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Abstract

Identification of RNA sequences found in the genomes of viruses that induce intracellular innate immunity has important implications in the
fields of immunology and mRNA based gene therapy. Such findings help deepen our understanding of the innate immune system and can help
us devise effective mRNA based gene therapies, i.e. mRNA replacements [1]. Although in vitro studies performed thus far have sporadically
identified several immunogenic RNA sequences, it is still not possible to predict which sequences would be immunogenic within the cell.
Within eukaryotic cellular and endosomal membranes, there are several receptors that are responsible for recognizing viral genomes. Some of
these receptors recognize DNA with unmethylated CpG sequences (TLR9) or double stranded RNA (TLR3), while others such as TLR7, TLRS,
PKR, or OAS are activated by single stranded (foreign) RNA molecules [2].

Crystal structure analysis of TLR8 revealed that this receptor can be activated by the binding of uridine and a short oligoribonucleotide with a
predicted length of 2-20 bases [3]. Differential recognition of the viral genome by these receptors, which spares self RNAs, suggests the pres-
ence of selective activation by sequences that are frequently found in the viral genomes but that are either absent or infrequent in the human
genome. We therefore identified 12 nucleotide-long RNA sequences within the genomes of RNA viruses and scored them according to their
frequencies using a brute-force algorithm. For validation, we compared the scores of known immunogenic sequences to those of non-immu-
nogenic sequences. Consequently, we note that in silico screening can be an effective method for identifying immunogenic RNA sequences.
Following in vitro validation of identified immunogenic sequences, we aim to develop a codon optimization algorithm to design non-immuno-

genic mRNAs for gene replacement therapies.
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INTRODUCTION

In vertebrates, innate immunity provides a basic level
of protection against pathogens by sensing foreign mol-
ecules or molecular patterns associated with invaders. Some
of these receptors bind structural elements, such as bacte-
rial cell wall lipids, flagellar proteins, or fungal cell wall
polysaccharides while others recognize viral genome (for
a general review, please see [4, 5]). Among the latter, hu-
man TLR7 and TLR8 have been known for their role in the
recognition of single stranded RNA of viruses [6-9]. When
activated, these receptors in turn stimulate various intracel-
lular signalling pathways (e.g. NF-kB and IRF7 pathways)
resulting in cytokine and interferon release, translation stall-
ing, RNA degradation, and apoptosis [2]. Collectively, these
molecular responses are intended to halt the viral replication
cycle within the cell and alert neighboring cells against po-
tential invaders.

Although the structure of TLR7 has not been definitive-
ly solved via crystallography yet, potential ligand bindings
sites were identified via homology modelling [10]. The crys-
tal structure of TLRS, however, was determined recently [3].
It revealed two seperate ligand binding domains: one bind-
ing uridine and another binding a short, 2-20 nucleotide long
oligoribonucleotide (ORN). It was also shown that ligand
binding at both domains was required to activate the recep-
tor. These findings are in alignment with other groups’ work
on TLRS ligands, which have consistently shown GU- and
AU-rich ORN sequences to be activators of TLR8 [6, 11,
12].

TLR7 and TLRS8 are known to recognize viral RNA,
but not mammalian mRNA or tRNA [13, 14]. There are two
major mechanisms that could underly this selective binding.
The first one is the recognition of unmodified RNA, because

mammalian mRNAs and tRNAs are chemically modified.
Mammalian RNAs are known to contain over 110 modified
nucleotides [15]. There are numerous studies demonstrating
that in vitro transcribed (IVT) mRNA containing modified
nucleotides such as pseudouridine, N1-methylpseudouri-
dine, 2-thiouridine, S5-methylcytidine, and N6-methyl-
adenosine does not activate TLR7 or TLRS and, therefore, is
not immunogenic [14, 16-20]. The second mechanism with
which selective binding of TLRs to viral RNA could occur
is the recognition of sequence patterns that are frequently
found in viral RNAs. Viruses with ssRNA genomes, such as
HIV and HCV, have sequences that are known to be immu-
nogenic via TLR7 and/or TLRS [6, 9, 12, 21]. Futhermore,
it was recently discovered that codon optimized mRNA se-
quences, which were engineered to have a higher GC content
(similar to that of the human genome), significantly reduced
the immunogenicity of [IVT mRNA [1]. Based on these re-
sults, we aimed to identify immunogenic ORN sequences
via analyzing viral genomes to assist in the design of delib-
erately immunogenic or non-immunogenic RNAs. We chose
12 nucleotides as the optimal ORN length because, based
on our preliminary analysis, the scores of 9-mers were not
conducive in differentiating between immunogenic and non-
immunogenic sequences and the frequency of 17-mers were
too low for a consequential analysis. We therefore analyzed
12-mers in our training data set, and then generated a 12-mer
list from available ORN sequences in our validation data set.

Immunogenic ORN sequences can function as RNA ad-
juvants to stimulate TLRs and induce a cytokine response
[22, 23]. Such ORN adjuvants can be used in indications
where small molecule TLR agonists have shown promise
against pathogens or cancer, antivirals for the treatment of
HIV, HBC, HCV, or influenza infections, or immune modu-
lators in Alzheimers [24- 29]. Additionally, through the use
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of a novel codon optimization algorithm, these immunogen-
ic sequences can be avoided while creating synthetic mRNA
sequences to enable well-tolerated and highly efficacious
mRNA replacement therapies.

Here, we report the results of our in silico screen that
ranked viral ORNs (12-mers) according to their frequencies
in the ssSRNA viral genome database and hence scored their
immunogenic potential. We then proceeded to validate these
scores, by comparing the frequencies of previously reported
immunogenic ORNs to those of non-immunogenic ORNs
[30]. This comparison yielded a statistically significant dif-
ference between the two groups, indicating that in silico
screening can be a valid approach for the identification of
potentially immunogenic sequences.

MATERIALS and METHODS

Identification of viral sequences

Atotal of 1923 sequences, which belong to single strand-
ed RNA viruses and their positive and negative, unclassified
and unassigned strands were identified and 467 of these se-
quences were downloaded using a human host filter from the
NCBI viral genome database (http://www.ncbi.nlm.nih.gov/
genomes/GenomesGroup.cgi?taxid=10239).

Validation

For validation, single-stranded RNA sequences with
previously identified immunogenicities (positive and nega-
tive) were used. From the ssSRNA data set of Chaudhary et al.
[30], 2875 sequences with positive immunogenicity (immu-
nogenic) and 5372 sequences with negative immunogenicity
(non-immunogenic) were obtained.

Algorithm

Viral and control sequences downloaded in FASTA for-
mat were subjected to a brute-force string match algorithm
which allowed 9, 12 and 17-base long oligoribonucleotides
with unique sequences to be scanned and listed with their
repetition number in a .txt file. The use of a brute-force string
match algorithm was chosen due to its moderate comput-
ing power and memory which suits the low number of viral
sequences provided. Moreover, this approach eliminated
the risk of overlooking any sequences which could have oc-
curred by using greedy or heuristic algorithms.

Due to insufficient diversity of 9-base long sequences
(absence of virus-only sequences) and small number of rep-
etitions of 17-base long sequences (with a maximum of 3 or
4 repetitions), these were unsuitable for statistical analysis
and resulted in the evaluation of 12-base long sequences.
These sequences are suitable for analysis due to their suffi-
cient number of repetitions and the presence of 12-base long
virus-only sequences.

Pseudocode:

Algorithm BruteForceStringMatch(T[0...n-1],
P[0...m-1])

for i« 0 ton-mdo

j<0

while j <m and P[j] = T[i+j] do

j++

if j = m then return i

return -1

Statistical analysis

The frequency scores of previously identified 12-mers
according to their presence in the immunogenic set and non-
immunogenic set from Chaudhary et al. [30] were compared
in SPSS software using Mann-Whitney test. The level of sig-
nificance (alpha value) was set to 0.05 and the p values less
than this were considered significant.

RESULTS and DISCUSSION

The frequency values (scores) of 12-mer ssRNAs in
virus genomes were identified. The most frequent 12-mer
(TTTTTTTTTTTT/UUUUUUUUUUUU) has a score of
195. In order to evaluate whether or not this pool of se-
quences contains immunogenic sequences, validation was
performed using positive (immunogenic) and negative (non-
immunogenic) short ssSRNA data. Positive and negative ss-
RNA 12-mers were listed and scored according to their viral
frequencies (Table 1). Upon comparing these scores with
the scores of ssSRNA sequences that are considered immu-
nogenic and non-immunogenic using Mann-Whitney test,
immunogenic sequences were observed to have a higher
score (p<0.0004). The results showed that, as expected, 12-
mer ssRNAs found in the virus genome are immunogenic
(Figure la and 1b), and the method we used in our study is
therefore a valid method to identify the immunogenicity of a
given RNA sequence.

Table 1. Viral 12-mers and their scores assigned according
to their frequency in the viral genome. The first two sequenc-
es (in red) are taken as outliers in the SPSS analysis.

Sequence Score
TTTTTTTTTTTT 195
AAAAAAAAAAAA 136
AAAAACTTAGGA 81
TTTAAGAAAAAA 65
AAGAAAAACTTA 58
AAAAAACTTAGG 56
TAAGAAAAACTT 56
TTAAGAAAAAAC 50
ATTAAGAAAAAC 48
AGAAAAACTTAG 48
GAAAAACTTAGG 46
GGTTAGAGGAGA 41
GTTAGAGGAGAC 40
TTAGAGGAGACC 39
TAGAGGAGACCC 39
TGGTACATGTGG 39
TTAAGAAAAACT 38
CCTAGGATCCAC 37
TAGGATCCACTG 37
GATCCACTGTGC 37
ATCCACTGTGCG 37
AGGATCCACTGT 37
GCCTAGGATCCA 37
GGATCCACTGTG 37
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ATTAAGAAAAAA 36
TTAAGAAAAAAT 36
CTAGGATCCACT 36
TGAAAAAAACAT 36
TATTAAGAAAAA 35
AAAACTTAGGAT 35
CAACATGATGGG 35
ACAACATGATGG 35
TACAACATGATG 34
GATTAAGAAAAA 34

Mann-Whithey Test

Ranks
Grup M Mean Rank | Sum of Ranks
Puan 1.00 2875 437060 1256547850
2.00 5372 389202 2144514950
Total 8247
Test Statistics®
Puan
Mann-Whitney U 7013271.500
Wileoxan W 2144514950
Z -9.103
Asymp. Sig. (2-tailed) 000

a. Grouping Variahle: Grup
Mann-Whitney Test

Ranks
Grup M Mean Rank | Sum of Ranks
Puan  1.00 2873 4367.90 | 1254898550
2.00 5372 399202 | 2144514950
Total 8245
Test Statistics™
Puan

Mann-Whitney L 7013271.500

Wilcoxan W 2144514950
z -9.0M1
Asymp. Sig. (2-tailed) .000

a. Grouping Variable: Grup

Figure 1. Results of the Mann-Whitney test to identify immuno-
genicity of the viral 12-mers. Group 1.00 denotes sequences with
positive immunogenicity and Group 2.00 denotes sequences with
negative immunogenicity. A) Results of analysis including the two
outlier sequences. B) Results of analysis excluding the two outlier
sequences. In the results of A and B, a p<0.0004 shows that the
results are significant in both cases and that the viral 12-mers are
immunogenic.

Cellular administration of unmodified synthetic RNA re-
sults in the stimulation of cellular innate immunity [2]. This
is because unmodified RNA, such as viral RNA, is consid-
ered “foreign” and is confiscated as soon as possible, before
the cell’s machinery can use it to produce protein. Although
it has been shown that cellular administration of in vitro syn-
thesized modified RNA (with pseudouridine and methylcyti-

dine) results in a significantly abolished immune response
compared to that of unmodified RNA, there is always room
for improvement [14, 16, 31, 32]. Additional modifications,
such as optimization of 5’ or 3” UTRs, are still required to
attain an increased half-life. Thess et al. [1] have optimized
the sequence of RNA instead of using modified nucleotides
to prevent immunogenicity and have shown that codon op-
timization is a valid method to evade innate immunity and
an alternative to using modified bases. Codon optimization
is often used to maximize protein expression by increasing
the translation efficiency of the gene of interest. This tech-
nique may involve transformation of a given oligonucleotide
sequence of one species to the oligonucleotide sequence of
another species (i.e. mouse sequence to human sequence or
vice versa). Another strategy is to simply change the co-
dons to overcome codon bias and to replace a low frequency
codon with a higher frequency codon so that, while the se-
quence changes, it still encodes the same protein. With the
data to prove that codon optimization in synthetic RNA can
enhance half-life and translation efficiency, the same prin-
ciple can be applied to the designated RNA sequence. With
synthetic mRNA therapeutics on the rise, identifying the im-
munogenicity of a given RNA sequence would be of great
use because sequences with positive immunogenicity can
be transformed into non-immunogenic sequences via codon
optimization. Development of an algorithm that employs co-
don optimization to design non-immunogenic RNA is the
final target of this study. Synthesis of RNA with low im-
munogenicity will lead to the more effective development of
RNA-based vaccine and therapeutics.

The comparison method we have designed proves to be a
valid checkpoint before designing and synthesizing the RNA
of interest. As a future study, the immunogenicity of these
sequences must be validated in vitro. Therefore, production
of these sequences as synthetic RNA and administration to
a cellular system such as monocyte-derived dendritic cells
(MDDC) is required.
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