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Abstract

Chikungunya virus (CHIKV) represents a pandemic threat with no approved vaccine available.
Recently, we described a novel vaccination strategy based on iDNA® infectious clone designed to
launch a live-attenuated CHIKYV vaccine from plasmid DNA in vitro or in vivo. As a proof of
concept, we prepared iDNA plasmid pCHIKV-7 encoding the full-length cDNA of the 181/25
vaccine. The DNA-launched CHIKV-7 virus was prepared and compared to the 181/25 virus.
Illumina HiSeq2000 sequencing revealed that with the exception of the 3’ untranslated region,
CHIKYV-7 viral RNA consistently showed a lower frequency of single-nucleotide polymorphisms
than the 181/25 RNA including at the E2-12 and E2-82 residues previously identified as
attenuating mutations. In the CHIKV-7, frequencies of reversions at E2-12 and E2-82 were
0.064% and 0.086%, while in the 181/25, frequencies were 0.179% and 0.133%, respectively. We
conclude that the DNA-launched virus has a reduced probability of reversion mutations, thereby
enhancing vaccine safety.
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INTRODUCTION

Chikungunya virus (CHIKV) virus belongs to the Alphavirus genus of the Togaviridae

family (Schwartz and Albert, 2010; Strauss and Strauss, 1994). CHIKYV is transmitted to
humans primarily by Aedes aegypti and A.albopictus mosquitoes (Arankalle et al., 2007;
Couderc et al., 2009; Weaver and Reisen, 2010). The virus causes chikungunya fever, an
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infectious disease with a major health impact. Symptoms include arthralgia, respiratory
failure, cardiovascular disease, hepatitis and central nervous system complications,
especially in the elderly and children (Burt et al., 2012; Long and Heise, 2015; Queyriaux et
al., 2008b). CHIKYV is found nearly worldwide, with approximately 40 countries affected,
mostly in warm climates in Asia, Africa and recently, in the Americas (Halstead, 2015;
Rolph et al., 2015). Cases of human infections in Europe were also detected (Queyriaux et
al., 2008a). Recent epidemics included outbreaks in India with an estimated 1.3 million
affected people; the 2005-2006 outbreak on La Reunion islands in the Indian Ocean that
caused 284 deaths; and an ongoing epidemic in the Caribbean and Latin America (Enserink,
2008; Halstead, 2015; Weaver et al., 2012). Climate change, urbanization, and global travel
favor the geographical expansion of CHIKV (Dhiman et al., 2010; Pistone et al., 2009;
Randolph and Rogers, 2010; Thiboutot et al., 2010; Weaver, 2013). Given the current
epidemics and nearly worldwide presence of A.aegypti and A.albopictus, there is a risk of
CHIKYV pandemic (Petersen et al., 2010). Currently there is no approved CHIKV vaccine, in
part due to the challenge of balancing vaccine safety and immunogenicity (Weaver et al.,
2012). Experimental vaccines have been developed including live-attenuated vaccine strain
181/25 (TSI-GSD-218), which was tested in Phase | — Il clinical trials (Edelman et al., 2000;
Hoke et al., 2012) . The phase Il trial enrolling 59 healthy volunteers resulted in the
successful seroconversion in 98% of the volunteers, with mild transient adverse reactions in
8% of patients (Edelman et al., 2000). Recent studies revealed that attenuation of the 181/25
vaccine relies on two independently attenuating mutations in residues E2-12 and E2-82 of
the envelope glycoprotein, with adverse events linked to genetic reversions (Glass, 2007;
Gorchakov et al., 2012). Thus, although the 181/25 vaccine can be useful for an emergency
response (Hoke et al., 2012), an improved CHIKV vaccine is needed. Previously, we
described a novel iDNA® infectious clone technology, which allows launching vaccine
virus in vitro or in vivo from plasmid DNA (Tretyakova et al., 2014; Tretyakova et al.,
2013). For vaccination purposes, this technology combines the advantages of DNA
immunization with the efficacy of a live attenuated vaccine. As a proof of concept, we
prepared iDNA plasmid pCHIKV-7 encoding the full-length cDNA of the 181/25 vaccine
strain (Tretyakova et al., 2014). Here we hypothesized that despite the fact that pPCHIKV-7
iDNA encodes the full-length cDNA of the 181/25 vaccine strain, the genetic composition
of iDNA-launched CHIKV-7 virus differs from the standard 181/25 virus due to the genetic
uniformity of the infectious clone and a lower number of replication cycles needed to
amplify the virus from the plasmid. To test this hypothesis, we characterized iDNA-
launched CHIKV-7 virus and standard 181/25 virus in vitro. Furthermore, we performed
next generation sequencing (NGS) of viral RNAs isolated from the iDNA-derived virus
CHIKV-7 and from the standard 181/25 virus. Implications of these data on vaccine safety
are discussed.

MATERIALS AND METHODS

Cell Lines, Plasmid and Viruses

African green monkey Vero cell lines (American Type Culture Collection, ATCC,
Manassas, VA) were maintained in a humidified incubator at 37°C and 5% CO, in aMEM
supplemented with 10% fetal bovine serum (FBS) and gentamicin sulfate (10 ug/ml)
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(ThermoFisher Scientific (Thermo), Carlsbad, CA). Preparation of iDNA® infectious clone
pCHIKV-7 (p181/25-7) was described previously (Tretyakova et al., 2014). Briefly, in
pCHIKV-7, the full-length cDNA of 181/25 viral RNA was placed downstream from a
CMV promoter within the modified, pcDNA3.1-based high-copy plasmid containing
pBR322 origin of replication. The distance between the CMV promoter and the 5° of cDNA
was optimized to ensure correct 5’ terminus of transcribed CHIKV genomic RNA. To
generate CHIKV-7 virus, Vero cells were transfected with pCHIKV-7 plasmid.
Transcription of this plasmid in the transfected cells resulted in synthesis of the full-length
infectious RNA and launching replication of vaccine virus CHIKV-7.

The CHIKYV 181/25 live-attenuated vaccine strain TSI-GSD-218 (GenBank accession
L37661) was obtained from the World Reference Center for Emerging Viruses and
Arboviruses (WRCEVA) and used as a control. The TSI-GSD-218 vaccine virus was passed
once in Vero cells in 75 cm? flask to generate P1 virus. At 48 hr post infection, the virus was
harvested, clarified, and frozen at -80°C.

Transfection with DNA, Infection with CHIKV and Assays In Vitro

To prepare DNA-launched virus, the pCHIKV-7 iDNA plasmid was isolated from E. coli
resulting in a sterile DNA with a 95% supercoiled fraction and an A260/A280 ratio of ~1.9.
In order to prepare live CHIKV-7 virus in vitro, 1 ug of iDNA plasmid pCHIKV-7 (~103
infectious centers, 1Cs) was transfected into Vero cells using electroporation. Previously, we
used the same preparation of DNA to launch the virus in vivo for experimental vaccination
of BALB/c mice (Tretyakova et al., 2014). Transfection in Vero cells was carried out
essentially as described previously (Messer et al., 2012; Tretyakova et al., 2014; Tretyakova
et al., 2013). Briefly, Vero cells were grown to 70-80% confluency, then harvested using
TrypLE Express enzyme (Thermo) and electroporated using a square wave electroporator
(ECM 830, BTX Genetronics, San Diego, CA) in 0.8 ml volume of cell suspension.
Transfected cells were seeded into 75 cm? flasks. To remove free plasmid DNA, at 5 hours
post-electroporation, medium was removed and each flask containing adherent
electroporated cells was rinsed 3 times with 1x PBS. This procedure was done to eliminate
untransfected free plasmid DNA from cells. The removal of plasmid was monitored by PCR
analysis. To prepare virus for NGS, transfection supernatants were harvested at indicated
times post-transfection and the virus titer was determined by standard plaque assay in Vero
cells. Aliquots of transfected cell suspension were taken for CHIKV expression tests by
immunofluorescence assay (IFA), infectious center assay (ICA) and western blot using
CHIKYV hyperimmune mouse ascitic fluid (HMAF) VR-64 (ATCC VR-1241AF) prepared
against Chikungunya strain S-27. For ICA, electroporated cells were seeded into 6-well
plates, allowed to adhere for 4 h, covered with 1% low-melting agarose in complete medium
(aMEM containing 10% FBS and 10 pg/ml gentamicin), and incubated for 72 h. To
visualize plaques, monolayers were stained using neutral red and counted the following day.
For IFA, aliquots of transfected Vero cells were seeded in 8-well chamber slides and
incubated for 24 h in aMEM containing 10% FBS. IFA was carried out using mouse primary
antibody VVR-64 for 30 min, slides were rinsed with PBS, and incubated for 30 min with
secondary FITC-conjugated antibody to mouse 1gG (H+L). After a PBS rinse, slides were
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air-dried and covered with mounting medium containing the propidium iodide (PI) nuclear
counterstain to visualize cell nuclei.

For 181/25 TSI-GSD-218 control vaccine virus production, Vero cells were infected in
triplicate with 103 PFU of the TSI-GSD-218 181/25 P1 seed virus, multiplicity of infection
(m.o.i) <0.1. The virus was harvested from the medium of infected cells at the indicated
times post infection. To characterize growth and plaque morphology of the CHIKV-7 and
181/25 viruses in the transfected or infected cells, respectively, medium samples were taken
every 12 h and quantitated in 12 well plates in duplicates by a plaque assay in Vero cell
monolayers. Images of plates were digitally magnified and plaques were counted, with their
diameters measured. Average and standard deviation were determined. Each experiment was
done at least three times to ensure reproducibility of the results.

RNA preparation and Sequencing Using Illlumina HiSeq2000

For RNA preparation, CHIKV-7 virus from the growth supernatant was harvested 50 h post
transfection, then concentrated ~200-fold by ultracentrifugation using an SW28 rotor for 5 h
at 100000 x g. Viral RNA was isolated by TRIzol LS extraction (Thermo). After extraction,
viral RNA was treated with Dpnl to remove the residual plasmid DNA, resuspended in 50 pl
of ultrapure, nuclease-free water, then split into 2x20 pl aliquots and frozen at —80°C before
cDNA preparation and NGS by using Illumina HiSeq2000. RNA concentration was
monitored by Qubit 2.0 fluorometer using RNA quantitation protocol (Thermo). RNA
isolation from the 181/25 P1 virus was performed similarly. The virus was grown by
infecting Vero cells at m.o0.i <0.1 with the original CHIKV 181/25 vaccine virus TSI-
GSD-218. Virus was propagated and the medium supernatant was harvested at 30 h,
concentrated by ultracentrifugation and viral RNA was isolated using Trizol LS.

Sequencing of viral RNA was done by using Illumina HiSeq2000 protocol (Axeq
Technologies, Rockville, MD). For each RNA, a random primer cDNA library was initially
prepared. The cDNA preparation was monitored for quality using the standard Illumina
protocol. The resulting library was sequenced in order to obtain 1 Gb of sequencing data per
sample. The cDNA library preparations were sequenced using Illumina’s HiSeq2000
method with 100 bp paired-end reads. Raw data, as well as contig assembly, alignment to
reference sequence, and comparison analysis between the two samples were carried out.
Single-nucleotide polymorphism (SNP) analysis was also carried out. As a reference
sequence, we used sequence of TSI-GSD-218 virus, GenBank accession number L37661.

Sequencing data processing and analysis

NGS data were saved in FASTQ format, and processed further using the web-based cloud
computing Galaxy software suite (https://usegalaxy.org). Briefly, the sequencing data sets of
CHIKV-7 and 181/25 were uploaded to the server. The reference sequences, TSI-GSD-218
GenBank L37661 virus and the plasmid backbone, were also uploaded in FASTA format,
which were then used to align the NGS sequences. Prior to alignment, the FASTQ files were
converted to Sanger format using FASTQ Groomer, and subsequently aligned to the
reference sequence, either TSI-GSD-218 or the plasmid vector backbone sequence. The
output was in Sequence Alignment/Map (SAM) format, and subsequently converted to the
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compressed binary (BAM) format using SAM tools. The resulting BAM files were
downloaded to a local computer for analysis using Integrative Genomics Viewer (IGV) from
the Broad Institute. SNPs were analyzed using IGV and BAM file and the frequencies of
each nucleotide at each specific site of interest were determined including at nsP3 opal
codon and attenuating mutations E2-12 and E2-82.

Characterization of iDNA-derived CHIKV-7 virus

To prepare iDNA-derived CHIKV-7 vaccine virus in vitro, plasmid pCHIKV-7 was
transfected in Vero cells using pCHIKV-7 plasmid by using electroporation. In the
pCHIKV-7, the full-length cDNA of 181/25 RNA has been cloned downstream from the
CMV major immediate-early promoter (Fig. 1a). Transcription from the CMV promoter in
eukaryotic cell resulted in the synthesis of the full-length “infectious” RNA capable of
launching live CHIKV-7 vaccine virus (Fig. 1a). Transfected Vero cells were observed for
expression of CHIKV-7 virus by ICA, IFA and western blot, while the medium supernatant
was examined for the presence of progeny CHIKV-7 virus by plaque assay. The ICA
revealed formation of infectious centers (ICs), each presumably reflecting viral progeny
originating from a single transfected Vero cell (Fig. 1b). Calculations of ICs from ICA
showed that one g of transfected plasmid resulted in approximately 500-1000 ICs
suggesting specific infectivity <1.0 IC/ng of pCHIKV-7. This result is consistent with the
previous observation that CHIKV vaccine virus could be successfully launched using
transfection with 10 ng but not 1 ng of iDNA plasmid (Tretyakova et al., 2014). Expression
of CHIKV-7 antigens in transfected Vero cells was confirmed by IFA using mouse HMAF
(Fig. 1c). At 18 h (day 1 post-transfection), mostly single fluorescent cells were detected. At
30 h (day 2), the majority of cells were positive for CHIKV antigens, while all cells became
positive at 42 h post-transfection indicating replication of live CHIKV-7 virus. As expected,
expression of CHIKV antigen was observed in the cytoplasm of transfected cells by IFA.
SDS-PAGE and western blot confirmed similarities in the expression of structural proteins
in pCHIKV-7 -transfected cells and in 181/25-infected cells (Fig. 1d). The major protein
band corresponded to the expected size of capsid protein, consistent with the previous study
(Tretyakova et al., 2014). Minor bands likely represented proteolytic processing of the
structural polyprotein and glycosylation variants (Metz et al., 2011). In the cell culture
media from transfected Vero cells, the titer of the iDNA-derived CHIKV-7 virus reached
107-108 PFU/mI on day 3 post-transfection (Fig. 2a). Typical plaque morphology of
CHIKV-7 iDNA-derived virus is shown in Fig. 2b.

For comparison, Vero cells were infected with the CHIKV live-attenuated vaccine TSI-
GSD-218 (clone 181/25) P1 virus. The titer and plaque morphology of the 181/25 virus in
infected cell culture supernatants was determined by direct plaque assay. The titer reached
107-108 PFU/mI on day 2 post-transfection (Fig. 2a). By plaque assay of medium
supernatants, both small and larger plaques were detected (Fig. 2c). The average diameters
of plaques as measured using magnified images shown on Fig. 2b,c were 4.30+0.93 mm and
5.01+1.78 mm for CHIKV-7 and 181/25 viruses, respectively. The ratio of the average
diameter of five largest plaques (1%) to the average plaque size for the same virus was 1.37
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and 1.78 for CHIKV-7 and 181/25, respectively. Some of the largest plaques for the 181/25
virus were 2 times larger in diameter than average plaques indicating apparent phenotypic
variation within the 181/25 virus population. The peak titer of 181/25 virus was reached one
day earlier as compared to the iDNA-derived CHIKV-7 virus, in agreement with the
previous report (Tretyakova et al., 2014).

NGS Analysis

Analysis of plaque assays showed variations in plaque size, especially in the 181/25 virus
(Fig. 2c) suggesting the potential presence of genetic variants within the virus population.
The presence of genetic variants within the virus population may contribute to a phenotypic
heterogeneity of the 181/25 vaccine virus and observed rare adverse reactions (Glass, 2007).

For a detailed analysis of virus population, viruses were harvested from Vero cells on day 2
when they reached peak titers (Fig. 2a). This recapitulates viremia in vivo, which was
observed on days 2—4 after virus administration (McClain et al., 1998). Viral RNAs were
isolated from both the iDNA-derived CHIKV-7 and the 181/25 P1 viruses and NGS was
performed using Illumina HiSeq2000 NGS. Viral RNAs were prepared using standard
Trizol LS method. A total of 4,539,717 sequences were generated for CHIKV-7 RNA
preparation, while for the 181/25 virus, a total of 5,897,193 sequences were generated. As a
reference sequence, we used sequence of TSI-GSD-218 virus, GenBank L37661. Coverage
was achieved for the entire genome (Fig. 2d) except for very 5’ and 3’ ends. From
nucleotides 1-12036 of the published L37661 TSI-GSD-218 sequence, the NGS sequencing
reads started at approximately nucleotide position 10 (89 and 135 sequencing reads for
CHIKV-7 and CHIKV-P1, respectively) and ended around nucleotide position 12013 (140
and 94 reads for CHIKV-7 and CHIKV-P1, respectively). Overall, the coverage at the 5’ and
3’ ends were comparable for both viral samples. Relatively low coverage depth was
obtained in either virus RNA within genomic positions 3694-3716. These regions were
covered by approximately 1000 sequences per nucleotide in each virus. As NGS quality
control, alignments were also carried out in the CHIKV-7 NGS library for any sequences
with similarities to the plasmid vector backbone that might have been present and co-
purified together with the viral RNA from the medium of transfected Vero cells. For this
purpose, the NGS library was compared to the pcDNA3.1 backbone vector part of the
pCHIKV-7 plasmid. Only 0.004% (<200 reads) were partially aligned with the vector (data
not shown) suggesting that most of the NGS library was generated from the viral cDNA.

Next, we analyzed SNPs in the NGS libraries for both iDNA-derived CHIKV-7 virus and
181/25 virus. For each virus, Table 1 shows a summary of SNPs that were present at a
greater than 3% frequency among all sequence reads. The stringent 3% cutoff was chosen to
minimize interference resulting from the polymerase and other potential sources of errors
(Laehnemann et al., 2015; Schirmer et al., 2015). Interestingly enough, many SNPs were
detected in the 3’untranslated region (UTR) of CHIKV-7 virus. Ten SNPs with frequencies
ranging from 3% to 17.36% were detected in the 3’-UTR of CHIKV-7, while only two SNPs
were detected in the 3’-UTR of 181/25 virus, with frequencies 7.19% and 15.48% (Table 1).
Lower SNP cutoff of 1% showed even more SNPs in the 3’-UTR of CHIKV-7 virus (data
not shown).
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Furthermore, one SNP was detected at nsP1 gene position 646T G of each virus, resulting in
the synonymous Gly codon change from GGT to GGG. This SNP was detected at ~4.8%
frequency in the CHIKV-7 virus, while the same SNP was detected at 5.6% frequency in the
181/25 virus (Table 1).

In summary, the highest polymorphism was detected at the same positions 646 T G (nsP1),
11593 T C (3’UTR) and 12034T C (3’UTR) in both iDNA-derived CHIKV-7 and 181/25
virus suggesting similarities of both iDNA-derived CHIKV-7 and 181/25 viruses. The
reasons for higher rate of SNPs in the 3’ UTR of the CHIKV-7 virus are not clear.

Low frequency SNPs at nsP3 opal codon

SNPs play a critical role in the alphavirus life cycle. The nsP3 UGA opal stop codon at nt
5645-5647 requires readthrough in order to synthesize nsP1234 polyprotein. Readthrough
occurs with 5 to 20% efficiency as found by using previous in vitro translation studies (de
Groot et al., 1990; Shirako and Strauss, 1994). In our NGS library for CHIKV-7, SNPs were
found at nt 5645-5648 UGAC positions with frequencies from 0.02 to 0.09% (Table 2).
Generally, CHIKV-7 had lower frequency of SNPs as compared to the 181/25 virus. For
example, the frequency of UGA to UGG (opal Trp) was 0.062%. At the same time, in the
181/25 virus, UGA to UGG was found at a frequency 0.146% (Table 3). Other SNPs that
can lead to readthrough were also found at lower frequencies in CHIKV-7 at these
nucleotide positions. These data suggest that SNPs responsible for readthrough of an opal
stop codon and expression of nsP1234 polyprotein occur at a lower frequency in iDNA-
derived CHIKV-7 virus than in standard 181/25 virus.

Low frequency SNPs at E2-12 and E2-82 attenuating mutations

Next, we studied low frequency SNPs at amino acid residues E2-12 and E2-82
corresponding to lle and Arg, respectively. These amino acid residues have been identified
as attenuating loci (Gorchakov et al., 2012). These residues are encoded by the translational
codons ATA (8575-8677) and AGG (8785-8787), respectively. Reversion mutation Ille Thr
from ATA to ACA at E2-12 depends on a single nucleotide 8576 change. Likewise,
reversion mutation Arg Gly from AGG to GGG at E2-82 locus requires a single mutation (nt
8785). We have analyzed the SNP at these codon positions in CHIKV-7 and 181/25 viruses
(Table 3). Frequencies of all SNPs were below 1%, with CHIKV-7virus consistently
showing lower frequencies of SNPs as compared to the 181/25 virus. SNP frequencies at
E2-12 (nt 8576) and E2-82 in CHIKV-7 were 0.064% and 0.086%, respectively, while
corresponding SNP frequencies at E2-12 and E2-82 in 181/25 were 0.179% and 0.133%,
respectively (boxed entries in Table 3). Thus, the frequencies of reversion at E2-12 and
E2-82 in CHIKV-7 are 2.8 and 1.6 times lower, respectively, than in 181/25 virus. 2). In
summary, it appears that iDNA-launched CHIKV-7 virus represents a more homogenous
virus population, which may have an advantage for vaccine applications. In particular, lower
frequencies of SNPs at E2-12 and E2-82 in CHIKV-7 virus, which represent revertants to
the wild-type, virulent parent strain sequence, may play an important role in maintaining
attenuated phenotype as compared to the standard 181/25 strain vaccine.
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DISCUSSION

There is currently no approved vaccine or specific antiviral therapy for CHIKV. Current
treatments are mostly supportive, with anti-inflammatory drugs, steroids and fluids.
Experimental treatments include ribavirin, interferon-a and furin inhibitor dec-RVKR-cmk
(de Lamballerie et al., 2009; Ozden et al., 2008; Rudd et al., 2012). Candidate vaccines
include standard DNA-based vaccines expressing CHIKV genes (Mallilankaraman et al.,
2011; Muthumani et al., 2008), formalin-inactivated virus in combination with aluminum
hydroxide (alhydrogel) adjuvant (Tiwari et al., 2009), as well as live-attenuated viruses
(Plante et al., 2011; Plante et al., 2015; Wang et al., 2008), virus-like particles (Akahata et
al., 2010), viral vectors (Ramsauer et al., 2015; Wang et al., 2011a) and subunit vaccines
(Khan et al., 2012). Elicitation of protective immunity with a single-dose vaccination is
expected for an emergency vaccine, especially in resource deficient environments (Hoke et
al., 2012; Levine, 2011). Live-attenuated CHIKYV strain 181/25 has been confirmed to be
highly immunogenic in the clinic as a single-dose experimental human vaccine (Edelman et
al., 2000; Hoke et al., 2012). In phase |1 clinical trial, the 181/25 vaccine showed favorable
safety and immunogenicity with only minor transient adverse effects detected (Edelman et
al., 2000). In the absence of licensed vaccines, this vaccine can be an option for emergency
vaccinations, as well as a good starting point for CHIKV vaccine development (Hoke et al.,
2012). Recently, we adapted iDNA® technology (Tretyakova et al., 2013) to the 181/25
vaccine to prepare a proof-of-concept novel CHIKV vaccine. The iDNA approach resembles
traditional “infectious clone” technology except it does not involve in vitro RNA
transcription using a bacteriophage polymerase and in vitro transfection to produce the virus.
Instead, CHIKV iDNA clone employs a CMV promoter that transcribes the full-length
genomic RNA from a plasmid in the eukaryotic cells either in vitro or in vivo. The 181/25
iDNA plasmid allowed for the production of live vaccine virus in vitro (Tretyakova et al.,
2014). Furthermore, a single-dose direct immunization with iDNA plasmid resulted in the
successful protection of mice from CHIKV, thereby combining the advantages of DNA
immunization and efficacy of live attenuated vaccine (Tretyakova et al., 2014). Thus, the
CHIKYV iDNA vaccine may offer certain advantages over both the traditional DNA vaccines
and the live attenuated vaccines and could represent a feasible option for vaccination. DNA
is easy to prepare and formulate to be stable at ambient temperatures. Therefore, an iDNA
vaccine would not be a subject of cold chain limitations of traditional live vaccines such as
181/25 that may account for up to 80% of costs in warm climates (Levine, 2011). However,
because iDNA is a novel approach, more research is still needed.

In this study, we initiated analysis of genetic composition of iDNA-based CHIKV-7 vaccine
virus by NGS. Generally, we observed that CHIKV-7 has high genetic stability as compared
to the 181/25 virus. The exception was the 3° UTR of CHIKV-7, in which we found higher
number of SNPs. Hypothetically, the higher SNP rate in the 3’UTR of CHIKV-7 could
result from the fact that viral RNA derived from the iDNA clone may have different 3’
sequence than that in the 181/25 virus due to the presence of additional sequences in the
plasmid such as the ribozyme; therefore, plasmid-derived RNA may undergo intracellular
optimization during the first rounds of replication, which can lead to the heterogeneity of 3’
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terminal sequences. The effects of the SNPs in 3 UTR on the CHIKV-7 virus characteristics
remain to be studied.

Consistent with the previous report (Tretyakova et al., 2014), we observed a delay in virus
production from iDNA as compared to the control 181/25 virus (Fig. 2a). The reason for the
delay is not clear. One explanation could be the need for RNA transcription and transport
from the nucleus into the cytoplasm for the production of CHIKV-7 vaccine virus.
Transfected cells that receive plasmid in the cytoplasm may need to undergo a division stage
of the cell cycle to allow plasmid into the nucleus for transcription. In contrast, the standard
181/25 virus introduces genomic RNA directly in the cytoplasm, where it can readily be
translated and replicate. Another hypothesis is that higher genetic stability of the vaccine
virus derived from the iDNA clone may contribute to the delay in virus replication. In our
NGS analysis, we detected lower frequencies of SNPs in CHIKV-7 virus (except the 3’-
UTR), including a lower frequency of SNPs at the site of the nsP3 opal codon. The
polyprotein nsP123 is made when translation terminates at this codon, while nsP1234 is
generated when readthrough of the stop codon occurs with 5 to 20% efficiency as
determined by using in vitro translation reactions (de Groot et al., 1990; Shirako and Strauss,
1994; Strauss et al., 1983). Sequence information indicated that at least some alphavirus
populations possess both sense and stop codons in equilibrium at this position (Lanciotti et
al., 1998; Myles et al., 2006) and selection for replication in certain cell lines can result in
mutations in wild-type codons at this position (Weaver et al., 1999). Mosquito cell
adaptation resulted in replacement of the stop codon with arginine or cysteine (Weaver et
al., 1999). Our NGS analysis indicates that the majority of CHIKV-7 and 181/25 RNAs have
an opal codon and that the frequency of sense mutations are low at this locus, with
CHIKYV-7 showing lower level SNPs as compared to the 181/25 virus. The lower frequency
of the nsP3 opal codon read-through potentially can inhibit expression of viral nsP1234
protein and contribute to the observed delay of replication of CHIKV-7 virus and improved
attenuation as compared to the 181/25 virus. However, this hypothesis requires additional
research out of scope of the current study. Interestingly enough, it has been previously
reported that homogenous virus prepared using another technology, high fidelity RNA
polymerase, has reduced viral fitness in invertebrate and vertebrate hosts (Coffey et al.,
2011). In newborn mice, high fidelity CHIKV produced truncated viremias and lower organ
titers. Low fidelity polymerase CHIKV mutants were also found to be attenuated (Rozen-
Gagnon et al., 2014). Similarly, high fidelity variants of human enterovirus 71 exhibited an
attenuated phenotype in AG129 mice (Meng and Kwang, 2014).

Higher genetic stability can also play a role in preventing reversion mutations and
maintaining attenuated phenotype. Adverse reactions to the 181/25 vaccine have been linked
to reversion mutations (Glass, 2007), and experimental studies in mice have recapitulated
these reversions (Gorchakov et al., 2012). In general, for live attenuated vaccines such as
181/25, poliovirus, and other live vaccines it is expected that reversion mutations may be
present as a small fraction of bulk vaccine preparations. It is important to maintain reversion
mutations at a minimal level to ensure vaccine safety. For example, it has been well-
established in international collaborative studies with serotype 3 Sabin oral poliomyelitis
vaccine that vaccine lots containing revertant genomes below a critical threshold
successfully pass the in vivo monkey neurovirulence test (MNVT), while vaccine lots
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containing more revertants fail the MNVT (Dorsam et al., 2000). The WHO established
Standard Operating Procedure for poliovirus (Sabin) vaccine types 1, 2 or 3 that allows
mutant analysis by PCR and restriction enzyme cleavage (MAPREC), as well as calculation
of the percentage of revertants (WHO, 2012). Therefore, it is not always clear if a reversion
mutation occurred during live vaccine immunization in the vaccine recipient, or reversion
mutation was already present as an SNP in the formulated vaccine. The 181/25 vaccine was
derived by 18 plaque-to-plaque passages in MRC-5 cell culture (Levitt et al., 1986). Plaque
purification is expected to result in a high homogeneity of the virus. Subsequent passages
increase probability of mutations. The NGS analysis showed relatively high homogeneity of
the 181/25 virus. However, our data indicated that except the 3’ UTR, the overall level of
SNPs was lower in the iDNA-derived CHIKV-7 virus than in the 181/25 virus. Both E2-12
and E2-82 attenuating mutations contained lower number of SNP reversions in the
CHIKV-7 virus as compared to the 181/25 virus. Although simultaneous reversions at both
E2-18 and E2-82 showed highest reactogenicity, reversion of either site resulted in a
detectable reactogenicity (Gorchakov et al., 2012). Given the proximity of the E2-12 and
E2-82 codons (~210 nucleotides), we attempted to determine if mutations at these positions
are occurring in the same genomic reads. However, as the average read of HiSeq2000 is
~100nt (Koboldt et al., 2012; Liu et al., 2012), we were unable to identify any genomic
reads that co-localized both these codons. This can be achieved in the future studies by using
NGS methods that generate longer sequencing reads. In summary, data suggest that
CHIKYV-7 virus may have safety advantage due to lower total number of the reversions at
E2-18 and E2-82 sites (Table 3). 3). This study shows that advantages of iDNA vaccine may
include higher genetic homogeneity resulting in lower frequency of the nsP3 opal codon and
reduced rate of virulence reversions. Potentially, these features can result in enhanced
vaccine safety. However, this deserves additional studies in vivo. The DNA launched virus
will presumably undergo several rounds of replication and potentially, selective pressure in
vivo may favor reversion mutations, which remains to be investigated.

Thus, CHIKV iDNA represents a genetically defined molecular clone with higher viral
sequence homogeneity, which may have a safety advantage of iDNA-derived CHIKV-7
virus for vaccine applications. The iDNA clone can serve as a reference source for the
production of live or killed CHIKYV vaccines with improved safety characteristics.
Furthermore, vaccination can be done directly with iDNA in vivo (Tretyakova et al., 2014).
Such direct vaccination with iDNA is expected to minimize the number of replication cycles
of vaccine virus, thus further reducing the probability of reversion mutations. Finally, as a
platform technology and a reverse genetics system, iDNA can also be adapted to prepare
other CHIKYV vaccines including live chimeric alphaviruses and other attenuated forms
(Plante et al., 2011; Plante et al., 2015; Wang et al., 2011b; Wang et al., 2008) or to develop
novel vaccines, as well as for studying CHIKYV biology.
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Research Highlights
Chikungunya virus (CHIKV) is an emerging pandemic threat
In vivo DNA-launched attenuated CHIKYV is a novel vaccine technology

DNA-launched virus was sequenced using HiSeq2000 and compared to the
181/25 virus

DNA-launched virus has lower frequency of SNPs at E2-12 and E2-82
attenuation loci
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Figure 1.
Preparation and characterization of iDNA-launched CHIKV-7 vaccine virus. (a) Schematic

depiction of the CHIKV-7 virus production in Vero cells transfected with iDNA plasmid.
The full-length cDNA copy of CHIKV genome (solid line) was placed downstream from the
CMV promoter (open arrow) to transcribe the full-length viral RNA. Within the RNA,
indicated are the non-structural genes (open box), 26S promoter (solid arrow), and structural
genes (filled box). (b) Infectious center assay (ICA) of transfected Vero cells. Vero cells
were transfected by electroporation using 1ug of iDNA plasmid pCHIKV-7. Aliquot of
transfected cells was seeded into 6-well plates for ICA as described in Materials and
Methods. (c) Expression of CHIKV antigens in iDNA-transfected Vero cells by
immunofluorescence assay (IFA) at 18, 30 and 48 h post-transfection. Sham-transfected
cells are shown as negative control (NC). Aliquots of transfected cells were seeded in 8-well
chamber slides, fixed at indicated times in cold acetone and processed by IFA using mouse
CHIKYV-specific antibody VR-64, followed by FITC-conjugated secondary antibody to
mouse IgG (H+L). Propidium iodide (PI) nuclear counterstain was used to visualize cell
nuclei (Jones and Kniss, 1987). Red fluorescence indicates nuclear staining with the PI. (d)
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Expression of CHIKYV antigens in Vero cells transfected with pCHIKV-7 DNA or infected
with 181/25 P1 virus, by western blot. Cells were harvested at 60 h. Proteins in cells lysates
were separated by SDS-PAGE. Western blot was done using mouse antibody VR-64
followed by AP-conjugated secondary antibody to mouse 1gG (H+L). Lane 1, pCHIKV-7
transfected Vero cells; lane 2, medium from untreated Vero cells; lane 3, 181/25-infected
cells; lane 4, untreated Vero cells; M, See BluePlus2 protein molecular weight marker
(Thermo). Arrows indicate bands resulting from the CHIKYV structural protein expression.
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Figure 2.
Characterization of the CHIKV-7 vaccine virus and 181/25 virus by growth curve and next

generation sequencing. (a) Growth curves of CHIKV-7 virus in iDNA-transfected Vero cells
(solid line) and of 181/25 virus in infected Vero cells (dashed line). Vero cells were
transfected with 1 pg of pPCHIKV-7 iDNA plasmid or infected with 103 PFU of 181/25
virus. Aliquots of growth medium supernatants were collected and the virus was quantitated
by direct plaque assay. Virus presence in the growth medium was determined by plaque
assay in duplicates. Each data point represents average of three measurements. Standard
deviations are indicated. Data at -1 h indicate PFU of 181/25 virus at the start of infection
and IC number corresponding to 1 ug iDNA at the start of transfection, respectively. Data
from 0 h show PFU/ml. (b) Plague morphology of CHIKV-7 virus from transfected Vero
cells. Average size of total 51 plaques is 4.30£0.93 mm, as measured using magnified
image; with five largest plaques 1.37 times larger than the average size. (c) Plaque
morphology of 181/25 P1 virus from transfected Vero cells. Average size of total 48 plaques
is 5.01+1.78 mm, as measured using magnified image, with five largest plaques 1.78 times
larger than the average size. (d) Comparison of sequence coverage and depth of the virus
genomes. RNA was isolated from each virus by Trizol LS and sequenced using lllumina
HiSeq2000. Sequencing products were assembled to a reference CHIKV 181/25 sequence.
The locations of the nonstructural and structural polyproteins are indicated.
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