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Chikungunya virus (CHIKV) is an arthritogenic mosquito-transmitted alphavirus that is undergoing re-
emergence in areas around the Indian Ocean. Despite the current and potential danger posed by this virus, we
know surprisingly little about the induction and evasion of CHIKV-associated antiviral immune responses.
With this in mind we investigated innate immune reactions to CHIKV in human fibroblasts, a demonstrable
in vivo target of virus replication and spread. We show that CHIKV infection leads to activation of the
transcription factor interferon regulatory factor 3 (IRF3) and subsequent transcription of IRF3-dependent
antiviral genes, including beta interferon (IFN-�). IRF3 activation occurs by way of a virus-induced innate
immune signaling pathway that includes the adaptor molecule interferon promoter stimulator 1 (IPS-1).
Despite strong transcriptional upregulation of these genes, however, translation of the corresponding proteins
is not observed. We further demonstrate that translation of cellular (but not viral) genes is blocked during
infection and that although CHIKV is found to trigger inactivation of the translational molecule eukaryotic
initiation factor subunit 2� by way of the double-stranded RNA sensor protein kinase R, this response is not
required for the block to protein synthesis. Furthermore, overall diminution of cellular RNA synthesis is also
observed in the presence of CHIKV and transcription of IRF3-dependent antiviral genes appears specifically
blocked late in infection. We hypothesize that the observed absence of IFN-� and antiviral proteins during
infection results from an evasion mechanism exhibited by CHIKV that is dependent on widespread shutoff of
cellular protein synthesis and a targeted block to late synthesis of antiviral mRNA transcripts.

Chikungunya virus (CHIKV) was first isolated in Tanzania
in 1953 (52, 69). The virus causes an acute febrile illness asso-
ciated with severe joint pain that can persist long after viral
clearance (9, 26, 42, 47, 49, 62, 68, 75). In 2005 and 2006
CHIKV reemerged on a number of Indian Ocean islands and
subsequently in India in 2006 and 2007 (78). Since these loca-
tions are popular tourist destinations, such outbreaks repre-
sent significant threats to European countries from traveler-
associated infections. Because the virus is transmitted most
commonly via mosquitoes (23, 67), changing patterns of vector
distribution and abundance in response to climate change (36)
and increased vector-human contact following human en-
croachment into undeveloped areas renders CHIKV an
emerging pathogen of high potential danger for future gener-
ations. Unfortunately, information regarding many basic as-
pects of CHIKV molecular biology, immunology, and pathol-
ogy are lacking.

CHIKV is a member of the family Togaviridae and genus
Alphavirus. The enveloped virion contains an icosahedral nu-
cleocapsid and an �12-kb plus-strand single-stranded RNA
genome that includes a 5� cap and 3� polyadenylation. The
genome includes two open reading frames (ORFs) separately
encoding polyproteins that are subsequently processed into
four nonstructural proteins (nsP1 to nsP4) and three structural

proteins (capsid [C], envelope glycoproteins E1 and E2). Sind-
bis virus (SINV) represents the most thoroughly investigated
Alphavirus species yet most of our knowledge regarding patho-
genesis, replication, and immunobiology is derived from mu-
rine animal or cellular models (see reference 70). As such, the
immune reactions to and immunomodulatory counteractions
exhibited by potentially destructive alphaviruses such as
CHIKV in the context of human infection are incompletely
examined.

It is becoming clear, however, that innate immunity, in par-
ticular the type I interferon (IFN) system, represents one of
the most important antiviral responses to CHIKV due to its
immediate onset upon infection and susceptibility of the virus
to IFN�s antiviral effects. Type I IFNs include IFN-� and
IFN-� subtypes 1 to 14. Release of IFN-�/� from infected cells
results in autocrine and paracrine stimulation of the IFN-�/�
receptor (IFNAR), which leads through associated tyrosine
(TYK) and Janus (JAK) kinases to the phosphorylation of
STAT (signal transducers and activators of transcription) 1 and
2. STAT1/2 heterodimers associate with IFN regulatory factor
9 (IRF9) and bind to IFN-stimulated response elements
(ISREs) upstream of so-called IFN-stimulated genes (ISGs).
ISG-encoded proteins represent the antiviral effector mole-
cules that directly inhibit molecular and biochemical activities
required for virus replication. Indeed, when added to cells
prior to infection, IFN-�/� is extremely suppressive to in vitro
growth of all examined alphaviruses (3, 20, 21, 59, 71), includ-
ing CHIKV (83). Moreover, whereas adult wild-type (WT)
mice do not typically die following high-titer CHIKV infection
(15, 31, 76, 92), infection of mice lacking either IFNAR (15,
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76) or STAT1 (76) is quickly and invariably fatal. Interestingly,
CHIKV replication can be detected in joint and muscle tissues
of adult IFNAR�/� but not WT mice, indicating a possible
IFN “dose effect” of permissiveness (15).

Induction of IFN-� expression is an increasingly well-char-
acterized process that occurs after exposure to pathogen-asso-
ciated molecular patterns (PAMPs). PAMPs initiate signaling
cascades that lead to formation of a complex containing IFN
regulatory factor 3 (IRF3) and nuclear factor �B (NF-�B) on
the IFN-� promoter (50, 54, 87, 91). IRF3 can itself initiate
expression of a subset of ISGs independently of IFN (6, 10, 13,
19, 37, 58, 61) and, unlike NF-�B (86), is necessary for virus-
induced IFN synthesis in fibroblasts (19, 74). IRF3 is constitu-
tively expressed and normally shuttles between the cytoplasm
and the nucleus. Phosphorylation of C-terminal serine and
threonine residues by the kinases IKKε or TBK1 results in
IRF3 homodimerization, coactivator association, and nuclear
accumulation (25, 50, 79, 81, 91). These phosphorylation sig-
nals originate from pattern recognition receptors (PRRs) that
react with specific PAMPs. Viral PRRs include Toll-like re-
ceptors (TLRs) 3 reacting with double-stranded RNA
(dsRNA), as well as cytoplasmic helicases that contain caspase
recruitment domains (CARDs). These include retinoic acid
inducible gene I (RIG-I), recognizing RNA species containing
5� triphosphates and shorter dsRNA fragments (44, 90) and
melanoma differentiation-associated gene 5 (MDA5) (89) re-
acting with poly(I:C) and longer dsRNA (16, 43, 44, 63, 72, 73).
Although TLRs are predominantly expressed on immune cells
(dendritic cells, monocytes, and macrophages), the cytoplasmic
helicases are expressed in nearly all cells, including fibroblasts
and epithelial cells. Importantly, PRR signaling occurs via es-
sential adaptor molecules that act as integration points linking
PAMP detection with activation of IRF3-directed kinases.
RIG-I and MDA5 require the mitochondrion-associated adap-
tor protein IFN promoter stimulator 1 (IPS-1; also called
MAVS, Cardif, or VISA) (46, 55, 80, 88, 90). IPS-1 is emerging
as an extremely important antiviral signaling molecule involved
in the type I IFN response to both DNA and RNA viruses (1,
14, 41). Currently, the transcription factors, PRR(s), and
CHIKV-specific PAMP(s) required for IFN-�/� induction dur-
ing infection are unknown. However, IPS-1 was shown to be
important to CHIKV-triggered IFN-�/� induction in mouse
cells (76), thus implying a role for MDA5 or RIG-I in Alpha-
virus-triggered IFN-�/� synthesis. However, despite investiga-
tion into this question using MDA5 and RIG-I knockout mice,
a definitive answer has not been reached for any Alphavirus
species (11, 64, 76).

In addition to questions surrounding the induction of innate
immune responses by CHIKV, mechanisms used by CHIKV to
evade these responses remain largely uninvestigated. We
therefore decided to more closely examine events comprising
the innate immune response to infection with a recently
emerged epidemic strain of the virus, as well as potential strat-
egies used by CHIKV to evade this response. Our detailed
investigation of the mechanism of CHIKV-mediated IRF3 ac-
tivation, IFN-� and ISG expression revealed that CHIKV
strongly induces the transcription of IFN and ISGs via the
adaptor molecule IPS-1. However, we observed that these
mRNA messages are not translated into protein and that this
accompanied both a widespread block of cellular translation,

as well as a late block of RNA synthesis. Interestingly, the
translation block may represent a novel mechanism since it
occurs independently of virus-induced phosphorylation of eu-
karyotic initiation factor subunit 2� (eIF2�) via the protein
kinase activated by dsRNA (PKR).

MATERIALS AND METHODS

Reagents and antibodies. The dsRNA mimic polyinosine-polycytosine [poly(I:
C)] was obtained from Amersham Biosciences and resuspended in millipure
water at 1 �g ml�1. Hygromycin B was obtained from InvivoGen and used at 300
�g ml�1 cell culture medium. Puromycin was obtained from Clontech and used
at 2 �g ml�1 cell culture medium. Lipofectamine-LTX transfection reagent was
obtained from Invitrogen and used according to the manufacturer’s instructions.
HiPerfect transfection reagent was obtained from Qiagen. Human recombinant
IFN-� was obtained from PBL. ONE-Glo cell lysis/luciferin reagent was ob-
tained from Promega. 4-Thiouridine and actinomycin D were obtained from
Sigma. The antibodies used against the following antigens are indicated in pa-
rentheses: GAPDH (SC-51906; Santa Cruz) and IRF3 for immunofluorescence
analysis (IFA; 550428; BD Biosciences); IRF3 for immunoblotting (SC-9082;
Santa Cruz); and Ser398 phospho-IRF3 (07-581; Millipore), eIF2� (SC-11386;
Santa Cruz), Ser51 phospho-eIF2� (9721; Cell Signaling), PKR (SC-707; Santa
Cruz), and Thr446 phospho-PKR (1120-1; Epitomics). Puromycin was as de-
scribed previously (77), dsRNA (clone K1) was obtained from English and
Scientific Consulting, ISG56 was kindly provided by Ganes Sen, Viperin was
kindly provided by Peter Cresswell, and Alphavirus capsid was kindly provided by
Irene Greiser-Wilke (38).

Virus and cell culture. Primary human foreskin fibroblasts (HFs) were ob-
tained from the American Type Culture Collection. HFs stably transfected with
the catalytic subunit of the human telomerase gene to extend passage life were
kindly provided by Wade Bresnahan (8). Cells were propagated in Dulbecco
minimal essential medium (DMEM) containing 10% fetal calf serum (FCS) and
antibiotics at 37°C in 5% CO2. Sendai virus (SeV) was obtained from Charles
River Laboratories and exposed to cells in duplicate at 160 hemagglutination
(HA) units cell culture medium ml�1. BHK-21 and C6/36 cells were obtained
from Jay Nelson. CHIKV strain LR2006 OPY1 was obtained from Stephen
Higgs (84). SINV strain Ar 339 was obtained from the American Type Culture
Collection, and stocks were grown by infecting BHK-21 cells at a multiplicity of
infection (MOI) of 0.001. CHIKV viral stocks were prepared by infecting either
BHK-21 or C6/36 mosquito cells at an MOI of 0.001 with passage 1 virus derived
from an infectious clone as described previously (84). At 72 h postinfection the
supernatant was harvested, cleared, and pelleted through a 20% (wt/vol) sucrose
cushion in Hanks balanced salt solution by ultracentrifugation at 23,000 rpm in
a Beckman SW28 rotor. Virus pellets were then resuspended in phosphate-
buffered saline (PBS), and titers were determined by using an endpoint dilution
assay (66). Transfection of poly(I:C) at 1 �g ml�1 of culture medium was
performed in 6-, 12-, or 24-well dishes by adding 2 �l of Lipofectamine-LTX per
1 �g of poly(I:C).

Transient RNA interference. Cells were plated at 30 to 40% confluence in
35-mm dishes the day before transfection with small interfering RNA (siRNA).
Five microliters of siRNA (20 �M stock) was mixed with 10 �l of HiPerfect in 95
�l of Opti-MEM (Gibco) and added to cells containing 2.3 ml of Opti-MEM.
The cells were transfected twice, 8 h apart, and incubated for 16 h, and the
Opti-MEM was replaced with DMEM with 10% FCS. The cells were allowed to
expand for 3 to 4 days to near confluence and transfected once more at 16 h
before treatment. The siRNA sequences were as follows: nonspecific (NS),
5�-GGACGUAGAAGAGGGUGUAGAG-3�; and IPS-1, 5�-GGGUUCUUCU
GAGAUUGAA-3�. PKR and IRF3 were targeted by using a SmartPool of four
different sequences (Thermo Scientific).

Generation of stable cell lines. Stable cell lines were constructed using lenti-
viral expression vectors. IRF3 was stably degraded in telomerized human fibro-
blasts by stably expressing the NPro open reading frame from bovine viral
diarrhea virus as described previously (24). Replication-defective recombinant
retrovirus was produced by transfecting the retroviral vector into Phoenix A or
293T cells (for expression of NPro from the pdl-NPro lentiviral vector [kindly
provided by Roger Everett]) using Lipofectamine-LTX and harvesting superna-
tant after 48 h (48). The supernatant was centrifuged (3,000 	 g for 10 min) and
filtered through two 0.45-�m-pore-size filters to remove cell debris. Subconfluent
target cells were exposed to retrovirus for 16 h in the presence of 5 �g of
Polybrene ml�1. After the cells reached confluence they were split into DMEM
plus 10% FCS containing 1 �g of puromycin ml�1. Transduced cells were
passaged in the presence of increasing puromycin (to 3 �g ml�1) until the
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cultures were fully resistant. Short hairpin RNA (shRNA) directed against PKR
was stably transfected into telomerized human fibroblasts using the pGIPZ
lentivirus vector obtained from Open Biosystems (catalog no. RHS4430-
98844125) according to the manufacturer’s protocol.

Type I IFN quantification assays. Secretion of type I IFN by target cells was
quantified as described earlier (18). Briefly, confluent HFs were treated as
indicated in 24-well dishes. At 6 h posttreatment, the cells were washed three
times with 1	 PBS, and then 500 �l of DMEM plus 10% FCS was added for 16 h.
The medium was harvested and added to telomerized HF cells stably transfected
with an expression cassette containing firefly luciferase under the control of the
IFN-dependent response element (termed THF-ISRE) grown to confluence in a
96-well dish (50 �l of medium was added to each of four wells). At 6 h after
medium transfer, 50 �l of ONE-Glo lysis/luciferin reagent was added to each
well, and the luminescence was measured on a Veritas luminometer (Turner
Biosystems).

RNA isolation and semiquantitative reverse transcription-PCR (RT-PCR).
Total RNA was isolated from cells by using a Mini-RNA Isolation II kit accord-
ing to the manufacturer’s protocol (Zymo Research, product R1030) and quan-
tified by UV spectrometry. RNA samples were treated with DNase using the
DNA-Free RNA kit according to the manufacturer’s protocol (Zymo Research,
product 1013). Single-stranded cDNA for use as a PCR template was made from
total RNA using random hexamers to prime first-strand synthesis by Superscript
III reverse transcriptase (Invitrogen, product 11754) as described in the manu-
facturer’s protocol. Comparison of mRNA expression between samples (e.g.,
infected versus untreated) was performed using SYBR green-based semiquan-
titative real-time RT-PCR (qPCR) with the Applied Biosystems sequence de-
tection system according to the 

CT method of Livak and Schmittgen (51).
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as a housekeep-
ing gene to establish a baseline against which target genes were compared
between samples (described in reference 18). Other primer sequences were as
follows: Mx1-For, 5�-ATGATTGTCAAGTGCCG-3�; Mx1-Rev 5�-GCCTTTCC
TTCCTCCA-3�; �-Actin-For, 5�-TCACCCACACTGTGCCCATCTACGA-3�;
and �-Actin-Rev, 5�-CAGCGGAACCGCTCATTGCCAATGG-3�.

Indirect immunofluorescence assays. HFs were grown on coverslips in 24-well
plates and treated as described above. The cells were washed twice with PBS,
fixed for 30 min in 3.7% formaldehyde, washed, and quenched for 10 min using
50 mM NH4Cl. Cells were permeabilized with 0.1% Triton X-100 for 7 min and
washed three times with PBS containing 2% bovine serum albumin (BSA). The
cells were incubated with primary antibody in PBS containing 2% BSA at 37°C
for 1 h, washed three times in PBS containing 2% BSA (10 min each wash), and
incubated with fluorescently labeled secondary antibody diluted 1:1,000 in PBS
containing 2% BSA for 1 h. The cells were washed twice in PBS containing 2%
BSA (10 min each) and once in PBS. Secondary antibodies incuded goat anti-
mouse 488 (A-11001; Invitrogen) and goat anti-mouse 594 (A-11020; Invitro-
gen). Coverslips were mounted on a microscope slide with Vectashield mounting
medium (Vector Laboratories, Burlingame, CA) containing DAPI (4�,6�-di-
amidino-2-phenylindole).

Immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) immunoblots were performed as follows. After trypsinization and
cell pelleting at 2,000 	 g for 10 min, whole-cell lysates were harvested in 2%
SDS lysis buffer (50 mM Tris-HCl, 20% glycerol). Lysates were electrophoresed
in 10% polyacrylamide gels and transferred onto polyvinylidene difluoride mem-
branes (Millipore) using semidry transfer at 400 mA for 1.5 h. The blots were
blocked at room temperature for 2 h using 10% nonfat milk in 1	 PBS contain-
ing 0.1% Tween 20. The blots were exposed to primary antibody in 5% nonfat
milk in 1	 PBS containing 0.1% Tween 20 for 16 h at 4°C. The blots were then
washed in 1	 PBS containing 0.1% Tween 20 for 20, 15, and 5 min, followed by
deionized water for 5 min. A 1-h exposure to horseradish peroxidase-conjugated
secondary antibodies and subsequent washes were performed as described for
the primary antibodies. The antibody was visualized using enhanced chemilumi-
nescence (Pierce).

Puromycin pulse-chase. To examine de novo protein synthesis, we used a
recently described technique that involves measuring the incorporation of puro-
mycin into growing polypeptide chains of live cells through the use of a puro-
mycin-specific antibody (77). This involves exposing cells to 10 �g of puromycin
ml�1 in DMEM-FCS for 15 min (pulse), removing the puromycin-containing
medium, washing the cells three times with PBS, and adding puromycin-free
DMEM-FCS for 1 h (chase). The cells were then harvested in SDS lysis buffer,
and protein-incorporated puromycin was examined by using SDS-PAGE with the
puromycin-specific antibody as described above.

RNA metabolic labeling and separation. To quantify newly synthesized RNA,
we used a technique described earlier (22). Briefly, 4-thiouridine in culture
medium (200 �M, final concentration) was added to confluent HFs in T-75

culture flasks for 1 h. The cells were then treated with trypsin and collected by
centrifugation, and the total RNA was isolated by using a Qiagen RNeasy kit
according to the manufacturer’s protocol. Biotinylation of the RNA-incorpo-
rated 4-thiouridine was then performed using EZ-Link biotin-HPDP (Pierce) in
dimethylformamide at 1 mg ml�1. Biotinylation took place in 10 mM Tris (pH
7.4), 1 mM EDTA, and 0.2 mg of biotin-HPDP ml�1 using RNA at 100 ng �l�1

for 1.5 h at room temperature. Approximately 70 �g of total RNA was used per
reaction. Unbound biotin-HPDP was removed by using chloroform-isoamyl al-
cohol (24:1) extraction and heavy phase-lock gels (5 Prime), followed by precip-
itation. Samples were then denatured at 65°C for 10 min and rapidly cooled on
ice for 5 min. A �MACS streptavidin bead/column system (Miltenyi) was used to
collect biotinylated (newly synthesized) RNA. RNA was separately pooled from
the column (biotinylated) and wash buffer flowthrough (unbiotinylated).

RESULTS

Infection with CHIKV induces the accumulation of mRNA
from IFN-� and ISGs. Fibroblasts are known to be a major
target of CHIKV replication in humans (15, 76). However,
information regarding fundamental aspects of the innate im-
mune response to CHIKV infection of these cells is lacking.
We therefore decided to examine the transcriptional induction
of innate antiviral genes in primary human fibroblasts follow-
ing exposure to CHIKV at various MOIs. As shown in Fig. 1,
at 24 h postinfection CHIKV induces the expression of mRNA
for the IFN-� gene, as well as for the so-called ISGs Viperin
and ISG56. The degree of this transcription closely correlates
with the MOI used and induction is evident at an MOI as low
as 0.01. Human fibroblasts thus appear to be capable of re-
sponding to CHIKV infection through an innate immune re-
sponse that involves expression of IFN-� and antiviral effector
genes.

CHIKV infection triggers phosphorylation and nuclear ac-
cumulation of IRF3. We next decided to investigate whether
the strong, MOI-dependent induction of antiviral mRNA by
CHIKV was accompanied by and correlated with activation of
IRF3. Whether CHIKV infection activates IRF3 and the dy-
namics of that activation have thus far remained unexplored.
We therefore sought to determine whether infection leads to
the phosphorylation of IRF3 and its accumulation in the cell
nucleus. To do this, we infected HFs at three different MOIs
(0.1, 1, or 10) for 16 h and probed whole-cell lysates following
SDS-PAGE with antibody specific to IRF3 phosphorylated on
Ser398. As shown in Fig. 2A infection with CHIKV resulted in
levels of IRF3 phosphorylation that increase with MOI.
CHIKV-dependent IRF3 phosphorylation occurs between 8
and 16 h postinfection (Fig. 2B). We next examined whether
CHIKV-induced IFN-� mRNA accumulation correlates tem-
porally with IRF3 phosphorylation. As shown in Fig. 2C, ac-
cumulation of IFN-� mRNA is evident by 8 h and is increased
at 16 and 24 h postinfection. Early IFN-� transcription could
either occur independently of IRF3 or perhaps in response to
phosphorylated IRF3 that is undetectable on immunoblots.
The essential role of IRF3 in CHIKV-induced gene expression
is addressed in greater detail below. Since phosphorylation of
IRF3 results in the nuclear accumulation of the protein, we
therefore monitored the protein’s subcellular localization in
HFs following CHIKV infection. As shown in Fig. 2D, while
the protein is distributed nearly homogeneously throughout
untreated cells, it exhibits almost exclusively nuclear localiza-
tion after infection with CHIKV. These data indicate that
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activation of IRF3 in human fibroblasts occurs in response to
infection with CHIKV.

Accumulation of IFN-� and ISG mRNA in response to
CHIKV infection is directly dependent on IRF3. As shown
above (Fig. 1), strong transcriptional induction of IFN-� and
ISGs, along with IRF3 activation (Fig. 2), occurs following
infection of HFs with CHIKV. Virus- and PAMP-triggered
induction of type I IFN expression is conventionally known to
require activation of IRF3 (see references 45 and 60 for re-
views). IFN-independent expression of a subset of ISGs, in-
cluding ISG56 and Viperin, has also been shown to be induced
directly by IRF3 (6, 10, 13, 19, 37, 58, 61). Alternatively, other
ISGs, such as Mx1, are only transcribed in response to IFN-
dependent signaling and are not directly activated by IRF3
itself (37). Hidmark et al. have demonstrated the necessity of
IRF3 for type I IFN induction by Semliki Forest virus (SFV) in
murine fibroblasts and myeloid dendritic cells (39). Intrigu-
ingly, however, exceptions to this rule have been described for
Hantavirus (65) and West Nile virus (17).

We used two approaches to determine whether IFN-� and
ISG mRNA accumulation following CHIKV infection requires
IRF3. First, we constructed human fibroblasts that stably ex-
press the NPro protein from bovine viral diarrhea virus which
efficiently targets IRF3 for proteasomal degradation (12, 24,
40). Next, we transiently transfected siRNA directed against
IRF3 into HFs as described previously (19). As shown in Fig.
3A, IRF3 protein is depleted upon stable expression of NPro
or transfection of IRF3-directed siRNA. As shown in Fig. 3B,
when HF-NPro or parental HF cells were treated with IFN-�,
normal transcriptional induction of ISGs was observed. How-
ever, when HF-NPro cells were exposed to a stimulus such as
SeV that is known to activate IRF3-dependent transcription of
IFN-� and ISGs, no such induction was seen (Fig. 3B). These
results thus indicate that while the IFN-dependent (JAK/
STAT) signaling pathway is functional in these cells, IRF3-
dependent gene expression is not. We next examined whether
CHIKV infection was capable of inducing transcription of
IFN-� and ISGs during IRF3 depletion. As shown in Fig. 3B,
treatment of HF-NPro cells or HF transfected with IRF3-

directed siRNA with CHIKV at an MOI of 10 failed to induce
IFN-� or ISG mRNA expression as seen in parental HFs and
HFs transfected with NS siRNA. To verify that the IFN-de-
pendent pathway is not being stimulated during CHIKV infec-
tion and that ISGs are being activated directly by IRF3, we
examined accumulation of Mx1 mRNA. Transcription of this
gene occurs in response to IFN-dependent signaling but not
direct IRF3 activation (37). As shown in Fig. 3C, CHIKV
infection did not stimulate accumulation of Mx1 as did treat-
ment with SeV or IFN-�. Based on these results, we conclude
that CHIKV infection triggers IRF3-dependent transcription
of IFN-� and ISGs.

IPS-1 is required for CHIKV-mediated activation of IRF3-
dependent transcription. Since CHIKV is a positive-sense sin-
gle-stranded RNA virus, we presumed that (like other alpha-
viruses [see references 27 and 82]) its replication involves the
synthesis of dsRNA, a powerful inducer of IRF3 activation and
synthesis of type I IFN. We therefore examined whether
CHIKV-infected HFs accumulate dsRNA and the kinetics of
this accumulation using IFA with a dsRNA-specific antibody.
As shown in Fig. 4, dsRNA is evident at 2 h postinfection and
is maximal between 6 and 8 h postinfection. Cytoplasmic
dsRNA is known to be capable of stimulating IRF3-terminal
signaling after interacting with RIG-I or MDA5. Signaling
pathways activated by these PRR molecules require the adap-
tor molecule IPS-1. As such, we next sought to determine
whether IPS-1 was also essential to IRF3 phosphorylation trig-
gered by CHIKV infection. To address this, we used trans-
fected siRNA targeting IPS-1. In contrast to nonspecific (NS)
siRNA, transfection of IPS-1-directed siRNA greatly reduced
levels of IPS-1 protein (Fig. 4B). siRNA-mediated knockdown
of IPS1 protein subsequently inactivated CHIKV-stimulated
IRF3 phosphorylation, which occurred in control cells trans-
fected with NS siRNA (Fig. 4B). Furthermore, as shown in Fig.
4C, CHIKV-induced transcription of IFN-�, Viperin, and
ISG56 was nearly eliminated following treatment of cells with
IPS-1-directed siRNA. Based on these observations, we con-
clude that the infection of HFs with CHIKV leads to IRF3

FIG. 1. CHIKV infection triggers MOI-dependent transcription of IFN-� and ISGs. Primary HFs were infected with CHIKV at the indicated
MOIs for 24 h. Values presented are fold changes in the expression of IFN-�, Viperin, and ISG56 mRNA relative to untreated cells as determined
by qPCR. The data are representative of results from duplicate experiments.
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activation and IRF3-dependent gene expression via an IPS-1-
dependent pathway.

CHIKV does not induce IFN-�/� secretion or ISG protein
translation. Taken together, our data indicate that infection of
HFs with CHIKV strongly activates the innate immune re-
sponse via the IPS-1/IRF3-dependent pathway resulting in in-
duction of IRF3-dependent genes such as IFN-�, ISG56, and
Viperin. To verify that CHIKV also induced levels of the
corresponding proteins under these conditions, we monitored
IFN-�/� secretion and the protein expression of selected ISGs.
To determine whether IFN-� was secreted from CHIKV-in-
fected HFs, we used IFN-responsive reporter cells as previ-
ously described (18). Briefly, HFs were either left untreated or

exposed to SeV (160 HA units/ml), SINV, or CHIKV at three
different MOIs (1, 10, and 100). Media from these cells were
subsequently transferred to confluent reporter cells expressing
firefly luciferase (LUC) under the control of a type I IFN-
dependent promoter (ISRE). As shown in Fig. 5A, treatment
of reporter cells with IFN-� induced an �8-fold increase in
LUC expression relative to untreated cells. Likewise, the use of
media from cells infected with SeV also led to strong IFN-
dependent LUC expression. Infection of cells with SINV, an
alphavirus related to CHIKV, triggered secretion of IFN-�/�
that was clearly proportional to the MOI used. In sharp con-
trast, cells infected with CHIKV secreted little to no IFN-�/�
regardless of the MOI. We next examined whether the synthe-
sis of other genes transcriptionally upregulated during CHIKV
infection occurred. This was done by using immunoblotting to
measure Viperin and ISG56 protein in CHIKV-infected cells.
Figure 5B shows the levels of Viperin and ISG56 proteins from
whole HF lysates collected after exposure to IFN-�, SeV, or
CHIKV. The expression of CHIKV capsid protein is also
shown for CHIKV-infected cells. Although treatment with
IFN-� and SeV induced strong expression of Viperin and
ISG56 protein, exposure of HFs to CHIKV did not result in
ISG protein expression even at high MOI. IFN-� transcrip-
tional induction but no IFN-�/� secretion was also observed
after infection with CHIKV grown on C6/36 insect cells (data
not shown). We thus conclude that, surprisingly, CHIKV in-
fection of HFs triggers the transcription but not the translation
of IRF3-dependent genes.

CHIKV triggers the widespread shutoff of host cell protein
translation. As shown above, CHIKV triggers strong accumu-
lation of IRF3-dependent mRNA without translation of in-
duced transcripts. This led us to ask whether the lack of protein
synthesis during infection was accompanied by a widespread
block in translation or, rather, is the result of virus-targeted
inhibition of IRF3-dependent antiviral genes. To address this,
we used a nonradioactive technique for examining protein
synthesis (77). This method involves the incorporation of pu-
romycin into growing polypeptide chains and the subsequent
detection of puromycin-containing proteins in whole-cell ly-
sates using a specific antibody. We thus infected HFs with
CHIKV at an MOI of 10 as described above. At 4, 8, 16, and
24 h postinfection, the cell culture media was replaced
(“pulsed”) with medium containing puromycin for 15 min and
“chased” for 60 min with puromycin-free medium, after which
whole-cell lysates were harvested and subjected to SDS-
PAGE. As shown in Fig. 6, protein synthesis, as measured by
abundance of polypeptide-incorporated puromycin, was dimin-
ished by 8 h postinfection and absent by 16 h postinfection.
Synthesis of viral capsid, however, is visible at 8 h and maximal
at 16 h postinfection. Translational inhibition was also ob-
served at MOIs of 0.1 and 1 (data not shown). It is worth
noting here that while the puromycin pulse-chase method is
effective for demonstrating gross differences in de novo protein
synthesis between samples, labeling of individual proteins (e.g.,
CHIKV capsid) may not generate enough signal to be detected
following SDS-PAGE. Nevertheless, based on these data, we
conclude that CHIKV infection results in a widespread shutoff
of host protein, but not viral capsid protein, synthesis which
likely contributes to the absence of IFN-� secretion and ISG
protein expression from infected cells.

FIG. 2. CHIKV infection triggers Ser398 phosphorylation and nu-
clear accumulation of IRF3. (A) IRF3 Ser398 phosphorylation in pri-
mary HFs at 16 h postinfection with CHIKV at MOIs of 0.1, 1, and 10.
(B) IRF3 Ser398 phosphorylation in primary HFs infected with
CHIKV (MOI � 10) between 2 and 24 h postinfection. (C) Fold
change relative to untreated cells as determined by qPCR of IFN-�
mRNA in HFs infected with CHIKV (MOI � 1) for 4, 8, 16, and 24 h.
(D) Nuclear accumulation of IRF3 in primary HFs infected with
CHIKV (MOI � 10) at 16 h postinfection.
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CHIKV infection and infection-associated RNA induce PKR
phosphorylation. Protein kinase activated by dsRNA (PKR) is
a PRR that is autophosphorylated following interaction with
dsRNA, a process that enables the protein’s downstream ki-
nase activity. Since replication of CHIKV involves synthesis of
dsRNA (Fig. 4), we decided to examine whether PKR is phos-

phorylated during infection. This was done by using immuno-
blotting with an antibody specific to PKR protein phosphory-
lated on Thr446. As shown in Fig. 7A, PKR phosphorylation is
clearly evident by 4 h after CHIKV infection and increases
through time to become maximal at 24 h postinfection. We
next verified that RNA species generated during virus infection

FIG. 3. IRF3 is essential for CHIKV-induced IFN-�/ISG transcription. (A) Immunoblot showing GAPDH and total IRF3 protein from HFs
in the presence or absence of stably expressed NPro or transiently transfected nonspecific (NS) or IRF3-directed siRNA as described in text.
(B) Accumulation of IFN-�, ISG56, or Viperin mRNA in the indicated cell type following treatment with IFN-� (1,000 U/ml), infection with SeV
(160 HA units/ml), or infection with CHIKV (MOI � 10) for 16 h. CHIKV-induced accumulation of IFN-�, ISG56, or Viperin mRNA is also
shown in HFs after transfection of NS or IRF3-directed siRNA. The values presented are the mRNA fold changes relative to untreated cells as
determined by qPCR and are representative of experiments performed at least in duplicate. (C) Accumulation of Mx1 mRNA in HF following
treatment with SeV (160 HA units/ml), IFN-� (1,000 U/ml), or CHIKV (MOI � 10) for 16 h. The values presented are mRNA fold changes
relative to untreated cells as determined by qPCR and are representative of experiments performed in duplicate.
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are capable of inducing PKR phosphorylation. To do this, we
isolated total RNA from uninfected HFs or HFs infected with
CHIKV (MOI � 10) at 2, 4, 6, 8, 12, 16, and 24 h postinfection.
The total RNA samples were DNase treated as described
above. We next individually transfected 0.5 �g of RNA from
each of these time points into subconfluent HFs grown in
12-well dishes and harvested whole-cell lysates at 6 h posttrans-
fection. As shown in Fig. 7B, PKR phosphorylation is evident
in cells transfected with RNA harvested at 8 h postinfection,
and the RNA appears to be maximally stimulatory at 16 h
postinfection. The expression of CHIKV capsid protein in
transfected cells was not observed (data not shown). Based on

these data, we conclude that both CHIKV infection and cell-
associated RNA synthesized during infection are capable of
triggering PKR autophosphorylation.

Phosphorylation of eIF2� during CHIKV infection is depen-
dent on PKR. Cellular stress such as virus infection can trigger
a shutoff of protein translation through the inactivation via
phosphorylation of eukaryotic initiation factor 2 subunit �
(eIF2�). This can occur as a result of dsRNA-mediated acti-
vation of PKR, as well as via kinases activated by other types of
cellular stress. Since CHIKV induces autophosphorylation of
PKR (Fig. 7), it next became of interest to examine whether
eIF2� is phosphorylated during infection and, if so, to deter-

FIG. 4. CHIKV infection of HF leads to accumulation of dsRNA and IRF3-dependent transcription via IPS1. (A) Indirect immunofluorescence
showing dsRNA in CHIKV-infected HFs (MOI � 10) at 0, 2, 4, 6, and 8 h postinfection. (B) Immunoblot showing levels of IPS1, Ser398-
phosphorylated IRF3, total IRF3, and GAPDH after treatment of HFs with NS or IPS1-directed siRNA in the presence or absence of CHIKV
infection (MOI � 10) at 24 h postinfection. (C) Transcriptional induction of IFN-�, Viperin, and ISG56 as measured by qPCR after treatment
of HFs with NS or IPS1-directed siRNA. The cells were either left uninfected or were infected with SeV (u) or CHIKV (f; MOI � 10), and total
RNA was harvested at 24 h postinfection. Values presented are normalized to transcriptional induction in the presence of NS siRNA (set to 1)
and are representative of experiments performed in duplicate.
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mine whether PKR is the responsible kinase. As shown in Fig.
8, phosphorylation of eIF2� Ser51 occurs after CHIKV infec-
tion in an MOI-dependent manner. To investigate a specific
role for PKR in eIF2� phosphorylation triggered by CHIKV,
we created an HF cell line that stably expresses shRNA di-
rected against PKR. As shown in Fig. 8, shRNA expression
nearly eliminates the PKR protein in these cells. Furthermore,
relative to parental HFs, the phosphorylation of eIF2� is se-
verely reduced in the absence of PKR. Based on these results,
we conclude that CHIKV triggers PKR-dependent phosphor-
ylation of eIF2�, most likely through the synthesis of dsRNA
during virus replication.

PKR is not required for CHIKV-associated cellular trans-
lational shutoff. Our results demonstrate that infection with
CHIKV leads to a widespread shutoff of cellular protein syn-
thesis, along with PKR-dependent phosphorylation of eIF2�, a
process known to block translation. We therefore next sought
to determine whether PKR is required for the virus-associated
block to protein translation. To address this, we examined total
protein synthesis following CHIKV infection of HFs that were
transiently transfected with siRNA directed against PKR
(since HF-shPKR is puromycin resistant, the compound will
not be incorporated into polypeptides in these cells). As shown
in Fig. 9A, transfection of siRNA directed against PKR leads
to diminishment of the protein to a nearly undetectable level.
However, protein synthesis as detected by incorporated puro-
mycin following CHIKV infection was absent in cells pre-
treated with either nonspecific or PKR-directed siRNA (Fig.
9A). Since puromycin incorporation is not sensitive enough to
detect individual proteins, as evidenced by the fact that bands
corresponding to capsid protein are not detectable in anti-
puromycin immunoblots (Fig. 6 and 9), we decided to specif-
ically examine whether IFN-� or ISG proteins are synthesized
in the absence of PKR. As shown in Fig. 9B, CHIKV infection
of HF-shPKR did not result in synthesis of ISG56 or Viperin
proteins. Moreover, CHIKV-induced secretion of IFN-�/� was
also not observed in these cells (Fig. 9C). We therefore con-
clude that while CHIKV infection triggers PKR-dependent

FIG. 5. CHIKV infection of HFs does not induce secretion of IFN-
�/� or synthesis of ISG proteins. (A) Expression of IFN-�/�-depen-
dent luciferase from reporter cells after exposure to media collected
from HF that were left untreated, treated with media containing 1,000
U of IFN-�/ml, infected with SeV (160 HA units/ml), or infected with
SINV or CHIKV at indicated MOIs for 24 h. Treatments were per-
formed in quadruplicate, and media were transferred to confluent
THF-ISRE in six wells of a 96-well plate per treatment. Values pre-
sented are average luminescence readings from four separate treat-
ments � the standard error of the mean (SEM). (B) Immunoblot for
Viperin, ISG56, GAPDH, and CHIKV capsid proteins after a 24-h
treatment with IFN-�, SeV, or CHIKV at the indicated MOIs.

FIG. 6. CHIKV infection of HFs induces cellular translational
shutoff. An immunoblot shows the puromycin incorporated into newly
synthesized protein in untreated HF or after exposure to 200 �g of
cycloheximide (CHX) ml�1 for 6 h or CHIKV (MOI � 10) (top),
CHIKV capsid protein (middle), and GAPDH (bottom) for the indi-
cated durations.
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phosphorylation of eIF2�, the observed virus-associated block
to cellular protein synthesis is unrelated to this process.

CHIKV induces shutoff of host cell transcription of IFN-�
and ISGs. Old World Alphavirus species such as SINV are
known to inhibit both cellular translation (28) and transcrip-
tion (32) by way of distinct mechanisms (34, 35). Since neither
phenomenon has previously been examined during CHIKV
infection, we decided to next determine whether the virus also
inhibits host cell transcription, which could contribute to the
diminution of cellular protein synthesis observed (Fig. 6). To
address this, we used a previously described technique (22)
involving the addition of 4-thiouridine to culture medium that
is incorporated into newly synthesized RNA. Biotin is then
enzymatically added to the thiol groups following the isolation
of total RNA, which subsequently enables separation into
newly synthesized (biotinylated) and preexisting (unbiotin-
ylated) RNA using streptavidin bead-based positive selection.

As shown in Fig. 10A, treatment of HFs with the RNA
transcription inhibitor actinomycin D (ActD) leads to a ratio of
newly synthesized (biotinylated) to total RNA that is greatly
reduced relative to the ratio observed in untreated cells. When
HFs were infected with CHIKV or SINV at an MOI of 10 a
time-dependent decrease in the ratio of newly synthesized to
total RNA was also seen (Fig. 10A). However, while the ratio
levels off by 16 h after SINV infection, the ratio is maximal at
24 h after CHIKV infection. Moreover, the ratio of new to
total RNA at 24 h after CHIKV infection is actually slightly
below that seen after treatment with ActD, indicating that
infection with the virus leads to potent inhibition of RNA
synthesis. However, our data indicate that IFN-� and ISG
mRNAs are abundant at 24 h after CHIKV infection (Fig. 1).
We therefore hypothesize that this is due to transcription that
occurred prior to this time point. To address this, we per-
formed RT-PCR to examine the presence of these transcripts
in newly synthesized (biotinylated) and preexisting (unbiotin-
ylated) mRNA pools following infection with CHIKV or

FIG. 7. CHIKV infection and infection-associated RNA induce phosphorylation of PKR. (A) Immunoblot showing PKR phosphorylated on
Thr446, total PKR, CHIKV capsid, and GAPDH after infection of HFs with CHIKV for the indicated duration (left) and densitometry ratio of
phosphorylated PKR to total PKR with ratio in untreated cells set to 1 (right). (B) Immunoblot showing phosphorylated PKR, total PKR, and
GAPDH from HFs treated only with transfection reagent (TF) or transfected for 6 h with total RNA harvested from HFs infected with CHIKV
(MOI � 10) for the indicated duration.

FIG. 8. CHIKV induces PKR-dependent phosphorylation of
eIF2�. Immunoblots show PKR, Ser51-phosphorylated eIF2�, total
eIF2�, CHIKV capsid, and GAPDH in HFs and HFs stably expressing
shRNA directed against PKR following no infection or 24 h postin-
fection with CHIKV at the indicated MOIs (top), the corresponding
densitometry ratio of phosphorylated eIF2� to total eIF2� in parental
HFs (u), and HFs expressing shRNA directed against PKR (f) in
response to CHIKV at an MOI of 0 (ratio set to 1), an MOI of 1, an
MOI of 10, and an MOI of 100 (right).
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SINV. As shown in Fig. 10B at 6 h postinfection mRNAs for
IFN-�, ISG56, and Viperin, as well as �-actin and GAPDH
housekeeping genes, are present in both the newly synthesized
and preexisting RNA fractions from virus-infected cells. Yet
while cells infected with CHIKV or SINV synthesize house-
keeping genes at 24 h postinfection, only SINV-infected cells
synthesize IFN-�/ISGs (Fig. 10B). These results indicate that
while both viruses lead to diminution of overall RNA synthesis
in infected cells, transcription of IFN-�/ISGs, but not house-
keeping genes, appears specifically blocked only in CHIKV-
infected cells. Whether this observation represents a CHIKV-
specific inhibitory phenotype directed at IRF3-dependent
genes that contributes to the observed translational block will
require further exploration.

DISCUSSION

The nature of human immune responses to CHIKV and the
strategies used by the virus to withstand these are poorly char-
acterized phenomena. In light of this, we undertook an inves-
tigation of the innate antiviral reactions to CHIKV by human
fibroblasts, a known in vivo target of the virus. Our goal was to
acquire information on some of the basic responses, processes,
and molecules involved in immune activation by CHIKV in
host cells that are both nontransformed (see reference 4) and
relevant to the virus’s replication and pathogenesis. We fo-
cused on one of the most rapid and consequential innate im-
mune responses to alphaviral infection, namely, the induction
of type I IFN and the expression of ISGs through the activation
of IRF3. Since CHIKV is highly susceptible to the actions of
IFN-�/�, information regarding the molecular and biochemi-
cal bases of IFN induction by the virus and its ability to repli-
cate in the face of this induction is likely to be of great utility
to the design of antiviral therapies.

Our data show MOI-dependent upregulation of IFN-�,
ISG56, and Viperin mRNA during CHIKV infection. We fur-
ther observed Ser398 phosphorylation and nuclear accumula-
tion of IRF3 during infection that occurs after the appearance
of dsRNA. While shown for other alphaviruses in nonhuman
cells (11), activation of IRF3 during CHIKV infection of hu-
man cells has until this point not been described. Importantly,
we also show that CHIKV-triggered IFN-�/ISG mRNA accu-
mulation is directly dependent on IRF3 and does not require
JAK/STAT activity since (i) Transcription of these genes does
not occur following siRNA-directed depletion or NPro-medi-
ated degradation of IRF3, (ii) these genes are induced despite
the fact that CHIKV does not stimulate IFN-�/� secretion in
these cells (Fig. 5A), and (iii) infection does not induce mRNA
accumulation of the IFN-dependent ISG Mx1. Interestingly,
however, while IFN-�/ISG expression is evident at an MOI of
0.1 (Fig. 1) and as early as 6 h postinfection (Fig. 10), IRF3
Ser398 phosphorylation is only weakly detected at this MOI

FIG. 9. CHIKV-associated cellular translational shutoff occurs in
the absence of PKR. (A) Immunoblot showing PKR, CHIKV capsid,
GAPDH, and puromycin incorporated into newly synthesized protein
in HFs either left untreated or infected with CHIKV for 4, 8, 12, or
16 h at an MOI of 10 following the transfection of nonspecific (NS) or
PKR-directed siRNA. (B) Immunoblot showing PKR, ISG56, Viperin,
CHIKV capsid, and GAPDH in HF or HF-shPKR following no treat-
ment, transfection with poly(I:C), or infection with CHIKV for 24 h.
(C) Expression of IFN-�/�-dependent luciferase from reporter cells
after exposure to media collected from HFs or HF-shPKRs that were

left untreated or infected with SeV (160 HA units/ml) or CHIKV
(MOI � 10) for 24 h. Treatments were performed in quadruplicate,
and media were transferred to confluent THF-ISRE in six wells of a
96-well plate per treatment. Values presented are average lumines-
cence readings from four separate treatments � the SEM.
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and is not substantial until after 8 h postinfection (Fig. 2). It is
possible that the amount of Ser398-phosphorylated IRF3 pro-
tein is below the detection limit of this assay yet is still func-
tionally active at this MOI and time point. It is also possible
that innate responses to CHIKV at early times postinfection or
following low MOI exposure result in the phosphorylation of
other serine or threonine residues that result in activation of
the protein (e.g., see reference 57). We are currently attempt-
ing to distinguish between these alternatives. To our knowl-
edge, this represents the first demonstration of the direct re-
quirement of IRF3 for alphavirus-mediated induction of
IFN-� and ISGs. It is worth noting that IRF3 is not required
for such transcriptional induction by all viruses, however. Pres-
cott et al. showed that ISG56 and Mx1 were transcriptionally
induced in HUH-7 cells infected with Sin Nombre virus (a
Hantavirus) following siRNA-mediated knockdown of IRF3
(65). Daffis et al. recently showed type I IFN secretion in mice
lacking both IRF3 and IRF7 (DKO) after infection with West
Nile virus (WNV) (17). Interestingly, these authors also exam-
ined virus-triggered IFN-� transcription in macrophages har-
vested from these mice and saw no difference between WT and

DKO macrophages infected with WNV, encephalomyocarditis
virus, or CHIKV strain 142 (17). While this result may appear
to contrast with data presented here, the disparity could be
related to differences in cell type or viral strain.

We also show that CHIKV-mediated phosphorylation of
IRF3 and subsequent activation of IRF3-dependent transcrip-
tion requires the adaptor protein IPS-1. As shown in Fig. 4,
CHIKV infection of HFs involves cytoplasmic accumulation of
dsRNA, a strong stimulator of IRF3-dependent gene expres-
sion. Cytoplasmic dsRNA is detected by two known IRF3-
terminal PRRs, MDA5 and RIG-I, that both signal via IPS-1.
Our results are thus consistent with activation of IRF3 through
detection of dsRNA by MDA5 and/or RIG-I. However, while
we are currently examining the potential roles of these proteins
for CHIKV-triggered IRF3 activation, we have thus far been
unable to determine the essentiality of either molecule. Our
results in human cells agree with recent data from Schilte et al.
in which an essential role was found for IPS-1 in IFN-� induc-
tion by murine cells following CHIKV infection (76). Consis-
tent with this, IFN-�/� secretion was diminished relative to
WT cells in MDA5�/� MEFs infected with SINV (11). How-

FIG. 10. Infection with CHIKV or SINV reduces levels of cellular transcription. (A) Ratio of biotinylated (newly synthesized) to total RNA
in HF following (i) no treatment, (ii) exposure to 5 �g of actinomycin D (ActD) ml�1, or (iii) infection with CHIKV or SINV (MOI � 10) for
the indicated durations. The ratio obtained from untreated cells was set to 1. (B) Agarose gel showing amplification products of RT-PCR generated
using biotinylated or unbiotinylated RNA fractions as templates that were harvested from HFs either (i) left untreated, (ii) exposed to 5 �g of ActD
ml�1, or (iii) infected with CHIKV or SINV (MOI � 10) for 6 or 24 h.
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ever, Schilte et al. observed a reduction in CHIKV-triggered
IFN-� transcription in RIG-I�/� murine embryonic fibroblasts
(MEFs) relative to WT cells exceeding that seen in MDA5�/�

MEFs (76). In another recent study, IFN-stimulatory total
RNA was harvested from cells infected with the alphavirus
SFV and transfected into MEFs, but no difference in IFN-�/�
secretion was observed between WT, RIG-I�/�, or MDA5�/�

cells (64). Thus, great observational disparities exist regarding
Alphavirus-triggered IFN responses that may be due to biolog-
ical differences between viral species or strains or perhaps is
related to the species or genetic background of host cells (see
reference 76). However, the role of an IPS-1-dependent sig-
naling pathway in CHIKV-induced IFN-� synthesis appears
clear even across host species.

In contrast to these previous reports, however, transcrip-
tional induction of IFN-� and ISGs by CHIKV was not re-
flected in the synthesis of corresponding proteins. Thus, unlike
the RNA virus SeV and the Alphavirus SINV, infection of our
target cells with CHIKV (even at high MOI) led to no appre-
ciable IFN-�, ISG56, or Viperin protein, and yet viral protein
synthesis was obvious. While these findings represent, to our
knowledge, the first examination of ISG protein induction by
CHIKV, the results we obtained for IFN-� secretion seemingly
contrast with those published in a previous study (76). The
authors of that study show that CHIKV-triggered IFN-� se-
cretion from human lung (MRC-5) and foreskin fibroblasts
that is MOI dependent. Although barely detectable IFN secre-
tion from CHIKV-infected relative to untreated HFs was ob-
served in our case, this was in no way MOI dependent. Our
data are in agreement, however, with a study by Burke et al. in
which the authors detect no type I IFN secretion from MEFs
infected with CHIKV for 8, 12, 24, or 32 h (11). It is possible
that the disparity between the two studies is related to the
strains of CHIKV used. While Burke et al. (11) and the present
study used the CHIKV-LR strain (2, 3, 84), Schilte et al. (76)
used CHIKV-21 strain. Whether this is responsible for the
differences observed between these studies will require further
exploration.

We next examined whether the absence of IFN-� secretion
and ISG protein synthesis in response to CHIKV infection
could be due to a virus-associated, widespread block in cellular
translation. To address this, we examined polypeptide-incor-
porated puromycin using SDS-PAGE in CHIKV-infected
cells. Infection of HFs led to the diminishment of puromycin in
cellular protein by 8 h postinfection and puromycin was unde-
tectable by 16 h postinfection. Based on this, we conclude that
a global shutoff of cellular gene translation may contribute to
the lack of IFN-� and ISG protein synthesis during CHIKV
infection. Determining whether cellular translational shutoff is
essential to the lack of these proteins will require experimental
approaches involving inhibition of this response. We neverthe-
less hypothesize that this represents a strategy of immune
evasion in which virus infection leads to prevention of the
synthesis of cellular proteins, especially those that are actually
or potentially detrimental to virus replication (e.g., ISGs). Al-
though translational shutoff has not been previously investi-
gated for CHIKV, it has been described for other alphaviruses
such as SINV (28) and SFV (53). In SFV this is at least
partially due to virus-triggered phosphorylation of eIF2� (53).
Moreover, the nsP2 proteins of SINV (32–34) and SFV (7, 33)

have been implicated in both the suppression of host transcrip-
tion and IFN evasion, although the molecular bases for these
have not been characterized. Interestingly, we also observed
translational shutoff in SINV-infected HFs (data not shown)
and, as such, this phenomenon is unlikely to provide the sole
explanation for the absence of CHIKV-induced IFN/ISG pro-
tein. The causal relationship between antiviral gene translation
and the Alphavirus-associated shutoff of protein synthesis
clearly requires more thorough examination. Intriguing work
by Frolov and coworkers has shown that little to no IFN is
secreted from NIH 3T3 mouse cells infected with wild-type
SINV (strain TE12) yet when a mutant is used that fails to
induce translational shutoff strong IFN secretion is induced
(28, 32). This result is consistent with our observations for and
inferences about CHIKV replication in human cells. However,
in contrast to those findings we detected high levels of secreted
IFN-�/� from SINV-infected cells (Fig. 5A). It is also impor-
tant to note that we observed translational shutoff in both
MEFs and human fibroblasts after infection with SINV and in
MEFs after CHIKV infection (data not shown). As such, dif-
ferences in host cell species are not likely to account com-
pletely for the observed SINV and CHIKV differences in
IFN�/� secretion. This may, however, be related to differences
in the virus strain (TE12 versus Ar339), and our results do
agree with other studies examining SINV-triggered IFN secre-
tion (29, 71). The bases of these disparities will require more
careful examination.

Phosphorylation of eIF2� on Ser51 leads to shutoff of
mRNA translation by reducing levels of ternary complex
eIF2-GTP-Met-tRNA i

Met. While never examined for CHIKV,
phosphorylation of eIF2� Ser51 has been demonstrated for
SINV (85) and SFV (53). eIF2� phosphorylation can occur via
four upstream kinases that react to cytoplasmic dsRNA
(PKR), heme deficiency, heat shock and oxidative stress
(heme-regulated inhibitor [HRI]), amino acid or serum depri-
vation or UV irradiation (general control nonderepressible-2
[GCN2]), or unfolded proteins (PKR-like endoplasmic reticu-
lum kinase [PERK]). Since replication of alphaviruses (includ-
ing CHIKV; Fig. 4) involves the synthesis of dsRNA, a role for
PKR in eIF2� phosphorylation has been hypothesized. Indeed,
Gorchakov et al. have shown SINV-induced eIF2� phospho-
rylation in PKR-positive NIH 3T3 MEFs but not PKR�/�

MEFs (35). These authors also describe increased eIF2� phos-
phorylation in NIH 3T3 cells infected with SINV replicons that
express WT PKR and a lack of phosphorylation in cells in-
fected with replicons expressing a PKR dominant-negative mu-
tant (35). Ventoso et al. have also described dependence of
eIF2� phosphorylation on PKR during SINV infection (85).
However, in contrast to these data, Berlanga et al. have shown
diminished SINV-associated eIF2� phosphorylation in
GCN2�/� MEFs relative to WT cells (5). Curiously, however,
these authors observed no change in eIF2� phosphorylation in
PKR�/� MEFs relative to WT cells following SINV infection
(5). Our finding that CHIKV-induced eIF2� phosphorylation
is greatly diminished following shRNA-mediated knockdown
of PKR is in agreement with the data of Gorchakov et al. and
Ventoso et al., and yet a potential role for GCN2 remains to be
examined.

Since CHIKV infection leads to both PKR-mediated eIF2�
phosphorylation and shutoff of cellular protein synthesis, we
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next sought to determine whether the two events were causally
linked. However, a CHIKV-associated block to cellular protein
translation was still seen following siRNA-mediated knock-
down of PKR expression (Fig. 8). In addition, knockdown of
PKR failed to reestablish synthesis of ISG56, Viperin, or
IFN-� protein following CHIKV infection (Fig. 8). Based on
these results, we conclude that the translational shutoff ob-
served does not result from CHIKV-induced, PKR-dependent
phosphorylation of eIF2�. Although a specific role for PKR in
CHIKV infection has not previously been examined, the mol-
ecule has been investigated with respect to SINV replication.
In this case translational inhibition was shown to occur follow-
ing SINV infection as efficiently in PKR�/� MEFs, as in wild-
type NIH 3T3 cells (35). In addition, viable SINV mutants have
been constructed that fail to induce a block in cellular trans-
lation, suggesting that the virus achieves this effect via an active
genomically encoded factor (34, 35). Much additional work
thus remains regarding the molecular basis of Alphavirus-me-
diated shutoff of cellular translation. Recently, a related phe-
nomenon was described during in vitro infection with hepatitis
C virus (HCV) (30). Infection was found to lead to PKR-
dependent phosphorylation of eIF2�. Furthermore, this pro-
cess inhibited cellular (including ISG) protein synthesis, which
was restored during PKR knock down. Thus, HCV appears to
effectively exploit an innate antiviral response for a proviral
objective. It is also possible that this represents a strategy used
by many RNA viruses to evade the effects of antiviral gene
expression.

We next examined whether CHIKV infection leads to a
decrease in RNA transcription, a response described for other
alphaviruses and that could contribute to the differences in
IFN/ISG translation observed here between SINV and
CHIKV. To address this, we used a technique that allows the
separation of newly synthesized from preexisting cellular RNA
using biotinylation of incorporated 4-thiouridine (22). Using
this approach we found that while infection of HFs with either
SINV or CHIKV leads to reduced host cell transcription,
CHIKV leads to an overall greater transcriptional reduction at
24 h postinfection (Fig. 10A). Moreover, while cells infected
with SINV appear to be actively synthesizing mRNA as late as
24 h postinfection, cells infected with CHIKV are synthesizing
mRNA for housekeeping genes but not IFN-�/ISGs (Fig.
10B). Based on these observations we conclude that CHIKV
and SINV differ in their abilities to inhibit both overall cellular
RNA transcription and transcription of IRF3-dependent
mRNAs. A role for this more potent and potentially target-
specific CHIKV-induced transcriptional block in the lack of
IFN-�/ISG protein synthesis observed during infection will
require further exploration and is currently being investigated.

Our work aims to describe and characterize basic aspects of
innate immune induction and evasion by CHIKV in a clinically
relevant cell model. We have shown that the virus strongly
induces, via IPS-1, accumulation of IRF3-dependent mRNAs
but that it also efficiently prevents synthesis of corresponding
proteins, perhaps through blocking global cellular protein syn-
thesis. The extent to which this translational block represents
an immune evasion strategy whose purpose is to avoid the
antiviral effects of IFN and ISG proteins is unknown but is a
current research focus in our laboratory. In addition, we have
shown that CHIKV leads to PKR-dependent phosphorylation

of eIF2� but that this process is not essential to translational
shutoff. It is possible that the action of PKR during CHIKV
infection leads to changes in the kinetics of viral or cellular
protein synthesis. In addition, CHIKV also induces shutoff of
RNA transcription that may specifically target IRF3-depen-
dent genes and the relationship between this effect and the
absence of ISG proteins requires further elucidation. The mo-
lecular basis of Alphavirus-induced shutoff of cellular transcrip-
tion and translation remain important areas of inquiry and
detailed characterization of these phenomena are likely to
have profound implications for the development of anti-Alpha-
virus therapies.
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