

Ser

185

Cys

Ile

Lys

Gly

Thr

265

Asn

Tyr

His

Thr

Asn

345

Glu

Ile

Arg

Pro

ORGANISM: Artificial Sequence

FEATURE:

Ser

His

170

Gly

Asn

Asn

Lys

Asp

250

Cys

Gln

Arg

Lys

Trp

330

Gly

Leu

Leu

Arg

Phe
410

Thr

155

Met

Asn

Cys

Asn

Trp

235

Arg

Arg

Val

Asn

Lys

315

Gly

Thr

Tyr

Leu

Arg

395

Leu

Tyr Val Gln Ser

Pro

Val

Gly

Cys

220

Gln

Lys

Val

Ile

Met

300

Glu

Asn

Ala

Pro

Ser

380

Cys

Leu

Pro

Lys

Gly

205

Lys

Tyr

Gly

Pro

Met

285

Gly

Val

Asn

His

Thr

365

Met

Ile

Ser

OTHER INFORMATION: mutation arising from Vero

SEQUENCE: 4

Ser Thr Lys Asp Asn Phe Asn

1

Ala Hi

Ala Le

Gln Va
50

5

s Cys Pro Asp Cys Gly
20

u Glu Arg Ile Arg Asn
35

1 Ser Leu Gln Ile Arg
55

Thr Lys Leu Arg Tyr Met Asp

65

70

Val

Glu

Glu

40

Ile

Asn

Tyr

Gly

25

Ala

Lys

His

Lys

10

His

Thr

Thr

Met

Ala

Ser

Asp

Asp

Pro
75

Thr

Cys

Gly

Asp

60

Ala

Arg

His

Thr

45

Ser

Asp

Asp

Ile

190

Ser

Val

Asn

Lys

Lys

270

Leu

Glu

Val

Glu

Gly

350

Met

Val

Thr

Leu

Thr

175

Thr

Asn

Asp

Ser

Ile

255

2Ala

Leu

Glu

Leu

Pro

335

His

Thr

Gly

Pro

Ile
415

Thr

160

Pro

Val

Glu

Gln

Pro

240

His

Arg

Tyr

Pro

Thr

320

Pro

Val

Met

Tyr
400

Cys

passaging

Pro

Ser

30

Leu

His

Ala

Tyr

15

Pro

Lys

Asp

Glu

Leu

Val

Ile

Trp

Arg
80
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-continued

62

Ala

Val

Phe

Pro

145

Ala

Asp

Asn

Gly

Cys

225

Leu

Ile

Asn

Pro

Asn

305

Val

Lys

Val
Ala
385

Glu

Cys

<210>
<21l>
<212>
<213>
<220>
<223>

<400>

Gly

Gly

Gly

His

130

Gln

Ala

His

Gly

Leu

210

His

Val

Pro

Pro

Asp

290

Tyr

Pro

Tyr

Glu

Val

370

Ala

Leu

Ile

Leu

His

Phe

115

His

His

Thr

Thr

Gln

195

Thr

Ala

Pro

Phe

Thr

275

His

Gln

Thr

Trp

Ile

355

Val

Gly

Thr

Arg

Phe

Phe

100

Thr

Asp

Gly

Thr

Leu

180

Thr

Thr

Ala

Arg

Pro

260

Val

Pro

Glu

Glu

Pro

340

Ile

Ser

Met

Pro

Thr
420

SEQUENCE :

Val

85

Ile

Asp

Pro

Lys

Glu

165

Met

Val

Thr

Val

Asn

245

Leu

Thr

Thr

Glu

Gly

325

Gln

Leu

Val

Cys

Gly

405

Ala

SEQ ID NO 5
LENGTH :
TYPE: PRT
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: mutation arising from Vero passaging

423

5

Arg

Leu

Ser

Pro

Glu

150

Glu

Ser

Arg

Asp

Thr

230

Ala

Ala

Tyr

Leu

Trp

310

Leu

Leu

Tyr

Ala

390

Ala

Lys

Thr

Ala

Arg

Val

135

Leu

Ile

Gln

Tyr

Lys

215

Asn

Glu

Asn

Gly

Leu

295

Val

Glu

Ser

Tyr

Thr

375

Cys

Thr

Ala

Ser

Arg

Lys

120

Ile

Pro

Glu

Gln

Lys

200

Val

His

Leu

Val

Lys

280

Ser

Met

Val

Thr

Tyr

360

Phe

Ala

Val

Ala

Cys

105

Ile

Gly

Cys

Val

Ser

185

Cys

Ile

Lys

Gly

Thr

265

Asn

Tyr

His

Thr

Asn

345

Glu

Ile

Arg

Pro

Pro

90

Pro

Ser

Arg

Ser

His

170

Gly

Asn

Asn

Lys

Asp

250

Cys

Gln

Arg

Lys

Trp

330

Gly

Leu

Leu

Arg

Phe
410

Cys

Lys

His

Glu

Thr

155

Met

Asn

Cys

Asn

Trp

235

Arg

Arg

Val

Asn

Lys

315

Gly

Thr

Tyr

Leu

Arg

395

Leu

Thr Ile Thr Gly

Gly

Ser

Lys

140

Tyr

Pro

Val

Gly

Cys

220

Gln

Lys

Val

Ile

Met

300

Glu

Asn

Ala

Pro

Ser

380

Cys

Leu

Glu

Cys

125

Phe

Val

Pro

Lys

Gly

205

Lys

Tyr

Gly

Pro

Met

285

Gly

Val

Asn

His

Thr

365

Met

Ile

Ser

Thr

110

Thr

His

Gln

Asp

Ile

190

Ser

Val

Asn

Lys

Lys

270

Leu

Glu

Val

Glu

Gly

350

Met

Val

Thr

Leu

95

Leu

His

Ser

Ser

Thr

175

Thr

Asn

Asp

Ser

Ile

255

2la

Leu

Glu

Leu

Pro

335

His

Thr

Gly

Pro

Ile
415

Thr

Thr

Pro

Arg

Thr

160

Pro

Val

Glu

Gln

Pro

240

His

Arg

Tyr

Pro

Thr
320

Tyr

Pro

Val

Met

Tyr
400

Cys

Ser Thr Lys Asp Asn Phe Asn Val Tyr Lys Ala Thr Arg Pro Tyr Leu

1

5

10

15
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-continued

64

Ala

Ala

Gln

Thr

65

Ala

Val

Phe

Pro

145

Ala

Asp

Asn

Gly

Cys

225

Leu

Ile

Asn

Pro

Asn

305

Val

Lys

Val
Ala
385

Glu

Cys

His

Leu

Val

50

Lys

Gly

Gly

Gly

His

130

Gln

Ala

His

Gly

Leu

210

His

Val

Pro

Pro

Asp

290

Tyr

Pro

Tyr

Glu

Val
370
Ala

Leu

Ile

Cys

Glu

35

Ser

Leu

Leu

His

Phe

115

His

His

Thr

Thr

Gln

195

Thr

Ala

Pro

Phe

Thr

275

His

Gln

Thr

Trp

Ile

355

Val

Gly

Thr

Arg

Pro

20

Arg

Leu

Arg

Phe

Phe

100

Thr

Asp

Gly

Thr

Leu

180

Thr

Thr

Ala

Arg

Pro

260

Val

Pro

Glu

Glu

Pro

340

Ile

Ser

Met

Pro

Thr
420

Asp

Ile

Gln

Tyr

Val

85

Ile

Asp

Pro

Lys

Glu

165

Met

Val

Thr

Val

Asn

245

Leu

Thr

Thr

Glu

Gly

325

Gln

Leu

Val

Cys

Gly

405

Ala

Cys

Arg

Ile

Met

70

Arg

Leu

Ser

Pro

Glu

150

Glu

Ser

Arg

Asp

Thr

230

Ala

Ala

Tyr

Leu

Trp

310

Leu

Leu

Tyr

Ala

Met
390

Ala

Lys

Gly

Asn

Gly

55

Asp

Thr

Ala

Arg

Val

135

Leu

Ile

Gln

Tyr

Lys

215

Asn

Lys

Asn

Gly

Leu

295

Val

Glu

Ser

Tyr

Thr
375
Cys

Thr

Ala

Glu

Glu

40

Ile

Asn

Ser

Arg

Lys

120

Ile

Pro

Glu

Gln

Lys

200

Val

His

Leu

Val

Lys

280

Ser

Met

Val

Thr

Tyr

360

Phe

Ala

Val

Gly

25

Ala

Lys

His

Ala

Cys

105

Ile

Gly

Cys

Val

Ser

185

Cys

Ile

Lys

Gly

Thr

265

Asn

Tyr

His

Thr

Asn

345

Glu

Ile

Arg

Pro

His

Thr

Thr

Met

Pro

90

Pro

Ser

Arg

Ser

His

170

Gly

Asn

Asn

Lys

Asp

250

Cys

Gln

Arg

Lys

Trp

330

Gly

Leu

Leu

Arg

Phe
410

Ser

Asp

Asp

Pro

75

Cys

Lys

His

Glu

Thr

155

Met

Asn

Cys

Asn

Trp

235

Arg

Arg

Val

Asn

Lys

315

Gly

Thr

Tyr

Leu

Arg
395

Leu

Cys

Gly

Asp

60

Ala

Thr

Gly

Ser

Lys

140

Tyr

Pro

Val

Gly

Cys

220

Gln

Lys

Val

Ile

Met

300

Glu

Asn

Ala

Pro

Ser
380

Cys

Leu

His Ser Pro

Thr

45

Ser

Asp

Ile

Glu

Cys

125

Phe

Val

Pro

Lys

Gly

205

Lys

Tyr

Gly

Pro

Met

285

Gly

Val

Asn

His

Thr

365

Met

Ile

Ser

30

Leu

His

Ala

Thr

Thr

110

Thr

His

Gln

Asp

Ile

190

Ser

Val

Asn

Lys

Lys

270

Leu

Glu

Val

Glu

Gly

350

Met

Val

Thr

Leu

Lys

Asp

Glu

Gly

95

Leu

His

Ser

Ser

Thr

175

Thr

Asn

Asp

Ser

Ile

255

2la

Leu

Glu

Leu

Pro

335

His

Thr

Gly

Pro

Ile
415

Val

Ile

Trp

Arg

80

Thr

Thr

Pro

Arg

Thr

160

Pro

Val

Glu

Gln

Pro

240

His

Arg

Tyr

Pro

Thr
320

Tyr

Pro

Val

Met

Tyr
400

Cys



US 11,357,846 B2
65

-continued

<210> SEQ ID NO 6

<211> LENGTH: 423

«<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: mutation arising from Vero passaging

<400> SEQUENCE: 6

Ser Thr Lys Asp Asn Phe Asn Val Tyr Lys Ala Thr Arg Pro Tyr Leu
1 5 10 15

Ala His Cys Pro Asp Cys Gly Glu Gly His Ser Cys His Ser Pro Val
20 25 30

Ala Leu Glu Arg Ile Arg Asn Glu Ala Thr Asp Gly Thr Leu Lys Ile
35 40 45

Gln Val Ser Leu Gln Ile Gly Ile Lys Thr Asp Asp Ser His Asp Trp
50 55 60

Thr Lys Leu Arg Tyr Met Asp Asn His Met Pro Ala Asp Ala Glu Arg
65 70 75 80

Ala Arg Leu Phe Val Arg Thr Ser Ala Pro Cys Thr Ile Thr Gly Thr
85 90 95

Met Gly His Phe Ile Leu Ala Arg Cys Pro Lys Gly Glu Thr Leu Thr
100 105 110

Val Gly Phe Thr Asp Ser Arg Lys Ile Ser His Ser Cys Thr His Pro
115 120 125

Phe Hig Hig Asp Pro Pro Val Ile Gly Arg Glu Lys Phe His Ser Arg
130 135 140

Pro Gln His Gly Lys Glu Leu Pro Cys Ser Thr Tyr Val Gln Ser Thr
145 150 155 160

Ala Ala Thr Thr Glu Glu Ile Glu Val His Met Pro Pro Asp Thr Pro
165 170 175

Asp His Thr Leu Met Ser Gln Gln Ser Gly Asn Val Lys Ile Thr Val
180 185 190

Asn Gly Gln Thr Val Arg Tyr Lys Cys Asn Cys Gly Gly Ser Asn Glu
195 200 205

Gly Leu Thr Thr Thr Asp Lys Val Ile Asn Asn Cys Lys Val 2sp Gln
210 215 220

Cys His Ala Ala Val Thr Asn His Lys Lys Trp Gln Tyr Asn Ser Pro
225 230 235 240

Leu Val Pro Arg Asn Ala Glu Leu Gly Asp Arg Lys Gly Lys Ile His
245 250 255

Ile Pro Phe Pro Leu Ala Asn Val Thr Cys Arg Val Pro Lys Ala Arg
260 265 270

Asn Pro Thr Val Thr Tyr Gly Lys Asn Gln Val Ile Met Leu Leu Tyr
275 280 285

Pro Agsp His Pro Thr Leu Leu Ser Tyr Arg Asn Met Gly Glu Glu Pro
290 295 300

Asn Tyr Gln Glu Glu Trp Val Met His Lys Lys Glu Val Val Leu Thr
305 310 315 320

Val Pro Thr Glu Gly Leu Glu Val Thr Trp Gly Ash Asn Glu Pro Tyr
325 330 335

Lys Tyr Trp Pro Gln Leu Ser Thr Asn Gly Thr Ala His Gly His Pro
340 345 350

His Glu Ile Ile Leu Tyr Tyr Tyr Glu Leu Tyr Pro Thr Met Thr Val
355 360 365

Val Val Val Ser Val Ala Thr Phe Ile Leu Leu Ser Met Val Gly Met
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-continued

68

Ala
385

370

375

380

Ala Gly Met Cys Met Cys Ala Arg Arg Arg Cys Ile Thr Pro Tyr

390

395

400

Glu Leu Thr Pro Gly Ala Thr Val Pro Phe Leu Leu Ser Leu Ile Cys

Cys

<210>
«211>
<212>
<213>
<220>
<223>

405

Ile Arg Thr Ala Lys Ala

420

<400> SEQUENCE:

Ser Thr Lys Asp

1

Ala

Ala

Gln

Thr

65

Ala

Val

Phe

Pro

145

Ala

Asp

Asn

Gly

Cys

225

Leu

Ile

His

Leu

Val

50

Lys

Gly

Gly

Gly

His

130

Gln

Ala

His

Gly

Leu

210

His

Val

Pro

Pro

Asp
290

Tyr

Cys

Glu

35

Ser

Leu

Leu

His

Phe

115

His

His

Thr

Thr

Gln

195

Thr

Ala

Pro

Phe

Thr
275

His

Gln

Pro

20

Arg

Leu

Arg

Phe

Phe

100

Thr

Asp

Gly

Thr

Leu

180

Thr

Thr

Ala

Arg

Pro

260

Val

Pro

Glu

SEQ ID NO 7
LENGTH:
TYPE: PRT
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: mutation arising from Vero

423

7

Asn

5

Asp

Ile

Gln

Tyr

Val

85

Ile

Asp

Pro

Lys

Glu

165

Met

Val

Thr

Val

Asn

245

Leu

Thr

Thr

Glu

Phe

Cys

Arg

Ile

Met

70

Arg

Leu

Ser

Pro

Glu

150

Glu

Ser

Arg

Asp

Thr

230

Ala

Ala

Tyr

Leu

Trp

Asn

Gly

Asn

Gly

55

Asp

Thr

Ala

Arg

Val

135

Leu

Ile

Gln

Tyr

Lys

215

Asn

Glu

Asn

Gly

Leu
295

Val

Val

Glu

Glu

40

Ile

Asn

Ser

Arg

Lys

120

Ile

Pro

Glu

Gln

Lys

200

Val

Tyr

Leu

Val

Lys
280

Ser

Met

Tyr

Gly

25

Ala

Lys

His

Ala

Cys

105

Ile

Gly

Cys

Val

Ser

185

Cys

Ile

Lys

Gly

Thr
265
Asn

Tyr

His

410

Lys

10

His

Thr

Thr

Met

Pro

90

Pro

Ser

Arg

Ser

His

170

Gly

Asn

Asn

Lys

Asp

250

Cys

Gln

Arg

Lys

Ala

Ser

Asp

Asp

Pro

75

Cys

Lys

His

Glu

Thr

155

Met

Asn

Cys

Asn

Trp

235

Arg

Arg

Val

Asn

Lys

Thr

Cys

Gly

Asp

60

Ala

Thr

Gly

Ser

Lys

140

Tyr

Pro

Val

Gly

Cys

220

Gln

Lys

Val

Ile

Met

300

Glu

Arg

His

Thr

45

Ser

Asp

Ile

Glu

Cys

125

Phe

Val

Pro

Lys

Gly

205

Lys

Tyr

Gly

Pro

Met
285

Gly

Val

415

passaging

Pro

Ser

30

Leu

His

Ala

Thr

Thr

110

Thr

His

Gln

Asp

Ile

190

Ser

Val

Asn

Lys

Lys

270

Leu

Glu

Val

Tyr

15

Pro

Lys

Asp

Glu

Gly

95

Leu

His

Ser

Ser

Thr

175

Thr

Asn

Asp

Ser

Ile

255

2la

Leu

Glu

Leu

Leu

Val

Ile

Trp

Arg

80

Thr

Thr

Pro

Arg

Thr

160

Pro

Val

Glu

Gln

Pro

240

His

Arg

Tyr

Pro

Thr



US 11,357,846 B2
69

-continued

70

305 310 315 320

Val Pro Thr Glu Gly Leu Glu Val Thr Trp Gly Asn Asn Glu Pro Tyr
325 330 335

Lys Tyr Trp Pro Gln Leu Ser Thr Asn Gly Thr Ala His Gly His Pro
340 345 350

His Glu Ile Ile Leu Tyr Tyr Tyr Glu Leu Tyr Pro Thr Met Thr Val
355 360 365

Val Val Val Ser Val Ala Thr Phe Ile Leu Leu Ser Met Val Gly Met
370 375 380

Ala Ala Gly Met Cys Met Cys Ala Arg Arg Arg Cys Ile Thr Pro Tyr
385 390 395 400

Glu Leu Thr Pro Gly Ala Thr Val Pro Phe Leu Leu Ser Leu Ile Cys
405 410 415

Cys Ile Arg Thr Ala Lys Ala
420

<210> SEQ ID NO 8

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 8

ttaggatceg atggetgegt gagacac

<210> SEQ ID NO 9

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

«<400> SEQUENCE: 9

taactcgage cgtcaggtet gttgaacat

<210> SEQ ID NO 10

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 10

ttaggatcct accaccaggc gattaaag

<210> SEQ ID NO 11

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 11

taactegage tttgeccact tactgaagy

<210> SEQ ID NO 12

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

27

29

28

29
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72

-continued

<400> SEQUENCE: 12

ttaggatcct gctacagaag tcacgcece

<210> SEQ ID NO 13

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220>» FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 13

taactcgagg ccaaagegtg aatcag

<210> SEQ ID NO 14

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 14

ttaggatcca acagecttgag gacagagcyg

<210>» SEQ ID NO 15

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
«220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 15

taactcgage tctgtctcat cacgtegy

«<210> SEQ ID NO 16

«<211> LENGTH: 32

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 1¢

ttaggatcca aattgcagtc ataggagtct tc

«210> SEQ ID NO 17

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 17

taactcgaga gtacgttgac gtgctctga
<210> SEQ ID NO 18

<21l> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 18

ttaggatccg tgggttaaac aactgcaaa

<210> SEQ ID NO 19
<211> LENGTH: 33

27

29
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<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 19

taactcgagg gttaaagtct tctatcctee tgg

<210> SEQ ID NO 20

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 20

ttaggatccg gataaccact gggataatag g

<210> SEQ ID NO 21

«211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 21

taactcgaga gttgtgaaat tccttetgece

<210> SEQ ID NO 22

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 22

ttaggatcce gcagatagaa ccagtgaac

<210> SEQ ID NO 23

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

«<400> SEQUENCE: 23

taactcgage agecagetcta cttgggte

<210> SEQ ID NO 24

<211>» LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 24

ttaggatcca ggagggaaag acaggct

<210> SEQ ID NO 25

<211> LENGTH: 25

«<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 25

33
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taactcgage cctegectte ttetyg

«210> SEQ ID NO 26

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 26

ttaggatcce aaaatagaag gagtgcaaaa ag

<210> SEQ ID NO 27

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220>» FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 27

taactcgage ctggagttte ttaagtaata gttge

<210> SEQ ID NO 28

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 28

ttaggatcca ccggtccagg tcattta

<210> SEQ ID NO 29

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
«220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 29

taactcgagg cagcaaattc tteccag

<210> SEQ ID NO 30

«<211> LENGTH: 30

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 30

ttaggatcce cattccagaa cacactacag

«<210> SEQ ID NO 31

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 31

taactcgaga tacctgattt catcatgge
<210» SEQ ID NO 32

<211> LENGTH: 30

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

25

32
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<220> FEATURE:
<223> OTHER INFORMATION: primer

«<400> SEQUENCE: 32

ttaggatecee ctttgataag agecaagatg

<210> SEQ ID NO 33

<211>» LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 33

taactcgagt acaaagttat gacgggtect

<210> SEQ ID NO 34

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 34

ttaggatcce aacgaacagg gctaattyg

«<210> SEQ ID NO 35

«<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 35

taactcgagg accgcttaaa ggecag

<210> SEQ ID NO 36

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 36

ttaggatceg tgcatgaaaa tcgaaaatg

<210> SEQ ID NO 37

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

«<400> SEQUENCE: 37

taactcgagt ggtcttgtgg ctttatagac a

«<210> SEQ ID NO 38

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 38

ttaggatcca accggaggaa accctac

30
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«<210> SEQ ID NO 39

«<211> LENGTH: 25

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 39

taactcgagyg taccgcaccyg tctgyg

«210> SEQ ID NO 40

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 40

ttaggatcca gctaccttge agcacgt

<210> SEQ ID NO 41

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220>» FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 41

taactcgage ccaccatcga cagg

<210> SEQ ID NO 42

<21l> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 42

ttaggatcce gagccgtata agtattgge

<210>» SEQ ID NO 43

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
«<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 43

taactcgage gccggtgaay accttac

<210> SEQ ID NO 44

«<211> LENGTH: 32

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

«<400> SEQUENCE: 44

ttaggatcca ctactgtcag tcactttgga gco

<210> SEQ ID NO 45

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

25
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<400> SEQUENCE: 45

taactcgagt accgggtttyg ttgetattt

<210>
<211>
<2l2>
<213>
<220>
<223>

SEQ ID NO 46

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 46

ttaggatece acaactggta ctgeagagac

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 47

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 47

taactcgagg cgtagcectt tgatctatag

<210>
<211l>
<212>
«213>
<220>
<223>

SEQ ID NO 48

LENGTH: 26

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 48

ttaggatceg gtgctatgeg tgtegt

<210>
«211>
<212>
<213>
<220>
<223>

SEQ ID NO 49

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 49

taactcgaga tctcctacgt ccctgtggg

29

30

30

29

The invention claimed is:

1. A pharmaceutical composition comprising:

(i) CHIKV-A5nsP3 particles expressing an E2 structural
protein as defined by the amino acid sequence of SEQ
ID NO: 2;

(i) CHIKV-A5nsP3 particles expressing an E2 structural
protein having an E168K and/or G55R mutation in the
amino acid sequence of SEQ ID NO: 2; and

(i) optionally a pharmaceutically acceptable excipient,

wherein 1-50% of the CHIKV-A5nsP3 particles present in
the composition express an E2 structural protein having
said E168K and/or G55R mutation.

2. The pharmaceutical composition according to claim 1,
wherein said composition induces neutralizing antibodies
against CHIK'V-A5nsP3 in a mouse immunized with said
pharmaceutical composition resulting in a serum comprising
said neutralizing antibodies, and wherein said serum neu-
tralizes Chikungunya virus (CHIKV) infection of Vero cells
at least 50% in an in vitro neutralization assay at a 1:80
serum dilution.

3. The pharmaceutical composition according to claim 1,
wherein the composition induces neutralizing antibodies

50
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against CHIKV-A5nsP3 in a mouse immunized with said
pharmaceutical composition resulting in a serum comprising
said neutralizing antibodies, and wherein said serum neu-
tralizes Chikungunya virus (CHIKV) infection of Vero cells
at least 80% in an in vitro neutralization assay at a 1:80
serum dilution.

4. The pharmaceutical composition according to claim 1,
wherein the composition induces neutralizing antibodies
against CHIKV-A5nsP3 in a mouse immunized with said
pharmaceutical composition resulting in a serum comprising
said neutralizing antibodies, and wherein said serum neu-
tralizes Chikungunya virus (CHIKV) infection of Vero cells
at least 90% in an in vitro neutralization assay at a 1:80
serum dilution.

5. The pharmaceutical composition according to claim 1,
wherein the composition induces neutralizing antibodies
against CHIKV-A5nsP3 in a mouse immunized with said
pharmaceutical composition resulting in a serum comprising
said neutralizing antibodies, and wherein said serum neu-
tralizes Chikungunya virus (CHIKV) infection of Vero cells
at least 95% in an in vitro neutralization assay at a 1:80
serum dilution.
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6. The pharmaceutical composition according to claim 1,
wherein said CHIKV-A5nsP3 particles in (i) are defined by
the polynucleotide sequence of SEQ ID NO: 1.

7. The pharmaceutical composition according to claim 1,
wherein said pharmaceutical composition comprises at least
10°, at least 10* CHIKV-A3nsP3 particles that express an E2
structural protein as defined by the amino acid sequence of
SEQ ID NO: 2.

8. The pharmaceutical composition according to claim 1,
wherein said pharmaceutical composition comprises about
10* CHIKV-A5nsP3 particles that express an B2 structural

protein as defined by the amino acid sequence of SEQ 1D
NO: 2.

9. The pharmaceutical composition according to claim 1,
wherein said pharmaceutical composition is a one-shot
pharmaceutical composition.

10. The pharmaceutical composition according to claim 1,
wherein said pharmaceutical composition is a vaccine.

11. The pharmaceutical composition according to claim
10, wherein said pharmaceutical composition is provided in
a lyophilized form.

12. A process for producing the pharmaceutical compo-
sition of claim 1 comprising the step of:

20

84

growing CHIKV-AS5nsP3 particles on host cells in such a
way as to minimize the presence of immunogenicity-
reducing mutations of the virus.

13. The process according to claim 12, wherein said
CHIKV-A5nsP3 particles are defined by a polynucleotide
sequence of SEQ ID NO: 1 and are passaged on host cells
in culture less than five times.

14. The process according to claim 13, wherein said
CHIKV-A5nsP3 particles are defined by a polynucleotide
sequence of SEQ ID NO: 1 and are passaged on host cells
in culture at most three times.

15. A method of protection against disease caused by
Chikungunya virus in a subject in need thereof, comprising
administering to the subject an effective amount of the
pharmaceutical composition according to claim 1.

16. The method according to claim 15, wherein said
pharmaceutical composition comprises an effective amount
of CHIKV-A5nsP3 particles which express an E2 structural
protein as defined by the amino acid sequence of SEQ 1D
NO: 2, wherein said effective amount is defined as an
amount sufficient to prevent Chikungunya virus viremia in a
vaccinated subject.

17. The method according to claim 15, wherein the
subject is a human subject.

* 0k % % ¥
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