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ABSTRACT 25 
Lentiviral RNA genomes present a strong bias in their nucleotide composition with 26 
extremely high frequencies of A-nucleotide in HIV-1 and simian immunodeficiency 27 
virus (SIV). Based on the observation that human optimization of RNA virus gene 28 
fragments may abolish their ability to stimulate type-I interferon (IFN-I) response, we 29 
identified the most biased sequences along SIV genome and showed that they are 30 
the most potent IFN-I stimulators. With the aim of designing an attenuated SIV 31 
genome based on a reduced capacity to activate IFN-I response, we synthesized 32 
artificial SIV genomes whose biased sequences were optimized towards macaque 33 
average nucleotide composition without altering their regulatory elements or amino 34 
acid sequences. A synthetic SIV optimized with 169 synonymous mutations in gag 35 
and pol genes showed a 100-fold decrease in replicative capacity. Interestingly, a 36 
synthetic SIV optimized with 70 synonymous mutations in pol had a normal 37 
replicative capacity. Its ability to stimulate IFN-I was reduced when infected cells 38 
were cocultured with reporter cells. IRF3 transcription factor was required for IFN-I 39 
stimulation, implicating cytosolic sensors in the detection of SIV biased RNA in 40 
infected cells. No reversion of introduced mutations was observed for both optimized 41 
viruses after 10 serial passages. In conclusion, we have designed large-scale 42 
nucleotide-modified SIVs that may display attenuated pathogenic potential. 43 
 44 
IMPORTANCE 45 
In this study, we synthesized artificial SIV genomes in which the most hyper biased 46 
sequences were optimized to bring them closer to the nucleotide composition of the 47 
macaque SIV host. Interestingly, we generated a stable synthetic SIV optimized with 48 
70 synonymous mutations in pol gene, which had a normal replicative capacity but a 49 
reduced ability to stimulate type-I IFN. This demonstrates the possibility to rationally 50 
change viral nucleotide composition to design replicative and genetically stable 51 
lentiviruses with attenuated pathogenic potentials. 52 

53 
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INTRODUCTION 54 
RNA viruses carry their whole genetic information on a single or double stranded 55 
genomic RNA molecule. They have relatively small genomes, probably due to their 56 
high mutation rate (26) and to capsid size constraints (50). Their genomic RNA 57 
encodes for few proteins, sometimes with overlapping segments, and contains many 58 
non-coding sequences (41). These regulatory sequences play critical roles in 59 
controlling transcription, translation, sub-cellular trafficking or packaging, but also 60 
virulence functions such as immune evasion (7, 19, 27). Recently, viral RNA 61 
properties relying on global features such as nucleotide composition or codon usage 62 
have also been revealed crucial in virus biology (48, 49). 63 

It was proposed 30 years ago that each species was subjected to specific genomic 64 
pressures on nucleotide composition resulting in a distinctive bias in synonymous 65 
codon usage (20). This is true for viruses, which have species-specific nucleotide 66 
compositions with most RNA viruses displaying A-rich and C-poor codons in their 67 
coding strand (5). For example, the genomes of HIV-1 and other lentiviruses are 68 
strongly biased in their nucleotide composition as compared to their primate hosts, 69 
with as much as 35 % adenosines (67, 68). As a consequence, both their average 70 
amino acid composition and their synonymous codon usage are different from those 71 
of their hosts (8, 9). Lentiviral biased nucleotide composition has been explained by 72 
dNTP pool imbalance during reverse transcription (17) and by antiviral activity of the 73 
cellular Apobec 3G (A3G) cytidine deaminase, which mutates G to A in HIV provirus 74 
(10) and is counteracted by the viral protein Vif (17, 61). The specific nucleotide 75 
composition of lentiviruses may impact genome structure and stability (38, 70), 76 
nuclease sensitivity (43) and viral RNA recognition by innate immunity receptors (39, 77 
57).  78 

To study the impact of global nucleotide composition or codon usage on virus 79 
biology, it is necessary to rely on chemical synthesis of large genomic fragments and 80 
on reverse genetics to generate modified viruses. In the last years, several groups 81 
have synthesized large artificial viral sequences to proceed to genome-scale 82 
modifications. For example, the effect of shifting poliovirus codon usage on its 83 
replication has been investigated (13, 49). Poliovirus RNA genome was deoptimized 84 
without altering the amino-acid sequence by changing synonymous codons from 85 
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frequently to rarely used codons. This resulted in imbalanced synthesis of viral 86 
proteins and generated attenuated viruses. Attenuated polio and influenza viruses 87 
were further developed by deoptimizing the codon pair bias (22) (15, 48). Both 88 
deoptimized viruses protected mice from infection after subsequent challenge with a 89 
wild-type virus, highlighting their potential as vaccine. In the case of HIV-1, it was 90 
observed that systematic replacement of wild-type codons by synonymous GC-rich 91 
codons in gag and pol genes led to a profound delay in replication kinetics with at 92 
least 5-fold loss of infectivity (33). Suppression of viral infectivity was caused by 93 
enhanced dimer stability of viral RNA genome and subsequent reduction of viral 94 
cDNA synthesis (33). These examples demonstrate that genome-scale changes in 95 
viral sequence allow the design of attenuated vaccines that are genetically stable 96 
because of the large number of mutations involved.  97 

We recently reported that HIV-1 biased nucleotide composition triggers over-98 
stimulation of type I interferon (IFN-I) response after RNA transfection in human cells, 99 
indicating that RNA sequences are discriminated according to their nucleotide 100 
composition (66). Type I IFN is a major antiviral cytokine thought to contribute to 101 
chronic activation of the immune system and progression to AIDS during HIV 102 
infection (24, 30). We also proposed a putative link between pathogenicity and 103 
divergent HIV-1 nucleotide composition compared to host (66). These results 104 
suggested a new determinant for the pathogenicity of lentiviral infections, and raised 105 
the possibility of altering virus-host interactions by artificially changing the nucleotide 106 
frequency of viral genome. 107 

In the present work, we observed that codon optimization of viral genes, a 108 
technique commonly used to increase antigen expression in vaccine candidates (1, 109 
6, 40), abolishes the capacity of viral RNA to induce IFN-I in human cells. Based on 110 
the demonstration that distinct regions of SIV genomic RNA trigger different levels of 111 
IFN-I according to their nucleotide composition, we designed an attenuated artificial 112 
SIV genome by sequence optimization. Viral sequences were made closer to SIV 113 
host macaque average nucleotide composition without altering the regulatory 114 
elements and the amino acid composition. The corresponding synthetic viruses were 115 
produced by reverse genetics and were analyzed for their ability to replicate and to 116 
stimulate IFN-I production in vitro in a human T-cell line and in human and macaque 117 
PBMC. 118 
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MATERIALS AND METHODS 119 
In silico design of nucleotide optimized SIV genomes. To design new SIVopt 120 
genomes we selected three modifiable regions within gag, pol and env genes of 121 
SIVmac239 genome where nucleotide optimization was possible while preserving 122 
amino acid sequences and regulatory regions. For each region, the actual profile of 123 
chi-square divergence of nucleotide composition between virus and rhesus macaque 124 
host was computed with a sliding window of 101 nucleotides, as previously described 125 
(66). Then, a threshold of maximal acceptable chi-square divergence was selected, 126 
according to similar profiles computed with non-pathogenic lentiviruses-hosts couples 127 
(SIVagm / African green monkey Sabeus, SIVsm / Sooty mangabey) or couples with 128 
reduced lentiviral pathogenicity (HIV-2/human, SIVcpz/chimpanzee). The selected 129 
thresholds were 0.04 in the gag region, 0.14 in the pol region, and 0.05 in the env 130 
region. To identify the nucleotide modifications that would reduce local divergence, 131 
each region was divided into peaks of divergence separated from non-divergent 132 
sections (Fig. 2B). Inside each region, all genome positions with a chi-square above 133 
the given threshold and distant less than 101 nucleotides from another were included 134 
in the same peak of divergence. The distance of 101 nucleotides corresponds to the 135 
window size for chi-square computation, thus local chi-square at a given position 136 
depends only on the nucleotide composition of the 50 surrounding nucleotides and 137 
two positions distant of 101 nucleotides are computed independently. This division of 138 
genomic regions into independent peaks of divergent and non-divergent sections 139 
allowed optimizing the nucleotide content of each peak separately and quickened 140 
most computations. Inside each peak, all possible one-nucleotide changes 141 
synonymous for all CDS coded by the position were ranked based on their impact on 142 
the local chi-square divergence. To minimize the number of mutations necessary to 143 
reduce the divergence to the pre-defined threshold, the single nucleotide modification 144 
causing the higher diminution of divergence was selected. After each modification, 145 
the chi-square profile of the peak was recomputed and new modifications were made 146 
iteratively, until either no more genome position in the peak had a chi-square above 147 
threshold, or all possible mutations in the peak had been realized, meaning that the 148 
selected threshold was unreachable. The next peak was then selected and solved 149 
iteratively in the same way until resolution of all peaks inside each region. 150 
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Cells and reagents. Human PBMCs were isolated from the blood of healthy 151 
donors by Ficoll centrifugation. The blood was provided by the EFS (Etablissement 152 
Français du Sang, the French Official Blood Bank). Macaque PBMCs were isolated 153 
from Two Chinese RMs (Macaca mulatta) housed in single cages within the 154 
"Commissariat à l'Energie Atomique" (Fontenay-aux-Roses, France) facilities 155 
according to national guidelines. Whole blood was collected on sodium heparin. 156 
Human and Macaque PBMCs and Cemx174 were grown in RPMI medium with 10% 157 
heat-inactivated fetal bovine serum (FBS). Hela P4C5 (45), HEK293T and derivatives 158 
were grown in DMEM supplemented with 10% FBS.  159 

Virus production. Viruses were produced by transfection of infectious plasmids 160 
into HEK293T cells and co-cultivation with Cemx174 cells. Mutated gag and pol-161 
optimized DNA sequences were chemically synthesized (GeneScript) then cloned 162 
into plasmid p239SpSp5. Mutated env-optimized sequence was cloned in p239SpE3' 163 
nef Open. Plasmids p239Sp5 and p239SpE3' nef Open contain respectively the 5' 164 
and 3' halves of SIVmac239 infectious clone (54). Each plasmid (10 µg) containing 165 
opt or wt version of gag, pol or env genes were digested with SphI (p239Sp5) or SphI 166 
+ AatII (p239SpE3' nef Open), purified on agarose gel and ligated together with T4 167 
DNA ligase for 48h at 4°C. The total ligation product (40μl) was transfected with 6μl 168 
Lipofectamine (Invitrogen) in 8.105 HEK293T cells plated the day before on 6-well 169 
plates. Two days after transfection, DMEM was replaced by 3ml RPMI 10% FBS 170 
containing 5.105/ml Cemx174. Syncytia formation in the coculture indicated virus 171 
production. Two weeks after transfection, culture supernatant was harvested, 172 
centrifuged at low speed and filtrated trough 0.45μm pores. Viral stock were kept at -173 
80°C. 174 

RNA preparation. Primers (Table S1) were designed to amplify 40 overlapping 175 
fragments of approximately 500pb long by PCR reaction (Enzyme Phusion, 35 176 
cycles, Ta=60°C, 30 sec. elongation). Primers were also designed to amplify 177 
sequences (1min. elongation) from wt or opt sequence of viral genes. A 5’ tail 178 
containing T7 promoter sequence was included in every forward primer to allow the 179 
subsequent in vitro transcription reaction. PCR products were purified and used as 180 
template for T7 RNA synthesis according to manufacturer’s instructions (T7 RiboMA 181 
Express, Promega). Resulting RNA were purified using RNeasy mini kit (Qiagen) and 182 
concentration was determined by Nanodrop measurement.  183 
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IFN-luciferase reporter assays. Expression of IFN-α/β was determined by 184 
transient transfection of HEK293 cells with either reporter plasmid pISRE-Luc 185 
containing five ISRE enhancer elements upstream of the firefly luciferase gene 186 
(Stratagene) or reporter plasmid pIFNβ-Luc containing the firefly luciferase gene 187 
under the control of IFNβ promoter (provided by Drs. R. Weil and J. Hiscott). For 188 
RNA transfections, Hela P4C5 or HEK293T cells were plated in 24-well plates 189 
(2 × 105 per well). After 24 hours, cells were transfected using 1μl Lipofectamine 190 
2000 (Invitrogen) with pISRE-Luc reporter plasmid (250 ng/well) (HEK293T) or 191 
pIFNβ-Luc (Hela P4C5), a plasmid harboring a thymidine kinase (Tk) promoter 192 
upstream of the renilla luciferase gene (25 ng/well), and 12ng of each RNA fragment 193 
(500pb) or 20 ng of wt/opt viral genes. After 20 h, cells were lysed, and the firefly and 194 
renilla luciferase activities were measured in cell lysates using the Dual-luciferase 195 
Reporter Assay System (Promega) according to manufacturer's instructions. 196 
Reporter activity was calculated as a triplicate of the ratio of firefly luciferase activity 197 
to reference renilla luciferase activity.  198 

For virus activation analysis during coculture, Hela P4C5 cells were plated in 24-199 
well plates (105 cells per well). One day later, cells were transfected using 1μl Fugen 200 
(Roche) with pIFNβ-Luc reporter plasmid (200 ng/well) and a plasmid harboring a 201 
thymidine kinase (Tk) promoter upstream of the renilla luciferase gene (20 ng/well). 202 
One day later infected Cemx174 cells were added to the culture at a concentration of 203 
106 cells per ml (Cemx174 / Hela P4C5 ratio = 1:1). The percentage of Cemx174 204 
infection was assayed by SIV p27 staining and flow cytometry. 205 

IFN-I detection. IFN-I secretion was quantified using the reporter cell line HL116, 206 
that carries the luciferase gene under the control of the IFN-inducible 6-16 promoter 207 
(65) (a kind gift from Sandra Pellegrini, Institut Pasteur, France). HL116 were grown 208 
in DMEM supplemented with 10% FBS and HAT (H: 20 µg/mL, T: 20 µg/mL, A: 0.2 209 
µg/mL). HL116 cells (2×104) plated 16 h prior the assay in 96-well plate, were 210 
incubated for 7 h with the desired culture supernatants or standards containing a 211 
titration of human IFNα2a (Immunotools). Cells were then lysed (Luciferase Cell 212 
Culture Lysis, 5X Reagent, Promega) and luciferase activity measured using the 213 
Luciferase Assay Reagent (Promega). Samples were analyzed using Perkin Elmer 214 
Wallac 1420. IFN levels are expressed as equivalent of IFNα2a concentration in 215 
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Units/ml. 216 
Flow cytometry staining. Cells were intracellularly stained with anti-SIV Gag p27 217 

(Clone 55-2F12, NIH AIDS Research & Reference Reagent Program, from Dr Niels 218 
Pedersen) and anti-human MxA (Dr. O. Haller). Briefly, cells were fixed for 10 min 219 
with PBS 4 % paraformaldehyde, washed, permeabilized and stained for 45 min in 220 
PBS containing 1% BSA and 0.05% saponin. Isotype-matched mAbs were used as 221 
negative controls. Samples were analyzed by flow cytometry using a FacsCalibur 222 
(Becton Dickinson) or a FacsCanto II (Becton Dickinson) with FlowJo or FacsDIVA 223 
softwares. 224 

Lentiviral transduction. Hela P4C5 cells were transduced with a lentiviral vector 225 
(LV) expressing BVDV-Pro and previously described (25). The LV also expresses the 226 
puroR gene. Two days after transduction, Hela P4C5 cells were selected in the 227 
presence of 1 μg/mL puromycin. Resistant populations grew in few days and were 228 
used without further cloning.  229 

WB analysis. One week after transduction and selection, 2x106 Hela P4C5 cells 230 
were lysed in PBS-1% Triton X-100 (Sigma-Aldrich) supplemented with protease 231 
inhibitors (Roche). Cell lysates were analyzed by SDS-gel electrophoresis using 4-232 
12% NuPAGE gels (Invitrogen). IRF-3 western blot was performed using rabbit anti-233 
IRF3 (Clone FL-425, Santa Cruz). As control, actin specific primary antibody was 234 
used. 235 
  236 
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RESULTS 237 
Codon-optimization of viral RNAs abolishes their ability to induce IFN-I. 238 
Optimization of codon usage by introducing host cell synonymous codons is a widely 239 
used mean to improve recombinant protein expression for DNA-based (1, 6) or viral 240 
vector-based vaccines (40) produced in bacteria, yeast or plants (21). Genes with a 241 
codon usage matching the specific cellular tRNAs abundance are the most highly 242 
expressed (2, 28). Interestingly, in mammalian cells, only a weak positive correlation 243 
is found between optimal codon usage and gene expression levels (16, 52, 53, 64). 244 
Since we previously observed that the nucleotide composition of HIV-1 RNA can 245 
modulate IFN-I stimulation in human cells (66) we wondered whether codon 246 
optimization of various viral sequences would alter their potential immunostimulatory 247 
capacity.  248 

We chose several genes of different sizes and functions from different viral 249 
species (gag, pol, env from HIV-1, gag from SIVmac, hemmagglutinin and 250 
neuraminidase from Influenza H5N1 and H1N1, nucleoprotein and spike from SARS-251 
Coronavirus, core, E1 and E2 from Hepatitis C virus). These sequences were 252 
obtained from both wild type viral cDNAs and commercial synthetic DNAs that were 253 
optimized for human codon usage (GeneScript). For each viral sequence, wild type 254 
(wt) and human codon optimized (opt) versions were used as template for in vitro 255 
transcription with T7 RNA polymerase into uncapped and unpolyadenylated RNA 256 
fragments. To ensure that no protein was expressed from these RNA, the first 257 
nucleotide of the ATG codon was mutated in each construct. The capacity of these 258 
RNA fragments to stimulate IFN-I was determined by using a very sensitive method 259 
(66). RNA fragments were co-transfected into HEK-293T cells together with a 260 
reporter plasmid expressing the luciferase gene under the control of five interferon-261 
stimulated response elements (ISRE-luciferase) (14). IFN-I response was determined 262 
by measuring luciferase activity 24 h after transfection (Fig. 1A). In this system, all wt 263 
genes (Fig 1A, black bars) significantly induced IFN-I. However, differences in 264 
intensity were observed: RNA derived from HIV pol gene was the most potent 265 
stimulator of IFN-I and RNAs from HCV were the less stimulatory. According to our 266 
previous results, human codon optimization of all viral genes reduced their capacity 267 
to stimulate IFN-I (Fig. 1A, grey bars), with the exception of HCV core RNA whose 268 
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optimization increased the luciferase signal. These data show that, regardless of their 269 
origin, RNAs derived from viral genes stimulate IFN-I, while codon optimization 270 
decreases this property (Wilcoxon paired unilateral test, p=10-3). We then measured 271 
IFN-I production by human PBMC upon stimulation with the same RNAs complexed 272 
to DOTAP. IFN-I concentration in PBMC supernatants was measured 20h after 273 
stimulation using a reporter cell line (65). Human codon optimization also reduced 274 
the ability of all genes tested to induce IFN-I in PBMC, albeit to a lesser extent than 275 
observed in HEK-293T (Fig. S1).  276 

Codon optimization modifies both codon usage and global nucleotide composition. 277 
To evaluate the influence of nucleotide composition in our observations, we 278 
performed a Principal Component Factorial Correspondence Analysis on the 279 
nucleotide composition of all wt and opt RNA fragments (Fig. 1B). This analysis 280 
highlights that wt viral genes are either A or U-rich, with the exception of HCV genes, 281 
while most optimized versions are G/C-rich. Comparison of nucleotide composition 282 
with luciferase activity showed that A richness of RNAs correlated with IFN-I 283 
stimulation (Fig 1B, R=0.856, p=1.4.10-7).  284 

The most biased regions of SIV genome are the most potent IFN-I 285 
stimulators. IFN-I is the principal mediator of antiviral innate immunity and its 286 
sustained expression a major difference observed in host responses between 287 
pathogenic and non-pathogenic lentiviral infections (24, 30). Viral RNAs with high 288 
content of A/U nucleotides are strong stimulators of IFN-I and lentiviral genomes 289 
have a particularly A-rich composition. With the aim of designing an attenuated SIV 290 
genome based on a reduced capacity to activate IFN-I response, we investigated 291 
whether local A-rich regions of SIV genes were stronger stimulators of IFN-I. To 292 
analyze the repartition of IFN-stimulating sequences along SIVmac239 genome, we 293 
measured the ability of a set of 40 overlapping RNA fragments of approximately 500 294 
bp long, covering the entire genome of SIVmac239, to induce IFN-I in vitro in HEK-295 
293T cells (Fig 2A). Activating fragments were mostly found clustered in the pol 296 
region, the 5' region of Gag and 3' region of env. We then looked for the repartition of 297 
local nucleotide bias on the whole genome. We computed the Chi-square distance 298 
between the A/C/G/U frequencies of a sliding window 500 nt wide along SIVmac239 299 
genome and the corresponding frequencies of the entire coding sequences of the 300 
macaque genome (Fig. 2B). This analysis shows that the most divergent regions 301 
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locate within the three large viral genes (gag, pol, env), while overlapping coding 302 
regions and cis-active regulatory sequences are not biased. A-richness contributes to 303 
the majority of the observed divergence, with the exception of a short central portion 304 
of env where C-poverty is the major contributor. The ability of each fragment to 305 
induce IFN-I (Fig. 2A) and the divergence to host in nucleotide composition (Fig. 2B) 306 
correlated significantly (R=0.36, p=0.02), as expected from our previous work on 307 
HIV-1 genome (66). 308 

Design of SIVmac239 optimized sequences. Based on this observation, we 309 
hypothesized that a synthetic SIV with a nucleotide composition optimized to be 310 
closer to its host would have a reduced capacity to stimulate IFN-I, and might thus 311 
represent a model of attenuated macaque lentiviral infection. SIVmac239 is highly 312 
pathogenic in rhesus macaques (62). To attenuate its virulence, we optimized 313 
SIVmac239 genomic sequence by changing its nucleotide content towards macaque 314 
average composition. We used the original SIVMM239 sequence available at 315 
GenBank (accession N° M33262). Our strategy was to reduce as much as possible 316 
the major peaks of nucleotide divergence, which are also the most potent stimulators 317 
of IFN-I, while preserving the amino acid sequence. Based on previous work showing 318 
that codon optimization of HIV-1 genome may lead to defective virus (33), we 319 
excluded all known or putative regulatory sequences from optimized regions. From 320 
the literature available on SIVmac239 genome, and by homology with known 321 
regulatory sequences of HIV-1 genome, we excluded from the optimized regions the 322 
sequences corresponding to the genomic features described in Table 1. Overlapping 323 
ORFs that were impossible to optimize while maintaining amino acid sequences were 324 
unmodified. This led us to select three separate regions on SIVmac239 genome to 325 
be optimized to the macaque average nucleotide composition. These regions are 326 
located within gag, pol and env genes (Fig 2A, white areas). Each region was divided 327 
in short domains of nucleotide divergence and synonymous mutations were locally 328 
computed to reduce divergence. This method was applied iteratively on all divergent 329 
peaks until the divergence in each region was below a pre-selected threshold. We 330 
tested different thresholds inside each region and selected for synthesis and further 331 
experiments those leading to a total of 348 changes divided in 99 synonymous 332 
mutations in gag region, 70 in pol region and 189 in env region. Optimized 333 
sequences are available on GenBank (SIVopt1 accession number KJ152770 and 334 
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SIVopt2 accession number KJ152771) and the statistics of mutations are presented 335 
in Table S1. Mutated fragments were chemically synthesized (GeneScript) and sub-336 
cloned in replacement of wt counterparts into p239Sp5 and p239SpE3' nef Open 337 
plasmids that contain respectively the 5' and 3' halves of SIVmac239 infectious clone 338 
(54). 339 

Optimization of pol or gag/pol regions leads to replicating viruses. Wt and 340 
optimized SIV were produced after transfection of reconstituted proviral DNA into 341 
HEK293 cells and co-cultivation with Cemx174 cells. All combinations of wt and 342 
optimized gag, pol and env fragments were tested. Replicating viruses could be 343 
obtained with genomes containing an optimized pol (SIVopt1) or optimized gag and 344 
pol (SIVopt2) (Fig. 3A). No replicating virus was obtained with optimized env or 345 
optimized gag alone. Viral stocks of SIVopt1, SIVopt2 and SIVwt were produced and 346 
their replication kinetics compared by infecting Cemx174 cells and macaque PBMC 347 
with different viral doses. Viral replication was assessed by p27 immunostaining and 348 
flow cytometry (Fig 3BC). SIVwt and SIVopt1 displayed the same replicative kinetics 349 
in both Cemx174 and PBMC, while SIVopt2 was greatly reduced in Cemx174 and did 350 
not replicate in PBMC. In Cemx174 cells, a 100-fold higher viral input was needed for 351 
SIVopt2 to reach viral peak on day 8 after infection, compared to SIVwt and SIVopt1. 352 
Because SIVopt2 had a reduced infectivity, it was not further evaluated. Conversely, 353 
the 70 synonymous mutations introduced in pol gene did not alter the replicative 354 
capacity of SIVopt1.  355 

In the perspective of vaccine design, the stability of attenuated synthetic viruses is 356 
of uttermost importance to prevent reversion. We therefore evaluated the stability of 357 
optimized virus genomes. SIVopt1, SIVopt2 and SIVwt were passaged 10 times on 358 
Cemx174 cells (cultured for 10 weeks, which represents approximately 30 replication 359 
cycles). The genomes of resulting viruses were fully sequenced and their consensus 360 
sequences were compared to their original sequences before passaging. A few 361 
mutations occurred in the three passaged viruses (listed in table S2). One mutation 362 
common to the three passaged viruses was found in the 5’-LTR. Other mutations 363 
were found in different regions of the genome (Table S2). However and interestingly, 364 
no reversion was observed in the optimized regions of optimized viruses, indicating 365 
that these artificially introduced mutations are not less stable than wild type 366 
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SIVmac239 sequence. The lack of reversion remains to be determined in primary 367 
cells such as macaque PBMC. 368 

SIVopt1 has a reduced capacity to stimulate IFN-I response in human PBMC. 369 
To compare the capacity of SIVopt1 and SIVwt to stimulate IFN-I response in human 370 
PBMC, we measured the induction of MxA, an interferon stimulated gene (23). As 371 
expected from the previous experiment, SIVwt and SIVopt1 grew at similar rates in 372 
human PBMC. Percentage of SIV Gag p27 positive infected cells and cellular MxA 373 
induction were assessed by immunostaining and flow cytometry analysis at different 374 
time points. To standardize with viral growth, MxA induction was calculated relative to 375 
the percentage of Gag p27 positive cells for both viruses (Fig 4A). When comparing 7 376 
human PBMC donors, we found that SIVopt1 had a slightly reduced capacity to 377 
stimulate MxA expression as compared to SIVwt, (Fig 4B, paired Wilcoxon test, p= 3. 378 
10-5). This effect is not due to a difference in replication between both viruses (paired 379 
Wilcoxon test p=0.07 calculated for 7 donors at each time point on more than 150 380 
pairs), and these results are not affected by the post-replication peak cytotoxic effect 381 
of viruses (p=4.10-4 for the reduction of MxA expression, and p=0.12 for the 382 
difference in replicativity when removing all data points beyond 12 days, same tests). 383 
Viral replication and MxA induction profiles for individual human and macaques 384 
PBMC are available in Supp. Mat. (Supp. Fig. S2 and S3). This effect indicates a 385 
reduced ability of SIVopt1 to induce IFN-I, and suggests that a molecular sensor 386 
involved in innate sensing and IFN-I response is able to detect the difference 387 
between SIVwt and SIVopt1, which consists in 70 synonymous mutations within the 388 
pol region in genomic RNA. 389 

SIVopt1-infected cells induce a reduced IRF3-dependent IFNβ response. To 390 
investigate the role of cellular sensors in differential detection of SIVwt and SIVopt1, 391 
we used a co-culture system consisting of infected Cemx174 lymphocytes and Hela-392 
derived reporter cells (P4C5 cells expressing SIV receptors CD4 and CCR5 (3)) 393 
transfected with a luciferase gene under the control of IFNβ promoter (IFNβ-luc). This 394 
system allows investigating the cytoplasmic sensing of viral RNA after cell-to-cell 395 
contact, which is a major mode of virus spreading in lentiviral infections (58). SIVwt 396 
and SIVopt1 differ only by their genomic RNA. Viral RNAs are detected by 397 
endosomal TLRs (TLR3/7/8) and cytosolic receptors (RIG-I, MDA5) (11). TLR7 398 
pathway is not functional in Hela cells, as confirmed by the absence of IFNβ 399 
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stimulation by CL097, a TLR7 ligand (not shown). Therefore, this experimental 400 
system allows addressing whether TLR7-independent pathways (37) can detect SIV-401 
infected lymphocytes and if this detection is sensitive to nucleotide composition of the 402 
viral genome.  403 

We first controlled whether our optimization algorithm decreased the capacity of 404 
SIV RNA to induce IFN-I in this cell line, as did commercial human codon 405 
optimization of most viral RNA in HEK293 cells (Fig 1A). We produced in vitro 406 
transcribed RNA from the Pol region of SIVwt and SIVopt1 and evaluated their ability 407 
to trigger IFN-I response after transfection in Hela P4C5 target cells (Fig. 5A, 408 
P4C5ctrl). As expected, the optimized version of pol RNA induced a reduced IFNβ 409 
response as compared to wt RNA.  410 

We then evaluated the induction of IFNβ-luciferase when Cemx174 cells were 411 
cocultured with P4C5 reporter cells. Cemx174 cells infected with SIVwt or SIVopt1 412 
activated the IFNβ promoter. The intensity of luciferase induction was directly related 413 
to the percentage of SIV-infected cells in the coculture (Fig. 5B, SIVwt line R2=0,87, 414 
SIVopt1 line R2=0,86). Interestingly, SIVopt1 displayed a lower rate of IFNβ 415 
stimulation than SIVwt, as illustrated by the difference in the slopes of the regression 416 
lines (Fig. 5B, t test, p = 0.001). Thus, SIV triggers IFNβ when transmitted from cell-417 
to-cell and SIVopt1 is attenuated in this capacity. 418 

During infection, binding of certain viral RNAs to cytosolic receptors RIG-I or 419 
MDA5 leads to conformational changes that expose their CARD-like domains to 420 
MAVS, inducing down-stream signaling for IFNβ transcription through IRF3 (31, 32, 421 
35, 42, 47, 60, 72, 73). To characterize the pathway that mediates recognition of SIV-422 
infected cells, we stably expressed in Hela P4C5 reporter cells BVDV-Pro, a 423 
molecule that degrades IRF-3 (25). Western blot analysis confirmed that IRF3 levels 424 
were reduced in Hela P4C5 cells expressing BVDV-Pro protease (Fig 5A). As 425 
expected (60), the absence of IRF3 abrogated the activation of IFNβ upon RNA 426 
transfection (Fig 5A P4C5 BVDV-Pro). IRF3 was also involved in cellular signaling 427 
induced by SIV-infected Cemx174 cells (Fig 5C, reduction of approx. 50% for 428 
coculture with SIVwt infected cells in IRF3-silenced cells). This observation indicates 429 
that cytosolic sensors play a role in the detection of SIV-infected cells. 430 
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DISCUSSION 431 
The redundancy of genetic code leads to a specific codon usage bias for each 432 
species that refers to differences in occurrence frequency of synonymous codons. 433 
The origin of nucleotide and codon bias has been extensively debated and can be 434 
explained by mutational and selective mechanisms (52). Consequently, RNA viruses, 435 
which have co-evolved with their hosts, can still express their proteins in host cells 436 
despite a very biased RNA nucleotide composition imposed by their genomic 437 
constraints. However, such biased nucleotide composition is likely detected as non-438 
self in infected host cells. Innate antiviral immune response is initiated by the 439 
recognition of non-self Pathogen-Associated Molecular Patterns (PAMPs) by Pattern 440 
Recognition Receptors (PRRs). Viral nucleotide sequences are recognized by toll-441 
like membrane receptors (TLRs) and RIG-I-like cytosolic receptors (RLRs) (29), 442 
which upon activation, trigger signaling cascades that converge to induce IFN-α/β 443 
secretion and amplification of the antiviral response (29). In this work, we show that 444 
nucleotide optimization of viral RNA sequences affects their recognition by PRRs. 445 
Indeed, once optimized to human codon usage, viral RNAs virtually lose their 446 
capacity to induce IFN-α/β expression in human cells. The A/U richness of viral 447 
RNAs correlated with their capacity to stimulate IFN-α/β whereas optimized G/C-rich 448 
sequences were attenuated in this capacity. As a practical consequence of this 449 
observation, the use of optimized viral genes in genetic vaccines strategies could be 450 
re-evaluated considering the potential immunostimulatory effect of viral sequences. 451 

We further identified local A-rich regions of SIV genes as strong stimulators of IFN-452 
I, as we previously showed for the HIV-1 genome (66). With the aim of designing an 453 
attenuated SIV, we generated 70 synonymous mutations that unbalanced the pol 454 
gene towards macaque average nucleotide composition. The resulting SIVopt1 was 455 
growing as efficiently as SIVwt in a T-cell line and PBMC, showing that it is possible 456 
to proceed to large-scale modification of a lentivirus genome without interfering with 457 
its in vitro replicative capacity. This also suggests the absence of any unknown 458 
regulatory sequences in the optimized pol region. Conversely, the delay in replication 459 
kinetics observed with SIVopt2, which contains 99 additional mutations in gag, and 460 
the failure to obtain a replicative virus with 189 mutations in env may be due to the 461 
existence of regulatory sequences or secondary structures necessary for viral 462 
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replication. This could be experimentally investigated by designing less optimized 463 
versions of these genomic regions. More intriguingly, we were unable to obtain a 464 
gag-only optimized virus, whereas a virus optimized both in gag and pol was 465 
replicative. We cannot rule out the possibility that a gag-optimized replicative virus 466 
may be obtained after additional attempts. However, since nucleotide optimization 467 
alter the flexibility of RNA molecules (33), it is likely that high local structural 468 
constraints induced by optimizing the gag region would inhibit certain viral replication 469 
functions, such as packaging or reverse transcription. Changing additionally the 470 
nucleotide composition of the pol region might have induced compensatory effect in 471 
the global flexibility of the genomic RNA molecule, which would restore viral 472 
replicative function, although with a reduced efficacy. In a previous work (33), codon 473 
optimization of A-rich sequences within HIV-1 pol led to a 100-fold decrease of 474 
infectivity that was explained by enhanced dimer stability of the viral RNA genome 475 
and reduction of viral cDNA synthesis. A report published while we were preparing 476 
this manuscript (46), describes the use of synthetic attenuated virus engineering 477 
(SAVE) approach (15) to generate optimized and deoptimized HIV-1. Although very 478 
few synonymous mutations (less than 40) were introduced, deoptimized viruses had 479 
significantly lower viral replication capacity and reverted to wild-type virulence after 480 
serial passages. On the contrary, optimized viruses remained stable but were not 481 
attenuated (46). Due to the low number of mutations introduced, the global A-482 
richness of these genomes was probably minimally affected. 483 

We previously highlighted a correlation between the nucleotide composition of 484 
different HIV-1 subtypes and their pathogenicity (66). We proposed that biased RNA 485 
would drive a high IFN-I level in persistently infected cells and might be involved in 486 
the over-activation of the immune system during chronic pathogenic lentiviral 487 
infection. Here, we studied the consequences of optimizing the nucleotide 488 
composition of SIVopt1 genome on IFN-I stimulation. We observed that both 489 
transfection of optimized RNA and coculture with SIVopt1-infected cells triggered a 490 
lower level of cellular IFN-I response than SIVwt. In non-immune cells, this suggests 491 
the existence of a cellular sensor able to recognize RNAs according to their 492 
nucleotide composition. IRF3 is the transcription factor leading to IFN-I upregulation 493 
after triggering of cytosolic viral sensors (18). We demonstrated that IRF3 is involved 494 
in IFN-I induction upon detection and differentiation of opt and wt SIV RNAs after 495 
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transfection or coculture with infected cells. Upstream of IRF3, the cytosolic RLR 496 
(RIG-I-like receptors) helicases RIG-I and MDA5 directly recognize multiple and 497 
distinct forms of intracellular dsRNA. For instance, putative RIG-I ligands include 498 
short 5’-triphosphate RNAs with double stranded structures (31, 35, 42, 55, 59). The 499 
RNAs used in our experiment were in vitro transcribed by T7 RNA polymerase, and, 500 
in consequence were not capped nor- polyadenylated. Thus, RIG-I and MDA5 could 501 
be involved in their recognition. Addressing precisely their role will require further 502 
investigation.  503 

Differences observed between the recognition of SIVopt1 and SIVwt also raise the 504 
question of the nature of the viral ligand involved. Our results strongly suggest a role 505 
for nucleotide bias recognition in our system. However, other motifs can change with 506 
nucleotide modification. HIV-1 genomic RNA is highly structured (70) and this is likely 507 
the case for SIV genome. Changes in RNA nucleotide composition may be either 508 
directly detected by RLRs or through the modification of viral RNA structure. Codon 509 
optimization of HIV-1 pol in a previous study (33) led to destabilization of RNA 510 
dimerization and impairment of reverse transcriptase processing. We cannot exclude 511 
that nucleotide modifications in SIVopt1 affected recognition by innate sensors 512 
without impacting viral replication. This could be the case by increased production of 513 
defective particles or accumulation of nucleic acid replication intermediates.  514 

In vivo studies will be required to analyze the fitness of SIVopt1 and SIVopt2 in 515 
macaque, and the influence of their nucleotide composition on AIDS induction. Live 516 
attenuated SIV vaccines are highly protective in the macaque AIDS model (34), but 517 
their transposition to human application is not considered for safety concerns. 518 
Indeed, attenuated SIV persists and reversion to virulence eventually occurs (71). In 519 
this context, original vaccine strategies are desired to reproduce the protection 520 
efficacy of attenuated viruses without retaining their associated risks. The mutations 521 
artificially introduced in SIVopt1 (70 mutations) and SIVopt2 (169 mutations) did not 522 
revert after 10 weeks of culture on Cemx174 cells. Although genetic stability has to 523 
be further documented in primary cells and in vivo, this first promising observation 524 
indicates that our optimization strategy did not alter viral fitness, at least in CEM cells. 525 
Using our optimization system, it is thus possible to increase the number of 526 
synonymous mutations with the aim to finely tuning viral replication and/or IFN-I 527 
response, while preventing reversion of attenuated virus. SIVopt1 has a reduced 528 
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ability to induce IFN-I, but shows wt replicative kinetics in vitro. Although type I IFN 529 
response is obviously necessary for a vaccine to shape adaptive immune responses 530 
and memory, an excessive response might be deleterious for the pathogenicity and 531 
the stability of a live attenuated SIV/HIV vaccine. A considerable amount of work will 532 
be required to analyse if these properties are conserved in vivo and whether they 533 
impact the pathogenicity of infection. In conclusion, our work demonstrates the 534 
possibility to rationally change viral nucleotide composition to design replicative and 535 
genetically stable lentiviruses with attenuated pathogenic potentials. 536 
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Table 1. Genomic regulatory sequences excluded from algorithm optimization 
in SIVmac239  

Sequences excluded Function during viral 
replication 

Reference 

Long Terminal Repeats Regulation of transcription, 
translation and genome 

packaging 

(4) 

300 first nucleotides of Gag Genome packaging in FIV or 
SIV-derived vector 

(12) (44) 

Gag-Pol frameshift Translation of Pol gene (45) 

5' A-rich sequence of Pol Important for cDNA synthesis 
during HIV-1 reverse 

transcription 

(33) 

Central PolyPurine Tract and 
Central terminal Sequence 

Regulation of Reverse 
transcription 

(44) 

Rev Responsive Element RNA subcellular trafficking (36) (51) 

Sequences containing donor 
and acceptor splicing sites 

RNA maturation (63) (69) (56)      
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FIGURE LEGENDS 

Figure 1. Codon optimization of viral RNAs modulates their ability to stimulate 

IFN-I 

A. Measure of Luciferase expression reflecting IFN-I stimulation after transfection of 

RNA fragments transcribed in vitro from wild type (wt) or optimized (opt) viral 

sequences from different origins. RLU: Relative Luciferase Units. In capital letter: 

virus names, in small letters: viral gene names. B. Plot of the two principal 

components (96.2% of the total variance) of the correspondence analysis of the 

nucleotide composition of viral sequences. The position of viral sequences depends 

on their composition (black dots correspond to wt sequences and grey dots to opt 

sequences). Projection of the A, C, G, U components indicate which nucleotide is 

enriched in each direction on the graph. Projection of the Luciferase expression (as 

in Fig 1A) is also shown (Luc), and is highly correlated with A nucleotide frequency in 

the strains (Pearson correlation test, R=0.85, p = 1.4 10-7), as can visually be 

assessed by the small angle between the A and Luc arrows. 

 

Figure 2. The nucleotide divergence of SIVmac239 RNA with Rhesus macaque 

correlates with the ability to stimulate IFN-I 

A. Luciferase reporter activity determined in HEK-293T cells co-transfected with 

SIVmac239 RNA fragments and pISRE-Luc reporter plasmid. B. Repartition of 

nucleotide divergence along SIVmac239 genome. The black line shows the 

nucleotide divergence of SIVmac239 compared to macaque rhesus genome, as 

measured by a Chi-square distance in a 500 bp sliding window along the SIVmac239 

sequence. Individual contributions of A and C nucleotides to this divergence are 

shown respectively in black and grey dotted lines. Nucleotide divergence correlates 

with luciferase activity (R=0.36, p<0.02). White area: regions modified by our 

optimization algorithm – the limits of the region are reported along the x-axis. SIVmac 

schematic genome map is represented below the figure. 
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Figure 3. Replicative capacity of SIVopt1 and SIVopt2 
A. Schematic representation of the SIVmac239-based constructs used in this study. 

The codon-modified regions are indicated in black. B. Replicative kinetics of SIVopt1 

and SIVopt2 as compared to SIVwt in Cemx174. Nucleotide modification does not 

impair viral replication kinetics of SIVopt1. However SIVopt2 display a 2-log decrease 

in viral infectivity. C. Replication kinetics of SIVwt and SIVopt1 in macaque PBMC. 

The amount of viral input used to infect cells is indicated (p27 ng). 

  

Figure 4. Differential sensing of SIV replication by PBMC 
A. Example for one experiment. Human PBMC were infected by SIVwt or SIVopt1. 

IFN-I Induction was measured with the profile of intracellular MxA expression, an 

interferon stimulated gene. SIVopt1 shows a reduced ability to induce MxA 

expression as compared to SIVwt. Rebound at day 14 is likely caused by cell 

mortality. B. Boxplot of SIVwt and SIVopt1 for every measured MxA expression point 

from 7 different human PBMC donors infected by SIVopt1 and SIVwt. Each PBMC 

donor sample was divided in several cultures infected by different viral input 

concentrations (always paired between SIVwt and SIVopt1). MxA expression was 

measured at regular time points following infection (fig. S3). SIVopt1 globally 

stimulated less MxA synthesis than SIVwt (paired Wilcoxon test, p= 3. 10-5 on more 

than 150 pairs). 

 

Figure 5. Differential sensing of SIV-infected lymphocytes by Hela-derived 

epithelial cells  
A. SIV Pol derived RNA transfection. Hela P4C5 cells were transduced with a 

lentiviral vector (LV) expressing BVDV-Pro or an irrelevant (CTRL) siRNA. IFN-I 

stimulation was measured in cells co-transfected with IFNβ-luciferase reporter 

plasmid and SIVwt or SIVopt1 Pol RNA sequence. The fold induction of luciferase 

activity, compared to a negative control with no RNA transfection is shown. Wt Pol 

RNA was able to stimulate a higher IFN-I response than nucleotide optimized version 

of the RNA. IFN-I induction was lost in BVDV-Pro (which cleaves IRF-3) expressing 

cells. Right Panel: IRF3 and actin levels, assessed by western blot, in control (CTRL) 
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and silenced Hela P4C5 cells. B. Sensing of SIV-infected lymphocytes. Induction 

of IFN-I in Hela P4C5 cells transfected with IFNβ-luciferase reporter plasmid and 

cocultured for 16 h with CEMx174 cells infected by SIVwt or SIVopt1 at various level 

of infection (X-axis). The fold induction of luciferase activity, compared to non-

stimulated cells is shown (Y-axis). SIVwt-infected cells show a higher IFNβ promoter 

induction in Hela P4C5 than SIVopt1 infected cells (p=0.001). C. Role of IRF-3. 

Control Hela P4C5 cells or expressing BVDV-Pro were cocultured with approximately 

25% SIVwt or SIVopt1-infected Cemx174 cells and assayed for IFN-β promoter 

activity. The paramyxovirus Sendai virus (SeV) was used as a positive control. 

 

 













Table 1. Genomic regulatory sequences excluded from algorithm optimization 
in SIVmac239  

Sequences excluded Function during viral 
replication 

Reference 

Long Terminal Repeats Regulation of transcription, 
translation and genome 

packaging 

(4) 

300 first nucleotides of Gag Genome packaging in FIV or 
SIV-derived vector 

(12) (44) 

Gag-Pol frameshift Translation of Pol gene (45) 

5' A-rich sequence of Pol Important for cDNA synthesis 
during HIV-1 reverse 

transcription 

(33) 

Central PolyPurine Tract and 
Central terminal Sequence 

Regulation of Reverse 
transcription 

(44) 

Rev Responsive Element RNA subcellular trafficking (36) (51) 

Sequences containing donor 
and acceptor splicing sites 

RNA maturation (63) (69) (56)    


