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Abstract
Human polyomavirus JC (JCV), the etiological agent of the disease progressive multifocal
leukoencephalopathy (PML) affects immunocompromised patients particularly patients with AIDS.
In vitro studies of JCV infection are hampered by the lack of sensitive JCV quantitation tests.
Although the hemagglutination (HA) assay has been routinely employed for in vitro quantitation of
JCV, its sensitivity is severely limited. We have employed a real-time PCR assay which compares
favorably with the HA assay for the in vitro quantitation of JCV. JCV(Mad1), propagated in primary
human fetal glial (PHFG) cells in two independent laboratories, was purified and quantitated by the
HA assay. Both batches of purified JCV(Mad1) were then serially diluted in Dulbecco's Modified
Eagle's Medium to obtain HA titers ranging from 64 to 0.001 HA units (HAU) per 100 µL of virus
suspension. DNA was extracted from 100 µL of virus suspension and eluted in 50 µL of buffer, and
DNA amplification and quantitation were performed in the Bio-Rad iCycler iQ Multicolor RealTime PCR Detection System using T-antigen as the target gene. Real-time PCR for quantitation of
JCV was sensitive and consistently detected 1.8 × 101 copies of JCV DNA, and as low as 0.001 HAU
equivalent of JCV. Moreover, there was a strong linear correlation between the HA assay and the
DNA copy number of JCV(Mad1). The intra-run and inter-run coefficients of variation for the JCV
standard curve were 0.06% to 4.8% and 2.6% to 5.2%, respectively. Based on these data, real-time
PCR can replace the less-sensitive HA assay for the reliable detection, quantitation and monitoring
of in vitro JCV replication.

Findings
Human polyomavirus JC (JCV), a small, non-enveloped
virus with a closed circular double-stranded-DNA
genome, is ubiquitous in nature with a seroprevalence of
up to 80% among geographically isolated populations [13]. JCV was first isolated in 1971 from the brain of a

patient with progressive mulifocal leukoencephalopathy
(PML) [4]. Most primary JCV infections occur during
childhood [3], and are subclinical. However, JCV remains
latent for life and may cause a fatal demyelinating disease,
PML, among immunocompromised patients [5]. PML
remains a frequent and life-threatening complication of
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HIV infection and about 3–5% of AIDS patients develop
this disease [6,7]. Factors influencing PML pathogenesis,
including modes of JCV transmission, its dissemination
from site(s) of initial infection, the mechanism(s) of JCV
reactivation, cellular susceptibility, trafficking across the
blood-brain-barrier and lytic infection of oligodendrocytes, are still unclear. Efforts to understand the pathogenesis of PML have been hampered by the lack of standard
methods for JCV detection and quantitation.
JCV major capsid protein, VP-1, is responsible for red
blood cell (RBC) agglutination and traditionally, hemagglutination (HA) and HA inhibition (HAI) assays have
been employed for quantitation of JCV [8-14]. However,
the HA assay is poorly sensitive and the in vitro quantitation of JC viral load by HA is often impossible. Moreover
HA assay cannot be efficiently employed to study JCV replication in various experimental settings including, experiments employing microtiter and transwell plates. Semiquantitative polymerase chain reaction (PCR) and quantitative real-time PCR have been recently developed and
employed for the detection and quantitation of JCV [1519]. In clinical specimens, real time-PCR has proven to be
an important method for monitoring JCV viral load,
[15,20] and is a reliable marker for PML prognosis [21].
However, it is unclear how changes in viral DNA levels are
correlated with the virion levels/viral load and no effort
has been made to standardize the copy-number equivalent of JCV required in in vitro JCV replication-related
experiments. To further our knowledge of PML pathogenesis, uniformly controlled detection and quantitation
techniques are essential for in vitro monitoring of JCV replication. In this study, we investigated the relationship
between real-time PCR and HA assays for the determination of JC viral load.
JCV(Mad1) was propagated in primary human fetal glial
(PHFG) cells and purified in Dr. Duard Walker's laboratory (I) [4,22,23] or at the Retrovirology Research Laboratory (RRL) (II), University of Hawaii [13,24]. PHFG cells,
infected with JCV(Mad1) at RRL were harvested on day 30
post infection, subjected to three freeze-thaw cycles, disrupted by sonication at 100 watt for 1 min on ice using an
Autotune series high-intensity ultrasonic processor, and
incubated with 0.25% deoxycholic acid at 37°C for 1 hr.
Cellular debris was removed by centrifugation at 5,000
rpm (1,960 × g) for 30 min and the supernatant was layered on 30% sucrose (w/w) and centrifuged at 35,000
rpm in a Beckman SW 55Ti rotor using a Beckman LE-80K
ultracentrifuge (Beckman Coulter, Inc., Fullerton, CA).
The supernatant was decanted and the pellet was suspended in Dulbecco's Modified Eagle's Medium (DMEM)
and stored at -80°C. JCV titers were determined by the HA
assay as described elsewhere [3,10]. Briefly, human type O
blood was centrifuged at 2,500 rpm for 10 min at 4°C.
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RBC were then washed twice and suspended in Alsever's
buffer (20 mM sodium citrate, 72 mM NaCl, 100 mM glucose, pH 6.5 adjusted with acetic acid) at a final concentration of 0.5%. Serial two-fold dilutions of virus
suspensions were prepared in Alsever's buffer and 50 µL of
viral suspension and an equal volume of RBC were added
into each well of a 96-well "U" bottom microtiter plate
and incubated at 4°C for 3–6 hr. The HA titer was the
reciprocal of the final dilution of virus suspension that
agglutinated RBC. The end point dilution was considered
1 hemagglutination unit (HAU).
Both batches of JCV(Mad1) (I and II) were serially diluted
two-fold (64 HA to 1 HA) and then 10-fold (1 HA to
0.001 HA) in DMEM, to obtain HA titers ranging from 64
HAU to 0.001 HAU per 100 µL of the suspension. DNA
was extracted from 100 µL of the above suspension containing known HAU of JCV using the QIAprep® Spin Miniprep kit (Cat No. 27106), according to the
manufacturer's instructions and DNA was eluted in 50 µL
of elution buffer [25]. JCV DNA amplification and quantitation were performed in the Bio-Rad iCycler iQ™ Multicolor Real-Time PCR Detection System using 2 µL of 1:10
diluted template DNA, Bio-Rad 2X iQ™ SYBER® Green
supermix and 12.5 pmol each of forward and reverse
primers specific for the JCV T-antigen gene [JCT-1 (Forward: 5' AGA GTG TTG GGA TCC TGT GTT TT 3'; JCT-2
(Reverse) 5' GAG AAG TGG GAT GAA GAC CTG TTT 3']
(GeneBank Accession No. J02226) [15] in a final reaction
volume of 20 µL. Thermal cycling was initiated with a first
denaturation step of 10 min at 95°C, followed by 40
cycles of 95°C for 10 sec and 60°C for 15 sec and the
amplification fluorescence was read at 60°C at the end of
the cycle. Real-time PCR amplification data were analyzed
using the Bio-Rad iCycler iQ™ Multicolor Real-Time PCR
Optical System Software Version 3.1. A standard curve for
the quantitation of JCV was constructed using serial dilutions of the linearized JCV(Mad1) plasmid. The dynamic
range of detection was determined by preparing 10-fold
serial dilutions of JCV plasmid in the range of 10 pg to 1
fg, that represented 1.8 × 105 to 1.8 × 101 copies of JCV
DNA, respectively. All experiments were done twice and
samples were run in triplicate each time. Copies of JCV
DNA in experimental samples were calculated from the
standard curve and were expressed as copies of viral DNA
per 100 µL of virus suspension. The reliability of real-time
PCR was defined by calculating coefficients of variation of
Ct values of replicates of standard curve dilutions [21,26].
We first examined the fidelity of real-time quantitative
PCR in detecting and quantitating JCV T-antigen gene
sequences from clinical specimens. Quantitative real-time
PCR proved to be an appropriate technique for detection
of JCV DNA. The JCV T-antigen gene standard curve was
highly reproducible and precise (Fig 1B). The intra-run
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Figure
A
– C: Analysis
1
of HA and quantitative real-time PCR data employed for the determination of JC viral load
A – C: Analysis of HA and quantitative real-time PCR data employed for the determination of JC viral load.
JCV (Mad1), propagated in Dr. Walker's laboratory (I) or propagated at the RRL (II) was serially diluted with DMEM to make
100 µl of viral suspension containing 64 HAU to 0.001 HAU of JCV. DNA was extracted using a QIAprep Miniprep Spin Kit
and eluted in 50 µl of the elution buffer. Two µl of the 1:10 diluted template DNA was used for PCR in a final volume of 20 µl
of PCR mixture. Copies of JCV(Mad1) T antigen gene were calculated from the standard curve and were expressed as copies
of viral DNA per 100 µl of suspension. A) Amplification plots of relative fluorescence units (RFU) vs. cycle number of the JCV
T antigen gene in known amounts of JCV plasmid DNA, ranging from 10 pg to 1 fg in decreasing 1:10 serial dilutions. B) Standard curve plot of the log of plasmid copy number against cycle threshold (Ct), where Ct is defined as the first cycle in which
amplification signal is detected over mean baseline signal. The slope was -3.32 and r2 = 1.00. C) The data representative of two
independent experiments with samples tested in triplicate for each run of real-time PCR. Standard error bars are represented
as standard deviation. The slopes were Y = 3 × 106X - 350714 and Y = 4 × 106X + 1 × 107 and the r2 were 1.0 and 0.95 for
JCV(Mad1) virus stocks I and II, respectively.
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and inter-run coefficients of variation for the standard
curve varied from 0.06% to 4.8% and 2.6% to 5.2%,
respectively, and thus appeared to be consistent for detecting and quantitating the JCV genome copy numbers.
Moreover, re-extraction of DNA from 100 µL of JCV suspension, with known HAU, yielded less than a two-fold
variation in JCV DNA copy numbers. Our JCV assay demonstrated a wide linear range and was able to detect as low
as 1.8 × 101 copies of JCV DNA present in the template
(Fig 1A) and 0.001 HAU equivalent of JCV in 100 µL of
the virus suspension (data not shown). Thus real-time
PCR was at least 1,000-fold more sensitive than the traditional HA assay in detecting JCV.
There was a strong linear correlation between the HA
assay and the DNA copy number of JCV(Mad1) either
propagated by Dr. Walker (I, r2 = 1.0) or propagated at the
RRL (II, r2 = 0.95) (Fig 1C). JCV(Mad1) obtained from two
different sources yielded very similar DNA T-antigen gene
copy numbers from samples containing the same HAU of
JCV. However, the difference was more pronounced when
the suspension contained less than 4 HAU of JCV. This
difference might have resulted from the presence of different proportions of either the empty virions or naked DNA.
The ratio of empty virions and naked JCV DNA present in
virus suspension may be affected by several factors including the virus strain, cell type used to propagate JCV, virus
isolation procedures as well as time of harvesting the
infected cells. Moreover, the less than two-fold difference
in JCV copy numbers in two sources of virus may simply
be the result of the less sensitive HA assay. The HA assay
produced similar results when the virions in any two samples differed by less than two-fold.
Our data demonstrate that real-time PCR is a sensitive and
reliable method for in vitro quantitation of JCV. In vitro
measurement of JCV DNA levels was highly reproducible
over a large dynamic range, and real-time PCR was more
reliable than the HA assay for in vitro calculation of initial
virus inoculum and replicated virus. In the future, quantitative real-time PCR can be employed to study in vitro efficacy of several potential therapeutic agents against JCV as
well as to quantitate JCV trafficking across the bloodbrain-barrier using an in vitro model. Real-time PCR
detects as low as 0.001 HAU equivalent of JCV, eliminates
the variability traditionally associated with the HA assay,
and thus could reliably replace the HA assay employed for
JCV replication in in-vitro pathogenesis studies.
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