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ABSTRACT
Chikungunya virus (CHIKV), a mosquito-borne alphavirus, has become an important re-emerging pathogen with its rapid
spread to many non-endemic areas. The lack of effective vaccines and antiviral agents is largely attributed to the elusive
infection and dissemination dynamics in vivo. In this study, we designed and developed a novel, replication-competent,
CHIKV reporter virus (CHIKV-iRFP) encoding a near infrared fluorescent protein (iRFP). In vitro and in vivo characterization
demonstrated that CHIKV-iRFP retained similar replication and virulence phenotypes to its parental virus. Neonatal BABL/c
mice and IFNAR−/− A129 mice were highly susceptible to CHIKV-iRFP infection. Following intracranial (i.c.) inoculation,
CHIKV-iRFP efficiently replicated and disseminated into whole body, resulting in rapid death in an age-dependent
manner. Remarkably, upon footpad injection, CHIKV-iRFP readily disseminated from footpad to head and whole
skeleton, with a specific tropism for bone marrow. Taken together, this novel reporter virus provides a powerful tool
to track real time CHIKV replication and to test the in vivo efficacy of vaccines and antiviral therapeutics.
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Introduction

Chikungunya virus (CHIKV), which belongs to the
genus Alphavirus of the family Togaviridae, is an
important human pathogen transmitted by Aedes
aegypti and Ae. albopictus mosquitoes [1]. It was first
isolated from the blood of an infected patient in Tanza-
nia in 1953 [2]. Before 2004, CHIKV was considered
nonfatal, and the common clinical symptoms are
fever, rash, headache, arthralgia and myalgia. However,
increasing number of severe or fatal cases associated
with CHIKV infection have been reported since 2004,
indicating that this virus may have become more viru-
lent [3]. CHIKV is a small, enveloped virus with a
message-sense RNA genome that encodes four non-
structural proteins (nsP1-nsP2-nsP3-nsP4) and five
structural proteins (C-E3-E2-6K-E1) [4]. A substi-
tution of alanine to valine at amino acid position 226
(A226 V) in the E1 envelope glycoprotein was ident-
ified in viral isolates obtained during the major out-
breaks in 2005–2007 [5]. It was demonstrated that

this mutation significantly increased its fitness for Ae.
Albopictus mosquitoes and most likely contributed to
the epidemic of CHIKV [6]. CHIKV is now considered
a re-emerging pathogen as numerous outbreaks have
been reported in different non-endemic areas [7]. Cur-
rently, there is no available antiviral therapeutics
against CHIKV infection.

To study viral infection in animal model, luciferase
has been exploited to construct reporter viruses for in
vivo imaging. This method has been applied for differ-
ent viruses such as dengue virus [8], Japanese encepha-
litis virus [9], influenza virus [10], Sindbis virus [11],
Sendai virus [12], herpes simplex virus 1 (HSV-1)
[13] and vaccinia virus [14]. Luciferases from different
species catalyse the oxidation of various substrates,
producing bioluminescence in live cells or animals.
Due to the lack of endogenous bioluminescent reac-
tions in mammalian tissue, luciferase imaging offers a
relatively low background tissue signal [11]. Compared
with the luciferase imaging, the prominent advantage
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of fluorescent proteins (FPs) imaging is that it does not
require injection of exogenous substrates for imaging
[15]. However, the use of the conventional FPs derived
from the green fluorescent protein family (GFP-like
FPs) for deep tissue visualization is limited due to the
spectral overlap of GFP with tissue autofluorescence
[16]. Recently, the discovery of a phytochrome-based
near infrared fluorescent protein (iRFP) has paved
the way for the utilization of FPs in in vivo imaging.
In the optical window of iRFP (from 650 to 900 nm),
mammalian tissues are relatively transparent. Thus,
iRFP-based FPs imaging can overcome the limitations
of imaging with conventional GFP-like FPs, producing
substantially higher signal-to-background ratio in ani-
mal models and allows in vivo deep-tissue imaging. In
addition, iRFP is stable and noncytotoxic in vivo, mak-
ing it a promising variant for organism labelling [16–
18]. However, it is still an almost untouched field in
terms of the application of iRFP in either in vitro or
in vivo virus assays except for one case reported
recently in rabies virus [19].

Here, we report a novel CHIKV-iRFP reporter virus
for in vivo imaging in real-time manner without the
addition of exogenous substrate. Dose-dependent
fluorescence intensities were observed with increasing
amounts of virus inoculation in native mice. The
viral replication dynamics were permitted to monitor
in the same mouse throughout the course of infection.
The dissemination of CHIKV-iRFP in the entire skel-
etal system was detected. The viral loads in different tis-
sues correlated well with the intensity of iRFP
fluorescence. CHIKV-iRFP reporter virus offers a
powerful tool to study the pathogenicity of CHIKV
and to evaluate the effectiveness of vaccines and the
potential antiviral agents.

Materials and methods

Cell culture, viruses and mice

Baby hamster kidney (BHK-21) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% foetal bovine serum (FBS), 100 U/ml
penicillin and 100 µg/ml streptomycin of in 5% CO2

at 37°C. Wild-type (WT) CHIKV and CHIKV-iRFP
reporter viruses were generated from their correspond-
ing infectious cDNA clones. Mouse strains used in this
study included suckling BALB/c mice and 3–4-week-
old 129/Sv/Ev mice deficient in type I IFN receptors
(A129 mice). All animal experiments were performed
in strict accordance with the guidelines of the Chinese
Regulations of Laboratory Animals (Ministry of
Science and Technology of People’s Republic of
China) and Laboratory Animal-Requirements of
Environment and Housing Facilities (National Labora-
tory Animal Standardization Technical Committee).
The experimental protocols were approved by the

Animal Experiment Committee of Beijing Institute of
Microbiology and Epidemiology, Beijing, China.

Plasmid construction

The infectious clone of pACYC-CHIKV plasmid [4]
was used as the backbone to construct CHIKV-iRFP
plasmid. The cDNA sequence of iRFP [17] was chemi-
cally synthesized by commercial (Sangon Biotech,
Shanghai, China) and introduced into pACYC-
CHIKV by fusion PCR. Briefly, the iRFP reporter
gene was fused to the site between nsP4 and capsid
(C) genes in the full length CHIKV genome using the
following primer pair: Forward, 5′-TTG GGC GCG
CCA TGG CGG AAG GAT CCG TCG CC-3′; Reverse,
5′-TCC TTA ATT AAC TAC TCT TCC ATC ACG
CCG ATC-3′, and another subgenomic (SG) promoter
was introduced immediately downstream of iRFP gene
in favour of recombinant virus replication. All the con-
structs were verified by DNA sequencing.

RNA transcription and transfection

The plasmids of WT CHIKV and CHIKV-iRFP repor-
ter viruses were linearized by BamHI followed by in
vitro transcription using a T7 mMESSAGE mMA-
CHINE kit (Ambion) according to the manufacturer’s
protocols. The transcribed RNAs were electroporated
into 8 × 106 BHK-21 cells as described previously [4].
After transfection, the supernatants were collected at
different time points and aliquoted at −80°C.

Immunofluorescence assay (IFA)

BHK-21 cells transfected with WT CHIKV or CHIKV-
iRFP RNA were seeded on coverslips. The transfected
cells were collected at different time points post-trans-
fection and fixed with cold 5% acetone in methanol for
10 min at room temperature. The fixed cells were then
incubated with the rabbit polyclonal antibody against
CHIKV E2 protein for 1 h at room temperature.
After washing three times with PBS, the cells were
incubated with goat anti-rabbit IgG conjugated with
FITC. The coverslips were mounted on glass slides
with 90% glycerol after three washes with PBS. Images
were captured under a fluorescent microscopy (Nikon
Eclipse TE2000). Bone marrow cell was extracted from
imaged skeletons [20,21] and smeared on slides. Bone
marrow was fixed by 5% cold acetic acid in methanol
for 10 min at room temperature. The fixed bone mar-
row was washed three times with PBS and then incu-
bated with mouse polyclonal anti-CHIKV antibody
(1:200 dilution with PBS) for 1 h. After washing with
PBS for three times, the bone marrow was incubated
with a secondary antibody (goat anti-mouse IgG
H&L-Alexa fluor 488 preabsorbed, Abcam, Cat #
ab150117; 1:200) at room temperature for 1 h. After
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three times of washing with PBS, the slide was exam-
ined by a fluorescent microscope.

Plaque assays

BHK-21 cells (2 × 105 cells per well in a 12-well plate)
were infected with 10-fold serial dilutions of WT or
CHIKV-iRFP viruses for 1 h at 37°C and then overlaid
with DMEM containing 2% FBS and 2% methyl cellu-
lose. The cells were fixed with 3.7% paraformaldehyde
(PFA) and stained with 1% crystal violet at 3 days post
infection. The plaque numbers and morphology were
reordered after washing with tap water.

Viral growth kinetics

BHK-21 cells (3 × 105 cells per well in a 6-well plate)
were infected at a multiplicity of infection (MOI) of
0.01. The cell culture medium was then collected at
the indicated time points post infection and was sub-
jected to plaque assay to determine viral titres.

Animal experiments

For correlation studies, one-day-old BALB/c mice were
inoculated intracranially (i.c.) with 0.01, 0.05, 0.1, 0.5,
1, 5 (×103 PFU) of CHIKV-iRFP diluted in 20 µl
DMEM. The infected animals were imaged at 24 hpi,
and the fluorescence signals were quantified and
plotted against the amounts of inoculated viruses.

For the age-dependent virulence tests, three groups
of BALB/c mice from three dams (n = 5 or 6), ranging
from one-day-old to seven-day-old, were infected
through i.c. injection with CHIKV-iRFP (104 PFU)
diluted in 20 µl DMEM. Infected animals were moni-
tored for morbidity and mortality and weighted every
day and imaged at the indicated time points.

For the survival study, groups of four-week-old
A129 mice (n = 8) were infected through i.c. injection
with CHIKV-iRFP or CHIKV (103 PFU) diluted in
20 µl DMEM and were monitored daily for 7 days to
assess morbidity and mortality. Moribund mice (n =
2) infected with CHIKV-iRFP or CHIKV, along with
mock-infected A129 mice, were euthanized at 5 dpi
and tissues were harvested. The isolated tissues were
then weighed, ground in DMEM and stored at −80°C
for viral burden detection. Muscles were completely
removed from bones [22] and isolated skeletons were
then imaged.

Histology

For histology assay, the collected tissues including liver,
spleen, brain and paw were fixed in 4% PFA (pH 7.4)
and embedded in paraffin. After stained with haema-
toxylin and eosin (H&E), the sections were viewed by
light microscopy.

In vivo imaging

All the imaging was performed using IVIS Spectrum
instrument (Perkinelmer) in epifluorescence mode
equipped with 675/30 nm excitation and 720/20 nm
emission filters. Head fur of A129 mice was removed
using a depilatory cream, and the mice were under
anesthesia throughout the imaging procedure. For ex
vivo tissues imaging, isolated tissues from CHIKV-
iRFP or mock infected mice were imaged after dissec-
tion. Fluorescence signals in regions of interest
(ROIs) were quantified using Living Image 3.0.

Statistical analysis

The significance of differences in survival rates was
determined by Kaplan-Meier analysis using Prism ver-
sion 4.00 for Windows (GraphPad). All titration data
were log10 transformed and compared using unpaired
Student’s t-test. In determining the correlation between
PFU and fluorescence values, curves were analysed
using Pearson correlation with 95% confidence
interval.

Results

Construction and characterization of CHIKV-
iRFP reporter virus

The CHIKV infectious clone pACYC-CHIKV was used
as a backbone to construct CHIKV reporter virus
(CHIKV-iRFP) based on a dual subgenomic (sg) pro-
moter method. Briefly, Additional sg promoter was
used for iRFP cassette expression that was inserted
before structural genes as depicted in Figure 1(A). A
T7 promoter was also engineered at the 5′-end of
viral genome sequence for in vitro transcription.

Equal amount of WT CHIKV and CHIKV-iRFP
genomic RNAs transcribed from the infectious cDNA
clones were transfected into BHK-21 cells. The abilities
of viral replication were compared by IFA using anti-
E2 rabbit polyclonal antibody (Figure 1(B)). Increasing
amount of IFA positive cells were observed in both
RNAs-transfected cells although CHIKV-iRFP pro-
duced less IFA positive cells than WT CHIKV at
each time point post-transfection (Figure 1(B)).
Additionally, plaque morphologies and viral growth
curves were compared between WT CHIKV and
CHIKV-iRFP. As shown in Figure 1(C), CHIKV-
iRFP produced smaller plaques than WT CHIKV.
Consistent with IFA results, CHIKV-iRFP could repli-
cate efficiently although the viral titres were around 10-
fold lower than those of WT CHIKV as quantified by
plaque assay at each time point (Figure 1(D)). In gen-
eral, the data showed that the CHIKV-iRFP is replica-
tion-competent and infectious, although the viral
replication efficiency is slightly lower than that of
WT CHIKV.
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After demonstrating replication-competency of
reporter viruses, the stability of CHIKV-iRFP was
then tested in BHK-21 cells through blind passage for
five rounds and the multiplicity of infection (MOI)
used at each passage was 0.05. The culture supernatants
collected from CHIKV-iRFP RNA transfected BHK-21
cells were defined as P0, and the cell cultures derived
from each passage were defined as P1 to P5, respect-
ively. The P0 CHIKV-iRFP culture supernatants
obtained at 3 different time points were subjected to
blind passage in duplicate. The viral RNAs derived
from each passage were used to perform RT-PCRs
with the primer pair of CHIKV-7376-F and CHIKV-
8498-R to amplify the fragment between nsP4 and cap-
sid that covers the region of the inserted reporter gene.
1.1 and 2.2 Kb RT–PCR products should be detected
for WT and reporter viruses, respectively. As shown

in Figure 1(E–G), CHIKV-iRFP reporter virus was
considerably stable for at least 3 serial passages since
2.2 Kb RT–PCR products were detected at P3 passage
in all three independently passaged viruses (Figure 1
(F)). The iRFP reporter gene began to lose from P5 pas-
sage as indicated by multiple < 2.2 Kb RT–PCR pro-
ducts (Figure 1(G)). Overall, such phenotypes of
CHIKV-iRFP reporter virus indicate that this reporter
virus can be used to study the dynamics of CHIKV
infection.

Correlation between fluorescence intensity and
viral replication capability of CHIKV-iRFP

To determine whether the expression of iRFP could be
used as readout of viral replication, naïve BHK-21 cells
in a 12-well plate were infected with CHIKV-iRFP at

Figure 3. Age-dependent replication in suckling BALB/c mice. (A) Time-course whole-body fluorescence images in suckling BALB/c
mice at different ages. Suckling BALB/c mice (n = 5 or 6) of indicated ages were infected through i.c. injection with CHIKV-iRFP (104

PFU) diluted in 20 μl of DMEM and were imaged at the indicated time points. (B) Total fluorescence radiant efficiency of the head
areas of the iRFP expressing mice in (A) was quantified using Living Image software. (C) Survival curve of the iRFP expressing mice in
(A). (D) Time-course body weight changes in suckling mice in (A).
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different MOIs. At 48 h post infection (hpi), the plate
was used to quantify the fluorescent intensities with
IVIS machine. A dose-dependent increase in iRFP sig-
nals was observed in BHK-21 cells infected with
increasing amounts of CHIKV-iRFP (MOI of 0.1, 0.5
and 2.5) and no fluorescence signal was detected in
naïve BHK-21 cells (Figure 2(A)). A good correlation
between the amount of viral inoculum and fluor-
escence signal value was observed (R2 = 0.9106, Figure
2(B)). These data suggested that iRFP expression could
be used to monitor viral replication and quantify viral
load of CHIKV-iRFP in cells culture.

To examine the feasibility of CHIKV-iRFP for in
vivo imaging, one-day-old neonatal BALB/c mice
were i.c. injected with different doses of CHIKV-iRFP
and subjected to iRFP imaging at 24 hpi. As shown
in Figure 2(C), fluorescence signals were observed
within the brain in a dose-dependent manner.
Especially, in animals inoculated with CHIKV-iRFP
over 100 PFU, fluorescence signals expanded from
the brain to the spinal cord in a dose-dependent man-
ner. We further examined the correlation between
iRFP signals and viral titres in the CHIKV-iRFP
infected mice. Linear regression analysis showed a

good correlation (R2 = 0.9371) between the amount of
viral inoculum and the intensity of fluorescence signal
(Figure 2(D)). These results indicated that the iRFP
imaging in mice can accurately reflect the status of
viral infection in real time.

Visualization of CHIKV-iRFP infection in suckling
mice

CHIKV is a typical neurotropic arbovirus with signifi-
cant virulence in suckling mice. Here, to visualize the in
vivo replication kinetics of CHIKV-iRFP, BALB/c
suckling mice at different ages (1-, 3-, and 7-day-old)
were i.c. inoculated with 104 PFU of CHIKV-iRFP
followed by iRFP imaging. In one-day-old and three-
day-old mice infected with CHIKV-iRFP, strong
fluorescence signals were observed at the inoculated
site and spinal line as early as 0.5 days post infection
(dpi), peaked at 1 dpi, decayed till 7 dpi, and finally
vanished at 9 dpi. In contrast, only weak fluorescence
was detected at the local site of inoculation in seven-
day-old mice at 0.5 dpi, and afterwards, declined
rapidly to basal levels (Figure 3(A,B)), suggesting
that 7-day-old mouse has become resistant to

Figure 1. Construction and characterization of CHIKV-iRFP. (A) Schematic representation of WT CHIKV and CHIKV-iRFP reporter
viruses. An infectious cDNA clone of CHIKV was used as a backbone for the construction of CHIKV reporter virus. The expression
of iRFP reporter gene was driven by a duplicate subgenomic (SG) promoter. Arrows represent SG promoters. (B) IFA analysis of
viral E2 expression in BHK-21 cells transfected with in vitro transcribed genome-length RNAs of WT CHIKV and CHIKV-iRFP. (C) Pla-
que morphology of WT CHIKV and CHIKV-iRFP reporter viruses in BHK-21 cells. (D) Comparison of the growth kinetics of WT CHIKV
and CHIKV-iRFP reporter viruses. The growth of WT CHIKV and CHIKV-iRFP were compared at an MOI of 0.01 in BHK-21 cells. Three
independent experiments were performed in duplicate, and the representative data were presented. Error bars represent standard
deviations. (E–G) Detection of the iRFP reporter gene during viral passage. Viral RNAs were extracted from the cells of P0 to P5
passage, respectively. RT-PCR was performed with a primer pair locating between the region of nsP4 and C. The numbers of
time points-samples-passage were denoted on the top of each lane.
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CHIKV-iRFP. Consistently, the neurovirulence pheno-
types in different groups of mice perfectly matched the
fluorescence signals. Half of one-day-old mice, and 25%
of the 3-day-old mice, died with typical neurological
symptoms infection within 15 days, whereas all seven-
day-old mice survived without any clinical symptoms
following CHIKV-iRFP infection (Figure 3(C)).
The body weight of one-day-old and three-day-old
mice decreased upon CHIKV-iRFP inoculation
compare with seven-day-old mice (Figure 3(D)). These
results illustrated the infection and spread of
CHIKV-iRFP following i.c. infection in suckling mice
at different ages.

Visualization of CHIKV-iRFP infection and
dissemination in a129 mice

A129 mice have been well documented as a useful ani-
mal model for studying CHIKV pathogenesis [23,24].
Thus, we further characterized the in vivo replication
and dissemination of CHIKV-iRFP in A129 mice.
We first compared the mortality of CHIKV-iRFP and
its parental CHIKV in A129 mice. To this end, four-
week-old A129 mice were infected through i.c. injec-
tion with CHIKV-iRFP or CHIKV (103 PFU) and
monitored disease status daily for 7 days. As shown
in Figure 4, both CHIKV-iRFP and CHIKV killed all
A129 mice within 7 days.

Furthermore, iRFP imaging showed that following
the injection at the left footpad of A129 mice,
CHIKV-iRFP disseminated to the non-injected
(right) footpad and to the head at the 3 dpi, and the

intensity of fluorescence signals reached up to approxi-
mately 9×Log10RLU at 5 dpi (Figure 5(A,B)). We then
further examined the viral distribution in whole skel-
eton. Strikingly, strong fluorescence signals were seen
in all CHIKV-iRFP infected animals (Figure 5(C,D)).
Furthermore, to make sure the site of CHIKV-iRFP
replication, primary bone marrow cells were isolated
and subjected to IFA. The results indicated that both
bone marrow smears harvested from WT and
CHIKV-iRFP-infected mice were positive for viral
antigen (Figure 5(E)), in agreement with previous

Figure 2. Correlation between fluorescence intensity and viral replication capability of CHIKV-iRFP. (A,B) In vitro correlation between
fluorescence intensity and viral replication capability. BHK-21 cells in a 12-well plate were infected with CHIKV-iRFP at the 0.1, 0.5,
2.5 MOI, respectively. At 48 hpi, the plate was imaged (A), and the culture media were collected and subjected to plaque assay.
Fluorescence radiant efficiency quantified by Living Image software was plotted against viral titre in the culture media (B). (C,D)
In vivo correlation between fluorescence intensity and viral replication capability. One-day-old BALB/c mice were infected through
i.c. injection with the indicated doses of CHIKV-iRFP. Representative images from three mice were shown at 24 hpi using IVIS Spec-
trum instrument equipped with 675/30 nm excitation and 720/20 nm emission filters. The colour bar indicates the fluorescence
radiant efficiency (C). Total fluorescence radiant efficiency of the head areas of the iRFP expressing mice was plotted against inocu-
lation dose (D).

Figure 4. Virulence of CHIKV-iRFP and the parental CHIKV.
Four-week-old A129 mice (n = 8) were infected through i.c.
injection with CHIKV-iRFP or CHIKV (103 PFU) diluted in 20 μl
of DMEM and were monitored daily for 7 days to assess mor-
bidity and mortality. Log-rank (Mantel-Cox) test was performed
(*p < 0.05).
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findings that CHIKV mainly targets the bone and
joint-associated organs [25]. The viral load in the tis-
sues from A129 mice after WT and CHIKV-iRFP
infection was also measured via plaque assays. The
results showed that the viral burden in tissues from
mice inoculated with CHIKV-iRFP was lower than
that of mice inoculated with the WT CHIKV. A con-
siderable amount of viral load was detected in these tis-
sues, including heart, liver, spleen, lung, kidney and
brain. Taken together, these data indicate that
CHIKV-iRFP reporter virus allows us to visualize
viral replication and spread in infected A129 mice,
representing a powerful tool for pathogenesis study
and developing the antiviral therapeutics.

To further compare histopathological lesions
induced by WT and CHIKV-iRFP viruses in A129
mice, the tissues of liver, brain, spleen and paw were
collected for histopathological analysis. As shown in
Figure 6, these tissues showed similar patterns of path-
ology in WT and CHIKV-iRFP-infected mice com-
pared with the mock-infected mice. There were
severe liver cell oedema and focal cell necrosis in the
liver isolated from infected mice. The spleens from
infected mice exhibited extensive haemorrhage and

congestion. In addition, mild lesions with lymphoid
nodule occasionally were observed in the brain of
both viruses-infected mice. The paws from both
viruses-infected mice exhibited dermal oedema, con-
nective tissue loose, with inflammatory cells scattered
infiltration. Taken together, these results demonstrated
that the pathological changes seen in the tissues were
relatively consistent in CHIKV-iRFP-infected mice
compared with the WT CHIKV-infected mice.

Discussion

The re-merging of CHIKV with increased virulence
requires a reliable method to quickly assess viral patho-
genicity and evaluate the efficacy of antiviral thera-
peutics. In recent years, the development of reverse
genetics for alphavirus has boosted the mechanistic
studies of alphavirus replication and pathogenesis
[1,26]. A number of CHIKV reporter viruses expres-
sing different reporter genes have been developed to
study viral replication and pathogenesis [25,27,28]. In
this study, we developed a replication-competent
CHIKV reporter virus (CHIKV-iRFP) encoding iRFP
gene for noninvasive in vivo imaging.

Figure 5. In vivo imaging of CHIKV-iRFP dynamics and localization. (A) Viral dynamics and localization in infected A129 mice. A129
mice were infected through left footpad with CHIKV-iRFP (103 PFU) diluted in 50 μl of DMEM and imaged at the indicated time
points with head fur removed using a depilatory cream. (B) Fluorescence signals of mice in (A) were quantified using Living
Image software. (C) The skeletons were imaged after euthanasia of dying mice. (D) Fluorescence signals of mice in (C) were quan-
tified using Living Image software. (E) Bone marrow cells were harvested from CHIKV-iRFP, CHIKV and mock infected A129 mice
after euthanasia and IFA was performed on the bone marrow smears using anti-CHIKV polyclonal antibody. (F) A129 mice were
euthanized at 5 dpi and tissues were isolated and homogenized. Plaque assays were performed to quantify viral load in tissues.
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The studies conducted in animal models are impor-
tant for investigating in vivo viral replication, the
pathogenesis of viral infection, and the efficacy of anti-
viral interventions [11]. Conventionally, this requires a
large number of animals to acquire the data at different
time points, and thus entails a lot of tedious work such
as sacrificing animals, isolating organs and detecting
viral titres. In vivo imaging based on reporter viruses,
as an alternative approach, allows real-time tracking
and quantifying viral replication and dissemination in
the same animal without sacrificing animals. This tech-
nology not only greatly increases efficiencies of in vivo
studies, but also can better show the temporal and
spatial variability of the infection and improves data
accuracy. Currently, it has been widely used in biologi-
cal research with different purposes [29–31]. Palha
et al. set up a novel CHIKV infection model in zeb-
rafish using CHIKV-GFP reporter virus, where the
virus dissemination in the whole body was live-imaged.
In addition, it was found that the CHIKV infection also
triggered a strong type-I interferon (IFN) response in
zebrafish as in mammals [30]. An in vivo imaging of
CHIKV infection model in mosquito was also per-
formed using CHIKV-GFP reporter virus by enema
delivery, showing an advantage than intrathoracic
inoculation [31].

In comparison with WT virus, CHIKV-iRFP repor-
ter virus displayed a slower growth rate and smaller
plaque size (Figure 1(B,C)), indicating some levels of
attenuation in cell culture. Consistently, data from in
vivo virulence assay with A129 mice showed that the
mortality rate of mice inoculated with CHIKV-iRFP
was slightly lower than that of mice inoculated with
the parental CHIKV (Figure 4). Indeed, it is a common
event for many reporter viruses that the addition of
reporter gene causes in vitro and in vivo attenuation
of viral replication, such as DENV [32], JEV [9] and
influenza A virus [10]. Nevertheless, CHIKV-iRFP pro-
duced more than 106 peak viral titres at 72 hpi in cell
culture and intensive fluorescence signals in either neo-
natal BABL/c or immunocompromised A129 mice. It
allows us to further characterizing dynamic replication
and dissemination of CHIKV in living mice.

Based on the imaging efficiency of CHIKV-iRFP
reporter virus in mouse, it was shown that two factors,
including age and functionality of type-I IFN signal-
ling, are the key determinant for in vivo replication
efficiency of CHIKV. This finding is consistent to pre-
vious studies [33,34] as well as the clinical data [34] in
which the neonates and adults with immune defect are
highly susceptible to CHIKV infection. Although we
have not yet figured out the reason why the neonate

Figure 6. Histology of tissue sections from mice infected with CHIKV and CHIKV-iRFP. The tissues (liver, brain, spleen and paw) from
the mice infected with CHIKV-iRFP, WT CHIKV or PBS were collected at 5 dpi and then stained via the haematoxylin and eosin
method (H&E) 400X. The arrows indicated the typical histological lesions in the detected tissues.
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status and a defect in type-I IFN favour in vivo viral
replication, our study provides straightforward evi-
dence that the CHKV infection severity is age- and
immune-dependent. In addition, intensive fluor-
escence signals of CHIKV-iRFP in the muscles and
bones of infected A129 mice were detected, further
demonstrating CHIKV muscular and arthralgic
tropism.

The insertion site of reporter gene in alphavirus gen-
ome is critical for the stability of reporter virus and the
virulence in animals [27]. A common strategy used to
construct alphavirus harbouring a reporter gene is to
express the reporter gene via an additional subgenomic
promoter located either immediate upstream of the
authentic subgenomic promoter (5′-26S) or down-
stream of E1 protein (3′-DP) [27,28,35]. In comparison
with 3′-DP, 5′-26S approach is considered to be more
stable and minimize virulence loss [27,35]. We there-
fore utilized the 5′-26S strategy to construct CHIKV-
iRFP vector in the current study (Figure 1(A)). This
reporter virus appeared to be stable at least within
three rounds of passage (Figure 1(E–G)).

In summary, it was shown that this novel CHIKV-
iRFP reporter virus could be used for in vivo imaging
in living small animals. Through investigating the ima-
ging efficiencies of reporter virus in mice at different
ages or with different immunity status, it was demon-
strated that age and immunity levels of mice are the
key factors for efficient in vivo replication of CHIKV.
This well-established CHIKV-iRFP reporter virus sys-
tem will facilitate the study of viral replication, patho-
genesis and the development of antiviral therapeutics.
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