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Abstract
Progressive multifocal leukoencephalopathy (PML) and JCV granular cell neuronopathy
occur secondary to JCV polyomavirus (JCV) infection of oligodendrocytes and cerebellar
granular cell neurons (CGNs) during immunosuppression. Pure populations of astrocytes,
oligodendrocytes, CGNs and microglia from frontal cortex and cerebellum of 17 non-PML
patients (9 immunocompetent; 8 immunosuppressed) were isolated by laser capture micro-
dissection (LCM). JCV large T (LT) antigen DNA was detected by triple nested polymerase
chain reaction (PCR). Sequence analysis was performed to assess LT gene variation. JCV
DNA was detected in oligodendrocytes, astrocytes and CGNs of non-PML brains. The most
common site for viral latency was cortical oligodendrocytes (65% of samples analyzed).
Immunosuppressed patients were significantly more likely to harbor JCV DNA in CGN
populations than immunocompetent patients (P = 0.01). Sequence analysis of the LT region
revealed eight novel single nucleotide polymorphisms (SNPs) in four immunosuppressed
patients. Of the eight novel SNPs detected, six were silent and two resulted in amino acid
changes. JCV DNA is present within cells of the non-PML brain, known to be infected
during PML and granular cell neuronopathy. This supports the argument for a brain only
reservoir of JCV and supports the hypothesis that reactivation of latent brain JCV may be
central to disease pathogenesis.
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INTRODUCTION
Progressive multifocal leukoencephalopathy (PML) is a disease of
the central nervous system (CNS) caused by demyelination sec-
ondary to infection with JC polyomavirus (JCV). The disease most
often occurs at times of severe immunosuppression and more
recently has been seen in patients receiving monoclonal antibody
therapy (5).

PML arises because of the lytic infection of oligodendrocytes
by JCV. In some cases, there may also be productive infection of
astrocytes (41, 43), but infection of these cells is generally consid-
ered to be abortive. There may also be microglial cells present at the
periphery of PML lesions; however, these cells are not known to
permit productive JCV infection (41). While PML results from
infection of oligodendrocytes, a related disorder, JCV granular cell
neuronopathy is caused by the infection and subsequent lysis of
cerebellar granular neurons (CGNs). JCV granular cell neuronopa-
thy can occur in isolation from or in conjunction with PML (44) and
has been reported in HIV/AIDS patients (13, 21) and other individu-
als on high-dose immunosuppressants (17). It has been suggested
that the incidence of JCV granular cell neuronopathy may be higher
than previously reported, with retrospective analysis of cases diag-

nosed as PML indicating that up to half of these patients also showed
evidence of JCV within granular neurons (44), highlighting a poten-
tial role for CGNs in the pathogenesis of PML.

Infection with JCV is presumed to occur during childhood, most
likely via respiratory transmission (25). By adulthood, approxi-
mately 85% of the population is seropositive for JCV (14), and
there is evidence to suggest that following primary exposure a
lifelong infection is established at multiple sites throughout the
body (6, 28, 36, 37, 42). JCV reactivation from virus within the
kidney is common and can be easily detected by intermittent
viruria (8, 14).

Whether PML or JCV granular cell neuronopathy, occur
subsequent to primary entry of JCV into the CNS via infected
lymphocytes or as unbound virus, or whether they are a result of
reactivation of a preexisting CNS infection following immunosup-
pression is unknown. Previous studies have identified JCV DNA in
healthy brain tissue (12, 37, 42); however, the possibility of pres-
ence of JCV-infected lymphocytes has not been excluded. In a
recent report, Perez-Liz et al used laser capture microdissection
(LCM) and Southern blot hybridization to isolate JCV DNA frag-
ments from oligodendrocytes and, to a lesser extent, astrocytes
from the frontal cortex of a single non-PML patient (27).
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The supercoiled, double-stranded JCV genome encodes early,
late and regulatory genes (23). The regulatory region (RR) and
early phase large T (LT) antigen are commonly targeted in poly-
merase chain reaction (PCR) studies (27, 42). The RR contains a
bi-directional promoter/enhancer, which controls transcription
and may be of an “archetypal” or “rearranged” formation (45).
Presence of a rearranged RR has been documented to markedly
increase viral transcription and replication levels (11). Whilst
establishment of an efficient lytic infection seems to be dependent
on host cell nuclear factor binding to rearranged RR, this region
does not control cellular tropism (33). Repeated detection of rear-
ranged RR DNA in systemic organs in individuals with no evi-
dence of PML (25, 36, 39) has stimulated arguments that other
factors are involved in determining JCV latency, reactivation and
progression to PML.

The LT gene can direct DNA transcription and replication (23).
Previous studies have demonstrated helicase activity of LT protein
and its ability to drive viral replication through recruitment of host
cell DNA polymerases and LT-mediated binding to the viral origin of
DNA replication (22, 29). The LT gene shows greater than 80%
homology across the species of the polyomavirus family (19), high-
lighting its importance in the viral life cycle.Viral protein 1 (VP1) is
a late gene, encoding the major capsid protein, defining viral strain
and is also targeted in some PCR studies (6, 28). Single nucleotide
polymorphisms (SNPs) encoding variations to the consensus proto-
type JCV sequence (NC_001699.1) have been reported in the RR,
LT and VP1 genes (37, 46, 47). Previous data suggest that detection
rates of JCV infection may be underestimated when RR and VP1
DNA are targeted as opposed to LT DNA (1, 4).

In this study, we have investigated the cellular localization
of JCV in 17 non-PML cases through the use of LCM and triple
nested PCR for JCV LT DNA. This technique allows the isolation
of highly pure cell populations from a heterogenous tissue section
via direct cell visualization, minimizing the possibility of contami-
nation by surrounding matrix or other cells.

MATERIALS AND METHODS

Patient selection

Formalin-fixed, paraffin-embedded (FFPE) brain tissue from 17
non-PML patients (10 male and 7 female) was obtained from the
Alfred Hospital Autopsy Tissue Archive. All patients were selected
for inclusion in this study on the basis of having returned JCV LT
and JCV VP1 DNA-positive sections of frontal cortex or cerebel-
lum as previously reported, from a larger group of immunosup-
pressed and immunocompetent cases selected at random from
those brought to autopsy at the Alfred Hospital (4). Non-PML
cases were diagnosed on the basis of full neuropathologic examina-
tion showing no evidence of demyelination, oligodendrocyte or
granular neuron inclusions or any evidence of JC viral protein
expression on immunoperoxidase reaction (4). The non-PML
group included five HIV positive patients (mean CD4 count 120
cells/mm3; mean viral load >65 000 copies/mL), one lung trans-
plant recipient and 11 patients who died of other, unrelated, non-
neurological causes. Patients were classified as immunocompetent
(n = 9) or immunosuppressed (n = 8) (Table 1a,b). The latter were
considered immunosuppressed if they were on immunosuppressive
medication, were HIV positive with CD4 count below 500 cells/

mm3, or if they had widespread metastatic tumor or multisystems
failure in conjunction with a significantly decreased lymphocyte
count (<0.5 ¥ 109 cells/L) (normal lymphocyte count is in the range
of 1.0–4.0 ¥ 109 cells/L). Frontal white matter from a patient
with pathological evidence of PML as diagnosed at autopsy was
included as a positive control and frontal white matter from two
immunocompetent patients with no pathological evidence of PML
who had previously returned JCV LT and VP1 DNA negative sec-
tions of frontal cortex and cerebellum (4) were included as negative
controls (results not shown). Ethics approval for this study was
given by the Alfred Hospital Human Research Ethics Committee
(237/09).

Cell identification

Brain tissue sections (4 mM) were obtained from paraffin-
embedded tissue blocks from the frontal cortex and incorporating
frontal white matter and the cerebellar white matter with an
intact granular cell neuronal layer. Sections were mounted on
“Superfrost plus” charged glass slides (Fisher Scientific, ON,
Canada) as previously described (38). Morphologic examination of
hematoxylin-stained and immunohistochemically reacted sections
was performed for the detection of astrocytes, oligodendrocytes,
cerebellar granular neurons and activated microglia.

Table 1a. Patient demographics (immunocompetent).

ID Gender Age Cause of death LC* JCV DNA

Kidney Brain

2 F 83 Acute myocardial infarction 1.34 ¥
4 F 69 Acute myocardial infarction 1.2 ¥
7 M 87 Bronchopneumonia 0.63 ¥ ¥
9 F 87 Metastatic squamous cell

carcinoma
1.65 ¥

10 M 90 Bronchopneumonia 0.8 ¥
11 M 62 Bronchopneumonia 1.35 ¥
12 M 60 Sub arachnoid haemorrhage 3.28 ¥
16 F 74 Acute myocardial infarction 3.12 ¥
17 F 80 Liver failure 1.64 ¥

Table 1b. Patient demographics (immunosuppressed).

ID Gender Age Cause of death LC* JCV DNA

Kidney Brain

1 M 63 HIV/AIDS 0.34 ¥
3 M 44 HIV/AIDS 0.36 ¥ ¥
5 M 62 Candidal sepsis 0.08 ¥
6 M 34 HIV/AIDS 0.2 ¥
8 F 67 Vascular rejection in lung

transplant
1.2 ¥

13 M 70 Chronic lymphocytic
leukaemia

0.35 ¥

14 M 47 HIV/AIDS 0.07 ¥
15 F 59 HIV/AIDS 1.0 ¥

JCV DNA = presence of JCV DNA on whole tissue homogenates as
described in Bayliss et al (4).
*Lymphocyte count (LC) measured in 109 cells/L.
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Specifically, a rabbit anti-human glial fibrillary acidic protein
(GFAP) polyclonal antibody was used for the detection of astro-
cytes within the frontal white matter and cerebellar white matter
(1:50; Zymed, San Francisco, CA, USA) (Figure 1A). Immunore-
activity with a mouse anti-human CD68 monoclonal antibody
was used to detect parenchymal microglial cells (clone KP1, 1:200;
Dako, Glostrup, Denmark) within the frontal white matter and
cerebellar white matter, distinguished by a rod-shaped nucleus with
ramified cytoplasmic processes (2, 18) (Figure 1B). Oligodendro-
cytes from frontal and cerebellar white matter and CGNs from the
cerebellar granular layer were identified using hematoxylin and
eosin staining, based on cell morphology and microanatomical
location. Specifically, oligodendrocytes were identified as cells
with a round nucleus with dense chromatin, an artificial perinuclear
halo and scanty, opaque cytoplasm, existing in short, parallel
chains within the frontal white cortex and cerebellar white matter
(16, 32). CGNs were distinguished as those neurons with a 5–8 mM
rounded, dense nucleus, residing in the granular layer of the cer-
ebellum (16, 32) (Figure 1C,D). Stained sections were dehydrated
for 20–30 minutes in a fume hood and stored overnight in a desic-
cator and LCM was performed the following day.

LCM

Astrocytes, oligodendrocytes and microglia from the frontal
white matter, astrocytes, oligodendrocytes and microglia from the

cerebellar white matter, and CGNs from the cerebellar granular
layer were laser dissected from the uncovered stained slide sections
as pure cell populations for downstream PCR analysis. PALM
Microlaser system (PALM Mikrolaser Technologie, Göttingen,
Germany) was utilized for laser microdissection. By combining the
intense focal cutting tool with substage robotics, the laser beam
was positioned to cut around the selected area on the tissue section
and microdissect single cells, creating a clear-cut gap between the
selected and non-selected areas (Figure 2).

The LCM protocol was specifically optimized for use in 4 mM
FFPE brain tissue sections. To prevent excision of horizontally
adjacent cell processes there was specific targeting of the nuclei of
only those cells with the appropriate morphological appearance
and (where appropriate) specific co-localization of immunohis-
tochemistry and hematoxylin staining (Figure 2). Presence of ver-
tically (as viewed down the microscope) adjacent cells processes
was minimized through specific targeting of only those cells with
a fully rounded nucleus with a specific diameter of 5–10 mM
(depending on cell type).

Once the cells of interest were isolated, the high energy gener-
ated by the focused laser light was used to catapult the dissected
cells into a cap of an Eppendorf-type tube. Using this technology,
PALM was able to microdissect and capture cells without the use
of manual manipulation, preventing contamination (31). For each
sample section, pure cell populations of approximately 200 cells of
each subtype were isolated in triplicate.

Figure 1. Identification of astrocytes, microglia, oligodendrocytes and
granular cell neurons for laser capture microdissection via immunohis-
tochemistry. A. A rabbit anti-human glial fibrillary acidic protein (GFAP)
polyclonal antibody was used for the detection of astrocytes (arrowed).
B. A mouse anti-human CD68 monoclonal antibody was for the detec-
tion of parenchymal ramified microglial cells. Ramified parenchymal
microglia were distinguished as cells with slender, elongated nuclei,
ramified cytoplasmic processes and a rod-shaped nucleus within the
neuropil. Activated parenchymal microglial cells displayed up-regulated
expression of the CD68 antigen, with more prominent ramification of

processes and a more oval nucleus (arrowed). C,D. Oligodendrocytes (C)
were identified with hematoxylin and eosin stain as cells with a round
nucleus with dense chromatin, an artificial perinuclear halo and scanty,
opaque cytoplasm, existing in short, parallel chains within the white
matter of the frontal cortex and cerebellum (arrowed) (16, 32). Cerebellar
granular neurons (D) were distinguished as those neurons with a soma
of 5–8 mM residing in the granular layer of the cerebellum (16, 32) using a
hematoxylin and eosin stain (arrowed). Sections captured at ¥400 mag-
nification. Scale bars represent 40 mM.
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PCR detection of JCV LT DNA

DNA was extracted using the QuickExtract™ FFPE DNA Extrac-
tion Kit (Epicentre Biotechnologies, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. DNA yield and purity were
measured spectrophotometrically and adjusted through dilution.
DNA integrity was tested through amplification of a 240 bp frag-
ment of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene as previously described (4).

JCV LT PCR was performed via triple-nested touchdown PCR
using the HotStarTaq Plus Kit (QIAGEN, Hilden, Germany). The
LT gene was targeted due to its relative conservation between JCV
isolates to ensure the highest possible assay sensitivity (23). Our
laboratory has previously demonstrated a highly sensitive nested
PCR for JCV LT DNA in FFPE tissue (4). A triple-nested approach
was chosen to further increase assay sensitivity and to overcome
the combined issues of PCR inhibition and fragmentation of tem-
plate DNA caused by extended formalin-fixation and low abun-
dance of viral DNA. Triple-nested PCR has been successfully used

by our laboratory (38) and others (9, 10) in conjunction with LCM
for the amplification and characterization of low-abundance DNA
viruses from FFPE brain tissues.

Each round of PCR was prepared in a 25-mL touchdown nested
PCR reaction containing 15 ng of template DNA [3 mL of Round 1
or Round 2 PCR product served as the template for the subsequent
(rounds 2 and 3) reaction], 1 U HotStar Taq Plus enzyme and
0.25 mM of primer (Round 1; JC-F2 and JC-R2: Round 2; F3-tjk
and R3-tjk: Round 3; EHJCF and EHJCR) (Table 2). The cycling
conditions for all three rounds of this PCR were denaturation at
94°C for 1 minute, annealing at 60°C for 1 minute (-1°C/cycle for
10 cycles), then 30 cycles at 50°C for 1 minute and extension at
72°C for 1 minute.

No template controls (NTCs) consisting of PCR mastermix
without template DNA, were used as negative controls and carried
across between each round of PCR such that each experiment
included a first, second and third nested round NTC. DNA
extracted from areas of active demyelination within the PML
control was diluted 1:100 to serve as a positive control. The lower

Figure 2. Before and after images of
astrocytes and cerebellar granular cell
excision from 4-mM sections of formalin-fixed
paraffin-embedded tissue via laser capture
microdissection. Nuclei from specific cells of
interest are recognized through characteristic
appearance under light microscopy and
co-localization of antibody staining with
hematoxylin counterstain. Individual nuclei
are outlined using the PALM software and
an intense focal cutting tool with substage
robotics to allow laser positioning is used
to cut around the selected area and
microdissect single cells, creating a clear-cut
gap between the selected and non-selected
areas. Sections captured at ¥400
magnification. Scale bars represent 40 mM.

Table 2. Primer sequences used in PCR
reactions in this study.

Name Sequence Nucleotide position*

GAPDH-F GGTGAAGGTCGGAGTCAACGGA
GAPDH-R GAGGGATCTCGCTCCTGGAAGA
JC-F2 TGCTACAGTATCAACAGCCT 3632–3651
JC-R2 AGGAGCATGACTTTAACCCA 3890–3909
F3-tjk CAGCCTGCTGGCAAATCGT 3646–3664
R3-tjk TGGAMACCAAGTGTGAGG 3817–3834
EHJCF AGCCTGCTGGCAAATGCT 3647–3664
EHJCR CTTTCAGGAAAACCCACAGC 3766–3785

*Nucleotide position relative to consensus prototype JCV sequence (NC_001699.1).
Note that the R3-tjk primer contains a degenerate base M to allow amplification of multiple
genotypes containing different alleles at these sites.
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limit of detection for the triple-nested PCR assay was determined
through serial dilution and PCR amplification of a JCV positive
control with viral load previously quantified via real-time PCR (3).
The inhibitory effect of formalin-fixation was determined by
spiking a JCV negative FFPE sample with the serially diluted posi-
tive control and determined to decrease the sensitivity by 50%,
resulting in a limit of detection of approximately two copies of viral
DNA. The specificity of the triple-nested PCR was proven through
amplification and subsequent sequencing (see later) of a 139 bp
product after three rounds of PCR (Figure 3). Samples were con-
sidered to contain JCV LT DNA if at least one of the three tripli-
cates returned a positive result.

Sequencing of JCV LT DNA

After purification with the Exo-SAP IT kit (GE Biosciences, Little
Chalfont, UK), 20 mL PCR product was sequenced using the ABI
3100 Genetic Analyser. To confirm presence of JCV DNA, Basic
Local Alignment Search Tool (BLAST) analysis was used to align
the sequenced amplicons to the consensus prototype of JCV (NCBI
Reference Sequence NC_001699.1). Nucleotide alignments were
generated using CLUSTALW for multiple sequence alignments.

Bioinformatics of JCV LT DNA

Functional analyses of mutations within the JCV LT DNA
sequence were performed using Swiss PDB Viewer Version 4.0.1
for Windows (Swiss Institute of Bioinformatics, Basel, Switzer-
land). The model for the highly related SV40 LT protein (PDB

entry 1n25) was accessed from the Worldwide Protein Data Bank
(http://www.wwpdb.org/ccd.html) and the JCV LT sequence was
modeled from this overlay.

Statistical analyses

Statistical analyses were performed using GraphPad Version 5.03
for Windows (GraphPad Software Inc, La Jolla, CA, USA).
Univariate analyses of outcome variables were conducted using
t-tests and Fisher’s exact tests for equal proportion where appro-
priate. Normally distributed continuous data was reported as
mean � standard error. Categorical data was reported as number
(percentage). Tissues from patients with PML served as positive
controls and were excluded from all statistical analysis. In all cases
a P-value of 0.05 was considered statistically significant.

RESULTS

Cellular localization of JCV DNA

JCV DNA was detected in cortical and cerebellar astrocytes, oligo-
dendrocytes and CGNs from immunosuppressed and immunocom-
petent patients (Table 3). The most common site for viral latency
was within cortical oligodendrocytes (65%). There were no statisti-
cally significant differences in JCV DNA in astrocytes or oligo-
dendrocytes from either the frontal cortex or cerebellum from
immunosuppressed as compared with immunocompetent patients
(Table 3). JCV LT DNA could not be detected in any of the
microglia.

Immunosuppressed patients were significantly more likely to
harbour JCV DNA in CGN populations than immunocompetent
patients [75% (6/8) vs. 11% (1/9) respectively; P = 0.01]. The
immunosuppressed patients which harboured JCV DNA in the
CGNs included all of the HIV patients making this patient group
more likely to harbour virus at this site than any other patient group
[100% (5/5) HIV vs. 33% (1/3) other immunosuppressed patients
vs. 11% (1/9) immunocompetent patients; P = 0.1 and P = 0.003,
respectively].

Sequence analysis of JCV DNA

In 13 of 17 patients, sequence analysis of the third-round JCV
amplicons from each of the positive cell populations did not differ
from the consensus sequence (NC_001699.1). Of the remaining
four patients, Px1 (HIV+) demonstrated one SNP in each of the
astrocytes (A3724T) and oligodendrocytes (T3679C) from the
frontal cortex and Px8 (lung transplant) also demonstrated one

Figure 3. JCV LT triple nested PCR specificity. The specificity of the
triple-nested PCR was proven through amplification and subsequent
sequencing of a 139 bp product after three rounds of PCR. Lanes 1–3;
FFPE JCV negative tissue, Lanes 4–6; FFPE JCV positive tissues Lane 7;
JCV control. M; 50 bp molecular weight ladder (Promega, Melbourne,
Australia). NC = negative controls from the first (NC1) second (NC2)
and third (NC3) rounds of PCR; PCR = polymerase chain reaction;
FFPE = formalin-fixed, paraffin-embedded; LT = large T antigen; JCV =
JC polyomavirus.

Table 3. Summary of JCV LT triple nested PCR data showing frequency of viral infection in LCM-acquired cell populations.

Patient group n Age Male n (%) LC* Frontal cortex n (%) Cerebellum n (%)

Astrocytes Oligodendrocytes Astrocytes Oligodendrocytes Neurons†

Immunocompetent 9 76.89 � 3.73 4 (44) 1.67 � 0.31 5 (56) 7 (78) 2 (22) 1 (11) 1 (11)
Immunosuppressed 8 55.75 � 4.75 6 (75) 0.52 � 0.16 3 (38) 4 (50) 5 (63) 4 (50) 6 (75)
Total 17 66.94 � 3.84 10 (59) 1.13 � 0.22 8 (47) 11 (65) 7 (41) 5 (29) 7 (41)

*Lymphocyte count (LC) measured in 109 cells/L.
†Indicates cerebellar granular neurons.
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SNP in the astrocytes (C3722T) from the frontal cortex (Table 3).
Px14 (HIV+) demonstrated two SNPs (T3701C and A3746G) in
the CGNs and Px15 (multisystems failure) demonstrated three
SNPs (C3695T, A3744G and T3763G) two of which were in
similar regions to those of Px14 (Figure 4). Of the eight novel SNPs
which were detected, only two resulted in amino acid changes
(Table 4). Functional analysis of the locations of the two missense

mutations revealed localization within the helicase domain of the
LT protein.

All of the patients who demonstrated SNPs (silent or missense)
were immunosuppressed, making immunosuppressed patients
significantly more likely to have variations within the LT gene
as compared with immunocompetent patients [50% (4/8) vs. 0,
respectively; P = 0.02].

DISCUSSION
This study represents the first detailed investigation of the specific
cellular localization of brain JCV DNA in immunocompetent
and immunosuppressed patients. The specificity of LCM was
combined with the sensitivity of triple-nested PCR to identify JCV
DNA within the brain.

In these 17 non-PML individuals JCV DNA was present in mul-
tiple cell populations of the frontal cortex and cerebellum; astro-
cytes, oligodendrocytes and CGNs. JCV DNA was most frequently
detected in cortical oligodendrocytes (65% of samples analyzed)
and commonly in astrocytes (approximately 40% of samples ana-
lyzed). A previous study of a single non-PML case also identified
JCV LT DNA in oligodendrocytes and astrocytes (27). Pathogen-
esis of PML is well documented and implicates JCV infection of
oligodendrocytes, and subsequent viral replication and lysis of
these cells (35). We have previously documented presence of JCV
LT and VP1 DNA in the cases used in this study (4), suggesting that

Figure 4. Results of CLUSTALW alignment of selected third round
PCR products. Polymorphisms varying from the consensus sequence
(NC_001699.1) were noted in samples from four immunosuppressed
patients (Table 2). 1AstroFC, Patient 1 astrocytes from frontal cortex;
1OligoFC, Patient 1 oligodendrocytes from frontal cortex; 8AstroFC,
Patient 8 astrocytes from frontal cortex; 14CGNCBM, Patient 14 cer-

ebellar granular neurons from cerebellum; 15CGNCBM, Patient 15 cer-
ebellar granular neurons from cerebellum. Underlined regions refer to
primers as listed in Table 1. The figure above corresponds to nucleotides
3647–3785 of the anti sense strand of the viral genome (LT is encoded
on the anti sense strand; NCBI Reference Sequence NC_001699.1).
PCR = polymerase chain reaction; LT = large T antigen.

Table 4. Locations of amino acid substitutions in the LT gene.

SNP* Patient Con. codon Ob. codon AA substitution

T3679C 1OligoFC GAT GAC Asp (no change)
C3695T 15CGNCBM GCC GCA Ala (no change)
T3701C 14CGNCBM TAT TAC Tyr (no change)
C3722T 8AstroFC AAC AAT Asn (no change)
A3724T 1AstroFC AAC TAC Asn → Tyr
G3744A 15CGNCBM AAG AAA Lys (no change)
A3746G 14CGNCBM AAA AAG Lys (no change)
T3763G 15CGNCBM TGC GGC Cys → Gly

*SNPs are listed according to position and substitution on the anti sense
strand (LT is encoded on the anti sense strand; NCBI Reference
Sequence NC_001699.1).
Abbreviations: AA = amino acid; Astro = astrocytes; CBM = cerebellum;
Con. = consensus sequence NC_001699.1; FC = frontal cortex; GCN =
granular cell neuron; Ob. = observed; Oligo = oligodendrocyte.
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fully formed virus, capable of reactivation and lytic infection, is
present within the cellular reservoirs identified in the current study.
The finding of JCV DNA within oligodendrocytes in both immu-
nosuppressed and immunocompetent patients in this study lends
support to the hypothesis that PML could be due to reactivation of
latent brain infection.

This study is the first to demonstrate JCV infection of CGNs in
the absence of PML. JCV DNA was detected in CGNs from 75% of
immunosuppressed patients. Wüthrich et al previously, suggested
that CGNs may be an important site of JCV infection following
immunosuppression (44). The majority of patients with infection
of CGNs in our study (5/7) were HIV positive. An increased pro-
pensity for JCV latency in CGNs of HIV patients may be relevant
to the relatively high incidence of JCV granular cell neuronopathy
in HIV.

Previous histological studies have identified JCV protein in mac-
rophage and microglia during PML (24, 40). Our study shows no
evidence of JCV DNA within microglia in non-PML cases, sug-
gesting that microglia are unlikely to be sites for JCV infection
prior to disease development; their involvement during disease
being explained by phagocytosis of excess virus and cellular debris
during active infection.

This study identified several novel genetic polymorphisms in the
helicase region of the LT gene suggesting increased genetic diver-
sity among circulating viral strains particular in those taken from
immunosuppressed patients. Previous studies have focused on
viral classification through polymorphisms within the VP1 (capsid)
region of JCV (20, 34, 45), few have examined variation within the
LT gene.

Six of the eight novel polymorphisms detected within the LT
gene in this study resulted in silent mutations. Historically con-
sidered biologically irrelevant, the impact of silent mutations on
disease has only recently been realized. Silent mutations have the
potential to impact or alter any stage of protein production, from
DNA transcription rates, to misfolding of mRNA products and
translation into protein (7). A study of the LT gene sequence in 44
PML patients reported complete homology (15), suggesting that
sequence conservation in this region is a prerequisite for comple-
tion of the viral lifecycle. Further work is required to determine the
biological impact of the novel LT gene mutations identified in this
study with respect to viral latency and progression to PML.

There are limitations associated with DNA extraction from
FFPE tissue following LCM. Previous studies, with the exception
of Perez-Liz et al (27) have utilized a triple-nested approach to
overcome the issues associated with detection of extremely low-
abundance viral nucleic acids (9, 10, 30). Formalin-fixation of
tissue also induces cross-linking and fragmentation of DNA and
inhibit molecular studies (26), which may result in an underestima-
tion of the frequency of JCV LT DNA. We acknowledge the possi-
bility that vertically adjacent processes from neighboring cells may
have been inadvertently collected at the time of LCM, particularly
during collection of smaller microglial nuclei. However, we found
no evidence of JCV in any of the captured microglia from non-
PML brain, making vertical process contamination highly unlikely.

Fifteen of the 17 non-PML patients included in this study did not
have any evidence of JCV LT or VP1 DNA on PCR analysis of
whole tissue extracts of kidney (4). In these 15, JCV DNA was
demonstrated in resident brain cells of immunocompetent and
immunosuppressed individuals, strengthening the argument for a

CNS-only cellular reservoir of JCV. We have previously reported
increased JCV DNA detection within the brain tissue homogenates
with immunosuppression and suggested a change in the latency
profile may occur with immunosuppression (4). This current cell-
specific study further supports a role for immunosuppression and
viral site specificity with significantly more individuals with HIV
harboring JCV DNA in cerebellar granular neurons. Future studies
using fresh tissue should aim to delineate whether viral DNA
within specific cells is capable of establishing productive infection
upon immunosuppression.
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