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Abstract

JC virus (JCV) is highly prevalent in humans, and may cause progressive multifocal
leukoencephalopathy (PML), JCV granule cell neuronopathy (JCV GCN), JCV encephalopathy
(JCVE) and JCV meningitis (JCVM) in immunocompromised individuals. There is no treatment
for JCV, and a growing number of multiple sclerosis patients treated with immunomodulatory
medications have developed PML. Antiviral agents against JCV are therefore highly desirable but
remain elusive, due to the difficulty of determining their effect in vitro. A JCV strain carrying a
fluorescent protein gene would greatly simplify and accelerate the drug screening process. To
achieve this goal, we selected the 366 bp improved Light, Oxygen or Voltage-sensing domain
(iLOV) of plant phototropin gene and created two full-length JCV-iLOV constructs on the
prototype JCV Madl backbone. The iLOV gene was inserted either before the early regulatory T
gene (iLOV-T), or after the late Agno gene (iLOV-Agno). Both JCV iLOV strains were
replication-competent in vitro and emitted a fluorescent signal detectable by confocal microscope,
but JCV iLOV-T exhibited higher cellular and supernatant viral loads compared to JCV iLOV-
Agno. JCV iLOV-T could also produce infectious pseudovirions. These data suggest that JCV
iLOV constructs may become valuable tools for anti-JCV drug screening.
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Introduction

JC virus (JCV) is a prevalent polyomavirus in human populations. Seroprevalence varies
from 39% to 91% depending on assays and cohorts (Antonsson et al., 2010; Egli et al.,

2009; Kean et al., 2009; Matos et al., 2010). The virus remains quiescent in most healthy
individuals without causing clinically-apparent disease. However it can reactivate in the
setting of immunosuppression and cause devastating diseases of the CNS including
progressive multifocal leukoencephalopathy (PML) (Gheuens et al., 2013; Wollebo et al.,
2015), JCV granule cell neuronopathy (JCV GCN) (Dang and Koralnik, 2013; Koralnik et
al., 2005), JCV encephalopathy (JCVE) (Dang et al., 2012b; Wuthrich et al., 2009) and JCV
meningitis (JCVM) (Agnihotri et al., 2014) for which there is no cure. Limitations
preventing the development of novel therapies for JCV include the lack of an animal model
and difficulties to determine antiviral activity of potential drugs in vitro. Current techniques
consist of measurement of JC viral load in cells and supernatant as well as expression of
JCV VP1 protein, which are labor intensive and require harvesting of samples at various
time points. Hence, a fast and convenient viral load detection method would greatly expedite
the screening process. Fluorescent tagging of JC virions has been previously used (O'Hara et
al., 2014; Yatawara et al., 2015) to screen small-molecule entry inhibitor of JCV infection.
However, this method is not appropriate for screening of modulators of JCV replication. We
therefore developed JCV constructs containing a fluorescent reporter gene allowing for an
expedited screen of anti-JCV agents.

Materials and Methods

1. Materials

2. Methods

Three improved Light, Oxygen or Voltage-sensing domain (iLOV) of plant phototropin
gene sequences were kindly provided by Dr. John M. Christie from University of Glasgow
(Chapman et al., 2008). Among the three iLOV genes, phiLOV 2.9 was selected and codon-
optimized for human cell line expression.

2.1 iLOV-T construction—The iLOV-T construct was obtained by synthesis of a JCV
Mad1 fragment from nt 4970 to 290, containing the reverse complement of codon-optimized
iLOV gene at position 5013 (Invitrogen-now Thermo Fisher Scientific, Grand Island, NY
14072, USA). This fragment was digested with Ncol and substituted for the JCV Mad1
wild-type fragment at the Ncol sites at position 4981 and 276. The DNA sequence accuracy
was verified by sequencing. The Genomic map of parental wild type JCV Mad1l and iLOV-
T construct is shown in Fig. 1 panels A, B.

2.2 iLOV-Agno construction—The iLOV-Agno construct was obtained by synthesis of
a JCV Madl fragment from nt 290 to 670, containing the codon-optimized iLOV gene at
position 493. This fragment was digested with BsaAl and BstAPI and substituted for the
JCV Mad1 wild-type fragment at the BsaAl and BstAPI sites at position 299 and 659. The
DNA sequence accuracy was verified by sequencing. The Genomic map of iLOV-Agno is
shown in Fig. 1 panel C.
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2.3 Viral replication kinetic studies—JCV Mad1l and two iLOV mutants were
transfected to 293FT cells. Cells and supernatant were harvested twice a week and DNA was
digested with Dpnl to remove input plasmid. The JC viral load was then measured by QPCR
targeting a region of the VP2 gene, as previously described (Dang et al., 2012a).

2.4 Detection of iLOV signal by confocal fluorescent microscope—293FT cells
were grown to 80% confluency in non-fluorescence glass bottom 6-well plate (MatTeK, 200
Homer Ave, Ashland, MA 01721, USA) before transfection with JCV strains. iLOV
observation was made 5 days post transfection using an Olympus reversible confocal
microscope FV-1100. To detect the iLOV signal, the excitation was set to 450nm as
described previously (Chapman et al., 2008) and the emission to 490 nm.

2.5 Detection of JC VP1 protein by intracellular staining (ICS)—293FT cells were
transfected or infected with JCV Mad1 or iLOV-constructs: Lab-Tek Il (Thermo Fisher
Scientific) chamber slides were first treated with 1ml 0.01% Poly-L-ornithine solution
(Sigma Adlrich, St. Louis, MO, USA) at 37°C for 1 hr. Poly-L-ornithine solution was
removed and slides were rinsed three times with sterile Milli Q water (filtered with 0.2um
filter unit). After the final rinse, chamber slides were coated with 1ml 5ug/ml laminin
solution (VWR International LLC, 47743-734, Radnor Corporate Center, Building One,
Suite 200, P.O. Box 6660, 100 Matsonford Road, Radnor, PA 19087-8660, USA), at 37°C
for 1 hr and slides were rinsed with 2ml 1 x HBSS™. 293FT cells were seeded in laminin-
coated slides, and were transfected after reaching 80% confluency with 1ug linearized JCV
Mad1l or iLOV constructs recovered from 0.7% Agarose gel after EcoRI digestion. ICS was
performed 18 days post transfection by fixing cells with 0.5ml 4% paraformadehyde (Sigma
Aldrich) solution (dissolved in 1 x HBSS*) at room temperature (RT) for 30min. Cells were
washed with 2ml 1 x HBSS* and 0.5ml 4°C Cytofix/Cytoperm buffer was added (BD, 2350
Qume Drive, San Jose, CA, 95131 USA), followed by incubation at 4°C for 20min and a
blocking step with 0.5ml MEM/10% Goat serum at RT for 30 min. JC VP1 protein was
stained with anti SV40 VP1 monoclonal mouse Ab PAB597 at a concentration of 1:100 in
MEM/1% goat serum (Dang et al., 2012b). Slides were incubated at RT for 30min, washed
once with 1ml 1 x HBSS*/1% goat serum and incubated with 0.5ml 1:500 diluted goat anti
mouse 1gG-Alexa Fluor 568 in MEM/1% goat serum at RT 30min. Slides were then washed
twice with 1ml 1 x HBSS*/1% goat serum, and once with 0.5ml 1 x Thimerosal (Sigma
Aldrich). The slides were then mounted with coverslip and pictures were taken with a Leica
DM500B fluorescent microscope. For the infection experiment, 80% confluent 293FT
cultured in chamber slides were infected with supernatant collected from the transfection
experiment at 7 days post transfection, and the same ICS protocol was used to detect VVP1 at
7 days post infection.

2.6 Statistical analysis—To compare viral loads between different strains and
compartments, we used non-parametric statistical tests for continuous variables (Kruskal-
Wallis). Two-sided p-values < 0.05 were considered statistically significant. We used Prism
6.0 and STATA 13 software to complete the analyses.
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1. Viral replication kinetics of JCV Mad1l and of the two JCV iLOV constructs

2. Detection

3. Detection

To determine whether JCV iLOV constructs could replicate in a permissive cell line, the
different viral strains were transfected in 293FT and cells and supernatant were harvested
twice a week over a 31-day period (Fig. 2). JCV Madl and iLOV-T had comparable
replication patterns in the cellular and supernatant samples, but iLOV-Agno displayed
significantly lower viral loads when compared with Mad1 (p=0.04) in the cellular
compartment. iLOV-Agno viral loads also tended to be lower when compared with iLOV-T
(p=0.06) in the cellular samples. Lastly, in the supernatant compartment, iLOV-Agno viral
loads were significantly lower compared to iLOV-T viral loads (p=0.04) and tended to be
lower when compared to Mad1 viral loads (p=0.06). These results indicate that both JCV
iLOV constructs are replication-competent and can readily be maintained in culture in vitro.

of iLOV fluorescent signal with confocal microscope

To characterize iLOV expression, images of 5 days-transfected cell cultures were captured
with setting of excitation laser light of 450nm and emission light of 490nm which is
different from the reported 495nm (Chapman et al., 2008) due to the limit of our Olympus
FV-1100 microscope. The actual color of iLOV signal is green, but iLOV was assigned to
light blue for the purpose of this study. All three transfected 293FT samples were estimated
to be 99% confluent as observed by differential interference contrast (DIC) (Fig. 3 B, D and
F). No iLOV signal was detected in Mad1-transfected sample (Fig. 3A). Conversely, both
iLOV-T and iLOV-Agno showed expression of iLOV protein (Fig. 3 C and E). These results
indicate that iLOV expression can be readily detected by reversible confocal microscopy
with 450nm and 490nm settings, despite the fact that their viral fitness was lower than the
Mad-1 prototype.

of JCV capsid protein VP1 in transfected and infected 293FT cells

To determine whether iLOV constructs could undergo a full replication cycle and produce
infectious particles, expression of the JC VP1 protein was examined by ICS. Figure 4 shows
that both Mad1 and iLOV-T transfected 293FT cells produce VVP1 proteins 18 days post
transfection (Fig. 4 A & C) and 7 days post infection with supernatant harvested from
transfected cells (Fig. 4 B & D). These results indicate that the presence of iLOV within
JCV genome does not prevent full viral replication in vitro and production of infectious viral
particles.

Discussion

A straightforward method to readily characterize JC virus Kinetics in vitro would be a
significant step towards the development of antiviral therapies. Fluorescent tagging of JC
virions has been previously used (O'Hara et al., 2014; Yatawara et al., 2015) but only
pertains to screening of entry blockers since the dye is present on the virion’s surface, and
replicating virus will lack fluorescence. Therefore, screening for other compounds which
can interrupt JCV DNA replication, RNA transcription, protein expression, virion packaging
and transportation requires a different detection method. The ideal candidate would be a
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JCV molecular clone containing a fluorescent gene that remains replication- competent and
produces infectious viral particles.

For this purpose, we developed JCV constructs containing a fluorescent protein gene
capable of generating fluorescent signal during the viral cycle and thereby serve as an
indicator for viral replication. The choice of the iLOV gene was influenced by a previous
study of the JCV-related simian polyomavirus 40 (SV40), which has a genomic DNA of
5703 bp, and remains capable of replication after addition of extraneous sequence smaller
than 460 bp (Chang and Wilson, 1986). This study suggested that DNA packaging in the 40
nm viral capsid is a limitation that may apply to JCV as well. Since the parental JCV
genome of the Mad1 strain is 5130 bp (Fig. 1A), we postulated that only a fluorescent
protein gene shorter than 570bp could be successfully packaged in the JCV capsid. Based on
this assumption, we excluded the commonly used green fluorescent protein (717 bp) and
yellow fluorescent protein (720 bp). Hence, we chose the 336 bp-long iLOV gene as the best
label candidate.

JCV Mad1 genome has a 5130bp genome which can be categorized into three groups: non-
coding control region (NCCR); early genes (including T and t regulatory protein genes
which are expressed in the early stage of viral cycle) and late genes (including Agno protein
gene, VP2, 3 and VP1 gene which are only expressed in the late stage of the viral cycle). In
the iLOV-T construct, the iLOV gene is inserted right before the start codon of T gene, and
will allow the study of the early events associated with JCV transcription. In the iLOV-Agno
construct, the iLOV gene is inserted after the end codon of Agno gene, and can therefore
serve to analyze the completion of the viral replication cycle associated with the production
of mature viral particles.

Both iLOV constructs are 5466bp long and remain replication-competent in vitro, although
they appear to have different kinetic profiles. Whether this is due to difference in RNA
production, viral capsid formation or cytopathic effect will require further study. While
mature viral particles have a capsid made of 72 pentamers of VVP1 protein combined to either
VP2 or VP3, they are not known to contain the t, T or agnoprotein. Additional experiments
will be necessary to determine whether iLOV protein is incorporated in mature virions.

Our study has limitations. The optimal wave-length of iLOV excitation is 450 nm, and
detection is 495 nm (Chapman et al., 2008). We used detection at 490 nm based on the
configuration of our confocal microscope. In addition, confocal microscopy is time
consuming and impractical for measurement of viral kinetics in vitro. Development of time-
lapse photography with optimal excitation and detection wave-length will be necessary to
characterize the full potential of the JCV-iLOV constructs in dissecting early and late event
of the viral cycle and implement their use in screening antiviral compounds in vitro.

In conclusion we have adapted and optimized the fluorescent iLOV gene and created
replication-competent JCV-iLOV constructs that can readily be detected in vitro. The
location of iLOV close to early or late JCV genes will be a valuable tool in studying the
kinetics of viral replication and for testing of therapies against JCV.
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Fig. 1.
Genomic maps of parental JCV strain Mad1 and two improved Light, Oxygen and Voltage

sensing domain of plant phototropin (iLOV) constructs: iLOV-Agno and iLOV-T. A: JCV
Mad1l. JCV Mad1 strain has 5130bp double stranded circular DNA genome which can be
divided into non coding control region (NCCR) and coding regions. Coding sequences can
be further divided into an early gene group which includes the T and t regulatory protein
genes and a late gene group which includes the Agno protein and three viral protein (VP)
genes - VP1, 2 and 3. There is a 33bp intercoding region between the end codon of the Agno
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gene and the start codon of VP2 gene. B: JCV iLOV-T. This construct has a 5466bp
genome, as a result of inserting a 336bp improved iLOV gene at position 5013 before the
start codon of T gene. The iLOV gene has been optimized for expression in human cell
lines. C: JCV iLOV-Agno. This construct has a 5466bp genome, as a result of inserting the
336bp iLOV gene right after the end codon of Agno gene.
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Viral replication kinetic of JCV Mad1 and two JCV iLOV constructs. The JC viral load in
transfected 293FT cells and culture medium is measured by QPCR targeting the JCV VP2
gene as described previously (Dang et al., 2012a). QPCR results are expressed in copies
cps/ug of cellular DNA and cps/mL of supernatant. A: JCV Mad1 replication kinetic plot; B:
JCV iLOV-T; C: JCV iLOV-Agno.
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Fig. 3.

Dgtection of iLOV signal by confocal microscope 5 days post transfection of 293FT cells
with JCV Mad1 (A,B), JCV iLOV-T (C,D) and JCV iLOV-Agno (D,E). The upper panels
(panel A, C, E) show confocal images, where the fluorescent signal of iLOV is assigned to
light blue color. The lower panels (B, D, F) are images captured by differential interference
contrast (DIC) and show >90% confluence of 293FT cells.
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Fig. 4.
Intracellular staining (ICS) of JC virus VP1 protein in 293FT cells transfected or infected

with JCV Mad1 (A,B) or JCV iLOV-T (C,D). JCV VPL ICS is performed as described
previously, using fluorescent reporter Alexa Fluor 568. 293FT cells 18 days post
transfection (upper panels) or 7 days post infection (lower panels) are shown. Cells that are
red express JCV VP1 protein
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