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Dengue virus (DENV) is the most prevalent mosquito-borne virus pathogen in humans. There is currently
no antiviral therapeutic or widely available vaccine against dengue infection. The DENV RNA genome is
methylated on its 5′ cap by its NS5 protein. DENV bearing a single E216A point mutation in NS5 loses 2′-
O-methylation of its genome. While this mutant DENV is highly attenuated and immunogenic, the
mechanism of this attenuation has not been elucidated. In this study, we find that replication of this
mutant DENV is attenuated very early during infection. This early attenuation is not dependent on a
functional type I interferon response and coincides with early activation of the innate immune response.
Taken together, our data suggest that 2′-O-methylation of DENV genomic RNA is important for evasion of
the host immune response during the very early stages of infection as the virus seeks to establish
infection.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Flaviviruses are the cause of significant human mortality and
morbidity in many regions of the world (Gubler, 2007). These in-
clude dengue virus (DENV), West Nile virus (WNV), yellow fever
virus (YFV), Japanese encephalitis virus (JEV), and tick-borne en-
cephalitis virus (TBEV). DENV is the etiologic agent for an esti-
mated 390 million human infections (Bhatt et al., 2013), 96 million
of which show disease manifestations ranging from an acute self-
limiting febrile illness to life-threatening dengue hemorrhagic fe-
ver (DHF) and dengue shock syndrome (DSS) (Simmons et al.,
2012). The Dengvaxia vaccine has only been recently approved for
use in four countries for the prevention of DENV infection and no
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antiviral therapeutics are currently available for treatment of fla-
vivirus infection.

The innate immune response provides the first line of defense
against virus infection, as the host activates multiple signaling
pathways in the minutes and hours after infection in its attempts
to limit virus replication and dissemination. Pathogen recognition
receptors (PRRs) play a crucial role in this early phase of antiviral
response as they serve both as detectors of virus infection and
triggers of the innate immune response. The Toll-like receptors
(TLRs) 3 and 7, and cytoplasmic RNA sensors retinoic acid-in-
ducible gene I (RIG-I) and melanoma differentiation-associated
gene 5 (MDA5), are the crucial PRRs against RNA virus infection.
These sensors recognize conserved pathogen-associated molecular
patterns (PAMPs) such as double-stranded RNA (dsRNA) and 5′-
triphosphate single-stranded RNA, and trigger the activation of
innate immune response (Kumar, Kawai, and Akira, 2011). In par-
ticular, RIG-I and MDA5 are the primary sensors for foreign RNA in
the cytoplasm. While RIG-I and MDA5 are ubiquitously expressed
at low basal levels, their expression levels are rapidly up-regulated
in response to type I IFN. Both sensors are activated by dsRNA,
with RIG-I having preferential binding to short dsRNAs with a 5′-
triphosphate group, and MDA5 recognizing longer dsRNA mole-
cules. Activation of either of these sensors triggers their binding to
and activation of MAVS via their CARD domains, setting off a
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cascade of signaling activity beginning with activation of IRF3/7
and NF-κB transcription factors, the production of type I interferon
(IFN) and subsequent downstream activation of IFN stimulated
genes (ISGs) (Kawai et al., 2005; Kumar, Kawai, and Akira, 2011;
Onoguchi et al., 2010). This activation of ISGs plays an important
role in the host antiviral response.

The DENV NS5 protein has multiple enzymatic functions as an
RNA-dependent RNA polymerase for genome replication (Ack-
ermann and Padmanabhan, 2001) and methyltransferase (MTase)
responsible for 5′ RNA cap formation and methylation (Egloff et al.,
2002; Ray et al., 2006). In addition, flavivirus methyltransferases
have 2′-O-methylation activity on internal adenosines (Dong et al.,
2012). 2′-O-methylation of the 5′ RNA cap is crucial for evasion of
host immune responses for multiple viruses (Dong et al., 2014),
although a loss of 2′-O-methylation activity has varying effects in
different viruses. WNV defective in 2′-O-methylation activity is
attenuated in cells with a fully functional type I IFN response and
sensitive to inhibition by IFN-induced proteins with tetra-trico-
peptide repeats (IFIT) proteins, but interestingly induces compar-
able levels of type I IFN to wild-type WNV (Daffis et al., 2010). In
contrast, coronaviruses (CoV) defective in 2′-O-methylation are
also attenuated in cells with a fully functional type I IFN response
and highly sensitive to inhibition by type I IFN but induces higher
expression of type I IFN (Zust et al., 2011). This observed at-
tenuation of the various 2′-O-MTase mutant viruses prompted us
to hypothesize that they could be potential vaccine candidates
(Zhou et al., 2007). Indeed, we and others have found that DENV,
JEV and CoV defective in 2′-O-MTase activity are attenuated in cells
with a fully functional type I IFN response, and induced strong
antiviral and antibody responses in monkey and mouse models (Li
et al., 2013; Menachery et al., 2014; Zust et al., 2013). These studies
have shown that the type I IFN response, and especially paracrine
IFN signaling (Schmid et al., 2015), plays an important role in the
animals’ antiviral response to infection. But the exact mechanisms
of this DENV attenuation and immune protection have not been
fully characterized. In this study, we aim to expand on our un-
derstanding of this attenuation of DENV by the loss of its 2′-O-
MTase activity.
2. Materials and methods

2.1. Generation of 2′-O-MTase-mutant DENV infectious clone

The DENV serotype 1 West Pacific strain infectious clone was
utilized as the donor backbone for the generation of NS5 E216A 2′-
O-MTase mutant (Dong et al., 2010). Single amino acid point mu-
tation was engineered by overlapping fusion PCR mutagenesis.
Briefly, sense and anti-sense mutagenesis oligos were designed
with the mutation (underlined) embedded in the 26-nucleotide
complementary overlap (sense oligo: 5-AACTCCACTCATGCCATG-
TACTGGGTTTC-3, antisense oligo: 5-AACCCAGTACATGGCATGA-
GTGGAGTTTC-3). Standard PCR with the respective upstream and
downstream oligos yielded two amplified fragments containing
the mutation. These two fragments were used as templates for a
fusion-overlapping PCR to generate the final product containing
the E216A mutation that was directly cloned into the parent full-
length DENV-1 infectious clone.

2.2. Dengue genomic RNA preparation and electroporation

We used standard in vitro transcription (IVT) and electropora-
tion of wild-type (WT) and 2′-O-MTase mutant DENV RNA. Briefly,
the infectious clone plasmid DNA was linearized with SacII re-
striction enzyme (New England Biolabs) followed by phenol:
chloroform purification and ethanol extraction. The linearized
plasmid was used as the template for IVT using the mMESSAGE
mMACHINE T7 Kit (Ambion) following the manufacturer's re-
commended protocols. Equal amounts (10 μg) of full-length IVT
RNA was delivered into BHK-21 cells by electroporation (three
pulses at 850 V and 25μF) as previously performed (Shi et al.,
2002). The transfected cells were maintained in cell culture flasks
for progeny virus collection or seeded on chamber-slides for im-
munofluorescence assay (IFA) at various time points post-trans-
fection. All cell cultures were maintained in humidified 37 °C and
5% CO2.

2.3. Immunofluorescence assay (IFA)

BHK-21 cells were seeded on chamber-slides and fixed with
�20 °C 1:1 methanol-acetone for 20 min at various time points
post-transfection. The percentage of infected cells was determined
by detection of viral envelope (E) expression using the primary
monoclonal 4G2 antibody and secondary antibody anti-mouse IgG
Alexa Fluor 488 Conjugate (Cell Signaling Technology). The IFA was
documented with a camera mounted Leica DM 4000 B
microscope.

2.4. Growth kinetics

Near confluent monolayer Vero or A549 cells in 6-well plates
were prepared to study the growth kinetics of DENV. Cells were
infected with WT or 2′-O-MTase mutant DENV at an MOI of 25 for
1 h. After removing the viral inoculum, the cells were washed with
PBS and cultured in low serum (2% FBS) media for the duration of
the 4-d time course. Culture supernatants were collected at the
indicated time points and stored at �80 °C. The viral titer at each
sampled time point was determined by plaque assay using BHK-21
cells. Viral growth kinetic experiments were performed in tripli-
cate repeats.

2.5. Gene expression microarray

A549 cells were seeded into each well of a 6 well plate until
confluent before the cells were mock-infected or infected with WT,
2′-O-MTase mutant, or heat-inactivated (HI) WT DENV at an MOI
of 25 for 1 h. After 1 h, the cells were washed once with PBS to
remove any residual viruses in the supernatant. The cells were
harvested at 12, 16, 20, and 24 h post-infection. Six replicates were
done for each condition at each time point. The heat inactivated
DENV was prepared by incubating the virus supernatant at 55 °C
for 1 h, prior to addition to the cells.

Total RNA from each sample was isolated using the RNeasy
Mini Kit (Qiagen), according to manufacturer's instructions. 500 ng
of total RNA was then converted to double-stranded cDNA, fol-
lowed by an amplification step (in vitro transcription) to generate
labeled cRNA, using Illumina TotalPrep-96 RNA Amplification Kit
(Applied Biosystems), according to manufacturer's instructions.
The amount of cRNA was quantified using the ND-1000 spectro-
photometer (NanoDrop).

Seven hundred and fifty nanograms of cRNA was hybridized to
an Illumina Sentrix BeadChip Array Human HT-12_v4_BeadChip
For Gene Expression (containing probes to 47,304 RefSeq gene
sequences) and incubated for 19 h in a hybridization oven with a
rocking platform at 58 °C. The subsequent washing, blocking,
streptavadin-Cy3 staining, and drying of the Beadchip were per-
formed according to manufacturer's instructions (Illumina). The
BeadChip was scanned on the BeadArray Reader (Illumina). The
BeadScan software (Illumina) determined the intensity values of
the BeadChip and the quality of hybridization was checked. The
raw data was then extracted using the GenomeStudio software
(Illumina, V2010.3), with background subtraction and no
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normalization. A quality check was performed to ensure good
performance of every array before the data was exported for fur-
ther analysis. To normalize the microarray data, Lumi package for
R was used. First, the data was normalized by Robust Spline Nor-
malization algorithm before log2 transformation was carried out.
Next, based on the detection P values, only transcripts that were
expressed in at least one sample were chosen for further analysis.
To identify differentially expressed transcripts between the con-
ditions, Bayesian Estimation of Temporal Regulation (BETR) was
used.

2.6. High-throughput qPCR

Total RNA of each sample (6 biological replicates) was isolated
using the RNeasy Mini Kit as described above. To synthesize sin-
gle-stranded cDNA, 50 ng of total RNA was reverse transcribed
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). 20 ml of RT reaction mixture were incubated for
10 min at 25 °C, 120 min at 37 °C, and 5 min at 85 °C in a thermal
cycler, according to manufacturer's instructions.

To increase the quantity of specific cDNA targets for gene ex-
pression analysis using TaqMan Gene Expression Assays, cDNAwas
pre-amplified with the corresponding assays using the TaqMan
PreAmp Master Mix Kit (Applied Biosystems). 12.5 ml of the pooled
assays mix (0.2X final concentration of each assay) was combined
with 12.5 ml of cDNA and 25 ml of Taqman PreAmp Master Mix
(2� ). 5 ml of the reaction mixture was incubated for 10 min at
95 °C followed by 14 cycles of 15 s at 95 °C and 4 min at 60 °C in a
thermal cycler, according to manufacturer's instructions. The pre-
amplified product was then diluted 20-fold in 1� TE buffer, prior
to analysis on the Fluidigm array.

BioMark 96.96 Dynamic Array (Fluidigm) was used in real-time
quantitative PCR (qPCR) to quantify changes in gene expression.
After priming of the dynamic array in the BioMark Nanoflex IFC
Controller (Fluidigm) with the control line fluid, each sample inlet
was loaded with 2.25 ml of diluted pre-amplified cDNA and 2.75 ml
of pre-sample mix [2.5 ml of TaqMan Universal PCR Master Mix
(Applied Biosystems) and 0.25 ml of DA Sample Loading Reagent
(Fluidigm)]. Each assay inlet was loaded with 2.5 ml of 20� Taq-
Man Gene Expression Assay (Applied Biosystems) and 2.5 ml of DA
Assay Loading Reagent (Fluidigm). The dynamic array was then
placed in the IFC Controller again for loading and mixing of the
sample and assay mixes. Finally, the dynamic array was inserted
into the BioMark System instrument (Fluidigm) to run the real-
time PCR experiment under the following settings: thermal mix at
50 °C for 2 min, HotStart activation at 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min. Preliminary data
was analyzed with the Fluidigm Real-Time PCR Analysis software
(v. 3.1.3) with a linear baseline correction and quality threshold set
at 0.65, to obtain Ct and delta-delta Ct values.

2.7. Quantitative PCR data analysis

The delta-delta Ct method was used to identify relative abun-
dance of the genes. In brief, within each sample, the ΔCt value for
each gene was normalized to the Ct value of the housekeeping 18 S
ribosomal RNA gene. Next, another ΔCt value was identified for a
reference samples (samples that has all the genes expressed). Fi-
nally, the difference between each sample in relative to the re-
ference sample was calculated by the below formula:

( ) ( )Δ = −Ct Genei Ct SCt 18reference

( ) ( )Δ = −Ct Genei Ct SCt 18Case
= ( −Δ )−(Fold change 2 Ct CtCase reference

3. Results

3.1. Absence of 2′-O-methylation attenuates but is not lethal to
DENV replication

To investigate the effect of 2′-O-methylation on DENV replica-
tion, we compared the replication kinetics of WT and mutant
DENV (serotype 1 West Pacific strain) containing a single NS5
E216A mutation that wipes out 2′-O-MTase activity. Equal amounts
(10 μg) of WT and 2′-O-MTase mutant full length genomic RNA
were electroporated into BHK-21 cells, which do not produce type
I IFN (Sellers et al., 1968). DENV replication was detected by im-
munofluorescence analysis (IFA) of DENV E protein expression for
five days post-transfection (Fig. 1A). Over the five-day time course,
classic foci formation was observed, indicating progressive viral
replication, secretion, and spread. However, the percentage of E
protein-positive cells was significantly lower from the very first
time point (day 1 post-transfection) when electroporated with the
2′-O-MTase mutant DENV RNA compared to WT DENV RNA
(Fig. 1A and B). This trend was maintained until day 5 post-
transfection. As the percentage of E protein-positive WT RNA-
transfected cells plateaued, the percentage of E protein-positive 2′-
O-MTase mutant RNA-transfected cells reached statistically similar
levels as the percentage of E protein-positive WT RNA-transfected
cells on day 5 post-transfection (Fig. 1B). This result suggests that
the replication rate of 2′-O-MTase mutant DENV is already atte-
nuated early during infection in BHK-21 cells.

To verify the IFA results, we next infected IFN-producing A549
and non-IFN-producing Vero cells (Desmyter et al., 1968) with
equal MOI of WT and 2′-O-MTase mutant DENV, and monitored
the virus titer over a time course of 5 days using a plaque assay.
Comparison of the various virus growth curves revealed several
notable observations. Firstly, replication of the 2′-O-MTase mutant
DENV was already lagging behind WT DENV replication by 1-log
from the first time point on day 1 post-infection in both Vero and
A549 cells (Fig. 1C). This was in agreement with the virus growth
kinetics in BHK-21 cells seen by IFA. In addition, the virus titers for
each virus were statistically similar (p40.05) in the two cell lines
at 24 h post-infection, suggesting that replication of the 2′-O-
MTase mutant DENV is highly attenuated during the first 24 h
post-infection regardless of the IFN-producing status of the in-
fected cells. As virus replication progressed beyond the first 24 h,
virus titers increased before beginning to plateau around two days
post-infection in all cases. Here, we detected differences in pla-
teaued virus titers between the two cell lines. In Vero cells, the
viral titers for both viruses plateaued at statistically similar levels
(p40.05). In contrast, the viral titer of WT DENV was significantly
higher than 2′-O-MTase mutant DENV (po0.05) in A549 cells.
These trends are consistent with previous findings, and suggest
that a fully functional type I IFN response plays a role in control-
ling the replication of the 2′-O-MTase mutant DENV during the
later stages of infection.

Taken together, this data suggests that the 2′-O-MTase mutant
DENV is attenuated both very early (first 24 h post-infection) and
later during infection. While a fully functioning type I IFN signaling
pathway plays a role in the latter attenuation, it does not seem to
have an effect in the former.

3.2. Lag in RNA replication of the 2′-O-MTase-mutant DENV during
the early stages of infection

In light of the attenuated replication of the 2′-O-MTase mutant



Fig. 1. Absence of 2′-O-methylation is not lethal to viral replication but causes severe attenuation in interferon-competent cells. (A and B) BHK-21 cells electroporated with
DENV RNA containing the 2′-O-MTase mutation display a slower progressive viral replication compared to those electroporated with WT DENV RNA, as demonstrated by
immunofluorescence analysis of the DENV E protein. Replication of the 2′-O-MTase mutant DENV is significantly attenuated compared to WT DENV from day 1 post-
infection, before catching up to statistically similar levels by day 5 post-infection. *Student’s t-test, po0.01, between 2′-O-MTase mutant and WT DENV RNA. (C) A time
course study reveals the replication kinetics of WT and 2′-O-MTase mutant DENV infection with the same MOI of A549 and Vero cells. Virus titers at each time point were
collected and quantified by a plaque assay. Statistical significant differences are discussed in the text of the Results section.

Fig. 2. Lag in replication of 2′-O-MTase mutant RNA during the first 16 h of in-
fection. DENV RNA copy number in A549 cells infected with wild type DENV in-
creased exponentially from about 4 h post infection. In contrast, cells infected with
2′-O-MTase mutant DENV remained relatively stagnant in the first 16 h post in-
fection before increasing, suggesting a severe attenuation in early replication. Data
comes from 6 biological replicates *Student's t-test, po0.01, between 2′-O-MTase
mutant and WT .
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we observed early during virus infection, we focused on studying
DENV replication during the first 24 h of virus infection. Since the
virus titers at 24 h post-transfection in Fig. 1C were low and close
to the limit of detection of the plaque assay (data not shown), we
switched to a more robust and sensitive assay to examine virus
replication kinetics for this first 24 h. Using Fluidigm technology
that quantifies viral RNA copies, we compared the rate of viral RNA
replication in A549 cells between WT and 2′-O-MTase mutant
DENV during the early stages of infection with primers specific for
the 3′-untranslated region (UTR) of the DENV genome. A com-
parison of the first 24 h of WT and 2′-O-MTase mutant DENV in-
fection showed significant differences in RNA copy number from
10 h on post-infection (Fig. 2). While replication of 2′-O-MTase
mutant DENV genomic RNA was largely stagnant in the first 16 h
post-infection, WT DENV genomic RNA began replicating at ex-
ponential rate as early as 4 h post-infection.

3.3. Comparative microarray analysis of A549 cells infected with
wild-type and 2′-O-MTase-mutant DENV

In parallel to the viral kinetics experiments, we performed gene
expression microarray experiments in A549 cells under the fol-
lowing conditions: mock, heat-inactivated WT DENV, WT DENV,
and 2′-O-MTase mutant DENV infection. The mock infection and
heat-inactivated WT DENV were used to set the baseline for
comparison of the gene expression pattern. The gene expression
patterns for the mock and heat-inactivated WT DENV were highly
similar, indicating that the heat-inactivated WT DENV had little
effect on gene expression (Fig. 3A). Hence we used both sets of
samples and made the following comparisons in the gene ex-
pression profiles of A549 cells at 12, 16, 20, and 24 h post-infec-
tion: 2′-O-MTase mutant DENV infection versus mock (group 1);
2′-O-MTase mutant DENV infection versus heat-inactivated DENV
infection (group 2); and 2′-O-MTase mutant DENV infection versus
WT DENV infection (group 3). Using Bayesian Estimation of Tem-
poral Regulation (BETR), we identified 4995, 4546, and 1417 dif-
ferentially expressed transcripts for comparison groups 1, 2, and 3,
respectively. Among these transcripts, 1133 transcripts were
common to all the comparison groups. Ingenuity pathway analysis
on these 1133 transcripts revealed 129 significant canonical
pathways, many of which involve the innate immune response
such as activation of IRF by Cytosolic Pattern Recognition Re-
ceptors Signaling, Interferon Signaling, Role of PKR in Interferon
Induction and Antiviral Response, Acute Phase Response Signaling,
Role of Pattern Recognition Receptors in Recognition of Bacteria
and Viruses, and Role of RIG1-like Receptors in Antiviral Innate
Immunity (Fig. 3B and C). The full list of significant canonical



Fig. 3. Innate immune and pro-inflammatory pathways are most significantly enriched canonical pathways after infection with the 2′-O-MTase mutant DENV compared to
WT DENV. (A) Heat map depicting the expression pattern of the 1133 transcripts that are differentially expressed in 2′-O-MTase mutant DENV-infected samples in com-
parison with mock, heat-inactivated (HI) WT DENV- andWT DENV-infected samples. Transcripts with high expression levels are shown in red and those with low expression
levels are in green. (B) Microarray analyses of differentially expressed genes between 12 and 24 h post infection with 2′-O-MTase mutant and wild-type DENV reveal that a
significant enrichment in genes involved in the innate immune and type I interferon pathways. The p value was calculated by hypergeometric test with Benjamini-Hochberg
(B-H) correction to investigate if a pathway was significantly up- or down-regulated. A p value of less than or equal to 0.05 indicates a pathway was less likely to be detected
by chance. The ratio shows the proportion of genes in the gene list of interest that are involved in a certain pathway. (C) Many of the differentially expressed genes (2–fold
difference, FDR o0.05) are involved in the innate immune and pro-inflammatory responses, as indicated by their classification in these canonical pathways.
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Fig. 4. The 2′-O-MTase mutant DENV induces a significant early innate immune response. (A) Heat map showing the normalized expression pattern of 48 genes that were
selected for validation by qPCR. Genes with high expression levels were shown in red and those with low expression levels were in green. (B) Heat map showing the
expression pattern of 43 of those genes as determined by qPCR. The expression levels were calculated using the delta-delta method. Genes with high expression levels were
shown in red and those with low expression levels were in green. (C) The 2′-O-MTase mutant DENV induces a significant early innate immune response from as early as 2 h
post-infection. In contrast, the wild-type DENV does not trigger an innate immune response until after 12 h post infection. The Loess method was used to fit the relative
abundance of each group across each time point post-infection. It estimates the mean value non-parametrically for each data point of each data set (solid line) and the 95%
confidence interval (CI) values of the mean (dashed lines). The time points at which the 95% CI lines of the 2′-O-MTase mutant DENV (green) and WT DENV (red) do not
intersect denote instances of significant differences between them.

D.C. Chang et al. / Virology 499 (2016) 259–266264
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pathways is compiled in Supplementary Table 1.

3.4. 2′-O-MTase DENV induces an early innate immune response

To validate our microarray results, we selected 48 of these
genes and profiled their expression using quantitative PCR (qPCR).
In light of the observed early attenuation of the 2′-O-MTase mu-
tant DENV in the first 12 h (Fig. 2), we also took a closer look at the
expression profiles of these genes in the very early phase of in-
fection (first 12 h post-infection). The qPCR analysis revealed gene
expression patterns similar to those observed in our microarray
study for the time points 12 and 24 h post-infection, hence vali-
dating our microarray analysis (Fig. 4A and B). In contrast, an ex-
amination of the gene expression during the very early phase of
infection (first 12 h post-infection) revealed a completely different
pattern for a subset of these genes. We found that infection with
2′-O-MTase mutant DENV triggered an earlier transcriptional re-
sponse in A549 cells, as compared to infection with WT DENV, in
this subset of genes including DDX58 (RIG-I), IFIH1 (MDA5), ISG15,
IL8 (CXCL8), IFIT2, NFKB2, IRF1 and IRF7 (Fig. 4C). Most of these
genes, including the three PRRs (DDX58, IFIH1 and IFIT2), were
significantly up-regulated in A549 cells infected with 2′-O-MTase
mutant DENV compared with other three infection conditions (WT
DENV, heat-inactivated WT DENV or mock infection) during the
first 2–10 h post-infection. In fact, the mRNA levels of the three
PRRs rose above basal levels as early as 2 h post-infection and
stayed above basal levels throughout the first 24 h of infection.
Infection with the WT virus revealed a vastly different trend of
PRRs expression, as expression levels remained at basal levels
during the first 10–12 h of infection before increasing significantly
(Fig. 4). No significant differences were detected during the first
12 h of infection for the remaining genes.
4. Discussion

Flaviviruses and coronaviruses encode viral proteins with me-
thyltransferase (MTase) activity that is responsible for 5′ RNA cap
formation and methylation (Egloff et al., 2002; Ray et al., 2006).
The presence of a properly methylated 5′ cap on the virus genomic
RNA is crucial for their ability to evade host immune responses
(Dong et al., 2014). Flaviviruses and coronaviruses defective in 2′-
O-methylation activity are attenuated in IFN-competent cells, and
are inhibited by IFN-induced proteins with tetra-tricopeptide re-
peats (IFIT) (Li et al., 2013; Menachery et al., 2014; Szretter et al.,
2012; Zhou et al., 2007; Zust et al., 2011). In light of these studies,
it has been proposed that 2′-O-methylation of the virus RNA
genome enables it to mimic cellular mRNA and evade immediate
detection by the host PRRs (Dong et al., 2014). Hence the loss of
this 5′ cap structure could disrupt the virus's ability to successfully
establish an infection by triggering an early innate immune
response.

In DENV, a single amino acid mutation in the glutamic acid
residue (E) within the K-D-K-E motif of the DENV NS5 methyl-
transferase abrogates the 2′-O-methylation of the 5′ cap structure,
and severely attenuates DENV replication (Zust et al., 2013). That
same study also demonstrated a proof of concept in an animal
model that this 2′-O-MTase-mutant DENV could provide full pro-
tection against subsequent challenge. But the exact mechanisms of
this DENV attenuation and immune protection have not been fully
characterized. Here, we show for the first time that the 2′-O-
MTase-mutant mutant DENV is attenuated and induces an early
innate immune response, when compared to WT DENV, in the
immediate hours after virus infection.

In particular, we observed two distinct and contrasting gene
expression profiles over the first 24 h post-infection between WT
and 2′-O-MTase mutant DENV. Between 2 and 10 h post-infection,
multiple innate immune genes including DDX58 (RIG-I), IFIH1
(MDA5), IRF1, IRF7, IL8 (CXCL8), ISG15, IFIT2, and NFKB2 were sig-
nificantly up-regulated in response to the 2′-O-MTase mutant
DENV compared to the WT DENV. In contrast, the pattern was
flipped between 12 and 24 h post-infection. While expression of
these genes in response to the 2′-O-MTase mutant were sustained
at levels above basal levels, these levels were far outstripped by
the rise in expression levels in response to WT DENV (Fig. 4).

The up-regulation of key innate immune genes in the early
phase of the host cell's response to 2′-O-MTase mutant DENV in-
fection coincided with the reduced overall titer and stagnated
dengue RNA replication during the early stages of infection (be-
tween 8 and 16 h post-infection) (Fig. 2). This suggests that the
lack of 2′-O-methylation in the 2′-O-MTase mutant DENV genome
is triggering an earlier innate immune response, thus impairing
virus replication in the first 16 h post-infection and leading to the
observed early attenuation in virus growth (Fig. 2).

Despite the early attenuation, we observed a strong recovery in
2′-O-MTase mutant DENV replication that produces a peak virus
titer similar to WT DENV in non-IFN-producing cells at the end of
the 5-d time course (Fig. 2). While such a trend is consistent with
some previous studies (Li et al., 2013; Zust et al., 2013), there have
been other studies that did not detect this early attenuation (Daffis
et al., 2010; Zhou et al., 2007). This discrepancy could be due to the
lack of sensitivity of the plaque assay. By switching to the more
sensitive Fluidigm system to monitor the first 24 h of virus re-
plication, we were able to more reliably detect this early at-
tenuation (Fig. 2).

In contrast, the 2′-O-MTase mutant DENV remains attenuated
throughout the entire time course when infecting IFN-producing
cells, consistent with previous studies (Fig. 2). This is likely due to
the proper activation of the type I IFN response that leads to the
up-regulation of many ISGs (Fig. 3) including the interferon-in-
duced protein with tetratricopeptide repeats (IFIT) family of pro-
teins. IFIT1 has been shown to modulate the sensitivity of 2′-O-
methylation (Daffis et al., 2010), and replication of the 2′-O-MTase
mutant WNV is rescued in IFIT1 knockout cells (Szretter et al.,
2012). In particular, IFIT1 has a higher affinity for non-2′-O-me-
thylated RNA than 2′-O-methylated RNA, and inhibits translation
of the bound RNA (Habjan et al., 2013; Kimura et al., 2013). The
successful induction of the type I IFN response and subsequent
increase in IFIT1 expression could account for why the peak viral
titer of the 2′-O-MTase mutant DENV never catches up to WT
DENV in IFN-producing cells.

The early innate immune activation observed in response to the
2′-O-MTase mutant DENV occurs much earlier than the typical
type I IFN response, making its involvement here unlikely. While
no difference was observed in the binding of WNV RNA with and
without 2′-O-methylation to RIG-I (Daffis et al., 2010), it is unclear
whether they might trigger different levels of RIG-I activation
upon binding. It is also possible that the observed early innate
immune response is being triggered by other PRRs, and further
studies are necessary for identify this receptor(s).

Taken together, our data shows that dengue virus lacking 2′-O-
methyltransferase activity is attenuated both very early (first 16 h
post-infection) and later during infection. While the latter at-
tenuation is dependent on the type I IFN response, we show that
the early attenuation coincides with the induction of a strong early
innate immune response. Hence 2′-O-methylation of the 5′ cap of
the genomic RNA is an essential element for dengue virus to evade
early innate immune activation by the host as the virus seeks to
establish infection. This phenomenon highlights the importance of
host responses in controlling the early stages of DENV infection
and suggests that DENV employs mechanisms of immune evasion
that target multiple phases of infection. Such a strong early innate
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immune response is crucial for the subsequent activation of T and
B cell responses (Zust et al., 2013), which are important criteria in
vaccine development. We thus suggest that this model virus may
pose an asset in vaccine development with the heightened and
immediate immune response from the host. This functional mu-
tation may be combined with other specific viral mutations in the
development of a rational approach for live-attenuated dengue
vaccines.
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